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In crystalline, dislocation-free, Si/Ge nanowire axial heterojunctions grown using the

vapor-liquid-solid technique, photoluminescence and Raman spectroscopy reveal a SiGe alloy

transition layer with preferential chemical composition and strain. In addition to the lattice

mismatch, strain in Si/Ge nanowires is observed from a temperature dependent study to be affected

by the difference in Si and Ge thermal expansion. The conclusions are supported by analytical

transmission electron microscopy measurements. © 2009 American Institute of Physics.

�doi:10.1063/1.3240595�

It is well known that conventional Ge heteroepitaxy on

Si is complicated by the 4.2% difference in Ge and Si lattice

constants.
1,2

Proven techniques for building quality Si/Ge

heterojunctions �HJs� include multistep annealing to relax

the Ge layer,
3

two-dimensional �2D� growth �i.e., thin films�
using Si1−xGex alloy transition layers with graded Ge com-

position x,
1,2,4

and three-dimensional �3D� growth in the

form of SiGe clusters using the Stranski–Krastanov growth

mode.
1,2,5

Another interesting possibility is to use one-

dimensional growth in the form of nanowires �NWs� pro-

duced by vapor-liquid-solid �VLS� growth or similar

techniques.
6–9

Compared to 2D and 3D nanostructures, NWs

may have Si/Ge HJs with different geometries, for example,

axial Si/Ge NW HJs, where the Si/Ge heterointerfaces are

perpendicular to the NW axes and radial “core-shell” NW

HJs, where the Si/Ge heterointerfaces are parallel to the NW

axes.
9–11

In axial Si/Ge NW HJs, strain created by the lattice

mismatch between Si and Ge can partially be relieved at the

heterointerfaces by the lateral displacement of atoms in

small-diameter NWs.
12,13

Thus, the fabrication and study of

Si/Ge NW HJ properties could open interesting opportunities

in building defect-free nanodevices.

In addition to high-resolution transmission electron mi-

croscopy �TEM�,
12

photoluminescence �PL� and Raman scat-

tering measurements can provide critical information about

the Si/SiGe HJ structural properties, including the presence

of dislocations by detecting specific PL lines �e.g., D-lines,

etc.�,
14–16

the chemical composition, and the strain at the

heterointerfaces.
5,17

In this work we present results of Raman

and PL studies convincingly demonstrating strong spontane-

ous intermixing in axial Si/Ge NW HJs with preferential

SiGe compositions and strain, which is due to the VLS NW

formation process, as well as to the differences in Si and Ge

lattice constants and their thermal expansion.

The Si/Ge NW HJ samples for this work were grown

using the VLS technique, Au catalysts, and the thermal de-

composition of silane �SiH4� and germane �GeH4�. The NW

HJs were grown in a reduced-pressure, lamp-heated, chemi-

cal vapor deposition �CVD� reactor. The substrate was p-type

Si�111� with a resistivity of 0.01–0.02 � cm. A thin layer of

Au was deposited on the cleaned Si substrate and annealed in

the CVD reactor for 10 min at 670 °C at 95 Torr in a H2

ambient. The Si segments of the NWs were grown at 680 °C

at 30 Torr using the gaseous precursors SiH4 and HCl in a H2

ambient. The sample was cooled to 350 °C at a nominal rate

of 75 °C /min with the SiH4–HCl–H2 mixture flowing. The

Ge segments of the NWs were then grown at 350 °C and 90

Torr, using GeH4 and HCl as the gaseous precursors in the

H2 ambient.

Raman scattering was performed using a double grating,

1 m focal length Raman spectrometer. In the PL measure-

ments, the sample was held in a closed-cycle cryostat oper-

ating at temperatures in the range of 10–300 K. The PL

signal was dispersed using a single-grating Acton Research

0.5 m focal length monochromator and detected by a ther-

moelectrically cooled InGaAs photomultiplier. Analytical

TEM measurements were performed in a JEOL JEM-2100F

field emission source TEM operated at 200 kV with the

chemical composition studied quantitatively by energy-

dispersive x-ray spectroscopy �EDX� using an Oxford INCA

Energy TEM 200 with a probe size of 0.7 nm.

A TEM micrograph of a Si/Ge NW HJ is shown in the

inset of Fig. 1. The clearly visible NW diameter expansion

near the transition from Si to Ge are, most likely, related to

the effect of the 4.2% lattice constant mismatch and the dif-

ferent thermal contractions of Si and Ge between their

growth temperatures and room temperature. Raman scatter-

ing measurements �Fig. 1� confirm the presence of Ge in the

NWs �Raman peak at 300 cm−1� as well as strong SiGe in-

termixing �a peak near 400 cm−1�. Also, a broad Raman

peak near 500 cm−1 associated with Si–Si vibration in SiGe

indicates a nonuniform strain,
18

while the Raman signal as-

sociated with the Si substrate is found at 520 cm−1 �Fig. 1�.
Figure 2 compares the normalized Si/Ge NW PL spectra

to the c-Si PL spectrum measured at the same �T=20 K�

temperature. The Si/Ge NW PL spectra clearly exhibit at

least two peaks �a narrower PL peak at �1.08 eV, and a

broader PL peak at �1.025 eV� and, no significant PL with

photon energies close to the bulk c-Si transverse optical �TO�
PL peak at �1.1 eV. The relative intensities of the twoa�
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Si/Ge NW PL peaks are found to be excitation and tempera-

ture dependent �Figs. 2 and 3�. Measuring the Si/Ge NW PL

temperature dependence, we find that the broader PL peak at

�1.025 eV is actually comprised of two peaks, which is

most clearly seen at T�60 K, with the peak positions at

�0.96 and �1.0 eV �Fig. 3�. The �1.08 eV PL peak ex-

hibits an asymmetric broadening at higher temperatures

�T�60 K�, which can be well fitted using Boltzmann ther-

mal broadening on the high photon energy side of the PL

spectrum.
19

The PL peaks at �1.08 eV and 0.96 eV do not

change their positions significantly with temperature, while

the PL peak at �1.0 eV shifts nonmonotonically and exhib-

its the lowest photon energy between 60 and 80 K.

