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Strain and Modulation Doping in Epitaxial Si/Ge Core-Shell Nanowire Heterostructures 

 

David Carl Dillen, Ph.D. 
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Supervisor: Emanuel Tutuc 

 

For over five decades, silicon based electronics relied on scaling of individual 

field-effect transistors (FETs) for improvements in integrated circuit performance. 

Recently, however, further enhancement of packing density and switching speed was 

limited by the increase in power consumption of short channel devices. New materials 

and device geometries were introduced to help expand CPU performance while also 

decreasing power dissipation. Semiconducting nanowires have also been recognized for 

potential applications as channel material in highly scaled FETs. These structures present 

opportunities for strain and energy band engineering through the use of radial, or core-

shell, heterostructures. To fully exploit the benefits of radial heterostructures, however, 

requires knowledge of elastic strain distributions and energy band alignments, 

necessitating the development of new characterization methods. This is especially true in 

Si/Ge material systems, where a large lattice mismatch over 4% is possible. In this thesis, 

we grow Si/Ge core-shell nanowires and demonstrate multiple techniques to characterize 

the nanoscale heterostructure, including strain measurements and extraction of valence 

band offsets. 

We grow Ge-SixGe1-x core-shell nanowires and measure the elastic strain using 

Raman spectroscopy. The Ge core’s Raman spectrum is consistent with a compressive 

strain in this region due to lattice mismatch with the SixGe1-x shell. The strain distribution 
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and expected Raman peak positions are calculated using continuum elasticity models and 

lattice dynamic theory, finding excellent agreement to experimental data. 

We also demonstrate radial modulation doping in Ge-SixGe1-x core-shell nanowire 

heterostructures by doping a portion of the SixGe1-x shell with boron during growth. The 

modulation doped nanowire FETs show an enhanced low temperature hole mobility and 

also a decoupling of transport between core and shell. Through comparison to finite-

element calculations, we extract the valence band offset at the core-shell interface. 

Lastly, we grow coherently strained Si-SixGe1-x core-shell nanowires and 

characterize the structure using Raman spectroscopy. We first optimize the Si nanowire 

growth process to favor the diamond crystal structure and to minimize sidewall coverage 

by Au catalyst, followed by epitaxial growth of the SixGe1-x shell using the Si nanowire as 

substrate. Raman measurements on core-shell samples indicate a tensile strain in the Si 

core and a compressive strain in the SixGe1-x shell, both consistent with calculations of the 

strain and the strain-induced shift of the Raman peaks in this structure. 
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Chapter 1: Introduction 

1.1. MOTIVATION AND ELECTRONIC DEVICE SCALING 

The growth of the semiconductor industry over the five decades since invention of 

the complementary metal-oxide-semiconductor (CMOS) integrated circuit (IC) has been 

driven mainly by the scaling of individual MOS field-effect transistors (MOSFETs). As 

the MOSFET’s dimensions are reduced, its gate delay and power dissipation decreases, 

leading to the overall enhancement of IC performance. Economic factors have also 

benefitted from device scaling, as the cost per transistor has decreased due to the 

increased packing density of scaled devices. Indeed, “Moore’s Law”, which was an 

observation by Intel co-founder Gordon Moore that the number of transistors per area on 

an IC doubles roughly every two years, has held true since 1965. Figure 1.1 demonstrates 

this increasing transistor count with time, along with the decreasing gate oxide thickness 

(tox). 

 

 

Figure 1.1: Scaling of transistor count (right axis) and gate dielectric thickness (left axis) 

over time. (Figure adapted from Ref. [1]) 
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Figure 1.2: Schematic of MOSFET device after constant field scaling. (Figure adapted 

from Ref. [2]) 

In order to maintain consistent, long-channel device behavior between successive 

technology nodes, the constant field scaling theory was developed by R. H. Dennard et 

al. [3]. In this technique, illustrated in Fig. 1.2, all device dimensions are reduced by a 

constant factor α > 1, i.e gate length (Lg) becomes Lg/α after scaling. This applies to all 

physical dimensions, including Lg, tox, gate width (Wg), metal contact width (W), and the 

depth of source/drain junctions and depletion regions (XD). The power supply voltage 

(Vdd) and the threshold voltage (Vth) must also be scaled by α, while the channel doping 

level should increase by α. These constant field scaling factors are summarized in Table 

1.1. 

These scaling adjustments lead to a decrease in MOSFET drive current (Id,sat) and 

gate capacitance (Cg) by α, along with a subsequent decrease in gate delay (τ) and power 

dissipation (P), again by α. Furthermore, the device packing density and active power 

dissipation each improve by α
2
, while power density (P/A) remains unchanged. These 

performance factors are also listed in Table 1.1. 
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Physical Parameters Scaling Rule  

Gate Length (Lg) 1/α 

Wire Width (W), Gate Width (Wg) 1/α 

Oxide Thickness (tox) 1/α 

Depletion Layer Width (XD) 1/α 

Voltages (Vdd, Vth) 1/α 

Substrate Doping (NB) α 

Electric Field 1 

Gate Capacitance (Cg = Lg·Wg·εox/tox) 1/α 

Drive Current (Id,sat) 1/α 

Intrinsic Delay (τ ~ Cox·Vdd/ Id,sat) 1/α 

Area (A ~ Lg·Wg) 1/α
2
 

Power Dissipation (P ~ Id,sat·Vdd 1/α
2
 

Power Density (P/A) 1 

Table 1.1: Constant field scaling rules for device physical dimensions (Lg, W, Wg, tox), 

voltages (Vdd, Vth), and doping (NB). Effect on device performance factors 

(Cg, Id,sat, τ, P) are also listed. 

1.2. CMOS SCALING ISSUES AND DEVICE DEVELOPMENTS 

Constant field scaling requires that all device parameters be scaled equally in 

order to maintain ideal long channel behavior. There are, however, a number of 

fundamental factors which do not scale with the device dimensions [4], placing lower 

limits on the supply voltage and physical dimensions, and leading to non-ideal device 

characteristics called the short-channel effects. These short channel effects generally fall 

into one of two categories: those related to carrier drift limitations across the channel (e.g. 

saturation velocity and hot carrier effects), and competition over the channel potential by 

the gate and drain contacts (e.g. threshold voltage shift, drain induced barrier lowering, 

and bulk punch-through). 
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Carrier drift limitations are the result of large longitudinal electric fields across 

the MOSFET’s channel. As the magnitude of this field increases, carrier velocity 

saturates and becomes independent of electric field. The large longitudinal fields, 

particularly near the drain junction, also produce an abundance of “hot” carriers which 

can become trapped in the gate oxide or collide in the channel to produce electron/hole 

pairs through impact ionization. Limiting the longitudinal electric field had previously 

been accomplished through scaling of Vdd at the same rate as the device dimensions. 

However, because of switching considerations, along with the non-scaling of the 

subthreshold slope (SS), the minimum Vdd is limited to around one volt. Below this value, 

the Ion/Ioff ratio suffers due to the trade-off between high on-state drive currents and low 

off-state, or standby, currents. 

The short channel effects also result in the electrostatic competition between the 

gate and drain terminals over the channel potential. In a long-channel device, the width of 

the source and drain depletion regions are negligible compared to Lg. However, as Lg is 

decreased, the depletion regions eventually merge and punch-through leakage currents 

form between source and drain junctions. Furthermore, in short channel devices, the drain 

begins to exert control over the channel injection barrier near the source, leading to a roll 

off of Vth with decreasing Lg and to a changing Vth with Vd, known as drain-induced 

barrier lowering (DIBL). Under constant field scaling theory, the gate oxide thickness 

would simply be decreased in order to increase its relative capacitance over that of the 

drain. However, in highly scaled devices with SiO2 or SiON gate dielectric, this thickness 

was already on the order of 1 nm and gate leakage currents due to tunneling increase 

significantly with further thickness reductions. 

The non-ideal device scaling characteristics, namely the nearly constant Vdd, have 

also led to an increasing power density with decreasing Lg, as shown in Fig. 1.3, 
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eventually reaching power levels which cannot be dissipated using practical CPU cooling 

methods, requiring design trade-offs between power and performance. Moreover, the 

percentage of the total power consumption used by the device in standby mode, has also 

been steadily increasing as devices are scaled, and has even surpassed the active 

switching power in devices with Lg ≈ 20 nm (Fig. 1.3). 

 

 

Figure 1.3: Power density versus gate length; data collected from literature for active 

power density. Lines are intended to show trends. fCV = frequency × 

capacitance × voltage. (Figure and caption adapted from Ref. [5]) 

1.2.1. Integration of new materials and geometries 

Prior to the 90 nm technology node, CMOS performance enhancements were 

generally a result of fabricating ever smaller features through advances in photo 

lithography, along with adjustments to the power supply voltage and doping 

concentrations. With the emergence of the short channel effects and non-scaling factors, 

described above, further performance enhancements and the reduction of power 

consumption required fundamental changes to the device’s structure and material 

composition. Some of the technologies recently implemented by Intel in their production 
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CPUs are shown in Fig. 1.4. Beginning in 2003 at the 90 nm node, the silicon channel 

was strained in order to enhance the mobility of charge carriers [6]. Hole mobility is 

generally enhanced by compressive strain along the direction of transport [7] and strain-

engineered pMOS devices were developed with epitaxial growth of SiGe in the source 

and drain regions. This provided a longitudinal uniaxial compressive strain of ~600 MPa 

in the channel, increasing saturation drive currents by 25% over unstrained devices [6]. 

Electron mobility, on the other hand, is enhanced through tensile strain in the direction of 

transport. This was applied using a SiN capping layer above the nMOS devices, 

improving their drive current by 10% [6]. Furthermore, to mitigate the increasing gate 

leakage current with reduced oxide thickness, high-κ dielectrics and metal gates were 

introduced at the 65 nm node. These materials allow the physical thickness of the 

insulator to increase without degrading the gate capacitance, substantially decreasing 

leakage currents. 

 

 

Figure 1.4: Scaling of Intel MOSFETs by introduction of new technologies: strained Si 

channel, High-κ/metal gate, and tri-gate structures. (Figure adapted from 

Ref. [8]) 
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The industry has also begun to move towards non-planar device geometries, 

namely the FinFET or tri-gate structures. Beginning in 2011, Intel introduced commercial 

22 nm tri-gate devices, with both Samsung and TSMC following a few years later with 

14/16 nm FinFETs. A cross-section of the tri-gate device structure, where carrier 

transport is into or out of the plane of the image, is shown in Fig. 1.5. The enhanced 

electrostatic coupling between the gate and the channel in these multi-gate devices results 

in smaller leakage currents, steeper SS, and larger drive currents over planar FETs [9]. 

 

 

Figure 1.5: TEM image of tri-gate device cross-section. (Figure adapted from Ref. [10]) 

1.2.2. Gate-all-around field-effect transistors 

The continual push towards ever increasing IC performance may eventually lead 

the industry to the gate-all-around (GAA) device geometry. In the GAA structure, as 

illustrated in Fig. 1.6, the channel material is completely encapsulated by the gate 

dielectric and electrode, further enhancing the electrostatic integrity over planar and 

multi-gate devices and improving the short channel effects [11], [12]. 
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Figure 1.6: (a) Schematic of longitudinal cross-section of GAA nanowire structure [9]. 

(b) Transmission electron microscope image of GAA nanowire cross-

section perpendicular to current flow [13]. 

GAA devices have been fabricated using channel materials which are created 

using both top-down and bottom-up methods. Top-down devices are fabricated by 

etching the narrow channel regions from an initial planar material [14], followed by 

conformal deposition of the gate and contact formation. In contrast, bottom-up devices 

may use a vertical, epitaxially grown nanowire as channel material, with the substrate 

acting as either the source or drain contact [15], [16], as shown schematically in Fig. 1.7. 

In the next section, we will discuss a particular class of non-planar channel 

material which lends itself well to the realization of devices with gate-all-around 

geometry: the core-shell nanowire. 
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Figure 1.7: Schematic of vertical Si nanowire gate-all-around device which uses the 

substrate as drain contact. (Figure adapted from Ref. [15]) 

1.3. CORE-SHELL NANOWIRE HETEROSTRUCTURES 

 

 

Figure 1.8: Schematic showing (a) cross-sectional shape of Ge-Si core-shell nanowire 

and (b) energy bands of the structure along its diameter. (Figure adapted 

from Ref. [17]) 

Nanowire synthesis through bottom-up methods can also be used to create 

structures with non-uniform material compositions in both the radial and axial directions 

[18]. The radial heterostructures, otherwise known as core-shell nanowires, allow for 

enhancement of the nanowire’s optical and electrical characteristics through epitaxial 

passivation of the surface using a material of larger band-gap. The energy band offsets 

which are formed confine charge carriers into the nanowire core, away from trap states at 

the nanowire’s surface. This situation is illustrated using the Ge-Si core-shell nanowire 
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energy band alignments of Fig. 1.8 where Lu et al. [17] find that the large band offset of 

this heterostructure forces the Fermi level well into the valence band of the Ge nanowire 

core, inducing a confined 1-dimensional hole gas in this region, with ballistic transport 

characteristics. 

Furthermore, in a previous study, Nah et al [19] demonstrate enhancement of hole 

mobility in Ge-SixGe1-x core-shell nanowire pFETs using structures with higher Si shell 

content (x), as shown in Fig 1.9(a). The increase in mobility over the entire temperature 

range was attributed to stronger confinement of holes in the nanowire core through an 

increase in the valence band offset (Fig. 1.9(b)). 

 

 

Figure 1.9: (a) Band edges of Ge-SixGe1-x core-shell nanowires with different x. (b) Hole 

mobility versus temperature in Ge-SixGe1-x core-shell nanowire FETs with x 

= 0.5 (black symbols) and x = 0.7 (red symbols). Open and closed symbols 

correspond to the mobilities extracted assuming different values of interface 

trap density. (Figure adapted from Ref. [19]) 

Electron-confined core-shell and core-multishell heterostructures, with large 

conduction band offsets which drive carrier confinement in the nanowire core, have also 

been demonstrated using various III-V compound semiconductors, including GaN-

AlN/AlGaN [20], GaN-InGaN/GaN/AlGaN [21], InAs-InP [22], InGaAs-InP/InAlAs 
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[16], and GaAs-AlGaAs [23], [24]. However, as we will discuss in Chapter 5, core 

electron confinement has yet to be demonstrated in any group IV core-shell 

heterostructure. 

1.3.1. Ge and high mobility channel materials 

Due to the nanoscale size of the epitaxial interface during nanowire growth, the 

total strain energy remains low in this system and defect formation is minimized, 

allowing for growth of single crystal nanowires on highly lattice-mismatched substrates 

[25]. Furthermore, arrays of nanowires may also be transferred from the growth wafer to 

device substrate using printing techniques [26]. These factors allow for the integration of 

nanowire based electronic devices using high mobility channel materials onto nearly 

arbitrary substrates, including Si and various flexible materials. Core-shell and core-

multishell nanowires and nanowire FETs have previously been demonstrated using 

semiconductors with greatly improved transport characteristics in comparison to Si, 

including Ge [18], [17], [19], [27], GaN [20], [21], InAs [22], and GaAs [23], [24]. 

Germanium, in particular, is a desirable material for core-shell nanowires in 

emerging device applications for a number of reasons. Most notable is its low hole 

effective mass compared to other semiconductors, giving Ge one of the highest bulk hole 

mobilities, as shown in Fig. 1.10. Furthermore, in the Ge-Si or Ge-SixGe1-x core-shell 

nanowire, the Ge core is expected to be compressively strained along the axis of the 

nanowire [28], [29], a situation which has previously shown to further enhance the hole 

mobility in planar Ge [7], [30], [31]. The small bandgap of Ge (0.67 eV) also makes it an 

excellent candidate for use in tunnel FETs (TFETs). Compared to traditional FETs, the 

SS of a TFET is not thermally limited to a minimum value of 60 mV/dec, presenting an 

opportunity to realize devices with ultra-low static power consumption [32], [33]. For use 
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in TFETs, materials with small band-gap are favored due to increased band-to-band 

tunneling currents in the on-state and these devices have previously been realized using 

Ge-SixGe1-x core-shell nanowires [34]. Lastly, as a group IV element, Ge based devices 

are compatible with standard Si CMOS processes. 

 

 

Figure 1.10: Electron (black) and hole (red) mobilities for various bulk, undoped 

semiconductors. (Figure adapted from Ref. [35]) 

1.3.2. Core-Shell Heterostructure Material Characterization Techniques 

As we described above, the Ge-SixGe1-x core-shell nanowire is an attractive 

prospect for pFET device applications due to the large expected valence band offset 

between core and shell regions, the high hole mobility of Ge, and the ability to implement 

a GAA device architecture. However, the large lattice mismatch of 4.2% between Ge and 

Si may prevent the coherent growth of shells above a compositionally dependent critical 

thickness [28], [36] through strain-induced surface roughening and defect formation. 

Furthermore, through modification of the overlap of atomic orbitals, the strain due to 

lattice mismatch is expected to shift the electronic energy levels in both the core and shell 
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regions, as we will describe in Chapter 2. Because the strain distribution in the core-shell 

heterostructure is expected to have a considerably different form than a planar epitaxial 

film [28], [29], the direction and magnitude of these band shifts are not well understood, 

leading to uncertainty in the core-shell heterostructure’s band offsets. The rational design 

and engineering of core-shell nanowires requires an understanding of the complex 

interplay between the structure’s material composition and its mechanical and electronic 

properties. The nanoscale nature of the core-shell heterostructure has prevented the use of 

well-established strain and band offset characterization techniques developed for planar 

heterostructures, most notably X-ray diffraction (XRD) and capacitance-voltage (C-V) 

measurements. The nanoscale strain characterization techniques which are available, 

namely those based on transmission electron microscopy (TEM), often rely on 

complicated equipment and analysis methods. 

XRD is routinely used in the measurement of strain and material composition in 

planar films [37] by observing the change in Bragg angle by comparison to known, 

unstrained materials. XRD has also been used to measure the axial strain of oriented 

nanowire arrays [38], although, this technique tends to average out local variations in 

strain due to different nanowire diameters and non-uniform defect densities. The size of 

the X-ray beam prevents characterization of individual nanowires.  

Energy band offsets have previously been measured using C-V measurements of 

metal-oxide-semiconductor (MOS) capacitors formed above strained, planar Si-SixGe1-x 

heterostructures [39], [40]. By modulating the applied D.C. gate voltage, different regions 

of the heterostructure are populated with electrons/holes and, in turn, the capacitance 

fluctuates as a result of the changing location of this incremental charge, as shown in Fig. 

1.11(a). Quantum mechanical numerical calculations predict the gate capacitance as a 

function of applied voltage and the experimentally derived C-V curves are fit to this 
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model using the heterostructure band alignments, layer thicknesses, and substrate doping 

concentration as fitting parameters (Fig 1.11(b)). Extension of this technique to core-shell 

 

 

Figure 1.11: (a) Energy band structure of a strained Si-Ge heterostructure grown on a 

Si0.65Ge0.35 substrate showing locations of holes (open circles) and electrons 

(closed symbols) under different gate biases. (b) C-V data from the 

heterostructure showing both experimental (line) and calculated (symbols) 

curves. (Figure adapted from Ref. [40]) 
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nanowires, however, is difficult due to the small amount of charge in these structures. 

Indeed, the calculated gate capacitance of a Ge-SixGe1-x core-shell nanowire with 8 nm 

HfO2 high-κ dielectric and 500 nm gate length is only ~500 aF [19], a value too small to 

reliably measure due to the inherent background capacitance of the measurement system. 

Another class of strain measurement procedures, which are also capable of 

analysis at nanoscale dimensions, involve TEM based techniques. Strain information can 

be determined by either directly visualizing the lattice in high resolution TEM (HR-TEM) 

and scanning TEM (HR-STEM) or by observing the local nano-beam electron diffraction 

(NBED) pattern, followed by post-processing of the acquired data [41]. These techniques 

are indeed powerful and allow for strain measurements with nanometer resolution; 

however, they also require complex and expensive aberration corrected instruments, in 

addition to time-consuming and destructive sample preparation steps which may also 

affect the nominal strain distribution of the sample. 

It is clear that new characterization techniques are needed to aid in the 

development of core-shell nanowire heterostructures and, in general, other non-planar 

heterostructures. Another tool which we have not yet discussed, but is often used in the 

measurement of strain in planar systems, is Raman spectroscopy. In this high-throughput 

and non-destructive technique, photons from an incident laser beam interact with the 

vibrational modes of the sample. The spectrum of the scattered light, which is shifted by 

the energy of the generated optical phonon, is measured. This scattering process, 

described in more detail in Chapter 3, has also been used to identify and characterize 

different nanoscale objects, including quantum dots [42], [43], graphene [44], carbon 

nanotubes [45], [46], and Si/Ge nanowires [47], [48]. In this thesis, we extend the use of 
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Raman spectroscopy to study the strain in Si/Ge core-shell nanowires. We also 

demonstrate an electron transport based technique used to extract the valence band offset 

in nanoscale Ge-SixGe1-x core-shell nanowire FETs through the addition of modulation 

doping in the nanowire’s shell. 

1.4. CHAPTER ORGANIZATION 

In this chapter, we have discussed the historical trends in device scaling, along 

with the problems facing continued advancement of IC performance. The semiconductor 

core-shell nanowire, in particular, is one structure which may play a role in future 

electronic devices, although little is still known about the elastic strain distribution and 

energy band offsets in these nanoscale heterostructures. In the rest of this thesis, we will 

investigate these factors in both Ge-SixGe1-x and Si-SixGe1-x core-shell nanowires, and 

demonstrate novel characterization techniques which may also be generalized to other 

non-planar heterostructures. 

In Chapter 2, we provide a brief introduction to stress, strain, and their 

relationships, along with a number of methods used to calculate the strain distribution in 

core-shell nanowires. We provide strain calculation results for both Ge-SixGe1-x and Si-

SixGe1-x core-shell nanowires using analytical and finite-element solution methods. We 

also analyze the effect of strain on the band structure of common semiconductors and 

calculate the conduction band offset in Si-SixGe1-x core-shell nanowires using linear 

deformation potential theory. 

Chapter 3 describes the Ge-SixGe1-x core-shell nanowire growth process, along 

with our measurements of the Raman spectrum of individual nanowires. Using lattice 

dynamic theory, the measured Raman shift of the core’s Ge mode, which is blue-shifted 

in relation to unstrained Ge, is converted into terms of an effective strain. We compare 
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the effective strain to the previous strain calculation results, and find excellent agreement 

between theory and experiment. 

In Chapter 4 we demonstrate radial modulation doping in Ge-SixGe1-x core-shell 

nanowires by incorporating boron dopants into the shell during the growth process. We 

find that the resulting modulation doped nanowire FETs show an increased peak, low-

temperature hole mobility and also a decoupling of hole transport between core and shell 

regions, evident as a kink in the drain current versus gate voltage curve. Through a 

comparison of the experimental transport characteristics with finite-element hole density 

calculations, we extract the valence band offset at the core-shell interface. 

In Chapter 5 we grow coherently strained Si-SixGe1-x core-shell nanowires. We 

begin by investigating the growth of Si nanowires and optimizing the process to favor the 

growth of defect-free nanowires with diamond cubic crystal structure with no wetting of 

the sidewalls by the Au catalyst. Core-shell nanowires are then grown using an in-situ 

shell growth process and the resulting nanowires are measured using Raman 

spectroscopy, where we find a strain-induced red-shift of the core’s Si-Si Raman mode. 

Calculations of the Raman shift using the previous stain results and lattice dynamic 

theory agree with experimental values. We also demonstrate n-type FETs using Si-

SixGe1-x core-shell nanowires as channel material. 

In Chapter 6 we conclude this thesis and provide recommendations for future 

areas of research related to group IV core-shell nanowire heterostructures. 

  



 

18 

Chapter 2: Strain Engineering and Calculation in Core-Shell 

Nanowires* 

Strain fundamentally alters the spacing and symmetry of a material’s crystal 

lattice and leads to significant changes in its mechanical and electronic properties, 

including its structural morphology, electronic energy levels, charge carrier transport, 

optical absorption/emission, and its phonon spectrum. Therefore, the effective design and 

engineering of any heterogeneous system requires understanding of the strain inherent in 

the structure, along with strain due to external forces.  

In this chapter we will give a general overview of strain, particularly as it applies 

to lattice-mismatched, epitaxial core-shell nanowire heterostructures. Section 2.1, will 

define stress and strain, describe their relationship, and provide examples of common 

strain configurations. In Section 2.2, we will summarize a variety of methods previously 

developed to calculate the strain distribution in core-shell nanowires. Here, we also 

provide strain results for both Ge-SixGe1-x and Si-SixGe1-x core-shell nanowires, 

calculated using continuum elasticity methods. We analyze the effect of strain on the 

band structure of common semiconductors in Section 2.3 and offer quantitative 

calculations of the conduction band offset in Si-SixGe1-x core-shell nanowires. 

2.1. STRAIN DEFINITIONS AND RELATIONSHIPS  

A crystal lattice may become deformed either through arbitrary external forces 

acting on its surface or by lattice mismatch at a coherent hetero-epitaxial interface. This 

                                                 
* Portions of this chapter were published previously: D. C. Dillen, F. Wen, K. Kim, and E. Tutuc, 

“Coherently strained Si-SiGe core-shell nanowire heterostructures,” Nano Lett. ASAP, DOI: 

10.1021/acs.nanolett.5b03961, 2015. 

D. C. Dillen performed the nanowire growth, electron microscopy, Raman measurements, device 

fabrication, electrical measurements, and theoretical calculations, with assistance from F. Wen and K. 

Kim. D. C. Dillen and E. Tutuc designed the experiments, analyzed the data, and co-wrote the 

manuscript. 
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deformation is described by the local elastic strain components (εij) which form a 

dimensionless second-rank tensor of the form: 

𝜺 =  [

𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑥𝑦 𝜀𝑦𝑦 𝜀𝑦𝑧

𝜀𝑥𝑧 𝜀𝑦𝑧 𝜀𝑧𝑧

]                                                   2.1 

The indices above correspond to the direction of deformation and the surface normal on 

which it is acting, e.g. εyx indicates a deformation in the y direction of a surface whose 

normal faces x. Terms along the main diagonal of Eq. 2.1 are normal strain components 

and result in only volume changes in the material, while off-diagonal terms are shear 

strains which produce rotations in the crystal. We assume that the deformation is static 

with no rigid-body translations or rotations, requiring that the strain tensor be symmetric, 

e.g. εxy = εyx. 

If the crystal deformation is small we can write the individual strain tensor 

components in the following form: 

𝜀𝑖𝑗 =
1

2
(
𝑑𝑢𝑖

𝑑𝑥𝑗
+

𝑑𝑢𝑗

𝑑𝑥𝑖
)                                                          2.2 

Here, ui are the components of the displacement vector, u(r) = r’ – r, where r is the initial 

unstrained position of a specific point in the crystal and r’ is the position of the same 

point under deformation. 

The external forces which cause crystal deformation, or strain, also create internal 

forces locally within the material, and can be described by the stress tensor: 

𝝈 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑥𝑦 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧𝑧

]                                                  2.3 

where each component has units of force per unit area. Since we assume that each 

infinitesimal volume element is in static equilibrium, the second-rank stress tensor must 
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be symmetric at every point, such that the net torque on the body is zero and there are no 

rigid-body rotations. 

The symmetry of stress and strain allows us to contract these second-rank tensors 

and express them as six-component arrays: 

𝜺 = (𝜀𝑥𝑥, 𝜀𝑦𝑦, 𝜀𝑧𝑧 , 𝜀𝑦𝑧 , 𝜀𝑥𝑧 , 𝜀𝑥𝑦)
𝑇

𝝈 = (𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜎𝑦𝑧, 𝜎𝑥𝑧, 𝜎𝑥𝑦)
𝑇                                         2.4 

In this thesis, we are concerned with only the linear elastic behavior of a material, 

where its stress and strain components can be related through Hooke’s Law: 

𝜎𝑖𝑗 = ∑ 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙

𝑘,𝑙=𝑥,𝑦,𝑧

                                                         2.5 

where Cijkl are components of the fourth-rank elastic stiffness tensor, again with units of 

force per unit area. In general, the elastic stiffness tensor has 81 independent terms, 

however, the symmetry of stress and strain tensors mandates that Cijkl = Cjikl = Cijlk. 

We can also rewrite Eq. 2.5 in terms of the contracted stress and strain arrays of 

Eq. 2.4: 

𝜎𝑗 = ∑𝐶𝑗𝑖𝜀𝑖

6

𝑖=1

                                                                2.6 

where the fourth-rank elastic stiffness tensor is now reduced to a symmetric 6×6 matrix. 

The total number of independent terms in this elastic stiffness matrix may be reduced by 

considering the symmetry of the specific crystal lattice structure. Cubic materials, such as 

Si, Ge, or GaAs, require only three constants (C11, C12, and C44) to fully describe their 

elastic properties, leading to an elastic stiffness matrix of the form: 

𝑪 = 

[
 
 
 
 
 
𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0
0 0 0 0 0 𝐶44]

 
 
 
 
 

                                  2.7 
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The elastic stiffness matrix of an isotropic material requires only two independent 

terms and takes the form: 

𝑪 = 
𝐸

(1+𝜈)(1−2𝜈)

[
 
 
 
 
 
 
 
1 − 𝜈 𝜈 𝜈 0 0 0

𝜈 1 − 𝜈 𝜈 0 0 0
𝜈 𝜈 1 − 𝜈 0 0 0

0 0 0
1

2
(1 − 2𝜈) 0 0

0 0 0 0
1

2
(1 − 2𝜈) 0

0 0 0 0 0
1

2
(1 − 2𝜈)]

 
 
 
 
 
 
 

   2.8 

where E is the Young’s modulus and ν is Poisson’s ratio. These isotropic elastic constants 

can also be extended for use in describing an anisotropic media, where they become 

dependent on crystal direction. In this case, Young’s modulus is the ratio of the stress and 

strain along direction i: Ei = σii/εii, while Poisson’s ratio is the ratio of normal strains in 

two orthogonal directions, i and j: νij = - εjj/εii. 

 

   

Figure 2.1: Cross-section schematic view of a cubic crystal structure with substrate (red) 

and epilayer (blue) having unstrained lattice constants of a0 and a, 

respectively. Panels show both crystals (a) disconnected and unstrained and 

(b) coherently connected with the epilayer under tensile biaxial strain. 
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The inverse of Hooke’s Law (Eq. 2.6) can be written as: 

𝜀𝑖 = ∑𝑆𝑖𝑗𝜎𝑗

6

𝑗=1

                                                              2.9 

where S is the elastic compliance matrix which has the same number of independent 

terms and same block diagonal form as the elastic stiffness matrix for a given crystal 

structure, including cubic (Eq. 2.7) and isotropic materials (Eq. 2.8). 

To better understand the relationship between stress and strain, it is informative to 

study a number of common strain configurations, including biaxial and uniaxial 

arrangements. The case of biaxial strain due to the epitaxial growth of a mismatched, 

planar heterostructure with (001) surface orientation and cubic lattice structure is 

illustrated in Fig. 2.1. If we assume the substrate thickness is effectively infinite in 

comparison to that of the epilayer, the substrate region will not deform and the strain in 

the epilayer will fully accommodate the lattice mismatch. The in-plane strain components 

(εxx and εyy) of the epilayer are given in terms of the lattice constant of each region (a0 - 

substrate, a - epilayer): 

𝜀𝑥𝑥 = 𝜀𝑦𝑦 =
𝑎0 −  𝑎

𝑎
                                                       2.10 

Since the biaxial forces in this case are equal and only in the x and y directions, we can 

set σxx = σyy = T with all other σij zero. The strain components are then calculated in terms 

of the elastic compliance constants using Eq. 2.9: 

𝜀𝑥𝑥 = 𝜀𝑦𝑦 = (𝑆11 + 𝑆12)𝑇                                            2.11(a) 

𝜀𝑧𝑧 = 2𝑆12𝑇                                                                     2.11(b) 

Which, when combined, gives: 

𝜀𝑧𝑧 =
2𝑆12

𝑆11 + 𝑆12
𝜀𝑥𝑥                                                         2.12 
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In this (001) biaxial orientation, all other strain components are zero, resulting in a strain 

tensor of the form: 

𝜀 = (
𝜀𝑥𝑥 0 0
0 𝜀𝑥𝑥 0
0 0 𝜀𝑧𝑧

) =
𝑎0 −  𝑎

𝑎
(

1 0 0
0 1 0

0 0
2𝑆12

𝑆11 + 𝑆12

)                          2.13 

 

Figure 2.2: Illustration of [110] compressive uniaxial stress. (Figure and caption adapted 

from Ref. [49]) 

Another technologically important strain configuration is that of an applied 

uniaxial stress along [110]. This case, illustrated in Fig. 2.2 with the applied stress labeled 

T, typically results from the use of hetero-epitaxial source/drain regions and strained 

capping layers for enhancement of charge carrier mobility in both n- and pMOSFETs [6]. 

To calculate the strain distribution in a material under [110] uniaxial stress, we will 

initially consider a primed coordinate system where the x’-direction is along [110]. In this 

system the stress component σ’xx = T, with all others equal to zero. We then rotate this 

stress tensor into an unprimed system where x = [100], y = [010], and z = [001] using the 

tensor transformation equation: 
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𝜎𝑖𝑗 = ∑𝑎𝑖𝑘𝑎𝑗𝑙𝜎′𝑘𝑙

𝑘,𝑙

                                                      2.14 

where a is the tensor rotation matrix whose components are given by the directional 

cosines between the transformed and original axes. This transformation results in a stress 

tensor of the form: 

𝝈 =
𝑇

2
[
1 1 0
1 1 0
0 0 0

]                                                          2.15 

Using Eq. 2.9, we then calculate the strain components using the stress tensor of Eq. 2.15: 

𝜺 =
𝑇

2
[

(𝑆11 + 𝑆12)
1

2
𝑆44 0

1

2
𝑆44 (𝑆11 + 𝑆12) 0

0 0 2𝑆12

]                                  2.16 

2.2. CORE-SHELL NANOWIRE STRAIN CALCULATION METHODS 

A number of groups have previously studied the strain distribution due to lattice 

mismatch in core-shell nanowires using both atomistic [50], [51] and continuum based 

models [28], [29], [52]–[54]. Atomistic strain calculations consider the full atomic 

structure of the crystal and may use either ab initio or empirically derived values for the 

interatomic potentials. The more accurate ab initio solutions, however, quickly become 

intractable for structures larger than a few nanometers due to limited computational 

resources. On the other hand, atomistic solutions allow for the realistic treatment of the 

interface, including local bonding configurations and intermixing, along with dynamic 

effects such as the confinement of phonon modes [54]. 

Continuum elasticity strain calculation treat the structure as a macroscopic, 

continuous solid with a spatially varying local strain distribution. These models, in 

particular, are useful in that solutions can be obtained in a relatively short period of time 

for a structure of arbitrary size. Solutions for core-shell nanowire systems have been 
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found numerically using finite-element techniques and analytically in structures with 

simplified shapes and elastic properties. 

In the rest of this section, we will review these strain calculation models and show 

results for Ge-SixGe1-x and Si-SixGe1-x core-shell nanowires. 

2.2.1. Continuum elasticity strain model using an analytical solution 

If a few assumptions are made regarding the shape and elastic properties of a 

core-shell nanowire, its strain distribution can be calculated analytically using a 

continuum elasticity framework. A number of previous studies present similar models 

[28], [29], [53]–[55], although the following is based closely on the work of V. Schmidt 

et al. of Ref. [29].  

Summing the forces on an infinitesimal body in a single direction gives the 

equation of motion for that body: 

𝑑𝜎11

𝑑𝑥1
+

𝑑𝜎12

𝑑𝑥2
+ 

𝑑𝜎13

𝑑𝑥3
+ 𝜌𝑔1 = 𝜌𝑎1                                          2.17 

where ρ is the material’s density, g is gravitational acceleration or other external forces, 

and a1 is acceleration in the direction of index one. For lattice mismatch strain there are 

no external forces or gravity acting on the structure, leading to g = a = 0. These changes, 

along with a conversion to cylindrical coordinates, produces: 

∇ ∙ 𝝈 = [
1

𝑟

𝜕(𝑟𝜎𝑟𝑟)

𝜕𝑟
+

1

𝑟

𝜕𝜎𝑟𝜃

𝜕𝜃
+

𝜕𝜎𝑟𝑧

𝜕𝑧
−

𝜎𝜃𝜃

𝑟
] �̂� 

             + [
1

𝑟

𝜕(𝑟𝜎𝑟𝜃)

𝜕𝑟
+

1

𝑟

𝜕𝜎𝜃𝜃

𝜕𝜃
+

𝜕𝜎𝜃𝑧

𝜕𝑧
+

𝜎𝑟𝜃

𝑟
] 𝜃 ̂ 

+[
1

𝑟

𝜕(𝑟𝜎𝑟𝑧)

𝜕𝑟
+

1

𝑟

𝜕𝜎𝜃𝑧

𝜕𝜃
+

𝜕𝜎𝑧𝑧

𝜕𝑧
] 𝑧 ̂ 

         = 0                                                                                                    2.18 
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Eq. 2.18 is known as the equation of equilibrium and is the starting point for this 

calculation. 

As mentioned above, a number of assumptions are necessary in order to make this 

problem solvable by analytic means. First is the requirement that the nanowire be 

cylindrically symmetric, i.e. its cross-sectional shape must form a circle, allowing the 

problem to be solved in cylindrical coordinates. This symmetry allows one to neglect the 

angular component of displacement, uφ, along with any derivative with respect to φ. 

Second, it is assumed that the core and shell materials are isotropic and can be described 

by only two constants, the Poisson’s ratio υ and Young’s modulus E. Furthermore, these 

constants are set to be equal in core and shell regions, although the model may be 

generalized to account for different values. It is also assumed that the nanowire is 

infinitely long, leading to a translational invariance such that the radial displacement, ur, 

does not change with axial position and the axial displacement, uz, does not change with 

radial position. 

With the above assumptions, the equations of equilibrium (Eq. 2.18) are reduced 

to two uncoupled equations in radial and axial directions: 

𝑑2𝑢𝑟
(𝑎)

𝑑𝑟2
+ 

1

𝑟

𝑑𝑢𝑟
(𝑎)

𝑑𝑟
−

𝑢𝑟
(𝑎)

𝑟2
= 0                                         2.19(a) 

 
𝑑2𝑢𝑧

(𝑎)

𝑑𝑧2
= 0                                                         2.19(b) 

The superscript index a has been introduced to denote the specific region of the structure: 

one for the core and two for the shell. The general solutions to the above differential 

equations have the form: 

𝑢𝑟
(𝑎)

= 𝑎(𝑎)𝑟 + 
𝑏(𝑎)

𝑟
                                                 2.20(a) 

𝑢𝑧
(𝑎)

= 𝑐(𝑎)𝑧                                                                 2.20(b) 



 

27 

where the six constants (a
(1)

, a
(2)

, b
(1)

, b
(2)

, c
(1)

, c
(2)

) can be solved by analyzing boundary 

conditions.  

The first boundary condition is the equality of displacements at the core-shell 

interface. Due to the coherent nature of this interface, both axial and radial displacements 

must be equal at this boundary: uz
(1)

(R1) = uz
(2)

(R1) and ur
(1)

(R1) = ur
(2)

(R1) , where R1 is 

the core radius. 

Next, the net force in the radial direction at the core-shell interface must vanish, 

leading to the relation: σrr
(1)

(R1) = σrr
(2)

(R1). The net force in the axial direction must also 

equal zero; integrating the force over a given cross section yields: R1
2
σzz

(1)
 + (R2

2
-R1

2
)σzz

(2)
 

= -2τR2. Surface stress, τ, has been introduced here and is generally defined as the work 

done in changing surface area through elastic strain. R2 is total radius of the core-shell 

structure.  

Finally, there must be zero net force acting in the radial direction at the shell’s 

outer surface, requiring that σrr
(2)

(R2) = -τ/R2. Use of the above relationships leads to the 

following solutions for the six unknowns: 

𝑎(1) = 
𝑚(1 − 3𝑣)(𝑅2

2 − 𝑅1
2)

2(1 − 𝑣)𝑅2
2 − 

𝜏(1 − 3𝑣)

𝐸𝑅2
                                   2.21(a) 

𝑎(2) =
𝑚[2𝑅2

2(1 − 𝑣) − 𝑅1
2(1 − 3𝑣)]

2(1 − 𝑣)𝑅2
2 −

𝜏(1 − 3𝑣)

𝐸𝑅2
                    2.21(b) 

𝑏(1) = 0                                                                                                    2.21(c) 

𝑏(2) =
−𝑚(1 + 𝑣)𝑅1

2

2(1 − 𝑣)
                                                                          2.21(d) 

𝑐(1) = 𝑐(2) =
𝑚(𝑅2

2 − 𝑅1
2)

𝑅2
2 − 

2𝜏(1 − 𝑣)

𝐸𝑅2
                                       2.21(e) 

Here, m is the lattice mismatch factor: m = (l2 - l1)/l1 where l1 and l2 are the lattice 

constants of the core and shell regions, respectively. Using a cylindrical form of the 
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strain-displacement relation (Eq. 2.2), strain components can now be calculated using the 

results of Eqs. 2.20 and 2.21: 

𝜀𝑟𝑟
(1)

= 𝑎(1)                                                                       2.22(a) 

𝜀𝑟𝑟
(2)

= 𝑎(2) − 𝑚 −
𝑏(2)

𝑟2
                                               2.22(b) 

𝜀𝜑𝜑
(1)

= 𝑎(1)                                                                       2.22(c) 

𝜀𝜑𝜑
(2)

= 𝑎(2) − 𝑚 +
𝑏(2)

𝑟2
                                                2.22(a) 

𝜀𝑧𝑧
(1)

= 𝑐(1)                                                                       2.22(e) 

𝜀𝑧𝑧
(2)

= 𝑐(2) − 𝑚                                                              2.22(f) 

where all off-diagonal strain components are equal to zero. 

For later use as an input to strain-dependent energy band structure and phonon 

frequency calculations, we must first convert these cylindrical strain results into a crystal-

oriented Cartesian coordinate system. First, however, we convert to a nanowire-oriented 

Cartesian system where the nanowire’s main axis is directed along the z-direction and x, y 

arbitrarily placed orthogonally to this axis. We write the x and y displacements in terms 

of the radial displacement: 

𝑢𝑥
(𝑎)

= 𝑢𝑟
(𝑎)

cos(𝜑) =  𝑎(𝑎)𝑥 + 𝑏(𝑎)
𝑥

𝑥2 + 𝑦2
                             2.23(a) 

𝑢𝑦
(𝑎)

= 𝑢𝑟
(𝑎)

sin(𝜑) = 𝑎(𝑎)𝑦 + 𝑏(𝑎) 𝑦

𝑥2 + 𝑦2
                              2.23(b) 

The z component of displacement is identical to the cylindrical result of Eq. 2.20(b). Each 

Cartesian strain component can then be calculated through the strain-displacement 

relation of Eq. 2.2: 

𝜀𝑥𝑥
(1)

= 𝜀𝑦𝑦
(1)

= 𝑎(1)                                                                       2.24(a) 



 

29 

𝜀𝑥𝑥
(2)

= 𝑎(2) + 𝑏(2)
(𝑦2 − 𝑥2)

(𝑥2 + 𝑦2)2
−  𝑚                                       2.24(b) 

𝜀𝑦𝑦
(2)

= 𝑎(2) + 𝑏(2)
(𝑥2 − 𝑦2)

(𝑥2 + 𝑦2)2
−  𝑚                                       2.24(c) 

𝜀𝑧𝑧
(1)

=   𝑐(1)                                                                                2.24(d) 

𝜀𝑧𝑧
(2)

= 𝑐(2) − 𝑚                                                                         2.24(e) 

𝜀𝑥𝑦
(2)

= 
−2𝑏(2)𝑥𝑦

(𝑥2 + 𝑦2)2
                                                                    2.24(f) 

𝜀𝑥𝑦
(1)

=  𝜀𝑥𝑧
(1)

= 𝜀𝑥𝑧
(2)

= 𝜀𝑦𝑧
(1)

= 𝜀𝑦𝑧
(2)

= 0                                  2.24(g) 

We then convert the nanowire-oriented Cartesian strain tensor of Eq. 2.24 into a 

crystal-oriented coordinate system where x, y, and z axes are along [100], [010], and 

[001] directions, respectively, using a tensor transformation equation similar to Eq. 2.14:  

𝜀′𝑖𝑗 = ∑𝑎𝑖𝑘𝑎𝑗𝑙𝜀𝑘𝑙

𝑘,𝑙

                                                       2.25 

where the rotation matrix (a) is chosen to correspond to the particular growth direction of 

the nanowire. 

2.2.1.1. Analytical strain calculation results for Ge-SixGe1-x core-shell nanowires 

The analytical strain model above uses isotropic elastic constants, however, the 

true elastic behavior of these cubic materials is highly anisotropic, with values of 

Poisson’s ratio ranging between 0.022 and 0.403 in Ge [56]. Therefore, it is important to 

choose appropriate values of Ei and νij which correspond to the geometry of the particular 

nanowire. Similar to previous reports [54], [55], we will use the value of Young’s 

modulus in the direction of the nanowire’s axis since the strain in this direction is 

expected to be larger than the in-plane, radial strain, as demonstrated later in Fig. 2.3(a). 

For the same reason, we use an average of Poisson’s ratio, νij, in the plane of the 
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nanowire, such that i is fixed along the direction of the main axis and j is any direction 

perpendicular to i. Furthermore, due to relative volumes of core and shell regions, we will 

use elastic constants corresponding to the core material in all analytical stain calculations. 

 

 

Figure 2.3: (a) Radial cross-section of the three cylindrical strain components (εrr, εφφ, 

and εzz) in a Ge-Si0.5Ge0.5 core-shell nanowire. (b) Contour plots of the radial 

and axial strain components of the same structure shown in (a). The in-plane 

Poisson ratio, ν[111],(111) = 0.160, was used here. (Figure and caption adapted 

from Ref. [57]) 

As we will show in Chapter 3, electron microscopy and diffraction studies 

indicate that our Ge-SixGe1-x core-shell nanowires grow along the [111] crystal direction. 

We will therefore use the Ge value of E[111] = 155 GPa for this structure [56]. Fortunately, 
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the Poisson ratio in the (111) plane is constant in Ge and no averaging is needed: 

ν[111],(111) = 0.160 [56]. As in Ref. [29], we choose a surface stress value of τ = 1.0 N/m 

Figure 2.3(a) shows a radial slice of the cylindrical strain components of a Ge-

SixGe1-x core-shell nanowire (diameter d = 50 nm, shell thickness tsh = 5 nm, x = 0.50) 

calculated using the results of Eq. 2.22 above. We find that all three components are 

constant across the core and compressive in nature, as expected from the smaller lattice 

constant of the SixGe1-x shell. The shell strain, on the other hand, is seen to decrease in 

magnitude towards the outer edge of the nanowire and contain both compressive (εrr) and 

tensile (εφφ, εzz) components. Figure 2.3(b) also shows contour plots of the radial and 

axial strain components, demonstrating the uniform nature of the strain distribution. 

The cylindrical strain components are then converted into a crystal-oriented 

Cartesian coordinate system using Eq. 2.25 with the following rotation matrix for a [111] 

nanowire: 

𝒂 =

[
 
 
 
 
 
 

1

√2
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                                                       2.26 

In the core only, this rotation results in a strain tensor of the form: 

𝜺′ =

[
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                     2.27 

where the three normal components are equal. The shell’s results have a more 

complicated distribution and are not given explicitly here. 
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The Cartesian strain components for the same Ge-SixGe1-x core-shell nanowire 

configuration as above are plotted in Fig. 2.4. In this Cartesian system, we find that the 

strain distribution in the shell is no longer symmetric with angular position. From the data 

of Fig. 2.4 we also extract radial slices of each strain component along both the [1-10] 

and [11-2] crystal directions; these are shown in Fig. 2.5. 

 

 

Figure 2.4: Contour plots of the analytically calculated strain components (a) εxx, (b) εyy, 

(c) εzz, (d) εxy, (e) εxz, (f) εyz for a Ge-SixGe1-x core-shell nanowire with tsh = 

5.0 nm, x = 0.50, and d = 50 nm. The X and Y axes are along [1-10] and 

[11-2] crystal directions, respectively. 
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Figure 2.5: Radial slices of the analytically calculated strain components of a Ge-SixGe1-x 

core-shell nanowire with tsh = 5.0 nm, x = 0.50, and d = 50 nm. Strain 

components are in terms of a crystal-oriented Cartesian coordinate system. 

Slices taken along the (a) [1-10] and (b) [11-2] directions.  