The absence of bulk, c-Si TO phonon PL at 1.1 eV in-

dicates that in a heavily doped Si substrate the PL is sup-

pressed by Auger processes. The PL related to pure c-Ge is

outside of the detector sensitivity spectral range. Thus, the

observed PL �Figs. 2 and 3� is associated with radiative tran-

sitions in Si/Ge NW HJs. Since no PL associated with

D-lines is observed, we conclude that these Si/Ge nanostruc-

tures are substantially dislocation-free, as confirmed from

TEM analysis. The PL peak at �1.08 eV is �20 meV red-

shifted and strongly broadened when compared to the c-Si

PL spectrum �Fig. 2�, indicating, in agreement with the Ra-

man data and theoretical analysis in Ref. 13, significant

strain in the Si/Ge NWs. The PL at hv�1.0 eV indicates

spontaneous formation of Si1−xGex alloys between the Si and

Ge parts of the NWs. Based on the strain introduced into the

Si NW part, which can be estimated from the strained Si PL

peak spectral position �the PL peak at �1.08 eV�, we find

x�20%. Indeed, the PL peak at �1.0 eV corresponds to

bandgap PL in a strained Si1−xGex alloy on �111� Si with an

alloy composition close to x�15%–20%.
1,2,20

Since the PL

peaks at �0.96 and �1.0 eV show different temperature

dependences, they are not associated with TO-phonon replica

and no-phonon PL, which is frequently observed in SiGe

alloys.
1,2

Most likely, the PL peaked at �0.96 eV corre-

sponds to the bandgap of a Si1−xGex alloy with x�0.5.
1,2

The spontaneous SiGe intermixing found in VLS grown

Si/Ge NW HJs is, most likely, due to residual Si atoms in the

eutectic Si–Au alloy after switching to Ge deposition and to

strain-induced Si and Ge interdiffusion caused by the 4.2%

lattice mismatch between Si and Ge. Our PL data show that

the concentration gradient from Si to Ge within the VLS

grown Si/Ge NW HJ is not constant and that the Si1−xGex

alloy composition x does not change uniformly from 0 to 1.

Instead, the PL data suggests the formation of Si1−xGex alloys

with preferential compositions of x�0.15–0.2 close to the

Si part of the Si/Ge NW and x�0.5 close to the Ge part of

the Si/Ge NW. This conclusion, supported by our prelimi-

nary TEM and EDX analysis �Figs. 1 and 4, insets�, is also in

agreement with the PL data and SiGe composition measure-

ments in Si /Si1−xGex 3D �i.e., cluster morphology� nano-

structures where x�0.2 is a typical composition of the SiGe

wetting layer and x�0.5 is a stable composition close to the

SiGe cluster core.
2,5,14,20

Figure 4 supports this conclusion by showing that the PL

peak at �1.0 eV exhibits an unusual non-monotonic

temperature-dependence with a minimum at around 60–80

K. We suggest that this shift is produced by a change in

Si/Ge NW strain due to the large difference in Si and Ge

coefficients of thermal expansion �CsTE�. Specifically, as the

temperature increases from 20 to 120 K, the Si CTE first

decreases and then increases, with a minimum around 60–80

K, while the Ge CTE monotonically increases.
21
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FIG. 3. �Color online� Normalized PL spectra of Si/Ge NW HJs measured

under 8 W /cm2 excitation intensity at different �indicated� temperatures

with the fitted PL peaks and marked peak positions. The PL spectra are

shifted vertically for clarity.
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FIG. 1. Raman spectrum of Si/Ge NW HJs collected under 458 nm excita-

tion of an Ar+ laser. The inset shows a TEM micrograph of a wire sample

with a 20 nm length-scale bar.
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FIG. 2. �Color online� Low temperature �T=20 K� normalized PL spectra

of Si/Ge NW HJs recorded under two different excitation intensities, as

indicated. The normalized PL spectrum of c-Si is shown for comparison.
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peak at �1.0 eV, which we relate to a strained Si1−xGex

alloy �x�0.15–0.2� near the Si part of the Si/Ge NW, fol-

lows the direction of the c-Si CTE temperature dependence

�Fig. 4�, while the PL peak �at �0.96 eV� associated with

Si1−xGex alloy near the Ge part of the NW �x�0.5� does not

show this behavior. Thus, the mismatch in Si and Ge CsTE

creates an additional, temperature-dependent strain in the

Si/Ge NW HJs.

In conclusion, we show that axial Si/Ge NW HJs can be

grown dislocation-free without traditional limitations in

lattice-mismatched heterostructure critical thicknesses. The

Raman, PL, and EDX measurements show the spontaneous

formation of Si1−xGex alloys between the Si and Ge parts of

the NW HJs and indicate preferential alloy compositions of

x�0.15–0.2 �close to the Si NW part� and x�0.5 �close to

the Ge NW part�. The mismatch in Si and Ge CsTE is found

to be responsible for additional strain and an unusual PL

peak shift as a function of temperature.
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FIG. 4. �Color online� Temperature dependence of the PL peak near 1.0 eV

in comparison with the temperature dependences of Si and Ge coefficients

of thermal expansion. The inset shows representative EDX data along the

NW axis with arrows pointing to the expected preferential compositions of

�80 and 50 at. % of Si within the SiGe NW HJs.
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