2.2.1.2. Analytical strain calculation results for Si-SixGe1-x core-shell nanowires 

As we will discuss later in Chapter 5, the Si-SixGe1-x core-shell nanowires used in 

this thesis grow along the [110] crystal direction. Analytical stain calculations for this 

heterostructure will therefore use the Young’s modulus of Si in this direction: E[110] = 169 

GPa [56]. Unlike the nanowires with [111] growth axis, the Poisson ratio is highly 

anisotropic in the plane perpendicular to the growth direction of [110] oriented 

nanowires, ranging between 0.064 and 0.362 [56]. The ensuing calculations will use the 

average Poisson ratio in this plane, ν[110],(110) = 0.213 [56]. 

In Fig. 2.6, we plot the analytically calculated cylindrical stain components for a 

Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x = 0.39, d = 30 nm, using the isotropic 

elastic constants described above. Similar to the Ge-SixGe1-x nanowires of the previous 

sub-section, we find that all strain components are uniform with position in the 

nanowire’s core, while the magnitudes of εrr and εφφ decrease towards the outer edge of 
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the shell. The polarity of the strain, however, is reversed in this case, where all three 

components are tensile in the core. In the shell, εφφ and εzz are compressive, while εrr is 

tensile. 

 

Figure 2.6: Radial cross-section of the three cylindrical strain components (εrr, εφφ, and 

εzz) in a Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x = 0.39, and d = 

30 nm. 

We also convert the cylindrical strain tensor results of above into a crystal-

oriented Cartesian coordinate system using Eqs. 2.23-2.25 and a rotation matrix of the 

form: 

𝒂 =

[
 
 
 
 
 
 0

1

√2

1

√2

0
−1

√2

1

√2

1 0 0 ]
 
 
 
 
 
 

                                                        2.28 

The resulting Cartesian strain components are shown in Fig. 2.7, where the X and Y axes 

are in the [001] and [1-10] crystal directions, respectively. We also plot radial slices of 
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these strain components in Fig. 2.8, taken along both the [001] and [1-10] crystal 

directions. 

 

Figure 2.7: Contour plots of the analytically calculated Cartesian strain components (a) 

εxx, (b) εyy, (c) εzz, (d) εxy, (e) εxz, (f) εyz for a Si-SixGe1-x core-shell nanowire 

with tsh = 3.9 nm, x = 0.39, and d = 30 nm. The X and Y axes are along 

[001] and [1-10] crystal directions, respectively. 



 

36 

 

Figure 2.8: Radial slices of the analytically calculated strain components of a Si-SixGe1-x 

core-shell nanowire with tsh = 3.9 nm, x = 0.39, and d = 30 nm. Strain 

components are in terms of a crystal-oriented coordinate system. Slices 

taken along the (a) [001] and (b) [1-10] directions. 

2.2.2. Continuum elasticity strain modeling using a numerical solution  

The continuum elasticity approach has also been solved numerically, using finite-

element methods. In this model, the structure is divided into a number of discrete 

elements whose corners define nodes with two or three dimensional degrees of freedom. 

After specifying appropriate boundary conditions and initial states, the displacement of 

each node is varied in order to minimize the total elastic strain energy. Local strain 

components can then be recovered through the differentiation of this deformation field. 

The work by Søndergaard et al. applies this method to the calculation of strain in core-

shell nanowires [52]. They express the total elastic energy of the structure, U, as: 

𝑈 =  ∫𝑤 𝑑𝑉 =
1

2
∫∑𝐶𝑖𝑗𝑘𝑙𝜀𝑖𝑗𝜀𝑘𝑙

𝑖𝑗𝑘𝑙

 𝑑𝑉                                      2.28 

where w is the local strain energy density and the other variables take their usual 

meaning. An initial deformation field is applied such that the core is fully relaxed and the 
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entire lattice mismatch is accommodated within the shell. The displacement field is then 

varied to relax the shell’s initial strain and minimize Eq. 2.28. Note that this calculation 

uses the full set of cubic elastic constants, Cijkl, and does not require the material to be 

isotropic. 

If the nanowire is assumed to be infinitely long, the problem reduces to a two-

dimensional cross section with only one parameter describing the axial strain of the 

structure. This assumption was shown by the authors of [52] to be very close to the 

results obtained for a three-dimensional structure far from the ends of the nanowire. 

Figure 2.9 shows the finite-element calculation results from Ref. [52] for a 

hexagonal nanowire with a GaAs (a = 0.565 nm) core and GaP (a = 0.545 nm) shell. The 

z-axis is along the [111] growth direction. The individual strain components in the core 

are no longer constant with position due to a combination of strain concentration near the 

hexagon’s corners and the anisotropic nature of the elastic constants. The hydrostatic 

strain (εH = εxx + εyy + εzz), on the other hand, becomes nearly constant in both regions, 

with εH = -4.4% in the entire core and εH = 0.8% throughout much of the shell. 

Calculations for cylindrical cross-sectioned nanowires were said to have qualitatively 

similar results, but were not explicitly shown. The large difference in strain magnitude 

between the core and the shell is due to the relatively thick shell employed; a thinner shell 

will distribute strain more evenly throughout the structure. 
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Figure 2.9: Strain distribution in a GaAs-GaP core-shell nanowire with 12 nm core 

diameter and 7.9 nm shell thickness: (a) εxx, (b) εyy, (c) εxy, and (d) Trace{ε}. 

(Figure adapted from Ref. [52]) 

2.2.2.1. Numerically calculated strain results for Si-SixGe1-x core-shell nanowires 

As mentioned above and demonstrated in Chapter 5, the Si-SixGe1-x core-shell 

nanowires used here grow along the [110] crystal direction and typically have hexagonal 

cross-sectional shapes. Due to the highly anisotropic Poisson ratio perpendicular to the 

[110] direction, along with its non-cylindrical shape, the analytic strain calculation model 

of Section 2.2.1 may not give an accurate depiction of the strain in this heterostructure. 

We will therefore calculate the strain numerically in a Si-SixGe1-x core-shell nanowire 
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using a finite-element model similar to that described above, which allows the use cubic 

elastic constants and arbitrary cross-sectional shape. The Ge-SixGe1-x core-shell 

nanowires, on the other hand, have a cylindrical shape and grow along [111], where the 

Poisson ratio in this plane is constant. Hence, the assumptions made in the analytic strain 

calculation method are suitable for this structure, making further finite-element 

calculations unnecessary.  

In this thesis, we will use a slightly different approach for the numerical 

calculation of strain in core-shell nanowires. Instead of modeling the lattice mismatch 

using an initial deformation field, as above, we will simulate this strain using differences 

in thermal expansion between core and shell regions. Here, we specify different thermal 

expansion coefficients for core (α1) and shell (α2) materials and apply a uniform elevated 

temperature (T) to the heterostructure. The expansion coefficient and temperature values 

are determined by equating the thermal strain and the lattice mismatch strain: 

∆𝛼 ∙ ∆𝑇 = (𝛼1 − 𝛼2) ∙ (𝑇 − 𝑇0) =
𝑙1 − 𝑙2

𝑙2
                                2.29 

where l1 and l2 are the unstrained lattice constants of core and shell materials, 

respectively, and T0 = 0 °C is the reference temperature. We note that the specific values 

of Δα and ΔT used are not important, as long as their product equals the lattice mismatch 

strain. 

This strain calculation method is implemented using a commercial finite-element 

software package (Abaqus®, Dassault Systemes) and employs a three-dimensional 

nanowire structure with 200 nm total length. We simulate structures with both circular 

and hexagonal cross-sectional shapes, and coordinates are defined such that the nanowire 

axis is along the [110] crystal direction, as appropriate for the Si-SixGe1-x core-shell 

nanowires described in this thesis. The values of α and T used in simulation are given in 
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Table 2.1 for multiple values of SixGe1-x shell content. Boundary conditions are specified 

such that all nodes on one cross-sectional face of the nanowire are fixed in all three 

dimensions, preventing convergence issues due to rigid-body motion of the entire 

structure. To maintain coherence of the heterostructure, we apply a tie constraint between 

the core’s outer surface and the shell’s inner surface. Meshing is done using wedge 

shaped elements whose size is chosen in order to minimize computational demands while 

still meshing the structure with sufficient density, as shown in Fig. 2.10. This is done by 

specifying a smaller nodal spacing within the nanowire cross-section (0.8 nm) than along 

the axial direction (2 nm). We again use the full cubic elastic stiffness matrix (Cij) for 

each material in this simulation. Table 2.2 lists the nonzero components of Cij for Si and 

Ge; intermediate SixGe1-x compositions use a linear interpolation between the Si and Ge 

values. 

The strain results computed in Abaqus are given by default in terms of a crystal-

oriented Cartesian coordinate system and no further transformation is necessary. The 

normal strain components, however, are given in reference to the expanded structure at 

elevated temperature. We must therefore add the thermal strain (Δα∙ΔT = m) to each of 

the shell’s normal strain components to obtain results using the proper, undeformed 

reference frame. Moreover, Abaqus provides off-diagonal strain components in terms of 

engineering shear strains and we must divide these values by two, in both core and shell 

regions, to get the proper tensor form of strain. 
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Figure 2.10: Meshing strategy for a cylindrical core-shell nanowire with tsh = 3.9 nm and 

d = 25 nm. Edges were seeded with lengths of 0.8 nm in-plane and 2 nm 

along the axis. 

Shell Content, x  l1 (Å) l2 (Å) m α1 (°C
-1

) α2 (°C
-1

) T (°C) 

0.39 5.431 5.563 -0.0237 0 5.96×10
-6

 3982.6 

0.56 5.431 5.524 -0.0169 0 5.96×10
-6

 2831.6 

Table 2.1: Values of core (l1) and shell (l2) lattice constants [58], lattice mismatch strain 

(m), core (α1) and shell (α2) thermal expansion coefficients, and temperature 

(T) used in finite-element strain calculations for a Si-SixGe1-x nanowire. 

To verify the accuracy of this finite-element strain calculation method, we 

simulate a (001) biaxially strained planar heterostructure where the epilayer’s strain 

components are known exactly (Eq. 2.13), and find nearly identical results. We also 

simulate a cylindrical core-shell nanowire heterostructure using isotropic elastic constants 

and compare to the results of the analytical strain calculation method of Section 2.2.1, 
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again finding excellent agreement. Furthermore, by varying the total length of the 

nanowire while observing strain values near the middle of the structure, we find that the 

total length must be greater than only 100-150 nm in order to effectively simulate an 

infinite nanowire. Strain values depend on axial position only within ~50 nm of the 

nanowire’s ends, and between these regions the strain is uniform. 

 

Material C11 (GPa) C12 (GPa) C44 (GPa) 

Si 165.8 63.9 79.6 

Ge 128.5 48.3 66.8 

Table 2.2: Cubic elastic stiffness matrix values for Si and Ge (C11, C12, C44) used in 

finite-element strain calculations [59]. All other components are zero. 

Figure 2.11 shows a contour plot of each strain component for a cylindrical Si-

SixGe1-x nanowire with tsh = 3.9 nm, x = 0.39, and d = 30 nm, calculated using finite-

elements. The data was taken on a cross-section at the center of the nanowire’s total axial 

length. We find that the core’s strain components are all tensile in nature and that their 

values change only slightly across the region, less than 6x10
-4

 difference from minimum 

to maximum. The shell, on the other hand, has both tensile and compressive terms, with 

much higher magnitudes compared to the core. The individual strain components are also 

seen to vary widely with both radial and azimuthal position within the shell.  



 

43 

 

Figure 2.11: Contour plots of the finite-element calculations of strain components (a) εxx, 

(b) εyy, (c) εzz, (d) εxy, (e) εxz, (f) εyz for a Si-SixGe1-x core-shell nanowire with 

shell thickness of 3.9 nm, x = 0.39, and d = 30 nm. X and Y axes are along 

[001] and [1-10] crystal directions, respectively. Different color scales are 

used for core and shell regions. (Figure and caption adapted from Ref. [60]) 

For comparison, we also plot the strain calculation results for a hexagonal Si-

SixGe1-x nanowire in Fig. 2.12. Compared to the cylindrical nanowire of Fig. 2.11, we 

find qualitatively similar results, although, the variation of each strain component over 

either region is larger in the hexagonal case, particularly near the corners. The average 

value of each strain component over the core or shell changes only slightly between the 

cylindrical and hexagonal cross-sections, less than -0.02% in the core and 0.03% in the 
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shell. We also plot radial slices of each strain component in Fig. 2.13 from the cylindrical 

and hexagonal nanowire data of Figs. 2.11 and 2.12. 

 

  

Figure 2.12: Contour plots of the finite-element calculations of strain components (a) εxx, 

(b) εyy, (c) εzz, (d) εxy, (e) εxz, (f) εyz for a hexagonal Si-SixGe1-x core-shell 

nanowire with shell thickness of 3.9 nm, x = 0.39, and d = 30 nm. Different 

color scales are used for core and shell regions. X and Y axes are along 

[001] and [1-10] crystal directions, respectively. (Figure and caption adapted 

from Ref. [60]) 
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Figure 2.13: Radial slices of the analytically calculated strain components of a Si-SixGe1-x 

core-shell nanowire with tsh = 3.9 nm, x = 0.39, and d = 30 nm. Strain 

components are in terms of a crystal-oriented coordinate system. Slices 

taken along the (a) [001] and (b) [1-10] directions, the X and Y axes, 

respectively, from Figs. 2.11 and 2.12. 

2.2.3. Atomistic core-shell nanowire strain calculations 

The core-shell nanowire strain distribution was treated atomistically by Grönqvist 

et al. in Ref. [50]. They calculate the strain components of a GaAs-GaP core-shell 

heterostructure using a Valence-Force Field (VFF) model with empirical interatomic 

potentials. Each atomic coordinate (ri) is a degree of freedom used to minimize the total 

elastic potential energy (E), given by: 

𝐸 = ∑∑
3𝛼

8𝒓𝑖𝑗0
2 (𝒓𝑖𝑗

2 − 𝒓𝑖𝑗0
2 )

2
n.n.

𝑗𝑖

                                                                      

+ ∑ ∑
3𝛽

8|𝒓𝑖𝑗0||𝒓𝑖𝑘0|
(𝒓𝑖𝑗 ∙ 𝒓𝑖𝑘 − 𝒓𝑖𝑗0 ∙ 𝒓𝑖𝑘0)

2
                      2.30

n.n.

𝑗,𝑘≠𝑗𝑖
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where rij = rj – ri, rij0 is the value of rij is an unstrained crystal, α and β are the interatomic 

coupling constants, and n.n. implies that the summation is over the nearest neighbors of 

atom i only. 

The microscopic atomic coordinates calculated from Eq. 2.30 must be further 

processed in order to extract a macroscopically relevant strain value. To determine strain 

in a small volume element surrounding atom i located at r0, the authors of [50] use the 

relative positions of its four nearest neighbors (r21, r32, and r43) to construct the 3×3 

matrix equation: 

[𝒓21
(𝑑)

𝒓32
(𝑑)

𝒓43
(𝑑)] = (1 + 𝜀̃)[𝒓21

(0)
𝒓32

(0)
𝒓43

(0)]                          2.31 

where superscripts d and 0 label the coordinates of the deformed and undeformed relative 

atomic positions, respectively. The macroscopic strain tensor at r0 can then be extracted: 

 𝜀 =
𝜀̃ + 𝜀̃𝑇

2
                                                               2.32 

The resulting strain fields typically display atomic scale oscillations where neighboring 

atoms may have very different strain values. To account for this and to compare to strain 

values obtained using continuum methods, the strain field is then smoothed by averaging 

over neighboring group-III and group-V atoms.  

 Similar to the continuum calculation results above, they find that the calculated 

strain components in the core are nearly uniform with position for both cylindrical and 

hexagonal nanowires. Figure 2.14 compares the strain distribution of GaAs-GaP core-

shell nanowires calculated using the VFF atomistic approach, as described above, to 

those obtained using finite-element techniques. Both calculations show remarkably 

similar results, indicating that the increased numerical complexity of the VFF model is 

unnecessary. We, therefore, do not implement this calculation technique for strain 

analysis in group-IV core-shell nanowires. 
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Figure 2.14: Comparison of strain components in a GaAs-GaP core-shell nanowire 

calculated using 2D finite-elements (red line), 3D (black line) finite-

elements, and Valence-Force Field atomistic (black symbols) methods. 

(Figure adapted from Ref. [50]) 

2.3. EFFECT OF STRAIN ON SEMICONDUCTOR’S ENERGY BAND STRUCTURE 

A crystal’s electronic energy band structure is determined by the overlap of 

neighboring atomic orbitals, in conjunction with the symmetry of its atomic arrangement. 

Straining the lattice will, in general, lead to anisotropic changes in both the interatomic 
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spacing and symmetry of the crystal, and cause shifting and splitting of energy levels. In 

order to better understand the effect of strain on energy bands, we will first look at their 

unstrained structure in common diamond and zincblende semiconductors. 

For reference, in Figure 2.15(a), we show the first Brillouin zone of an FCC 

crystal lattice, with high symmetry points labeled for clarity (Γ is at zone center, while Χ 

directions are along <001> and L are along <111>). From the calculated band structure in 

Fig. 2.15(b), we see that silicon’s conduction band minimum lies within the first Brillouin 

zone at Δ, between the Γ and Χ points. Constant energy contours of these Δ valleys are 

shown in Fig. 2.15(c), demonstrating the six-fold degeneracy of the conduction bands in 

Si. Turning to the valence band structure of Si in Fig. 2.15(d), we see the maximum 

energy appears at zone center, where two bands have degenerate energies. These bands, 

however, have different effective masses; the flatter one is known as the Heavy Hole 

(HH) band while the steeper one is the Light Hole (LH) band. There is also a third 

valence band with energy maxima at Γ, but is split-off from the LH and HH bands by -44 

meV due to spin-orbit coupling. 
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Figure 2.15: (a) First Brillouin zone of an FCC crystal lattice [61]. (b) Calculated band 

structure of Si using nonlocal (solid lines) and local (dashed lines) 

pseudopotentials [62]. (c) Constant energy contours of the lowest 

conduction band valleys in Si [49]. (d) Calculated valence bands of Si near 

Γ [49]. 

Other diamond and zincblende type semiconductors show qualitatively similar 

band structures, as shown in Figs. 2.16(a) and (b) for Ge and GaAs, respectively. The 

relative energies of the conduction band minima at Δ, L, and Γ points, however, are 
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found to vary between materials. In Ge, the conduction band minimum lies at the edge of 

the Brillouin zone at L and has a degeneracy of four, while GaAs is a direct-gap 

semiconductor with its conduction band minimum located at zone center (Γ). Their 

valence bands structures again show degenerate HH and LH bands at Γ, but with split-off 

bands at a lower energy than Si: -0.29 eV (Ge) and -0.34 eV (GaAs). 

 

 

Figure 2.16: Calculated band structures of (a) Ge and (b) GaAs. (Figure adapted from 

Ref. [62])  

In the rest of this section we will qualitatively describe strain’s effect on both the 

conduction and valence bands in common cubic semiconductors, and present quantitative 

calculations of the conduction band-edge energies in Si-SixGe1-x core-shell nanowire 

heterostructures using linear deformation potential theory. 

2.3.1. Strain’s effect on the valence band 

The similarity of the valence bands in Si, Ge, and GaAs means they will respond 

to strain in much the same way, with small differences arising due to the proximity of the 
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split-off band in Si. The states near the valence band edge in these materials arise mainly 

due to the bonding overlap of p atomic orbitals. Specifically, the HH band in a particular 

direction is formed by the overlap of the orbitals perpendicular to this direction, while the 

LH band is formed by the parallel p orbitals [49]. For example, along [001], the HH band 

results from the overlap of px and py orbitals, while the pz overlap forms the LH band. 

Due to the anisotropic shape of p orbitals, the overlap is larger for the parallel 

orientations, leading to a lower effective mass and larger bandwidth of the LH band. 

 

 

Figure 2.17: Bond rotation under (a) biaxial and (b) uniaxial strain, and their 

corresponding valence band shifts and warping. (Figure adapted from Ref. 

[49]) 

Using the above tight-binding framework, we can gain a qualitative understanding 

of the valence band’s behavior under strain by considering how the orbital composition 

of a given hybridized sp
3
 bond changes as the crystal is deformed. Figure 2.17(a) shows 

the bond rotations of the four nearest neighbors of a tetrahedrally bonded Si atom under a 

[001] biaxial tensile strain along with the resulting valence band dispersion. Along [001], 
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the composition of in-plane orbitals in the bond increases, leading to a stronger px and py 

overlap, and a corresponding decrease in the energy of the HH band along kz. Similarly, 

the pz orbital composition decreases, raising the LH band along kz. In the in-plane 

directions, the parallel p orbital overlap increases and the perpendicular overlap 

decreases, leading to a shift of the HH and LH bands to higher and lower energies, 

respectively, along kx and ky. 

In the case of a compressive [110] uniaxial strain, as shown in Fig. 2.17(b), the 

non-zero shear strain (εxy) leads to a splitting of the symmetry in the x,y plane. Along 

[110] the LH band is raised due to decreasing overlap of the parallel p orbitals, while the 

HH band decreases in energy due to increasing perpendicular component overlap in the 

bond. Along the perpendicular direction, [-110], the situation is reversed, with the HH 

band lying at a higher energy than the LH band. 

2.3.2. Strain’s effect on the conduction band 

Unlike the valence bands, the conduction bands of diamond and zincblende 

semiconductors respond to strain in very different ways, depending on the symmetry of 

their minimum conduction band valleys. In GaAs, the conduction band minimum, located 

at Γ, is made up mostly of antibonding s-orbital states and forms a spherical constant 

energy surface. The Γ-valley respond only to hydrostatic strains, where the band edge 

shifts upwards under compressive strain. Shear strains do not shift the band-edge energy 

significantly, and only lead to a slight warping in the band’s dispersion. The Γ-valley is 

also nondegenerate, therefore no valley splitting occurs. 

The degenerate L and Δ valleys of Ge and Si have contributions from antibonding 

p-orbital states and, therefore, can respond to both hydrostatic and shear strains. 

Depending on the symmetry of the strain tensor in relation to that of the band minima, 
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valley splitting may occur. For example, a uniaxial strain along [111] would not split the 

conduction band valleys at Δ, since these valleys are all symmetric about [111]. A 

uniaxial strain along [001], on the other hand, would split the two Δ valleys along z from 

the four along x and y. 

 

 

Figure 2.18: (a) Si and (b) Ge conduction band under [110] uniaxial tensile strain. (Figure 

and caption adapted from Ref. [49]) 

Using the same framework as the valence bands in Section 2.3.1, we can 

qualitatively determine the direction of shift in different conduction band valleys based 

on the rotations of bond angles. Under a [001] tensile biaxial strain the composition of pz 

orbitals along z decreases, leading to a decrease in the energy of Δ valleys along this 

direction. The other four Δ valleys behave in an opposite manner and increase in energy. 

A uniaxial tensile strain along [110] results in a similar situation: the Δ valleys again split 
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into two sets with degeneracies of two and four at lower and higher energies, 

respectively. Figure 2.18 shows the effect of a [110] uniaxial tensile strain on both the Si 

Δ valleys and the Ge L valleys. The hydrostatic line in each case demonstrates the band 

energy without shear strains considered. 

2.3.2.1. Introduction to k•p conduction band edge calculations 

The k•p method is a perturbation-based theory which uses empirical parameters to 

determine band energies near high symmetry points in k-space. Starting at the valley 

minimum, where the band energy in known, a small perturbation along k is added to the 

original Hamiltonian. This method best applies where detailed knowledge of entire band 

dispersion is not necessary. Structure around high-symmetry points in k-space can be 

expressed using a very small basis set, leading to a fast and accurate outcome. Strain can 

also be incorporated into the basic k•p model by treating it as an additional perturbation to 

the unstrained Hamiltonian, with a shift in coordinate system due to crystal deformation. 

The unstrained k•p Hamiltonian is expressed as [49]:  

[
𝒑2

2𝑚0
+ 𝑉(𝒓) +

ћ2𝑘2

2𝑚0
+

ћ

𝑚0
𝒌 ∙ 𝒑] 𝑢𝑛𝒌(𝒓) =  𝐸𝑛(𝒌)𝑢𝑛𝒌(𝒓)                    2.32 

where unk(r) are the Bloch states of the nth band with wave vector k, ћ is the reduced 

Planck constant, m0 is the free electron mass, and V(r) is the periodic crystal potential, 

and p = -iћ∇ is the momentum operator. The solution is first established for a single 

point, k = k0 and adjacent k-points can subsequently be solved for by an expansion of this 

solution around k0.  

For the addition of strain to Eq. 2.32, we will follow the method of Pikus and Bir 

from Ref. [63]. A deformed crystal structure will have a modified periodic potential and 

boundary conditions from that of the original crystal. A transformed coordinate system is 

therefore defined, such that: 
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𝑟′𝑖 = 𝑟𝑖 + ∑𝜀𝑖𝑗𝑟𝑗
𝑗

                                                        2.33 

where r’i is the deformed coordinate and εij is the strain tensor. Utilizing this 

transformation, the strained Pikus-Bir Hamiltonian becomes: 

[
𝒑2

2𝑚0
+ 𝑉(𝒓) +

ћ

𝑚0
𝒌 ∙ 𝒑 +

ћ2𝒌2

2𝑚0
+ 𝐻𝜀 + 𝐻𝜀𝒌] 𝑢′

𝑛𝒌(𝒓) =  𝐸𝑛(𝒌)𝑢′
𝑛𝒌           2.34 

where: 

𝐻𝜀 = ∑(−
1

𝑚0
𝑝𝑖𝑝𝑗 + 𝑉𝑖𝑗) 𝜀𝑖𝑗

𝑖,𝑗

                                        2.35(a) 

𝐻𝜀𝑘 = −
2ћ

𝑚0
∑𝑘𝑖𝜀𝑖𝑗𝑝𝑗

𝑖,𝑗

                                                       2.35(b) 

The Vij term above is the derivative of the original periodic potential with respect to the 

strain tensor; all other variables have their usual meanings. This method requires that the 

strain distribution is slowly varying across the structure in order for Bloch’s Theorem to 

apply. The solution of this problem is similar to the unstrained case, except now the 

unstrained results are expanded in terms of a strain perturbation. Whereas the expansion 

in k earlier was done to second order, only a first order correction due to strain is 

necessary.  

When this problem is solved for the energy shift of conduction band valley i due 

to strain (ΔE
i
c), the following form is obtained [64]: 

∆𝐸𝑐
𝑖 = (𝛯𝑑

𝑖 1̿ + 𝛯𝑢
𝑖 {𝒂�̂�𝒂�̂�}) ∶ 𝜀                                               2.36 

where ai is a unit vector parallel to the direction of energy valley i, Ξi
d and Ξi

u are the 

dilation and uniaxial deformation potentials of the conduction band, respectively. Indirect 

gap semiconductors, such as silicon and germanium, require two conduction band 

deformation potentials to account for energy splitting of equivalent valleys due to both 
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hydrostatic and shear strains. Direct gap materials, on the other hand, need only one 

parameter, ac, as only hydrostatic strain can significantly alter their band structure. 

Solving for the average shift in conduction band energy of an indirect gap material due to 

hydrostatic strain results in the following equation: 

∆𝐸𝑐,𝑎𝑣
𝑖 = (𝛯𝑑

𝑖 +
1

3
𝛯𝑢

𝑖 ) Tr(𝜺)                                               2.37 

The term in parenthesis is often referred to as the average conduction band deformation 

potential for an indirect gap material. 

2.3.2.2. Conduction band edge calculations in Si-SixGe1-x core-shell nanowires 

The k•p calculation method above gives band energies in relation to their 

unstrained values and, therefore, requires knowledge of this unstrained reference energy 

in order to extract an accurate picture of the conduction band alignments in a strained 

heterostructure. We extract unstrained band energies from the work of J. F. Morar et al. 

from Ref. [65]. They propose that the silicon 2p3/2 core-level electron energy will remain 

constant across a Si1-xGex/ Si1-yGey interface of arbitrary x and y compositions. Using 

electron-energy-loss spectroscopy (EELS) on bulk, unstrained Si1-xGex crystals, they 

measure the 2p3/2 to conduction band transition energy and extract the unstrained 

conduction band energy as a function of film concentration, x; the results are shown in 

Fig. 2.19 for both Δ and L-type conduction band valleys. To verify, we use these 

unstrained band energies as the basis for test calculations of conduction band offset in a 

biaxially strained Si1-xGex/Si1-yGey planar heterostructure with multiple values of 

composition and find results which are in good agreement with the nonlocal empirical 

pseudopotential band offset calculations from Ref. [66]. 
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Figure 2.19: Unstrained conduction band-edge energy of SixGe1-x as a function of Si 

composition, x. Both Δ and L-type conduction valleys are shown. Data 

extracted from Ref. [65]. 

Using the unstrained band offset values from above, along with Eq. 2.36 and the 

finite-element strain calculation results of Section 2.2.2.1, we can now calculate the 

conduction band energies in a Si-SixGe1-x core-shell nanowire heterostructure. We use the 

conduction band deformation potential values for silicon and germanium given in Table 

2.3, where the superscript corresponds to the particular type of conduction band valley, 

either Δ or L. Intermediate compositions of SixGe1-x again use a linear interpolation 

between values of pure Si and Ge. Radial plots of the conduction band edges are shown 

in Figure 2.20(a) for a Si-Si0.39Ge0.61 core-shell nanowire with tsh = 3.9 nm and d = 30 

nm. The slice is taken along the [1-10] direction, where the lowest conduction band 

energy is found in the shell. We find that tensile strain in the Si core causes a decrease in 

its average conduction band energy, along with a splitting of the once equivalent Δ 

energy valleys into two non-equivalent minima. Due to the uniformity of the strain 
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distribution in the core, the calculated conduction band energies are nearly constant with 

position in this region. Compressive strain in the shell, conversely, causes an overall 

increase in the average conduction band-edge energy, along with a large splitting which 

is non-uniform in both radial and angular directions. This variation is evident in the 

minimum conduction band energy contour plot of Fig. 2.20(b). The energy valleys 

located at L generally have a much higher energy than those at Δ for SixGe1-x 

concentrations greater than x ≈ 0.15 and are not shown in Fig. 2.20. 

  

 

Figure 2.20: (a) Calculated conduction band (CB) edge energies for a Si-SixGe1-x core-

shell nanowire with tsh = 3.9 nm, x = 0.39, and d = 30 nm. The radial slice is 

taken along [1-10] and the unstrained band alignment is shown as a red line 

while individual strained valleys use solid black lines. The average strained 

band energy is also shown as a dashed black line. (b) Contour plot of the 

minimum conduction band energy for the same structure as in (a). X and Y 

axes are along the [001] and [1-10] crystal directions, respectively. (Figure 

adapted from Ref. [60]) 
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Material ΞΔ
d (eV) ΞΔ

u (eV) ΞL
d (eV) ΞL

u (eV) 

Si -3.09 8.47 -9.02 12.4 

Ge -2.54 7.46 -6.90 11.1 

Table 2.3. Conduction band deformation potentials for the Δ and L conduction band 

valleys of Si and Ge [67]. 

The core-shell conduction band offset is found using the difference in energy 

between the minimum shell conduction band energy (Ec,min
(2)

) and the minimum core 

conduction band energy (Ec,min
(1)

), with both values taken at the core-shell interface:  

∆𝐸𝑐,𝑚𝑖𝑛 = 𝐸𝑐,𝑚𝑖𝑛
(2)

− 𝐸𝑐,𝑚𝑖𝑛
(1)

                                                 2.38 

We extract a minimum band offset of ΔEc,min = 213 meV from the Si-Si0.39Ge0.61 core-

shell nanowire of Fig. 2.20, a value which is sufficiently large to observe experimentally 

and also consistent with the measured valence band offsets in Ge-Si0.39Ge0.61 core-shell 

nanowires [68]. The dependence of ΔEc,min on shell composition (x) is plotted in Fig. 

2.21, where we find an increasing offset with decreasing Si composition until x = 0.1, at 

which point ΔEc,min levels off and the shell’s lowest conduction band becomes an L-type 

valley. The unstrained band offset values are also shown in Fig. 2.21 for comparison. 

Although the tensile strain in the core and compressive strain in the shell increase the 

average conduction band offset relative the unstrained results, we actually find a smaller 

ΔEc,min in the strained structure due to the large, shear strain-induced band splitting in the 

shell. 
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Figure 2.21: ΔEc,min versus x for a strained Si-SixGe1-x core-shell nanowire with tsh = 3.9 

nm and d = 30 nm. Red symbols are the unstrained band offset values 

extracted from Ref. [65]. 
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Chapter 3: Raman Spectroscopy and Strain Mapping in Individual Ge-

SixGe1-x Core-Shell Nanowires* 

3.1. INTRODUCTION 

Radial epitaxial heterostructures, especially in the Ge-Si materials system, are 

expected to contain large elastic strain fields due to the mismatch of equilibrium lattice 

spacing at the core-shell interface. This strain can change the energy momentum 

dispersion and energy band offset in the heterostructure, and consequently, the effective 

mass and carrier mobility. Therefore, probing the elastic strain in individual nanowire 

heterostructures is beneficial to the design and growth of core-shell nanowires, as well as 

to the understanding of their electrical properties. The strain distribution of core-shell 

nanowires, which is markedly different than that of planar heterostructures, was studied 

theoretically in Chapter 2. Here, we present an experimental study of strain in individual 

Ge-SixGe1-x core-shell nanowires, determined using Raman spectroscopy and analyzed in 

terms of lattice dynamic theory [57]. 

In the rest of Section 3.1, we will give a quick overview of Raman spectroscopy 

as it applies to strain measurements in cubic semiconductors. Section 3.2 will describe 

the core-shell nanowire growth process in detail, along with the common structural 

characterization techniques. Section 3.3 presents our Raman measurement results from 

individual Ge nanowires and Ge-SixGe1-x core-shell nanowires. In Section 3.4, we convert 

the measured Raman shift into terms of an effective strain using lattice dynamic theory. 

                                                 
* Portions of this chapter were published previously: D. C. Dillen, K. M. Varahramyan, C. M. Corbet, and 

E. Tutuc, “Raman spectroscopy and strain mapping in individual Ge-SiGe core-shell nanowires,” Phys. 

Rev. B, vol. 86, no. 4, p. 045311, Jul. 2012. 

D. C. Dillen performed nanowire growth, electron microscopy, Raman measurements, and theoretical 

calculations, with assistance from K. M. Varahramyan and C. M. Corbet. D. C. Dillen and E. Tutuc 

designed the experiments, analyzed the data, and co-wrote the manuscript. 
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3.1.1. Raman spectroscopy 

Raman spectroscopy is a powerful, non-destructive material characterization 

technique which is capable of analyzing a broad range of samples in solid, liquid, and 

gaseous phases, including pharmaceuticals, geologic minerals, biological structures, and 

semiconductors. For many years, this technique has been used in applications involving 

the identification of materials and crystal structure/orientation [69], along with 

quantitative measurements of local temperature distribution [70] and elastic strain [71], 

[72]. More recently, μ-Raman spectroscopy, with a spatial resolution of ~1μm, has been 

used to characterize strain and size-effects in nanoscale materials such as graphene [44], 

MoSe2 [73], and Si [74], Ge [47], and InP [75] nanowires. 

 

 

Figure 3.1: Molecular energy level diagram illustrating different infrared (IR) and Raman 

(S, A) scattering transitions. (Figure adapted from Ref. [76]) 

The underlying process behind Raman spectroscopy is the inelastic scattering of 

visible to near-infrared light by vibrational modes of the sample. The frequency and 

intensity of the scattered light is measured, giving a fingerprint of the sample since the 
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vibrations of a molecule or crystal lattice are specific to each material. The molecular 

energy level diagram of Fig. 3.1 helps to illustrate the transitions typically involved in 

vibrational spectroscopy. The molecule’s ground state and first electronic excited state 

are labeled as E0 and E1, respectively. Levels labeled as v = 0 through v = 3 are discrete 

vibrational energies of each electronic state. The first transition of Fig. 3.1, labeled IR, is 

the direct absorption of an infrared (IR) photon which excites the molecule to its first 

vibrational state and is the main operating principle behind IR spectroscopy. The second 

transition, labeled R, is the elastic Rayleigh scattering, where both the incident and 

scattered photon energies are identical. 

The transition labeled S in the Normal Raman section of Fig. 3.1 is the Stokes 

Raman scattering mechanism, where a ground state molecule is excited into a virtual state 

(denoted by the dotted line) after coupling with a photon of frequency v0. The virtual state 

quickly decays to the lower energy, v = 1 vibrational level and emits a photon with a 

slightly lower energy than that of the incident photon. After filtering of the elastically 

scattered Rayleigh signal, the scattered light’s spectrum is measured and displayed. The 

x-axis is typically given in terms of Raman shift (Δω) and defined as the difference in 

frequency of incident (ωinc = 1/λinc) and scattered (ωscat = 1/λscat) photons: Δω = ωinc – 

ωscat. Because energy must be conserved during this transition, the energy difference 

between incident and scattered photons, must equal the energy difference between v = 1 

and v = 0 energy levels. The Raman shift is often expressed in units of cm
-1

. In the Stokes 

Raman example above, we would see a single peak at a positive Raman shift, since ωinc > 

ωscat. 

The anti-Stokes Raman scattering process is represented by transition A in the 

Normal Raman portion of Fig. 3.1 and differs from Stokes scattering in the reversal of 

initial and final states. In this case, the incident photon has a lower energy than the 
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scattered, resulting in a peak at negative Raman shift, but with the same shift magnitude 

as the Stokes process. The relative Stokes and anti-Stokes peak intensities are determined 

by the occupation probabilities of v = 0 and v = 1 energy levels which is a temperature-

dependent function described by Maxwell-Boltzmann statistics. This Stokes/anti-Stokes 

intensity ratio has been used in the measurement of the local lattice temperature of silicon 

during laser annealing [70]. 

Different from the Normal Raman transitions described above, Resonance Raman 

scattering uses incident photons with energy similar to the electronic energy level spacing 

(E1 – E0), resulting in a strong enhancement of Raman scattering intensity. This can, 

however, also lead to fluorescent transitions which mask the Raman signal. 

3.1.2. Raman spectroscopy in cubic semiconductors 

In a crystalline material, the discrete vibrational energy levels shown in Fig. 3.1 

become collective oscillations of the lattice, known as phonons, and have a generally 

anisotropic wave-vector dispersion. The phonon dispersion curves along [100] for 

common cubic semiconductors are shown in Fig. 3.2. Since these materials have two 

atoms per unit cell, they each have six phonon branches of both acoustic and optical 

character. The three acoustic phonon braches all tend to zero frequency at zone-center (q 

= 0) and have both longitudinal (LA) and degenerate transverse (TA) branches. The 

optical phonons, lying at higher energy than the acoustic modes, can also be divided into 

a single longitudinal (LO) and two transverse (TO) branches. These optical modes, 

however, have finite energy over the entire Brillouin zone and are triply-degenerate at 

zone-center in Si and Ge. The optical branches in GaAs, on the other hand, show TO and 

LO frequency splitting at zone-center.  
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Figure 3.2: Phonon dispersion curves along [100] for (a) Ge, (b) Si, and (c) GaAs.  

(Figure adapted from Ref. [77]) 

Conservation of momentum during the Raman scattering process requires that ki = 

ks ± q, where ki and ks are the wave-vectors of incident and scattered photons, 

respectively, and q is the phonon wave-vector. If we consider that the change in energy of 

the photon is generally small in comparison its energy and that the photon wave-vectors 

equal 2π/λ, where wavelength, λ, is on the order of 500 nm, this implies that the phonon 

wave-vector must be small, q ≈ 0, to be Raman active. Therefore, since the acoustic 

modes have zero energy at q ≈ 0, only the optical phonon modes at zone-center are 

observed in the Raman spectrum of diamond and zinc-blende semiconductors. 

Furthermore, due to conservation of energy, the Raman peak position is controlled by the 

frequency of the zone-center optical phonons. This results in a single peak near 520 cm
-1

 

in Si and 300.5 cm
-1

 in Ge, while in GaAs both the LO (292 cm
-1

) and TO (268 cm
-1

) 
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Raman peaks can be observed, depending on the measurement’s polarization conditions. 

The above discussion assumes first-order scattering process, i.e. transitions involve only 

one phonon. However, second-order and higher scattering processes also occur and result 

in observation of phonon modes with q ≠ 0. We only consider first-order scattering in all 

further Raman analysis. 

3.1.3. Raman spectroscopy in strained semiconductors 

The frequency and dispersion of phonon modes are extremely sensitive to 

mechanical strain, since the modification of equilibrium lattice spacings results in 

changes to the elastic spring constants between neighboring atoms. In general, strain may 

result in a splitting of the initially doubly- or triply-degenerate zone-center optical 

phonon modes, along with a shift to lower or higher energy, depending on the polarity of 

strain. 

 

Figure 3.3: Effect of a uniaxial stress along the [111] direction on the Raman phonon of 

Si at 110 K. At 2 GPa the doublet and singlet components are clearly 

defined. The Hg line was used for calibration. The spectra have been 

displaced for clarity. (Figure and caption adapted from Ref. [78]) 
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As an example, the shift of phonon modes has been directly observed in the 

Raman spectra of strained Si, as shown in Fig. 3.3. Under a compressive [111] uniaxial 

stress of 2 GPa, the Si peak blue-shifts to higher frequency from its unstrained position at 

520 cm
-1

 and splits into separate doublet (d) and singlet (s) modes. 

Later, in Section 3.4, we will quantitatively analyze the effect of strain on the 

Raman spectrum of Ge-SixGe1-x core-shell nanowires using linear deformation potential 

theory. 

3.2. GROWTH OF GE-SIXGE1-X CORE-SHELL NANOWIRES 

The Ge-SixGe1-x core-shell nanowires investigated here were grown using a two-

step process: Au-catalyzed vapor-liquid-solid (VLS) growth of the Ge core, followed by 

epitaxial SixGe1-x shell growth using ultra-high-vacuum chemical vapor deposition 

(UHVCVD). We will describe both of these steps in detail below. 

3.2.1. Vapor-liquid-solid Ge nanowire growth 

The metal-catalyzed vapor-liquid-solid mechanism has been widely investigated 

for the growth of semiconductor nanowires or whiskers in many different material 

systems, including Si [79], [80], Ge [81], [82], and III-V compound semiconductors [83], 

including GaAs [84], [85], InAs [84], and GaN [86]. We will examine the Au-catalyzed 

VLS growth of Ge nanowires using the schematic of Fig 3.4 and the Au-Ge phase 

diagram of Fig. 3.5. 

The VLS nanowire growth process generally consists of three main phases [82]: 

alloying, nucleation, and axial growth. As shown in Fig. 3.4(a), Au nanoparticles are first 

deposited on the surface of a crystalline growth substrate and the sample is held in a 

GeH4 ambient at an elevated temperature above the Au-Ge eutectic point (361 °C), but 

below Au’s melting point (1064 °C). Due to the catalytic action of the metal, GeH4 
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Figure 3.4: Representation of vapor-liquid-solid growth of a silicon nanowire showing (a) 

initial catalyst formation and (b) vertical nanowire growth where catalyst 

travels vertically with the nanowire tip. Although the figure applies to Si 

nanowire growth, Ge nanowire growth follows a similar process. (Figure 

adapted from Ref. [79]) 

molecules decompose only at the Au surface and atomic Ge is absorbed into the particle, 

forming a Au-Ge eutectic alloy. With continued accumulation of Ge from the vapor 

phase, the alloy’s state moves along the red horizontal line of the phase diagram in Fig. 

3.5. As it reaches an atomic percentage of ~20% and crosses the green phase boundary 

line, the alloy liquefies. At ~40% Ge concentration, another phase boundary line is 

crossed and the particle becomes supersaturated with Ge, resulting in the nucleation or 

condensation of solid Ge at the substrate-particle (solid-liquid) interface. With an 

uninterrupted supply of GeH4 vapor, this non-equilibrium absorption and condensation 

process continues indefinitely and the Ge nanowire begins to grow vertically away from 

the substrate, with the alloy particle remaining at the very tip of the nanowire, as shown 

in Fig. 3.4(b). During growth, secondary nucleation within the alloy is suppressed since 
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continued step-growth at the original solid-liquid interface is energetically favorable at 

low levels of Ge supersaturation [82]. 

Similar to above, in this work we grow Ge nanowires using Au catalyst and 

gaseous GeH4 chemical precursor. We prepare the Au catalyst by first etching the native 

oxide from the 3 inch Si(111) growth wafers using dilute hydrofluoric acid (HF, 2.5% in 

deionized water).The wafers are then deposited with a thin Au film of 6-8 Å using 

electron beam evaporation. Following another native oxide removal step, the wafer is 

transferred to a cold-wall, ultra-high vacuum growth chamber with a base pressure of 

3×10
-10

 Torr. The sample is then annealed for 15 min in a 220 mTorr H2 ambient at 370 

°C, causing the Au film to de-wet from the Si surface and form randomly distributed 

spherical Au nanoparticles. Using these Au nanoparticles as catalyst, the Ge nanowire 

core is grown using the VLS process at a sample temperature of 280 °C using GeH4 

(20.8% in He, 50 sccm) at 2.5 Torr total chamber pressure. 

 

Figure 3.5: Au-Ge phase diagram. Red arrow demonstrates evolution of catalyst 

composition during alloying, nucleation, and growth stages of the VLS 

process. (Figure adapted from Ref. [87]) 
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At 2.5 Torr, the axial growth rate is found to be approximately 100 nm/min, and 

increases linearly with pressure. Sample temperature, on the other hand, does not 

significantly affect the nanowire’s growth rate, as long as it remains above the pressure-

dependant freezing point of the liquid catalyst. We do, however, minimize the 

temperature during VLS growth in order to slow the uncatalyzed deposition of Ge on the 

nanowire sidewalls. At 280 °C, we obtain a finite radial Ge growth rate of ~0.3 nm/min, 

which is observed as a tapering of the nanowire’s diameter from thick at the base to thin 

at the tip. At 2.5 Torr pressure, we find that the catalyst remains in the liquid phase at 280 

°C even though this is below the nominal eutectic temperature of the Au-Ge alloy (361 

°C). This behavior also been observed in previous work [87].  

We also grow bare Ge nanowires with no shell for use as a baseline comparison. 

Their growth is identical to that described above and the sample is complete at this point 

in the process. 

3.2.2. Epitaxial Growth of the SixGe1-x Shell 

The SixGe1-x shell is grown in-situ, immediately following the completion of Ge 

core growth, as demonstrated schematically in Fig. 3.6. In order to favor the uncatalyzed, 

epitaxial chemical vapor deposition (CVD) growth process directly on the nanowire 

sidewalls, we use a higher temperature (380 °C) and lower chamber pressure (40 mTorr) 

relative to VLS core growth. Both GeH4 (20.8% in He) and SiH4 (100%) chemical 

precursors are used simultaneously during this stage. By tuning the relative flow rates of 

these precursors, we find that Ge-SixGe1-x core-shell nanowires can be grown with a 

controllable shell composition over a wide range of x [88]. The shell radial growth rate is 

found to increase with larger GeH4 flow and is attributed to the easier decomposition of 
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GeH4 as compared to SiH4 at a given temperature. Due to this thermal activation of 

precursor decomposition, we also find an increasing shell growth rate with temperature. 

 

Figure 3.6: Growth schematic of Ge-SixGe1-x core-shell nanowires, showing (a) VLS Ge 

core growth and (b) CVD SixGe1-x shell growth. Green and blue regions 

represent Ge and SixGe1-x materials, respectively, and gas precursors are 

labeled for each stage. (Figure adapted from Ref. [68]) 

 

Figure 3.7: Cross-sectional scanning electron microscope image of as-grown Ge-SixGe1-x 

core-shell nanowires (NW55). 
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The Ge-SixGe1-x core-shell nanowire sample grown for this study (NW55) used a 

relative SiH4/GeH4 gas flow ratio of 50sccm/(5sccm×20.8%) ≈ 50, resulting in a shell 

growth rate of 0.56 Å/min, a concentration of x = 0.5, and a 5.0 nm total shell thickness 

over a 90 min growth time, as determined from energy-dispersive X-ray spectroscopy 

(see Section 3.2.3). A cross-sectional scanning electron micrograph (SEM) of the as-

grown wafer is shown in Fig. 3.7. We find that the nanowires are ~6 μm long after a 60 

min core growth and have diameters between 30 and 70 nm. They grow predominately 

vertical to the Si(111) surface, indicating a [111] growth direction. We also find a number 

of kinked nanowires, which switch from growth along [111] to an equivalent <111> 

direction due to instability of the Au-Ge tip. 

3.2.3. Structural Characterization of Core-Shell Nanowires 

 

 

Figure 3.8: High-resolution TEM micrograph of Ge-SixGe1-x core-shell nanowire with tsh 

= 3.0 nm and x = 0.63 (NW110). Dashed lines indicate expected position of 

core-shell interface and nanowire edge. 



 

73 

The Ge-SixGe1-x core-shell nanowires are investigated using a variety of 

transmission electron microscope (TEM) based techniques all performed in an FEI 

TECNAI F20 instrument with 200 kV accelerating voltage. Figure 3.8 shows a high-

resolution, plan-view TEM micrograph of a typical Ge-SixGe1-x nanowire which has been 

transferred to a copper grid coated with lacey carbon. We find a single-crystal structure 

and coherent core-shell interface without the need for any type of post growth annealing 

or solid-phase epitaxy process. We also confirm the [111] growth direction and single-

crystal characteristics through the Fourier transform of a high-resolution TEM image, 

shown in Fig. 3.9, where only a single set of diffraction spots are observed and the 

nanowire axis aligns with orientation of (111) spots. The broadening of diffraction spots 

perpendicular to the main axis is most likely a result of the non-uniform lattice constant 

in the cross-sectional plane due to strain. Furthermore, the cross-sectional TEM image of 

Fig. 3.10 demonstrates that our Ge-SixGe1-x nanowires are predominately cylindrical in 

shape, with minor faceting of the nanowire’s sidewalls. 

To determine the thickness and composition of the SixGe1-x shell we employ 

energy-dispersive X-ray spectroscopy (EDX), coupled with a scanning transmission 

electron microscope (STEM) beam. The electron beam is sequentially scanned along the 

diameter of a core-shell nanowire in plan-view orientation and the X-ray spectrum is 

captured every 5 to 8 Å. From these spectra, we then extract the total Kα1 X-ray line 

counts of Si and Ge at 1.74 and 9.89 keV, respectively, as a function of position. A 

typical Ge-SixGe1-x core-shell linescan is shown in Fig. 3.11, where Ge data is shown 

using blue symbols and Si with red. 
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Figure 3.9: Fourier transform of high-resolution TEM image along [11-2] zone axis from 

a Ge-SixGe1-x core-shell nanowire with tsh = 5.0 nm and x = 0.45 (NW88). 

Arrow indicates orientation of nanowire’s main axis in the real space image. 

 

Figure 3.10: Cross-sectional TEM micrograph of Ge-SixGe1-x core-shell nanowire with tsh 

= 3.0 nm and x = 0.55 (NW46). Nanowire is capped with atomic layer 

deposition (ALD) Al2O3, HfO2, Al2O3, and sputtered TaN. No core-shell 

contrast is observed in this image. 
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Figure 3.11: EDX linescan data from a Ge-SixGe1-x core-shell nanowire with tsh = 3.0 nm 

and x = 0.63 (NW110). Blue and red symbols correspond to Ge and Si data 

points, respectively. Solid lines are results of the fitting model. (Figure 

adapted from Ref. [68]) 

The relevant shell parameters are then extracted from EDX data through 

comparison to a model which considers the relative numbers of Si and Ge atoms along 

the beam’s path as a function of position and assumes a circular cross-sectional shape 

[88]. The nanowire diameter (d), shell thickness (tsh), shell composition (x), electron 

beam full-width at half-maximum, and a constant scaling factor are all used as fitting 

parameters to match the experimental data. Due to differences in the generated and 

measured X-ray intensities of each material, we also multiply the Si line by the relative 

sensitivity factor between Ge and Si: kGeSi = 1.9 [89]. The fitting model results are shown 

for both Si and Ge using solid lines in Fig. 3.11. The Si results show a double-hump type 

structure since the beam’s path through the SixGe1-x region is longest near the shell side 

of the core-shell interface and, therefore, the number of Si X-ray counts peaks at that 

point on either side of the nanowire. The Si data does not vanish at the center of the 
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nanowire since there is always a portion of shell above and below the core in the plan-

view orientation used here. Ge data, on the other hand, is dominated by the nanowire core 

and has only a single peak which reaches its maximum at the center of the nanowire. 

3.3. RAMAN MEASUREMENTS 

In preparation for Raman measurements, nanowires are removed from the growth 

substrate through sonication of a small portion of the wafer in ethanol. This solution is 

subsequently drop-casted onto a patterned glass substrate heated to 55 °C, and the solvent 

is allowed to evaporate. The sample is then rinsed in acetone and isopropyl alcohol to 

remove any ethanol residues. We choose glass as the substrate for Raman measurements 

in order to eliminate the overlap of Si Raman signal originating from the nanowire shell 

with that of the substrate [90]. The patterned alignment marks used here help to 

reproducibly locate specific nanowires for either multiple Raman measurements or later 

measurement of its diameter. 

Raman spectra are collected using a Renishaw InVia μ-Raman Spectrometer with 

a backscattering geometry. We use a polarized green laser (532 nm) as excitation source, 

which is focused to a spot of ~1 μm in diameter using a 100x objective lens. An incident 

laser power of 13 kW/cm
2
 (0.1% power setting in Renishaw software) was used 

throughout, a value sufficiently small to eliminate red-shifting of the Ge-Ge Raman peak 

due to sample heating [91], while also providing a strong signal intensity using a total 

collection time less than 45s per measurement. No polarizing filters were used along the 

collected signal path. We extract the Raman peak position from each measurement by 

fitting the data to a mixed Gaussian and Lorentzian, or Voigt, line profile in the range 

between 200 cm
-1

 and 400 cm
-1

, using both the Gaussian and Lorentzian linewidths as 

fitting parameters. 
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Figure 3.12: Comparison of the Raman spectra measured in a Ge nanowire (black line, 

NW34) and a Ge-Si0.5Ge0.5 core-shell (red line, NW55) nanowire. The 

strained Ge-Ge Raman mode of the core is shifted to 305.9 cm
-1

 from the 

unstrained value of 300.5 cm
-1

. Inset: Intensity of the 300.5 cm
-1

 peak 

measured in a Ge nanowire (NW34) as a function of the incident 

polarization angle. (Figure adapted from Ref. [57]) 

In order to examine the diameter dependence of the Raman spectra, we collect 

data at multiple points along the axis of individual nanowires. The diameter (d) at each 

measurement position was determined using atomic force microscopy (AFM) and values 

range from 15 to 50 nm in Ge nanowires, and from 40 to 65 nm in core-shell samples. 

Figure 3.12 shows a comparison between typical Raman spectra, collected from an 

individual Ge nanowire (d = 25 nm, black line) and an individual Ge-Si0.5Ge0.5 (d = 44 

nm, red line) core-shell nanowire. The Ge nanowire spectrum shows a single peak with a 

Raman frequency of 300.5 cm
-1

, a value nearly identical to that of the Ge-Ge mode in 

bulk Ge, indicating the Ge nanowire is unstrained. On the other hand, the Ge-Ge mode of 

the core-shell sample is shifted to 305.9 cm
-1

, where the shift direction is consistent with 

compressive uniaxially strained Ge [92]. Additionally, we also observe very weak Raman 
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peaks near 400 cm
-1

 and 500 cm
-1

 in the Ge-Si0.5Ge0.5 core-shell nanowires, with an order 

of magnitude lower intensity. These are attributed to the SixGe1-x shell’s local Si-Ge and 

Si-Si modes, respectively [93]–[97]. Based on the relative intensity of the peak near 300 

cm
-1

 in comparison to the peaks located near 400 cm
-1

 and 500 cm
-1

, we conclude the Ge-

Ge peak observed near 300 cm
-1

 originates from the Ge core, a finding roughly consistent 

with the relative volume ratio of the two regions. In both Ge nanowires and Ge-SixGe1-x 

core-shell nanowires, we have observed only a single strong peak near 300 cm
-1

. 

Figure 3.12 (inset) shows the Ge-Ge Raman peak intensity from a Ge nanowire as 

a function of the incident polarization angle, defined with respect to the nanowire axis. 

When the incident electric field is aligned parallel to the axis, we observe a strong Raman 

signal. Rotating the incident field polarization away from the nanowire axis causes a 

decline in the measured peak height, which eventually becomes nearly extinct at 

perpendicular alignment. The cos
2
(Θ) dependence of the Raman intensity in Fig. 3.12 

(inset) indicates the nanowire is acting as an anisotropic antenna [46], [98], [99]. Indeed, 

electrostatic considerations indicate that for a freestanding Ge nanowire in air, the ratio of 

the local electric field magnitudes for polarizations parallel and perpendicular to its main 

axis is 8.6 [98]. In all subsequent measurements, we align the incident polarization to 

within 45° of the nanowire axis. Thanks to this parallel electric field enhancement [98], 

the incident radiation with electric field polarized along the [111] crystal direction will be 

transmitted into the nanowire with an approximately order of magnitude greater intensity 

than the component polarized perpendicular to the nanowire axis. 
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Figure 3.13: Raman shift of Ge-Ge mode versus diameter in unstrained, bare-Ge 

nanowires (symbols, NW34). The dashed line is a linear fit of the Raman 

data. 

To provide a baseline for the strain-induced shift of the Ge-Ge vibrational mode 

in core-shell nanowires, we also perform Raman measurements on unstrained Ge 

nanowires of various diameters. As seen in Fig. 3.13, we find that the unstrained Ge-Ge 

mode frequency is nearly constant as a function of nanowire diameter, with an average 

value of 300.5 cm
-1

. The weak diameter dependence on the Raman spectra of Ge 

nanowires indicates that the diameter of our nanowires is sufficiently large to neglect 

peak shifts due to phonon confinement and relaxation of the q ≈ 0 Raman selection rule 

[48], [100]. Subsequent Raman measurements of the Ge-Ge peak position in strained 

core-shell samples will not be corrected for such factors. 

3.4. CALCULATION OF EFFECTIVE STRAIN FROM RAMAN DATA 

As discussed in Section 3.1.3, in the presence of strain, the longitudinal optical 

(LO) and transverse optical (TO) phonon modes of a cubic crystal, initially degenerate at 

zone-center, will undergo shifts to lower or higher frequencies, depending on the 
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magnitude and sign of the strain (i.e. tensile or compressive). This strain induced 

frequency shift can be quantitatively described by the secular equation of lattice dynamic 

theory [71], [72]:  

|

𝑝𝜀11
′ + 𝑞(𝜀22

′ + 𝜀22
′ ) − 𝜆 2𝑟𝜀12

′ 2𝑟𝜀13
′

2𝑟𝜀12
′ 𝑝𝜀22

′ + 𝑞(𝜀11
′ + 𝜀22

′ ) − 𝜆 2𝑟𝜀23
′

2𝑟𝜀13
′ 2𝑟𝜀23

′ 𝑝𝜀33
′ + 𝑞(𝜀11

′ + 𝜀22
′ ) − 𝜆

| = 0     3.1 

The terms p, q, and r are the Ge core phonon deformation potential (PDP) values, which 

relate the measured, by Raman spectroscopy in this case, optical phonon frequencies (ωi), 

and the local strain tensor, ε’. The PDP values have been determined experimentally for 

bulk Ge by polarized Raman spectroscopy as a function of an applied stress along 

different crystal directions [92], [101]. The strain induced shift of the Raman peak is 

described by 𝜆𝑖 = 𝜔𝑖
2 − 𝜔𝑖0

2 , where 𝜔𝑖0 = 300.5 cm
-1

 is the unstrained frequency of the 

Ge-Ge mode. 

The secular equation can be simplified by considering the expected form of the 

core’s strain tensor when cylindrical symmetry is assumed. As described earlier in 

Section 2.2.1, we employ a nanowire-oriented Cartesian coordinate system with the z-

axis along the [111] crystal direction and nanowire main axis, and with the x- and y-axis 

defined by the [1-10] and [11-2] crystal directions, respectively. In this coordinate 

system, the core’s strain tensor is expected to take the form [28], [29], [50]:  

𝜺 = [
𝜀𝑟𝑟 0 0
0 𝜀𝑟𝑟 0
0 0 𝜀𝑧𝑧

]                                                          3.2 

where the in plane strain components, εxx and εyy, are both equal and labeled here as εrr, 

the radial strain component. Each of the off- diagonal shear terms are also zero, and εzz 

represents the axial strain. The strain tensor of Eq. 3.2 is also constant at all positions 

throughout the core. Note that, due to the cylindrical symmetry of this structure, the 

definition of in-plane axes is arbitrary, with Eq. 3.2 always being of the same form.  For 
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use in Eq. 3.1, the strain tensor of Eq. 3.2 is then converted into a crystal-oriented 

coordinate system where the x'-, y'-, and z'-axes are in the [100], [010], and [001] 

directions, respectively, using Eqs. 2.25 and 2.26, resulting in a strain tensor (ε’) with the 

following form: 

𝜺′ =

[
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                       3.3 

After substituting the strain tensor of Eq. 3.3, the secular equation (Eq. 3.1) is 

solved for the strained Raman shift, where we find a non-degenerate singlet mode λs = λ1 

and a degenerate doublet mode λd = λ2 = λ3: 

𝜆1 = 𝜀𝑧𝑧 [
1

3
𝑝 +

2

3
𝑞 +

4

3
𝑟] + 𝜀𝑟𝑟 [

2

3
𝑝 +

4

3
𝑞 −

4

3
𝑟]                             3.4(a) 

𝜆2,3 = 𝜀𝑧𝑧 [
1

3
𝑝 +

2

3
𝑞 −

2

3
𝑟] + 𝜀𝑟𝑟 [

2

3
𝑝 +

4

3
𝑞 +

2

3
𝑟]                             3.4(b) 

Since only one Ge-Ge peak was observed in the Raman spectra of strained, core-

shell nanowires (see Fig. 3.12), polarization-dependent Raman intensity calculations are 

necessary in order to determine which mode has been measured. Using the polarization 

selection rule of Eq. 3.5, we determine the relative intensity, Ii, between the three Ge-Ge 

modes, λi [53]:  

𝐼𝑖 ∝ |𝑬𝑖𝑛𝑐
𝑇 ∙ 𝑹𝑖

′ ∙ 𝑬𝑠𝑐𝑎𝑡|
2
                                                       3.5 

where 

𝑹𝑖
′ = ∑(𝒖𝑗 ∙ 𝒖′𝑖)𝑹𝑗

𝑗

                                                         3.6 

The unstrained phonon wave-vectors, uj, are given by u1 = [100], u2 = [010], u3 = [001]. 

u’i are the phonon wavevectors under strain, values used below were found through a 

solution of the secular equation using a strain tensor in the form of Eq. 3.3, where εrr and 
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εzz are arbitrary compressive values. Einc and Escat are the polarization vectors of the 

incident and scattered light, respectively. The R’i in Eqs. 3.5 and 3.6 are the Raman 

tensors of the perturbed system, while Rj are those of the unstrained, cubic system [102]: 

𝑹1 = [
0 0 0
0 0 𝑑
0 𝑑 0

] , 𝑹2 = [
0 0 𝑑
0 0 0
𝑑 0 0

] , 𝑹3 = [
0 𝑑 0
𝑑 0 0
0 0 0

]                          3.7 

 

Einc Escat I1 I2 I3 

[111] [111] 12 0 0 

[111] [11̅0] 0 2 0 

[111] [112̅] 0 0 6 

Table 3.1: Calculated relative Raman intensities of the singlet (I1) and doublet (I2, I3) 

strained Ge-Ge Raman modes as a function of incident (Einc) and scattered 

(Escat) beam polarization direction. (Table adapted from Ref. [57]) 

The relative Raman intensities of the singlet (I1) and doublet (I2, I3) Ge-Ge modes 

are calculated using Eqs. 3.5 – 3.7 and are given in Table 3.1 for three different 

polarization conditions. We consider only the polarization of Einc parallel to the [111] 

axis due to the alignment of nanowires with the laser’s polarization and the enhancement 

of the parallel electric field magnitude inside of the nanowire, as noted previously. 

Depending on the polarization direction of the scattered light, three different Raman 

modes could be active in a given measurement. We note, however, that these calculations 

do not include the previously discussed “antenna-effect.” Analogous to the case of 

anisotropic incident field-to-nanowire coupling, an oscillating, internal electric field will 

radiate preferentially when its polarization is parallel to the nanowire axis. This is evident 

in theoretical work [98], experimental photoluminescence results [75], [103], and our 

polarization dependent Raman spectra of Fig. 3.14, where we see a significant decrease in 
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Raman signal when only the scattered beam perpendicular to [111] is detected. Therefore, 

we attribute the sole Raman peak observed experimentally at ~300 cm
-1

 to the singlet 

mode (λ1), for which Escat || Einc || [111]. The singlet peak will have the highest intensity 

according to Table 3.1, and will also satisfy the polarization memory effect [98]. 

 

 

Figure 3.14: Raman spectra of Ge-SixGe1-x core-shell nanowire with tsh = 5.0 nm, x = 0.45 

(NW169) using different polarization settings. Black line: scattered beam 

along main axis of nanowire, [111]. Red line: scattered beam polarized 

perpendicular to [111]. Incident beam is always polarized along [111]. 

By simplifying the singlet frequency term, λ1 in Eq. 3.4, and substituting the Ge 

phonon deformation potential values from Table 3.2 we obtain a relation between the 

measured Raman peak frequency (ω1) and a linear combination of radial and axial strain, 

which we define as the effective strain: 

𝜀eff = |𝜀𝑧𝑧 + 0.729𝜀𝑟𝑟| = |
𝜔1

2 − 𝜔0
2

3.49𝜔0
2 |                                           3.8 

Figure 3.15 data shows the measured Ge-Ge Raman shift (left axis) and the 

effective strain (right axis) as a function of the diameter at each measurement position. 
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The increase in the Ge-Ge Raman shift at reduced nanowire diameter can be understood 

by considering the change in the relative core and shell thicknesses due to nanowire 

tapering. At large diameter, the strain in this structure can be approximated by that of a 

planar thin film (the shell) grown on a thick substrate (the core). The shell, therefore, will 

accommodate nearly the entire lattice mismatch [104], [105], leading to measurements of 

the core’s Ge-Ge peak position nearest to that of the unstrained case, 300.5 cm
-1

. 

Decreasing the nanowire diameter causes an increase in the elastic compliance of the 

core, allowing it to accommodate a larger total misfit strain. This is evident in the large 

effective strain measurements of over 1.1% in core-shell structures near 40 nm diameter. 

Having established a relationship between the measured Ge-Ge Raman mode 

frequency and the effective strain, we now compare our measurement results with 

theoretical calculations of the nanowire strain distribution found using an analytical 

solution to the continuum elasticity model (see Section 2.2.1.1) [29]. Table 3.2 lists the 

lattice and elastic constants used in the calculation. We use both the average Poisson ratio 

perpendicular to the [111] main axis, ν[111],(111) = 0.16 [56], and the Voigt average of the 

Poisson ratio over all crystal directions, νv = 0.20 [106]. The shell thickness, tsh = 5.0 nm, 

is constant in all cases. 
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Figure. 3.15: Ge-Ge Raman shift (left axis) vs. diameter, measured εeff in three individual 

Ge-Si0.5Ge0.5 core-shell nanowires (NW55). The right axis shows the 

corresponding effective strain defined by Eq. 3.8. (Figure adapted from Ref. 

[57]) 

p/ω0
2
 q/ω0

2
 r/ω0

2
 acore (Å) ashell (Å) E[111] (GPa) ν τ (N/m) 

-1.66
 

[101] 

-2.19
 

[101] 

-1.11
 

[92] 

5.658 

[58] 

5.538 

[58] 

155 

[56] 

0.16, 0.20 

[56], [106] 

1.00 

[29] 

Table 3.2: Values of the normalized phonon deformation potentials for Ge (p/ω0
2
, q/ω0

2
, 

r/ω0
2
), core and shell lattice constants (a), Young modulus (E), Poisson ratio 

(ν), and surface stress (τ) used in the calculations. The reference for each is 

listed below the value. (Table adapted from Ref. [57]) 

Figure 3.16 shows a comparison of our experimental Raman data (symbols) from 

Fig. 3.15 and the effective strain calculations (solid and dashed lines) as a function of 

nanowire diameter. The experimental and theoretical results follow the same trend with 

diameter, however, the degree of quantitative agreement depends on the value of Poisson 

ratio. In each case, the measured effective strain is lower than the calculated value, most 

likely due to strain relaxation through defect formation at the core-shell interface. The 
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measured effective strain values range between 74 and 98% of the calculated effective 

strain. 

 

Figure 3.16: Raman measurement results from Fig. 3.15, along with calculations of 

effective strain using a continuum elasticity model of Ref. [29]. (Figure 

adapted from Ref. [57]) 

We also test for strain relaxation due to thermal stress in Ge-Si0.5Ge0.5 core-shell 

nanowires by measuring the same nanowire before and after annealing at 600 °C for 30 

min. As shown in Fig. 3.17(a), the core’s Ge-Ge Raman mode typically shifts to lower 

frequency after annealing. Data from multiple measurements on four different nanowires 

is shown in Fig. 3.17(b), where we find an average decrease in frequency of 1.81 cm
-1

 

after annealing. This value represents an average of 41% of the total strain-induced red-

shift of the core’s Raman mode in the as-grown samples and demonstrates that thermal 

processing may initiate significant defect generation and strain relaxation in these 

heterostructures. 
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Figure 3.17: (a) Raman spectra from identical positions on the same Ge-Si0.5Ge0.5 core-

shell nanowire (NW55) before (black line) and after (red line) annealing at 

600 °C for 30 min. (b) Raman shift of multiple samples (NW55) before 

(closed symbols) and after (open symbols) annealing. Symbol color 

corresponds to different nanowires.  
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Chapter 4: Radial Modulation Doping in Core-Shell Nanowires*  

4.1. INTRODUCTION AND BACKGROUND 

In this chapter we demonstrate radial modulation doping in coherently strained 

core-shell nanowires, along with a technique to measure the valence band offset between 

core and shell regions using the resulting device properties [68]. Section 4.2 describes the 

growth of modulation doped Ge-SixGe1-x core-shell nanowires with non-uniform radial 

doping concentration, while in Section 4.3, we detail the fabrication of modulation doped 

nanowire field-effect transistors (FETs) and measure their electrical properties. In 

contrast to previous work showing only site-selective doping in Ge-Si core-shell 

nanowires [18], [107], we find an enhancement in peak hole mobility compared to 

undoped nanowires, and observe a decoupling of electron transport in core and shell 

regions. In Section 4.4, we investigate the unique transport properties of this structure 

using finite-element calculations and find that the decoupling stems from the population 

of a parallel, low mobility conduction path through the nanowire’s shell. Finally, in 

Section 4.5, we extract the valence band offset for nanowires of various shell 

composition by comparing the experimentally obtained current-voltage curves with the 

calculated transport characteristics.  

4.1.1. Modulation doping in planar heterostructures 

Modulation doping was developed in the late 1970’s as a way around the inherent 

trade-off between doping density and charge carrier mobility in planar heterostructures. 

By spatially confining carriers from the dopants which provided them, a large free carrier 

                                                 
* Portions of this chapter were published previously: D. C. Dillen, K. Kim, E.-S. Liu, and E. Tutuc, “Radial 

modulation doping in core-shell nanowires,” Nat. Nanotechnol., vol. 9, no. 2, pp. 116–120, Feb. 2014. 

D. C. Dillen performed nanowire growth, electron microscopy, Raman measurements, device fabrication, 

electrical measurements, and finite-element calculations, with assistance from K. Kim and E.-S. Liu. 

D. C. Dillen and E. Tutuc designed the experiments, analyzed the data, and co-wrote the manuscript. 
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concentration can be induced which does not suffer from mobility degradation due to 

ionized impurity scattering. 

 

 

Figure 4.1: Energy band diagram for modulation doped GaAs-AlxGa1-xAs superlattice. 

(Figure and caption adapted from Ref. [108]) 

In the first demonstration of modulation doping by R. Dingle et al. in Ref. [108], 

a GaAs-AlxGa1-xAs superlattice was grown using molecular beam epitaxy (MBE); the 

energy band diagram of such a structure is shown in Fig. 4.1. The larger band gap AlxGa1-

xAs barrier layers were selectively doped with silicon donors, while the smaller band gap 

GaAs was left nominally undoped. Due to the conduction band offset in this 

heterostructure, free electrons in the doped regions diffuse across the interface and form a 

confined two-dimensional electron gas in the undoped GaAs layers. 

The authors of Ref. [108] fabricated Hall-bar devices from samples with two 

different doping profiles: a uniformly doped heterostructure, where both AlxGa1-xAs and 

GaAs are doped with Si, and the modulation doped structure with undoped GaAs. The 

temperature-dependent Hall mobility measurements of Fig. 4.2(a), taken at a constant 

electron density, demonstrate the effect of modulation doping. The uniformly doped 

control samples show either a constant or decreasing mobility with reduced temperature, 
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indicating the dominance of ionized impurity scattering. On the other hand, the 

modulation doped sample has higher mobility than the uniformly doped sample over the 

entire temperature range and its mobility is also seen to increase as the temperature drops 

to well below 100 K, demonstrating a phonon limited scattering rate in the 100 - 300 K 

range. Below 60 K, mobility also begins to decrease in the modulation doped sample, 

most likely due to the finite background impurity concentration of GaAs. 

 

 

Figure 4.2: (a) Hall mobility versus temperature for modulation doped (MD) and 

uniformly doped (UD) GaAs-AlxGa1-xAs superlattices of varying dopant 

density. Crosshatched indicate the range of values obtained for different 

modulation doped samples. (b) Hall mobility versus temperature for 

different undoped spacer layer thicknesses in a similar modulation doped 

structure. (Panels (a) and (b) adapted from Ref. [108] and [109], 

respectively) 

Later, undoped spacer layers were introduced by selectively doping only a portion 

of the barrier layer, leaving an intrinsic region surrounding the confined channel [109]. 

This technique lead to an even further increase in the electron mobility through increased 
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spatial separation of free carriers from ionized impurities, as evident in the Hall mobility 

curves of Fig. 4.2(b). Here, the mobility over the entire temperature range was found to 

increase with each successive widening of spacer thickness. 

Modulation doping has also been demonstrated in the Si/Ge materials system for 

both n- [110]–[112] and p-type [113]–[115] samples. In contrast to the type-I band offset 

of many III-V compound semiconductors, the staggered, type-II offset in this materials 

system induces electron and hole confinement in opposite layers. To form a modulation 

doped two-dimensional electron gas, the Ge-rich barrier layer of a Si-SixGe1-x 

heterostructure is doped with donors and electrons are confined in the Si transport layer. 

On the other hand, a modulation doped hole gas is obtained in a Ge-SixGe1-x 

heterostructure by doping the Si-rich layer with acceptors, leading to the confinement of 

holes in the undoped Ge layer. 

4.1.2. Radial modulation doping in core-shell nanowires 

The efficacy of modulation doping should not be limited to planar 

heterostructures and the extension of this technique to one dimensional, radial 

heterostructures represents an interesting technological opportunity. The Ge-SixGe1-x 

core-shell nanowire, in particular, is an ideal heterostructure for demonstration of radial 

modulation doping due to its large valence band offset between core and shell regions 

and also to its two-step growth process (Section 3.2) which allows for selective doping of 

the shell only.  

The schematic of Fig. 4.3, demonstrates the proposed structure of the modulation 

doped Ge-SixGe1-x core-shell nanowire. The boron acceptors (red dots) in the shell create 

free holes (light blue) which diffuse across the interface where they are confined in the 
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Ge nanowire core. In order to provide maximum hole mobility, the doped region is 

shown offset from the core using an undoped spacer layer. 

 

 

Figure 4.3: Schematic of radial modulation doped core-shell nanowire heterostructure. 

Dopants atoms are shown using red, while charge carriers are blue. 

4.2. MODULATION DOPED GE-SIXGE1-X CORE-SHELL NANOWIRE GROWTH 

Modulation doped Ge-SixGe1-x core-shell nanowires were grown through a similar 

method as described in Chapter 3. Again, we use a two-step process: Au-catalyzed vapor-

liquid-solid (VLS) growth of the Ge nanowire core, followed by ultra-high-vacuum 

chemical vapor deposition (UHVCVD) of the SixGe1-x shell. Based on the mobility results 

in the previous section, we aim to dope only a thin portion of the shell and provide an 

undoped spacer layer between hole confined in the core and ionized boron dopants. 
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Figure 4.4: Growth schematic of modulation doped Ge-SixGe1-x core-shell nanowires 

showing the VLS Ge core growth (green), and CVD SixGe1-x shell growth 

(blue) with boron modulation doped region (red). The arrows indicate the 

growth direction in each regime. (Figure and caption adapted from Ref. 

[68]) 

We use a 3” Si(111) wafer, evaporated with a 7 Å Au film, as growth substrate. 

After annealing in H2, this film forms Au nanoparticles which are later used as nanowire 

growth catalyst. VLS growth of the Ge nanowire core uses GeH4 precursor (20.8% in He, 

50 sccm) at 2.5 Torr chamber pressure and 280 °C sample temperature. Next, the SixGe1-x 

shell is grown in-situ epitaxially onto the Ge core, through UHVCVD at 380 °C, 

employing GeH4 (20.8% in He, 5 or 10 sccm) and SiH4 (100%, 50 sccm) precursors at a 

total chamber pressure of 40 mTorr. Due to a finite radial Ge growth rate during VLS 

core growth, we see a slight tapering of the Ge core diameter from base to tip, whereas 

the shell thickness is expected to be uniform along the nanowire axis. 
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Two types of radial nanowire heterostructures were grown and investigated here. 

In the first heterostructure, the SixGe1-x shell was grown undoped. In the second, we 

combine modulation doping using boron as acceptor with the radial epitaxial SixGe1-x 

shell growth. Specifically, boron modulation doping was incorporated with the addition 

of B2H6 (100 ppm in He, 50 sccm) to the gas ambient for a duration of 6 min, centered at 

the mid-point of the 60 min shell growth. After stopping the B2H6 flow, the chamber 

pressure was briefly pumped down to UHV in order to minimize the doped region’s 

thickness. Figure 4.4 shows a schematic representation of modulation doped core-shell 

nanowire growth, where the thin boron doped region is depicted using red. 

 

Sample 
GeH4/SiH4 flow during 

shell growth (sccm) 

Shell Si 

Content, x 

Shell Thickness, 

tsh (nm) 

B2H6 Flow 

(sccm) 

NW63 10/50 0.46 5.2 0 

NW88 10/50 0.45 5.0 50 

NW89 10/50 ~0.45 ~5 10 

NW90 10/50 ~0.45 ~5 1 

NW110 5.0/50 0.63 3.0 50 

NW111 2.5/50 ~0.7 ~3.0 50 

Table 4.1: Core-Shell nanowire growth parameters and measured shell thickness and 

composition. SiH4 concentration is 100%, GeH4 is 20.8% in He, and B2H6 is 

100 ppm in He. 

For both types of heterostructures, undoped or modulation doped, we have grown 

Ge-SixGe1-x core-shell nanowires with different relative Si/Ge content in the shell by 

tuning the GeH4 to SiH4 gas flow ratios during shell growth [88]. Table 4.1 summarizes 

the shell thickness (tsh) and relative Si content (x) determined by transmission electron 

microscopy (TEM) and energy dispersive X-ray (EDX) spectroscopy, for all the 

heterostructures investigated here. The plan-view TEM micrograph of Fig. 4.5(a) 
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demonstrates the single-crystal structure of the modulation doped Ge-Si0.63Ge0.37 core-

shell nanowires (NW110), along with the expected position of boron dopants. Nanowire 

imaging, along with EDX shell thickness and composition measurements, were done 

using a JEOL 2010F TEM with 200 kV accelerating voltage. 

 

 

Figure 4.5: (a) Transmission electron micrograph from a Ge-Si0.63Ge0.37 core-shell 

nanowire with tsh = 3.0 nm (NW110). The yellow lines delineate the shell 

region, while the red dashed line marks the expected position of boron 

dopants. (b) Raman spectra showing the core’s Ge-Ge mode from a Ge 

nanowire (black, NW34), Ge-Si0.45Ge0.55 (red, NW88), and Ge-Si0.63Ge0.37 

(green, NW110) core-shell nanowires, each of 50 nm diameter. Blue shift of 

the core-shell spectra indicates a compressively strained core. (Figure and 

caption adapted from Ref. [68]) 

We also use Raman spectroscopy to further investigate the epitaxial quality of the 

core-shell heterostructure. Similar to Chapter 3, we use a Renishaw inVia μ-Raman 

spectrometer with backscattering geometry and a 532 nm incident laser focused to a spot 

size of ~1 μm with a power density of ~13 kW/cm
2
. A glass substrate was used in order 

to minimize the overlap of the substrate’s spectrum with that of the nanowire shell. The 
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Raman spectra of a bare-Ge nanowire with no shell and each modulation doped Ge-

SixGe1-x core-shell sample is shown in Fig. 4.5(b), where we see a shift of the core-shell 

nanowire’s Ge-Ge core mode to higher frequencies compared to the bare Ge nanowire 

mode at 300.5 cm
-1

. This blue-shift is attributed to a compressive strain in the Ge core 

due to mismatch of the equilibrium lattice constant at the core-shell interface [53], [57] 

and is present along the entire length of the nanowire. Despite the smaller lattice 

mismatch in NW88, we see a larger strain-induced blue-shift of this nanowire’s Ge-Ge 

core mode due to its thicker shell in comparison to NW110. Following the methods of 

Chapters 2 and 3, we calculate the elastic strain using a continuum elasticity model [53], 

[57], followed by calculations of the strain induced shift of the Raman peak using lattice 

dynamic theory [71], [72]. The excellent agreement between theoretical and experimental 

Raman peak positions indicate little or no strain relaxation and a nominally defect-free 

core-shell interface in our samples. 

4.3. ELECTRICAL CHARACTERIZATION OF MODULATION DOPED CORE-SHELL 

NANOWIRES 

4.3.1. Device fabrication 

In order to probe the electrical characteristics of the modulation doped nanowire 

heterostructures, we fabricate Ge-SixGe1-x core-shell nanowire FETs with an Ω-shaped 

gate geometry, and gate lengths (Lg) between 250 and 1500 nm. Figure 4.6 illustrates the 

basic steps involved in realizing these devices. Nanowires are first removed from the 

growth substrate by sonication in ethanol, followed by dispersal on a 54 nm SiO2/n
+
 

Si(100) substrate, which can also serve as back-gate. The randomly distributed nanowires 

are inspected using SEM to locate samples suitable for device fabrication and their 

coordination is recorded. We then etch the native oxide from the nanowire using dilute 
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Figure 4.6: Fabrication process of Ω-shaped gate nanowire FET showing (a) nanowire 

dispersal, (b) growth of ALD Al2O3, (c) patterning and deposition of TaN 

gate metal, (d) boron ion implantation and activation annealing, and (e) 

patterning and deposition of Ni source/drain electrodes. 

hydrofluoric (HF, 1% in deionized H2O) acid, then grow an 8 nm thick Al2O3 top-gate 

dielectric using atomic layer deposition (ALD), which yields conformal film growth. Our 

Al2O3 ALD recipe uses deionized water and trimethylaluminum precursors at 250 °C. 

The top-gate is defined using electron beam lithography (EBL) with poly(methyl 

methacrylate) (PMMA) resist and methyl isobutyl ketone (MIBK, 25% in isopropyl 

alcohol) developer, followed by sputtering of tantalum nitride (TaN) metal, and lift-off in 
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acetone. The Al2O3 film is then etched from the source and drain regions using dilute HF 

(1.25% in deionized H2O). To realize a low extrinsic series resistance in these devices, 

the samples are boron implanted at an energy of 3 keV and a dose of 10
15

 cm
-2

, using the 

TaN gate as implant mask. Dopants are activated in a rapid thermal annealing furnace at 

500 °C for 5 min in N2 ambient. Through a previous study of Ge-SixGe1-x nanowires 

implanted and activated under identical conditions [116], we expect an average resistivity 

and metal nanowire contact resistance of 3.0 ± 0.4 mΩ·cm and 300 ± 200 Ω, respectively. 

To complete the device fabrication, we define source/drain electrodes using EBL. After 

native oxide removal with dilute HF (1.25% in deionized H2O), we deposit 80 nm of Ni 

using electron beam evaporation, followed by lift-off in acetone. A scanning electron 

micrograph example of a completed device is also shown in Fig. 4.7. 

 

 

Figure 4.7: Scanning electron micrograph of Ω-shaped gate nanowire FET showing 

boron-doped regions highlighted in red (NW88). (Figure and caption 

adapted from Ref. [68]) 

4.3.2. Electrical measurements 

 



 

99 

 

Figure 4.8: (a) Id-Vd characteristics of modulation doped Ge-Si0.45Ge0.55 core-shell 

nanowire (NW88, d = 43 nm, Lg = 1050 nm) at 77 K (black) and 300 K 

(red), taken at -2.0 V < Vg < 2.0 V, with increments of 1 V. (b) Id-Vg 

characteristics of the same device as in panel (a), measured for Vd = -0.05 V 

(open symbols) and Vd = -1.0 V (closed symbols) at different temperatures. 

(Figure and caption adapted from Ref. [68]) 

We measure the electrical characteristics of each device at temperatures between 

77 K and 300 K in a Lakeshore Cryogenics vacuum probe station using the Source 

Measurement Units (SMUs) of an Agilent 4156C Semiconductor Parameter Analyzer. 

We probe both the drain current (Id) vs. drain voltage (Vd) at fixed gate bias (Vg), and the 

Id vs. Vg at fixed Vd. Figures 4.8(a) and (b) show the Id-Vd and Id-Vg characteristics, 

respectively, of a modulation doped Ge-Si0.45Ge0.55 core-shell nanowire (NW88) with 

channel length Lg = 1050 nm and diameter d = 43 nm. The positive threshold voltage and 

increasing Id with decreasing Vg indicates p-type depletion mode operation in the 

modulation doped nanowires. From the temperature (T) dependence of the subthreshold 

slope (SS) in Fig. 4.8(b), we can estimate the density of traps (Dit) at the nanowire-Al2O3 

interface [117]: 
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𝑑𝑆𝑆

𝑑𝑇
= (ln10)

𝑘

𝑒
(
𝐶𝑜𝑥 + 𝐶𝐷 + 𝐶𝑖𝑡

𝐶𝑜𝑥
)                                             4.1 

where k is Boltzmann’s constant, e is the electron charge, Cox is the oxide capacitance, CD 

is the depletion capacitance which is assumed to be zero, and Cit = e
2
Dit is the interface 

state capacitance. Cox values are determined using finite-element calculations of hole 

density versus Vg and will be discussed in detail in Section 4.4. Using Eq. 4.1, we find an 

average Dit of 5×10
12

 cm
-2

eV
-1

 over the three types of sample investigated here, and 

similar to that observed in comparable Ge-SixGe1-x core-shell nanowire FETs [19]. 

 

 

Figure 4.9: Measured resistance (Rm) versus Lg at multiple |Vg – Vth| from modulation 

doped Ge-Si0.45Ge0.55 core-shell nanowire FETs (NW88) at room 

temperature. Lines represent fitting results. 

We determine the field-effect mobility (μ) as a function of Vg using μ = 

Lg·(Rch·e·p)
-1

, where e is the electron charge and Rch = Rm – (Rc + Rext). Here, we model 

the measured resistance (Rm) of the nanowire FET as the sum of the intrinsic nanowire 

channel resistance (Rch), the metal-to-nanowire contact resistance (Rc), and the ungated 
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source/drain extension resistance (Rext). From the expected resistivity and contact 

resistance values given above, we calculate a source/drain series resistance Rsd = (Rc + 

Rext) of 15.8 ± 2.3 kΩ for the devices probed in this work. This compares well with the 

value of Rsd = 11.1 kΩ extracted from the Rm versus Lg data of Fig, 4.9 by observing the 

cross-over of fitting lines taken at different |Vg – Vth|. The gate-dependent term p in the 

mobility equation above is the hole density per unit length, as determined by finite-

element calculation, whose details will be presented in the following section and in Fig. 

4.10(a). We find that the modulation doped Ge-Si0.45Ge0.55 core-shell nanowires have a 

peak mobility (μ) of 700 to 1800 cm
2
/V·s at 77 K, while the non-modulation doped 

nanowires with similar shell content show a peak μ of 100 to 280 cm
2
/V·s at 77 K. The 

increase in mobility due to the modulation doping is similar to mobility enhancement 

observed in planar, group IV-based modulation doped field-effect transistors 

(MODFETs) [118]. 

Figure 4.10 data shows a comparison of the conductivity (G) measured at 77 K as 

a function of Vg in two Ge-Si0.45Ge0.55 core-shell nanowires, one with and one without 

modulation doping. Figure 4.10 reveals two findings. First, the threshold voltage of the 

modulation doped nanowire is shifted to a more positive value, consistent with p-type 

doping. More importantly, the G-Vg data shows a clear slope change at Vg = 0.81 V, 

corresponding to a gate overdrive |Vg – Vth| = 0.44 V. This peculiar feature is consistently 

present in the modulation doped Ge-SixGe1-x nanowires investigated in our study. In 

contrast, non-modulation doped Ge-SixGe1-x core-shell nanowires show an almost linear 

G-Vg dependence, without noticeable features, a finding also consistent with previous 

reports [19], [119]. 
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Figure 4.10: Comparison of G-Vg experimentally measured for an undoped (NW63, black 

symbols) and a modulation doped (NW88, red symbols) Ge-Si0.45Ge0.55 

core-shell nanowire, at 77 K. A clear kink, marked with an arrow in the G-

Vg data, is observed in the modulation doped nanowires. The dashed lines 

are a guide to the eye to help identify the kink position. (Figure and caption 

adapted from Ref. [68]) 

4.4. FINITE-ELEMENT CALCULATIONS OF HOLE DENSITY AND HOLE TRANSPORT  

To further illuminate the source of the kink in Fig. 4.10, we perform finite-

element calculations of the hole density (p) vs. Vg, and Id-Vg for modulation doped Ge-

SixGe1-x core-shell nanowires. We use a commercial software package (Sentaurus, 

Synopsys) and a quasi-three dimensional simulation structure by defining the nanowire 

and gate regions on a two-dimensional radial cross-section and specifying an axis of 

rotation, effectively simulating a gate-all-around (GAA) NWFET device. For 

comparison, we also test a full three-dimensional device structure with a realistic Ω-

shaped gate geometry and find little difference compared to the less computationally 

intensive quasi-3D, GAA solutions. Dimensions used for the core, shell, top-gate 

dielectric, and gate length correspond to actual experimental devices. We use a dielectric 
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constant of k = 8.7 for Al2O3, as determined from capacitance testing of planar MOS 

structures. The modulation doped regions are defined with a thickness of 1.0 nm, 

centered in the shell, and an activated boron doping density of 10
20

 cm
-3

, as determined 

through a comparison between experimental and calculated threshold voltages. Highly 

doped source and drain regions also use an activated boron density of 10
20

 cm
-3

, while the 

background impurity concentration in the undoped regions of the nanowire is set at 10
10

 

cm
-3

 throughout. All calculations assume a temperature of 77 K. Furthermore, by 

manipulating the electron affinity and band gap of each material, we can define the 

valence and conduction band offsets between core and shell regions. 

 

 

Figure 4.11: (a) Calculated hole density per unit length in core (black), shell (red), and 

combined (green) as a function of Vg for the modulation doped nanowire 

heterostructure, assuming ΔEv = 400 meV. The dotted line designates the 

threshold for hole population of the shell (b) Radial dependence of the 

valence band edge (black) and hole density (red) for the modulation doped 

nanowire at two different Vg. The dashed lines indicate the Fermi energy. 

(Figure and caption and caption adapted from Ref. [68]) 
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The hole distribution across the structure was solved self-consistently using the 

Poisson, electron/hole continuity, and hole quantum potential equations. Transport 

calculations utilize a constant mobility model with explicitly defined values for core and 

shell regions. 

 

 

Figure 4.12: Calculated hole density per unit length in core (black), shell (red), and 

combined (green) as a function of Vg for Ge-SixGe1-x core-shell nanowires 

with ΔEv = 400 meV. Closed (open) symbols correspond to a modulation 

doped (undoped) nanowire heterostructure. (Figure and caption adapted 

from Ref. [68]) 

The data of Fig. 4.11(a) shows p vs. Vg in both the core and the shell regions. At 

large positive Vg both the core and the shell are fully depleted of carriers. As Vg is 

decreased to 1.1 V, holes begin to populate the core first, thanks to the positive valence 

band offset, ΔEv = Ev,Ge – Ev,SiGe = 400 meV. Further decreasing Vg to negative values 

induces holes in the shell, accompanied by saturation of the core’s hole density as a 

function of Vg. A radial slice of the valence band energy (black line) and p (red line) 

under these biasing conditions are shown in Fig. 4.11(b). We also perform hole density 
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calculations for Ge-SixGe1-x core-shell nanowires without modulation doping, as 

demonstrated using open symbols in Fig. 4.12. These results are qualitatively similar to 

the modulation doped nanowire data (closed symbols), except for a negative shift in the 

voltage required to populate both core and shell regions, along with a slight decrease in 

the saturation level of the core hole density. 

 

 

Figure 4.13: (a) Calculated Id-Vg data for the same heterostructure as in Fig. 4.11, for two 

different values of ΔEv. The dotted line marks the kink in Id-Vg for ΔEv = 

400 meV. (b) Calculated |Vth – Vkink| vs. ΔEv for a 40 nm diameter 

modulation doped Ge-SixGe1-x core-shell nanowire with tsh = 5.0 nm 

(NW88) and Al2O3 thickness tox = 8.35 nm. Closed symbols represent 

calculations with Dit = 0, while open symbols correspond to Dit = 5×10
12

 

cm
-2

eV
-1

. (Figure and caption adapted from Ref. [68]) 

Transport calculation results are shown in the Id-Vg curves of Fig. 4.13(a) for 

multiple values of ΔEv. We find that by setting the relative core and shell mobilities such 

that μcore > μshell, a situation activated experimentally with the addition of modulation 

doping, we observe a kink in the simulated Id-Vg curves. Furthermore, the kink voltage 

(Vkink) is found to depend on ΔEv, shifting to higher Vg as the defined ΔEv is decreased, 
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while the threshold voltage (Vth) remains unchanged. At ΔEv = 400 meV, we also find 

that the kink voltage corresponds to the same Vg at which the shell becomes populated 

with holes in Fig. 4.11(a).  

 

 

Figure 4.14: Calculated |Vth – Vkink| vs. ΔEv for modulation doped Ge-SixGe1-x core-shell 

nanowires with (a) tsh = 5.0 nm (NW88), tox = 8.35 nm and (b) tsh = 3.0 nm 

(NW110), tox = 7.97 nm. Solid and dashed lines indicate the lower and upper 

bounds of nanowire diameter for that sample, respectively. Black lines 

represent calculations with Dit = 0, while red lines correspond to Dit = 

5×10
12

 cm
-2

eV
-1

. 

Transport calculations are repeated for devices with multiple values of Dit, where 

we find that the increased trap density leads to a spreading out of the Id-Vg curve along 

the voltage axis and a larger difference in voltage between kink and threshold. In Fig. 

4.13(b) we plot this voltage difference, |Vth – Vkink|, versus ΔEv for Dit = 0 and 5×10
12

 cm
-

2
eV

-1
. It should be noted that the values of mobility used in simulation are 

inconsequential, as |Vth – Vkink|, the parameter of interest in this study, was found to be 

constant over large changes in mobility. The |Vth – Vkink| vs. ΔEv calculations were also 
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repeated for the NW88 and NW110 samples using different ΔEv and Dit values, along 

with shell thickness, Al2O3 thickness (tox), and nanowire diameter values corresponding 

to experiments; the data is plotted in Fig. 4.14. 

4.5. EXTRACTION OF VALENCE BAND OFFSET 

The combination of experimental data and finite-element calculations strongly 

suggest that the kink observed in G-Vg data of modulation doped Ge-SixGe1-x core-shell 

nanowires marks the onset of the shell becoming populated with carriers at high gate 

overdrive, and stems from a larger carrier scattering rate in the shell due to fixed charge 

impurities. At low gate overdrive, the carriers are confined to the Ge core and the ionized 

acceptor impurity scattering rate is low. By populating the shell, we effectively decrease 

the hole mobility due to additional ionized impurity scattering, resulting in an abrupt 

decline of the slope of Id-Vg data. In a heterostructure with small ΔEv, the core hole 

density saturation and shell population occur at a relatively low gate overdrive, resulting 

in a small |Vth – Vkink|. As ΔEv increases, the onset of shell population is at a larger gate 

overdrive, rendering the |Vth – Vkink| value an important fingerprint of the modulation 

doped heterostructure, and a useful tool in quantitatively probing ΔEv.  

The combination of G-Vg data (Fig. 4.10) and finite-element calculations of |Vth – 

Vkink| vs. ΔEv (Fig. 4.14) provide a powerful method to extract the band offset (ΔEv) in 

core-shell nanowires. The extracted ΔEv values of our samples are shown in Fig. 4.15, 

assuming both Dit = 0 and 5×10
12

 cm
-2

eV
-1

. In the zero trap density case, we find an 

average ΔEv of 130 meV over seven devices at x = 0.45, increasing to 270 meV (six 

devices) at x = 0.63. If we assume a realistic Dit = 5×10
12

 cm
-2

eV
-1 

value, the average of 

the extracted ΔEv falls to 100 meV (x = 0.45) and 230 meV (x = 0.63). The estimated 

error in ΔEv data is ± 8.5 meV, as determined by the change in calculated |Vth – Vkink| due 
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to an uncertainty in shell thickness of ± 0.5 nm. The scatter in Fig. 4.15 data stem from 

sample-to-sample processing variations, e.g. variations in oxide thickness or dielectric 

constant, and errors in determining the experimental |Vth – Vkink| value. 

 

 

Figure 4.15: ΔEv extracted from experimental |Vth – Vkink| values of modulation doped 

Ge-SixGe1-x core-shell nanowires at 77 K assuming both Dit = 0 (closed 

symbols) and Dit = 5×10
12

 cm
-2

eV
-1

 (open symbols). The solid line 

represents previously measured ΔEv vales in unstrained planar Ge-SixGe1-x 

interfaces [65], while the dotted line are calculated ΔEv values in strained 

SixGe1-x on unstrained Ge [66]. (Figure and caption adapted from Ref. [68]) 

For comparison, in Fig. 4.15 we plot the ΔEv values for two different planar 

SixGe1-x-Ge heterostructures. The solid line depicts core-level electron energy loss 

spectroscopic (EELS) measurements of ΔEv at an unstrained SixGe1-x-Ge interface [65], 

while the dashed line corresponds to ΔEv between strained SixGe1-x and an unstrained Ge 

substrate, calculated using an empirical pseudopotential method [66]. Although the strain 

distribution in the core-shell nanowire is expected to be more complicated than that of the 

planar structure [28], [29], [50], our ΔEv data from modulation doped Ge-SixGe1-x core-
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shell nanowires matches relatively well with calculations for the strained planar structure 

(dashed line). The unstrained curve (solid line) overestimates ΔEv data at all values of x. 

Based on these results and those of previous works, high mobility Ge-SixGe1-x 

core-shell nanowires should possess a large Si shell composition (x) to maximize the 

valence band confinement energy and hole mobility [19], while also reducing the 

interface trap density [120]. At large Si composition, however, the increased lattice 

mismatch may lead to roughening of the shell surface [29], requiring a balancing of these 

two competing factors. 
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Chapter 5:  Coherently Strained Si- SixGe1-x Core-Shell Nanowires* 

5.1. INTRODUCTION AND MOTIVATION 

Until this point, we have focused mainly on the Ge-SixGe1-x core-shell nanowire 

heterostructure. The large valence band offset between core and shell regions in this 

structure has led to an enhancement of mobility through the confinement of holes into the 

nanowire core and away from charged trap states at the shell’s surface [17]–[19] and also 

presents opportunities for radial p-type modulation doping in a core-shell nanowire [68]. 

Similarly, various n-type core-shell and core-multishell nanowire heterostructures 

have been demonstrated using III-V compound semiconductors and contain large 

conduction band offsets which confine electrons into the nanowire core. These include 

GaN-AlN/AlGaN [20], GaN-InGaN/GaN/AlGaN [21], InAs-InP [22], InGaAs-

InP/InAlAs/InGaAs [16], and GaAs-AlGaAs [24]. The development of electron-confined 

systems using group IV nanowire heterostructures has, however, been much slower, due 

primarily to the relatively small conduction band offset between these materials. Previous 

experimental [110] and theoretical [121] studies using planar materials have revealed 

electron confinement in the Si layer of coherently strained Si-Si0.5Ge0.5 heterostructures 

lattice matched to a Si0.75Ge0.25 substrate. Likewise, coherently strained Si-SixGe1-x core-

shell nanowires represent another possible radial heterostructure where a positive shell-

to-core conduction band offset, beneficial for quantum confinement of electrons in the Si 

core, may be realized. Indeed, by calculating the elastic strain distribution in Si-SixGe1-x 

core-shell nanowires and the corresponding strain-induced shift of conduction band 

                                                 
* Portions of this chapter were published previously: D. C. Dillen, F. Wen, K. Kim, and E. Tutuc, 

“Coherently strained Si-SiGe core-shell nanowire heterostructures,” Nano Lett. ASAP, DOI: 

10.1021/acs.nanolett.5b03961, 2015. 

D. C. Dillen performed the nanowire growth, electron microscopy, Raman measurements, device 

fabrication, electrical measurements, and theoretical calculations, with assistance from F. Wen and K. 

Kim. D. C. Dillen and E. Tutuc designed the experiments, analyzed the data, and co-wrote the 

manuscript. 
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energies, we estimate a minimum shell-to-core conduction band offset of 213 meV in a 

30 nm diameter nanowire with 3.9 nm Si0.39Ge0.61 shell (see Section 2.3.2.2). While 

earlier studies have demonstrated growth of crystalline Si-Ge core-shell nanowires [18], 

[107], [122], [123], their epitaxial quality has yet to be established through a systematic 

study of the elastic strain and a comparison to values expected for a coherent 

heterostructure.  

In the rest of this chapter, we present the growth, structural, and electrical 

characterization of both silicon nanowires and strained Si-SixGe1-x core-shell nanowires 

[60]. Section 5.2 focuses on the growth and characterization of silicon nanowires with no 

shell, while in Section 5.3 we demonstrate growth of epitaxial Si-SixGe1-x core-shell 

nanowires. In Section 5.4, we use Raman spectroscopy to measure the optical phonon 

frequencies of both core and shell regions, combined with calculations using a continuum 

elasticity strain model and lattice dynamic theory in order to compare the experimentally 

measured phonon frequencies to values expected for a fully strained heterostructure. 

Finally, in Section 5.5, we demonstrate a phosphorus doping process from Si nanowires 

using low energy ion implantation, along with n-type field-effect transistors using Si-

SixGe1-x core-shell nanowires as channel material. 

5.2. INVESTIGATION OF SILICON NANOWIRE GROWTH CHARACTERISTICS 

To obtain defect-free, coherently strained Si-SixGe1-x core-shell nanowire 

heterostructures we must first begin with a high-quality Si nanowire, as this structure 

represents the growth substrate for the SixGe1-x shell. In previous reports, vapor-liquid-

solid (VLS) grown Si nanowires have shown wetting and diffusion of the Au catalyst on 

the nanowire sidewalls [124]–[126], as well as the growth of crystal polytypes other than 
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the diamond cubic structure [127]–[130]. Because of these factors, we begin with an in 

depth study of the Si nanowire growth characteristics. 

5.2.1. Growth of silicon nanowires 

We grow Si nanowires through the Au-catalyzed VLS process, similar to that 

described in Section 3.2.1 for Ge nanowires. The 3” Si(111) substrate wafer is first 

prepared using dilute hydrofluoric acid (HF, 2.5% in deionized H2O) etching of the 

native oxide, followed by evaporation of a 6-8 Å Au film. After another HF etch (2.5% in 

deionized H2O) to remove native oxide, the substrate is transferred to the cold wall ultra-

high vacuum growth chamber and annealed for 15 min in H2 ambient at 370 °C, 

producing Au nanoparticles from the film. We then initiate VLS growth by stopping H2 

flow, increasing the sample temperature, and adding SiH4 (100%, 3 to 100 sccm) 

precursor to the gas ambient. The sample remains under constant conditions until the 

desired growth time has elapsed, at which point the gas flow is stopped, the chamber is 

pumped to UHV, and the sample is allowed to cool. 

We use multiple values of sample temperature (430 and 520 °C) and SiH4 

pressure (0.07 to 10 Torr) during the VLS growth of Si nanowires, as listed in Table 5.1 

for each sample. Figure 5.1 presents scanning electron microscope (SEM) images which 

demonstrate the dependence of nanowire morphology on process conditions. Looking 

first at the pressure dependence, we find that SiH4 pressure was found mostly to affect the 

nanowire growth rate, as expected based on the discussions of Section 3.2.1. At 430 °C, 

the Si nanowire axial growth rate was seen to increase linearly from 40 nm/min at 70 

mTorr pressure to 200 nm/min at 500 mTorr. 

The growth temperature, on the other hand, was found to affect nanowire 

morphology to a greater extent than the pressure. At low temperature (430 °C, Fig. 5.1(a) 
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Sample 
Pressure 

(Torr) 

SiH4 (100%) 

Flow (sccm) 

Growth Time 

(min) 

Temp. 

(°C) 

NW134 0.07 1.7 45 520 

NW135 0.10 2.5 45 520 

NW136 0.15 3.0 45 520 

NW137 0.20 3.0 45 520 

NW139 0.25 3.5 45 520 

NW140 0.30 3.5 45 520 

NW146 0.40 5.0 45 520 

NW147 0.50 5.5 45 520 

NW148 0.50 10 45 430 

NW158 1.0 50 45 430 

NW160 5.0 100 30 430 

NW179 10 100 15 430 

Table 5.1: Summary of Si nanowire growth parameters and sample numbers. 

and (b)), nanowires grow at various angles to the Si (111) substrate and may show 

multiple kinks along the length of an individual nanowire. Their diameter is also highly 

non-uniform over different nanowires of the same growth substrate, with overall values 

ranging between 20 and 65 nm. The tapering, due to radial growth directly on the 

nanowire sidewalls, is minimal at 430 °C; diameter changes by only ~1.6 nm per μm of 

axial length. In contrast, the nanowires grown at higher temperature (520°C) have a more 

uniform appearance (Fig. 5.1(c)), with most nanowires growing vertical to the (111) 

substrate surface and only a small portion of nanowires showing a single kink to other 

growth directions. The diameter of these samples is also larger and more uniform than the 

low temperature growths, typically ranging from 70 to 100 nm. Diameter tapering of the 

samples grown at higher temperature is more severe and is found to be ~10 nm/μm. 
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These pressure and temperature dependent growth characteristics agree well with the 

work of J. Westwater et al. in Ref. [131], where they also study the morphology of VLS 

grown Si nanowires. 

 

 

Figure 5.1: SEM images demonstrating the dependence of Si nanowire morphology on 

growth pressure (0.5 or 10 Torr) and temperature (430 or 520 °C). Sample 

growth numbers are (a) NW148, (b) NW179, and (c) NW147. 
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From the SEM image in Fig. 5.1(c), we also see indication of Au diffusion along 

the sidewalls of Si nanowires grown at higher temperature and low pressure. This is 

evident in the long nanowires which show reverse tapering during the initial stages of 

growth, i.e their diameter increases within ~500 nm from the base. This coincides with a 

number of shorter nanowires with a total length of only approximately 500 nm, where no 

Au tip is seen post-growth. We attribute this phenomenon to Ostwald ripening of the 

larger Au-Si alloy particles at the expensive of the smaller ones in order to minimize total 

surface energy of the system [124], and stems from the diffusion of Au from the small 

catalyst tips to the large, increasing the size of the larger ones and eventually exhausting 

the small catalysts. 

To further investigate the possible wetting and diffusion of Au on the Si nanowire 

sidewall, we image the samples using a transmission electron microscope (TEM, FEI 

TECNAI F20 with 200 kV accelerating voltage). The resulting images from samples 

grown at low temperature (430 °C) and at multiple values of SiH4 pressure are shown in 

Fig. 5.2. The samples grown at low pressure show many areas of non-uniform dark 

contrast over their entire length, and these dark spots are attributed to the presence of Au 

on the nanowire’s sidewalls. We find that by increasing the SiH4 pressure during growth, 

we decrease the amount of Au, consistent with previous reports [125], [126]. At 5 Torr 

and above we find no evidence of Au coverage on nearly the entire length of nanowire. 

However, as determined from TEM imaging, in the 5 Torr sample we do see partial Au 

coverage within a distance of ~200 nm from the tip, most likely due to diffusion at the 

end of the growth process, after the SiH4 flow is stopped and the chamber is pumped to 

ultra-high vacuum, but before the sample cools significantly. 
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Figure 5.2: TEM images of Si nanowires grown 430 °C using a SiH4 pressure of (a) 0.5 

(NW148), (b) 1.0 (NW158), and (c) 5.0 Torr (NW160). Dark spots are due 

to Au clusters on the nanowire sidewalls. 

High-resolution TEM images also demonstrate the crystalline quality of the Si 

nanowires grown at 10 Torr and 430 °C (NW179), as seen in Fig. 5.3(a). The samples 

grown under these conditions have a single crystal structure with smooth sidewalls and 

no evidence of sawtooth faceting [132]. The electron diffraction pattern of Fig. 5.3(b), 

from a single Si nanowire along the [11-2] zone axis, corresponds to the diamond crystal 
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structure with unstrained Si lattice spacing and further demonstrates the single crystal 

nature of this sample through the presence of only a single set of diffraction spots. We 

also determine that this nanowire sample grows along the [110] crystal direction by 

comparing the orientation of the nanowire axis in the real-space image with the 

orientation of the diffraction pattern. 

 

 

Figure 5.3: (a) High-resolution TEM image and (b) electron diffraction pattern of a Si 

nanowire grown at 10 Torr SiH4 pressure and 430 °C (NW179). The 

nanowire growth axis is [110]. 

5.2.2. Raman characterization of silicon nanowires 

We also study the Si nanowire growth characteristics using Raman spectroscopy 

on individual nanowires. All measurements use a Renishaw InVia μ-Raman spectrometer 

in backscattering geometry with a polarized green laser (532 nm) as excitation source, 

focused to a spot of ~1 μm in diameter using a 100x objective lens. The resulting incident 

laser power is ~13 kW/cm
2
 (0.1% power setting in the Renishaw control software). Due 

to the antenna effect, as discussed in Chapter 3, the polarization of the incident laser is 

aligned to within 45° of the nanowire axis in all measurements. Nanowires are first 



 

118 

removed from their growth substrate using sonication in ethanol and then dispersed on an 

oxidized Si wafer with previously deposited Au alignment marks and numbering. We 

measure only the nanowires which lie on the Au film, thereby blocking signal from the 

underlying Si substrate. These marks also help identify specific nanowires for repeated 

Raman measurements and for the later measurement of their diameter using SEM 

imaging. 

 

 

Figure 5.4: (a) Raman spectra of Si nanowires grown at 5 Torr (black line, NW160) and 

10 Torr (red line, NW179). (b) Intensity ratio between the 520 cm
-1

 and 495 

cm
-1

 peaks as a function of growth pressure. (Figure adapted from Ref. [60]) 

Depending on the SiH4 pressure during VLS growth, Si nanowires may exhibit 

multiple Raman peaks, as seen in Fig. 5.4(a) for samples grown at 430 °C. The samples 

grown at high pressure (10 Torr, red line) show a Raman spectrum which is nearly 

identical to that of unstrained, bulk Si, with a single peak near 520 cm
-1

. Scanning 

multiple points along the axis of a single nanowire shows little to no change in the 

position or intensity of this peak. The samples grown at lower pressure (black line), 
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however, show a Raman spectrum with multiple peaks near 495, 503, 515, and 519 cm
-1

. 

The position and relative intensities of these modes are found to be highly non-uniform 

over nanowires with different low pressure growth conditions, as well as between 

nanowires obtained during the same growth process. 

The low pressure Raman spectrum of Fig. 5.4(a) (black line) closely resembles 

that of VLS grown Si nanowires with diamond hexagonal, or wurtzite-like, crystal 

polytypes [127], [129], [130], although TEM and diffraction analyses of these samples do 

not show any indication of such. Since the cubic and wurtzite crystal structures differ 

only in the stacking sequence of (111) planes, it is possible to observe both structural 

types in a single nanowire [128], [129]. We therefore use the intensity ratio between the 

cubic Raman peak located near 520 cm
-1

 and the main wurtzite peak located near 495 cm
-

1
 as a metric to quantify the crystalline purity of the material. This intensity ratio is 

plotted versus growth pressure in Fig. 5.4(b), where larger ratios correspond to a more 

pure cubic material. As suggested by the Fig. 5.4(a) spectra, we find that the Si nanowires 

become predominately cubic as the growth pressure increases. At a pressure of 10 Torr, 

there is little to no evidence of wurtzite-like Raman modes. 

Based on results of this section, we identify the high pressure (10 Torr) and low 

temperature (430 °C) Si nanowire growth regime to be ideal for use in the growth of 

core-shell structures. At 10 Torr pressure we see a uniform, diamond cubic crystal 

structure (Fig. 5.4) and no wetting of the sidewalls with Au (Fig. 5.2), which would 

interfere with the epitaxial shell growth. The temperature will also be kept low (430 °C) 

in order to obtain nanowire diameters less than 50 nm and to reduce tapering. Although 

this low growth temperature was found to induce kinking of nanowires, there are 

numerous nanowires with uniform and straight sections over 10 μm in length. 
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5.3. GROWTH OF SI-SIXGE1-X CORE-SHELL NANOWIRES 

Our Si-SixGe1-x core-shell nanowires are grown through the same sequential 

combination of vapor-liquid-solid (VLS) and epitaxial chemical vapor deposition (CVD) 

used for the Ge-SixGe1-x core-shell nanowires of Chapters 3 and 4, as illustrated 

schematically in Fig. 5.5(a). 

The Si nanowire core is grown as described in Section 5.2.1, using the Au-

catalyzed VLS process with a SiH4 (100%) pressure of 10 Torr and a sample temperature 

of 430 °C. The SixGe1-x shell is then grown in-situ, immediately following core growth, 

using ultra-high vacuum chemical vapor deposition (UHVCVD). Here, we use identical 

shell growth conditions as the Ge-SixGe1-x core-shell nanowires of Chapters 3 and 4: the 

sample temperature is 390 °C, chamber pressure is 40 mTorr, and we use a combination 

of SiH4 (100%) and GeH4 (20% in He) gas precursors. We also grow samples with light 

phosphorus doping in the shell, similar to the modulation doping process of Chapter 4, as 

accomplished by adding PH3 (50 sccm) to the gas ambient for a short period near the 

midpoint of the shell growth. Table 5.2 lists the shell growth parameters of the Si-SixGe1-x 

samples. 

 

 Sample 
SiH4/GeH4 

Flow (sccm) 

Growth Time 

(min) 

Temp. 

(°C) 

Tsh 

(nm) 

Si Content, 

x 

PH3 

Doping 

NW184 50/10 60 390 3.9 0.39 No 

NW187 50/7 70 390 2.9 0.56 No 

NW188 50/7 70 390 2.9 0.56 Yes 

NW189 50/10 60 390 3.9 0.39 Yes 

Table 5.2: Shell growth parameters of Si-SixGe1-x nanowire samples and measured shell 

thicknesses and compositions. 
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Figure 5.5: (a) Schematic of Si-SixGe1-x core-shell nanowire growth process. Arrows 

represent the direction of growth in each regime. (b) High resolution 

transmission electron micrograph of a Si-SixGe1-x heterostructure (NW184). 

The inset shows an EDX/STEM linescan from NW184, where Si and Ge 

Kα1 X-ray line counts are plotted with red and black symbols, respectively. 

EDX fitting results (solid lines: red-Si, black-Ge) correspond to tsh = 3.9 nm 

and x = 0.39. The core and shell regions, as determined from the EDX data, 

are marked using dashed lines in the TEM micrograph. (Figure and caption 

adapted from Ref. [60]) 

We use TEM imaging to study the morphology and crystal structure of our Si-

SixGe1-x core-shell nanowires (FEI TECNAI F20, 200 kV accelerating voltage). Figure 

5.5(b) evinces a single-crystal nanowire heterostructure with no obvious surface 
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roughening or saw-tooth faceting [132]. Similar to the Si nanowires used in the core 

recipe, electron diffraction analysis indicates a growth axis along [110] for the core-shell 

nanowires. We note that the core-shell interface is hardly discernable in the micrograph 

of Fig. 5.5(b), which in turn testifies to the coherent, epitaxial nature of the shell growth. 

As seen in Fig. 5.6, we also find that nanowires typically grow with a hexagonal cross-

section, with four {111} and two {001} type sidewall facets, similar to previous reports 

of faceted silicon nanowires with the same growth direction [133], [134]. In the following 

work we model the nanowires as both hexagonal and cylindrical in shape, with little 

difference found between the two cases, therefore, we will assume all nanowires are 

cylindrical, unless otherwise noted. 

 

 

Figure 5.6: TEM images of Si-SixGe1-x core-shell nanowire with hexagonal cross-

sectional shape (NW184). Nanowire shows damage due to focused ion beam 

sample preparation. 

To measure the SixGe1-x shell’s thickness (tsh) and relative Si content (x), we use 

energy-dispersive X-ray spectroscopy (EDX) with a scanning TEM (STEM) electron 
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beam. The inset of Fig. 5.5(b) plots an EDX linescan perpendicular to the nanowire axis, 

showing the Kα1 X-ray line counts for Si (red) and Ge (black) with energies of 1.74 and 

9.89 keV, respectively, for a heterostructure with tsh = 3.9 nm and x = 0.39. The data is fit 

using a model which considers the relative numbers of each atom along the beam’s path 

as a function of beam position [88]. We find that the shell thickness and material 

composition are well controlled by changes to the shell growth time and relative SiH4 and 

GeH4 source gas flow rates, respectively. Using a gas flow ratio of SiH4/GeH4 = 25 we 

find a shell content of x = 0.39 and growth rate of 0.65 Å/min, while at SiH4/GeH4 = 36 

we find x = 0.56 and 0.40 Å/min growth rate. 

5.4. RAMAN CHARACTERIZATION OF STRAIN IN SI-SIXGE1-X CORE-SHELL NANOWIRES 

5.4.1. Raman measurements 

A fundamental property of a pseudomorphic heterostructure is the elastic strain 

resulting from the lattice mismatch between individual components. To probe the elastic 

strain in Si-SixGe1-x core-shell nanowires, we use Raman spectroscopy to measure the 

optical phonon frequencies of individual nanowires.  

The nanowires were removed from the growth substrate by sonication in ethanol, 

followed by drop casting onto the target Si/(60 nm) SiO2/ (80 nm) Au substrate. The Au 

film is used to mask Si signal from the underlying substrate and, through comparison to 

measurements done on a glass substrate, was found to have no effect on the nanowire’s 

Raman spectrum. All measurements use a Renishaw InVia μ-Raman spectrometer with 

backscattering geometry, 532 nm incident laser with ~13 kW∙cm
-1

 power density, and 

100x objective lens. To maximize the signal, the incident light is polarized along the 

nanowire axis in all measurements. If the incident light polarization is aligned at an angle 
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θ with respect to the nanowire main axis, we find a cos
2 

θ dependence of the signal 

intensity. 

Figure 5.7 shows the spectra measured from bare Si nanowires (black lines) and 

Si-SixGe1-x core-shell heterostructures with different shell contents and thicknesses (red 

lines). The Si nanowire Raman spectra reveal a single peak at 520 cm
-1

, the expected 

value for bulk, unstrained Si in the diamond crystal structure. By comparison, the Si-

SixGe1-x core-shell heterostructures show a set of additional peaks with frequencies 

between 290 and 510 cm
-1

. We associate the low intensity peaks at 292 and 409 cm
-1

 with 

the Ge-Ge and Si-Ge modes of the strained SixGe1-x shell, respectively [95]. We also 

observe a peak near 435 cm
-1

, a local Si-Si vibration in the shell which arises due to a 

non-uniform local SixGe1-x composition [95]. 

 

 

Figure 5.7: Comparison of Raman spectra between Si nanowire samples with no shell 

(black line, NW179) and Si-SixGe1-x core-shell samples (red line) with (a) tsh 

= 3.9 nm, x = 0.39 (NW184) and (b) tsh = 2.9 nm, x = 0.56 (NW187). The 

insets focus on the spectra between 480 and 550 cm
-1

, corresponding to the 

Si-Si modes. (Figure and caption adapted from Ref. [60]) 
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We attribute the highest intensity peak of the core-shell samples to the Si-Si 

Raman mode of the Si core, which is red-shifted in comparison to bare Si nanowires, as 

evident from Fig. 5.7 (inset) because of the tensile strain applied by the SixGe1-x shell. 

The full width at half maximum (FWHM) of this peak averages 6.5 cm
-1

 compared to 3.7 

cm
-1 

for bare Si nanowires. The additional peak near 505 cm
-1

 in the core-shell spectra 

has a wider FWHM, and is attributed to the Si-Si mode of the shell. We note that the 

nominal Si-Si mode in unstrained SixGe1-x has a Raman shift of 477.3 cm
-1

 for x = 0.39 

and 489.2 cm
-1

 for x = 0.56 [95]; the Si-Si shell peaks of Fig. 5.7 are shifted to higher 

frequencies thanks to the compressive strain in the shell. 

 

 

Figure 5.8: Effect of partial shell etching on Raman spectra of Si-SixGe1-x core-shell 

samples with (a) tsh = 3.9 nm, x = 0.39 (NW184) and (b) tsh = 2.9 nm, x = 

0.56 (NW187). Black lines correspond to the as-grown samples, while red 

lines are after partial etching of shell. 

We verify the origin of the peak near 505 cm
-1

 by measuring the Raman spectra of 

an individual nanowire both before and after a partial etching of the shell through 

successive thermal oxidation at 400 °C and HF etching, as shown in Fig. 5.8. We find 
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that the intensity of the peak near 505 cm
-1

 decreases after etching, consistent with the 

behavior of a peak from a region of decreasing volume. We also see a shift of the core’s 

Si-Si mode towards its unstrained peak position at 520 cm
-1

 as a result of decreasing 

strain in the core as the shell becomes thinner. 

 

 

Figure 5.9: Raman spectra of Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x = 0.39 

(NW184) using different polarization settings. Black line: no polarizer in 

scattered beam path. Red line: scattered beam polarizer oriented along 

nanowire’s [110] main axis. Blue line: scattered beam polarizer is 

perpendicular to [110]. Incident beam is always polarized along [110]. 

We also test the effect of a polarizing filter in the collected signal’s path, located 

between the sample and the detector. As seen in Fig. 5.9, we measure a strong Raman 

signal when the scattered beam is either unpolarized (black line) or polarized along the 

nanowire’s [110] main axis (red line). However, if the filter is rotated 90° such that only 

the scattered beam which is polarized perpendicular to the nanowire axis is measured, 

there is little to no Raman signal observed. These data provide evidence of the antenna-

effect, which was discussed previously in Chapter 3, and demonstrate that the scattered 
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beam is polarized predominately along the nanowire’s main axis due to its anisotropic 

shape. 

5.4.2. Calculation of Raman modes in Si-SixGe1-x core-shell nanowires 

To better understand the dependence of Raman modes on elastic strain, we 

calculate the strain-induced shift of the Si-Si mode in both core and shell regions. Strain 

calculations for the Si-SixGe1-x core-shell heterostructure use a finite-element method and 

were detailed in Section 2.2.2.1 for both cylindrical and hexagonal structures. We find 

that the Si core is under a tensile strain thanks to the larger lattice constant of the SixGe1-x 

shell, and that all strain components are nearly uniform with position in this region. The 

shell strain, in comparison, changes appreciably with position and generally has a higher 

magnitude with both tensile and compressive components. 

In the presence of elastic strain, the optical phonon modes of a cubic material, 

which are initially triply-degenerate at zone center will shift to lower or higher 

frequencies, depending on the polarity of the strain (i.e. compressive or tensile), and may 

also split into non-degenerate modes. The strain-induced shift of each Raman mode is 

found using a linear deformation potential approach, namely the secular equation of 

lattice dynamic theory [71], [72]:  

|

𝑝𝜀𝑥𝑥 + 𝑞(𝜀𝑦𝑦 + 𝜀𝑧𝑧) − 𝜆 2𝑟𝜀𝑥𝑦 2𝑟𝜀𝑥𝑧

2𝑟𝜀𝑥𝑦 𝑝𝜀𝑦𝑦 + 𝑞(𝜀𝑥𝑥 + 𝜀𝑧𝑧) − 𝜆 2𝑟𝜀𝑦𝑧

2𝑟𝜀𝑥𝑧 2𝑟𝜀𝑦𝑧 𝑝𝜀𝑧𝑧 + 𝑞(𝜀𝑥𝑥 + 𝜀𝑦𝑦) − 𝜆

| = 0        5.1 

where εuv are the strain tensor components defined on a crystal-oriented Cartesian 

coordinate system, and p, q, and r are the material’s phonon deformation potential values 

which are listed in Table 5.3 for Si and SixGe1-x alloys. The eigenvalue solutions 𝜆𝑖 =

𝜔𝑖
2 − 𝜔𝑖𝑜

2  express the strain-induced shift of mode i. The initial, unstrained mode 
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frequency, ωio, is 520.0 cm
-1

 for Si and 477.3 cm
-1

 (489.2 cm
-1

) for SixGe1-x with x = 0.39 

(0.56) [95]. 

The calculated Raman shift of Si-Si modes in a core-shell structure with tsh = 3.9 

nm and x = 0.39 are shown in Figs. 5.10(a)-(c). Similar to bulk Si under a [110] tensile 

uniaxial stress [92], we find that the core’s initially triply degenerate mode at 520 cm
-1

 

shifts to lower frequency and splits into three non-degenerate modes. The average Raman 

shift is 512.1, 511.5, and 514.1 cm
-1

 for core modes 1, 2, and 3, respectively, while the 

eigenvectors indicate phonon polarizations along [001], [110], and [-110] for the same 

calculated modes. The Raman shift of a given mode changes only slightly across the core, 

varying by less than 0.5 cm
-1

. Shell phonons also split into three non-degenerate modes 

and are blue-shifted in relation to their unstrained frequency. Moreover, because of the 

spatial dependence of the elastic strain in the shell (see Section 2.2.2.1, Fig. 2.11), the Si-

Si shell modes show a much larger fluctuation with position than those in the core, and 

the phonon polarization directions are no longer along the nanowire-oriented principle 

axes. The calculated Raman shift of the three shell modes range from 481 and 496 cm
-1

. 

 

 Material  p/ω0
2
 q/ω0

2
 r/ω0

2
 

Si -1.84
a
 -2.35

a
 -0.71

b
 

Si0.56Ge0.44 -1.74
a
 -2.06

a
 -1.00 

Si0.39Ge0.61 -1.82
a
 -2.06

a
 -1.00 

Table 5.3: Values of the normalized phonon deformation potentials for Si and SixGe1-x 

alloys from Ref. [135]
a
, [78]

b
. r values could not be determined for SixGe1-x 

from the literature, therefore, we estimate a value of -1.0 based on values for 

Si and Ge. 
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Figure 5.10: Calculated (a)-(c) Raman shift, and (d)-(f) intensity for the three modes of a 

fully strained Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x = 0.39, and 

d = 30 nm (NW184). The incident/scattered light polarizations are parallel 

to the [110] nanowire axis. X and Y axes are along [001] and [1-10] crystal 

directions, respectively. (Figure and caption adapted from Ref. [60]) 

While the above calculations predict six non-degenerate Si-Si vibrational modes 

for the strained core-shell heterostructure, only two peaks were actually observed in our 

experimental Raman data (insets of Fig. 5.7). This apparent discrepancy can be 

reconciled by examining which Raman modes are active based on selection rules 

associated with the polarization of the incident (Einc) and scattered (Escat) light, and their 

corresponding intensities [53], [57]. To calculate the expected intensity of each Si-Si 

Raman mode in both strained core and shell regions we use Einc = [110], as the incident 

polarization is aligned with the nanowire axis during each Raman measurement. 

Furthermore, because of the anisotropic, antenna-like behavior of semiconducting 

nanowires embedded in a mismatched dielectric, only the light polarized parallel to the 
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nanowire axis will couple into or out of the structure [75], [98], as demonstrated 

previously in Fig. 5.9, requiring that Escat also be along [110]. The calculation results are 

plotted in Figs. 5.10(d)-(f), for modes 1-3, respectively. In the core, we find that only the 

first mode, with phonon wave-vector along [001], is expected to be active, while the 

other two have zero intensity. Similarly, in the SixGe1-x shell we find that mode 3 is 

inactive across the entire shell, while the other two modes have a non-zero, position 

dependent-intensity, with mode 1 having the highest intensity. The calculated Raman 

shift and intensity for the second Si-SixGe1-x core-shell heterostructure used in this study 

(tsh = 2.9 nm and x = 0.56) are qualitatively similar to those described above (see Fig. 

5.11). 

 

Figure 5.11: Calculated (a)-(c) Raman shift, and (d)-(f) intensity for the three modes of a 

fully strained Si-SixGe1-x core-shell nanowire with tsh = 2.9 nm, x = 0.56, and 

d = 30 nm (NW187). The incident and scattered light polarizations are 

parallel to the [110] nanowire axis. Strain values were calculated using the 

finite-element method. X and Y axes are along [001] and [1-10] crystal 

directions, respectively. (Figure and caption adapted from Ref. [60]) 
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Figure 5.12: Calculated (a)-(c) Raman shift, and (d)-(f) intensity for the three modes of a 

fully strained hexagonal Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x 

= 0.39, and d = 30 nm (NW184). The incident and scattered light 

polarizations are parallel to the [110] nanowire axis. X and Y axes are along 

[001] and [1-10] crystal directions, respectively. (Figure and caption adapted 

from Ref. [60]) 

We also repeat the above Raman mode and intensity calculations for Si-SixGe1-x 

nanowires of hexagonal cross-sectional shape, using the finite-element strain calculation 

results from Section 2.2.2.1, Fig. 2.12. The results are plotted in Fig. 5.12 and show that 

the Raman shift values near the center of the core are nearly identical to those obtained 

using the cylindrical structure, while a lower Raman shift is observed near the corners 

due to the concentrated strain in this region. Over both the core and shell regions, we find 

that the median Raman shift of mode one changes very little between cylindrical and 

hexagonal structures, approximately 0.09 cm
-1

 for the core and -0.25 cm
-1

 for the shell. 

We also find that the non-uniform strain distribution in the core induces a finite intensity 
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of mode two near the corners, although the intensity of this mode remains low by 

comparison to mode one. The above observations hold for the entire range of nanowire 

diameters tested: between 20 and 40 nm. 

Experimentally, we expect very little difference in the Raman spectra obtained 

from cylindrical and hexagonal nanowires. The non-uniform Raman shift values over the 

hexagonal nanowire core should lead to a slightly asymmetric main core peak with a tail 

extending to the low frequency side. 

 

 

Figure 5.13: Diameter dependence of Si-Si Raman modes for Si-SixGe1-x core-shell 

nanowires with (a) tsh = 3.9 nm, x = 0.39 (NW184) and (b) tsh = 2.9 nm, x = 

0.56 (NW187). The black and blue symbols represent the two Raman peaks 

measured experimentally, while the lines correspond to calculation results in 

the core using a finite-element (black, solid) or analytical (red, dashed) 

solution. Blue lines are the average of the finite-element calculations over 

the shell for modes 1 and 2. The black dotted line marks the position of the 

Si-Si mode of unstrained Si. (Figure and caption adapted from Ref. [60]) 

Figure 5.13 shows the diameter dependence of the calculated, active Si-Si mode 

of the core from the cylindrical calculation results. The solid black line represents an 

average of the core values found using the finite-element strain results. For comparison, 

we also include calculation results which use a simplified, analytical strain calculation 



 

133 

technique [21] which assumes isotropic elastic constants (red dashed line, see Section 

2.2.1.2 for details). For this model, we use the Young’s modulus along the nanowire axis 

E[110] = 169 GPa and the average Poisson ratio in the (110) plane, ν(110) = 0.213 [56], and 

find close agreement between the two strain calculation methods. The diameter 

dependence of the calculated Raman modes in Fig. 5.13 can be understood by 

considering the relative volume of core and shell regions. By increasing the nanowire 

diameter while keeping shell thickness constant, the elastic compliance of the core 

decreases in relation to that of the shell. This means that a smaller fraction of the total 

lattice mismatch will be accommodated in the core, resulting in a reduced strain and, 

hence, smaller strain-induced shift of the core Raman mode. Due to the thinner shell and 

smaller mismatch in the sample shown in Fig. 5.13(b), we find that the strain-induced red 

shift of the core mode is smaller in comparison to the structure of Fig. 5.13(a). 

In Fig. 5.13, we also plot the diameter dependence of the Raman peaks 

determined from our experimental data (symbols). We find that the main peak (black 

symbols) agrees well with the core calculation results, except that a larger strain-induced 

red-shift is expected in a fully strained structure. This finding is most likely a result of 

partial strain relaxation through defect formation at the core-shell interface. The shell 

calculation results, whose averages are shown using blue lines in Fig. 5.13, lie between 

481 cm
-1

 and 496 cm
-1

 in the sample with x = 0.39, and between 493 cm
-1

 and 505 cm
-1

 in 

the sample with x = 0.56. These values are lower than the frequency of the experimental 

shell peaks near 505 to 510 cm
-1

 (blue symbols), indicating a larger than expected strain-

induced blue-shift in this region. While the origin of the discrepancy between the 

measured shell peaks and theoretical calculations is unclear, we note that the large strain 

magnitudes in this region, of up to 2.5%, may limit the accuracy of the calculations, as 
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the deformation potential values were determined experimentally using strain values 

below 1% [78]. 

5.5. ELECTRICAL CHARACTERIZATION OF SI-SIXGE1-X CORE-SHELL NANOWIRES  

In this section, we address the phosphorus doping of Si nanowires using low 

energy ion implantation, followed by a study of electron transport in Si-SixGe1-x core-

shell nanowire heterostructures and a demonstration of n-type field-effect transistors (n-

FET) with Ω-shaped top-gate and highly doped source and drain contacts.  

5.5.1. Doping of Si nanowires using ion implantation 

5.5.1.1. Fabrication of back-gated, four-point devices 

To characterize the doping of Si nanowires using phosphorus ion implantation, we 

fabricate back-gated, multiple contact devices which have been blanket implanted and 

activated under different conditions, as shown schematically in Fig. 5.14(a)-(c), then 

measure a number of relevant metrics which help determine the efficacy of the doping 

process. 

We begin device fabrication by removing the Si nanowires from the growth 

substrate using sonication in ethanol and dispersing them on a highly doped n
++

 Si (100) 

wafer which has been previously oxidized (58 nm) and patterned with alignment markers 

using photolithography, Ti/Au metal evaporation, and liftoff. The samples are then 

implanted with phosphorus ions at 5 keV and total doses of 5×10
13

, 1×10
14

, 5×10
14

 cm
-3

. 

The sample is tilted by 32° during implant and is rotated in four discrete steps to get 

uniform coverage. The implant energy was calibrated using Transport of Ions in Matter 

(TRIM) [136] calculations in order to give an expected implant depth of roughly half the 

nanowire diameter. We then activate the implant by annealing the sample in a rapid 

thermal annealing (RTA) furnace at either 550 or 600 °C for 10 min in a N2 gas ambient. 



 

135 

Using SEM, we then locate suitable nanowires for device fabrication and record their 

coordination. Contact electrodes to the doped nanowires are created using electron beam 

lithography (EBL) with poly(methyl methacrylate) (PMMA) resist and methyl isobutyl 

ketone (MIBK, 25% in isopropyl alcohol) developer, followed by electron beam 

evaporation of the contact metal and lift-off in acetone. We use either Ti/Au (10/60 nm) 

or Ni (80 nm) contact metals. The completed devices are imaged in SEM to measure the 

nanowire diameter (d), channel length (Lch), and contact width (W), as seen in Fig 

5.14(d). Lch and W are fixed at 850 nm and 350 nm, respectively. 

 

 

Figure 5.14: (a) - (c) Fabrication sequence of phosphorus doped Si-SixGe1-x core-shell 

nanowire device with back-gate geometry and multiple contacts. (b) SEM 

image of completed device using NW179. 

5.5.1.2. Electrical measurements of doped nanowires 

We measure each device using both two- and four-point configurations at room 

temperature in a Lakeshore Cryogenics vacuum probe station using the Source 
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Measurement Units (SMUs) and Voltage Measurement Units (VMUs) of an Agilent 

4155B Semiconductor Parameter Analyzer. In the two-point configuration, we measure 

the drain current (Id) vs. drain voltage (Vd) of adjacent inner contacts using SMUs with 

multiple values of back-gate voltage (Vbg). During four-point measurements, we bias the 

end contacts at Vd and ground, respectively, and measure Id at various Vbg using SMUs, 

while also measuring the voltage difference between inner contacts (ΔV4p) using the high 

input impedance VMUs. This allows us to measure the nanowire channel resistance 

without the effects of a finite metal-to-nanowire contact resistance (Rc) and to extract Rc 

by subtracting the four-point resistance from the two-point resistance: Rc = R2p – R4p. 

Typical Id-Vd and Id-ΔV4p curves are shown in Fig. 5.15 for a device implanted with a 

dose of 5×10
14

 cm
-2

, activated at 550 °C, and using Ni contacts. Here, we measure R4p = 

14.6 kΩ at Vbg = 0 and Rc = 510 Ω. 

 

 

Figure 5.15: (a) Two-point and (b) four-point electrical measurements at various Vbg of 

phosphorus-implanted (5×10
14

 cm
-2

 dose, 550 °C anneal) Si nanowires 

(NW179) with Lch = 850 nm, d = 50 nm, and Ni contact metal. 
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The nanowire resistivity (ρ), electron mobility (μ), and doping density (n) are 

extracted following the work of J. Nah et al. in Ref. [116]. Nanowire resistivity values 

are found using: ρ = R4p·S/Lch where S is the cross-sectional area of the nanowire, as 

determined using SEM imaging; values are shown in Fig 5.16(a) as a function of implant 

dose. Average ρ for the sample implanted with 5×10
14

 cm
-2

 dose and activated at 550 °C 

is 4.26×10
-3

 Ω∙cm. We then extract the electron mobility using the equation: μ = 

(dG/dVbg)×Lch/Cbg where G is the measured nanowire conductance (R4p
-1

) and Cbg is the 

back-gate capacitance per unit length as calculated from Sentaurus (Synopsys) finite-

element calculations of n vs. Vbg (see Section 4.4) using the experimental SiO2 thickness 

and Si nanowire diameter (d). As shown in Fig. 5.16(b), mobility values range from 1 to 

20 cm
2
/V·s in our samples. The doping density (Fig. 5.16(c)) is calculated for each 

device using n = (e ρ μ)
-1

, where e is the electron charge. At 5×10
14

 cm
-2

 dose and 550 °C 

activation temperature, we find an average n of 10
20

 cm
-3

. 

Contact resistance (Rc) is also shown in Fig. 5.16(d) for various implant and 

activation conditions. For the sample with Ni contacts, we see a significant improvement 

in Rc over the Ti/Au devices, with a median value of Rc = 700 Ω, most likely due to 

oxidation of Ti during electron beam evaporation of the contacts. We also extract the 

specific contact resistance (ρc) from our doped devices using [137]:  ρc = π·d·Rc·LT where 

LT = (d·ρc/(4·ρ))
0.5

 is the transfer length. We find a median ρc = 4.37×10
-8

 Ω∙cm
2
 in our 

samples with Ni contacts, 5×10
14

 cm
-2

 dose, and 550 °C activation temperature. 
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Figure 5.16: (a) Resistivity, (b) mobility, (c) Phosphorus doping density, and (d) contact 

resistance of ion implanted Si nanowires (NW179) activated at 550 °C (red, 

blue symbols) or 600 °C (black symbols). Contact metal is Ti/Au (black, red 

symbols) or Ni (blue symbols). 

5.5.2. Fabrication of Si-SixGe1-x core-shell nanowire nFETs 

The n-type FETs are prepared using Si-SixGe1-x core-shell nanowires with a shell 

that was lightly doped with phosphorus during growth (NW189). To obtain a low source-

drain extrinsic series resistance, we use the results from the previous section and specify 
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an implant dose of 5×10
14

 cm
-2

 and Ni contacts. We will also use the lower activation 

temperature of 550 °C in order to limit strain relaxation at the core-shell interface; this 

was tested by performing Raman measurements on Si-SixGe1-x core-shell nanowires both 

before and after annealing at 600 °C, as demonstrated in Fig. 5.17. We find no evidence 

of strain relaxation through a shift of either the core or shell peaks. 

 

 

Figure 5.17: Raman spectra of Si-SixGe1-x core-shell nanowire with tsh = 3.9 nm, x = 0.39 

(NW184) before (black line) and after annealing sample at 600 °C (red line). 

The Au film becomes porous during annealing, allowing observation of 

signal from the Si substrate (520 cm
-1

) after annealing. 

We fabricate nFETs with Ω-shaped gate geometry by first transferring the 

nanowires to an oxidized (61 nm) n
++

 Si device substrate as described above. The sample 

is etched in dilute HF (1% in deionized H2O) to remove native oxide from the nanowire 

surface and is followed immediately by atomic layer deposition (ALD) of a 7.9 nm Al2O3 

top-gate dielectric at 250 °C, employing trimethylaluminum and deionized H2O 

precursors. The gate layer is patterned using EBL with PMMA resist and development in 

MIBK (25% in isopropyl alcohol), followed by sputtering of TaN metal and liftoff in 
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Figure 5.18: (a) - (e) Fabrication sequence of Si-SixGe1-x core-shell nanowire FET with 

Ω-shaped gate. 

acetone. Using the metal gate as mask, the samples are then implanted with phosphorus 

ions at an energy of 5 keV with a total dose of 5×10
14

 cm
-2

 and sample tilt of 32° with 

four discrete 90° rotations to get uniform coverage. Phosphorus dopants are activated by 

RTA at 550 °C for 10 min in a N2 ambient. To improve device performance, the gate 

stack is also passivated by annealing at 450 °C for 10 min in a H2 ambient. The device is 

completed by patterning source/drain contacts using EBL, HF (1.25% in deionized H2O) 

native oxide etch, electron beam evaporation of Ni (80 nm), and liftoff in acetone. The 
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fabrication process is demonstrated schematically in Fig. 5.18, and Fig. 5.19(a) includes 

an SEM image of a completed device. 

5.5.3. Electrical measurements 

We measure the drain current (Id) vs. drain voltage (Vd) characteristics at different 

gate voltages (Vg), and the Id-Vg characteristics at various Vd for devices of multiple 

channel lengths (Lg). An example is shown in Fig. 5.19(b) and (c) for a device with Lg = 

1340 nm and diameter d = 32 nm. We find that all devices behave as n-type, 

enhancement mode FETs with a large, positive threshold voltage (Vth) over 1.0 V and an 

increasing Id with increasing Vg. 

To quantify the characteristic device scaling with gate length, in Fig. 5.19(d) we 

plot the total device resistance (Rm) vs. Lg at fixed values of gate overdrive voltage, Vod = 

Vg – Vth. The linear Rm vs. Lg dependence is expected from simple scaling arguments, and 

indicates that the contact resistance does not dominate the device characteristics. By 

fitting the Rm vs. Lg data at each Vod and extrapolating to their cross-over point, we 

extract an external source/drain series resistance of Rsd = 40 kΩ. This agrees very well 

with the source/drain series resistance calculated from the blanket implanted Si nanowire 

data in Section 5.5.1, with resistivity ρ = 4.26×10
-3

 Ω∙cm and specific contact resistance 

ρc = 4.37×10
-8

 Ω∙cm
2
. Using these values, we find Rsd = Rc + Rext = 45.7 kΩ for a device 

with d = 32 nm and 850 nm total source and drain extension length with resistance Rext.  

The electron mobility of each device was also extracted from the experimental 

data using μ = Lg·(Rch·e·p)
-1

, where Rch = Rm – Rsd is the intrinsic channel resistance, e is 

the electron charge, and p is the hole density per unit length calculated as a function of 

gate voltage using a commercial finite-element software (Sentaurus, Synopsys). We 

find an average peak electron mobility of 12 cm
2
V

-1
s

-1
. The relatively low mobility value 
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is likely due to an unoptimized gate dielectric stack with large density of fixed charges 

and traps at the dielectric-nanowire interface. 

 

 

Figure 5.19: Si-SixGe1-x core-shell nanowire FETs using NW189. (a) SEM image of 

completed FET with source, gate, and drain contacts labeled and phosphorus 

doped region shaded in red. (b) Output and (c) transfer characteristics of a 

device with tsh = 3.9 nm, x = 0.39, d = 32 nm, and Lg = 1340 nm. (d) Rm 

versus Lg at multiple Vod values (symbols). Linear fits to experimental data 

are also included. (Figure and caption adapted from Ref. [60]) 
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Chapter 6: Summary and Future Work 

6.1. THESIS SUMMARY 

Semiconductor nanowires have been recognized as potential candidates for 

applications in field-effect transistors, sensors, and quantum information processing, 

among others, and also provide a unique test bed for the investigation of low-dimensional 

physical phenomena. The ability to fabricate nanowire heterostructures with atomically-

flat, defect-free interfaces enables energy band engineering in both axial and radial 

directions. The radial, or core-shell, nanowire heterostructures rely on energy band 

offsets which confine charge carriers into the core region, potentially reducing scattering 

from charged impurities on the nanowire surface. Key to the design of any 

heterostructure, however, is a fundamental understanding of the hetero-interface 

properties, particularly the energy band offsets and strain. Due to the nanoscale size of 

the core-shell heterostructure, it has proven difficult to characterize experimentally, and 

new methods are needed to fully understand the interplay between its compositional, 

morphological, and electronic properties. In this thesis we have demonstrated multiple 

techniques which help reveal the core-shell nanowire’s strain distribution and energy 

band alignments, using Raman spectroscopy and modulation doped field-effect 

transistors, respectively. 

In Chapter 1, we discussed the advancements in electronic device performance 

and packing density made possible through device scaling, along with the limits of 

continued scaling in the future. We also introduce the benefits of core-shell nanowires, 

particularly the Ge-SixGe1-x heterostructure. 

Chapter 2 provided an introduction to strain in core-shell nanowires. We began by 

briefly defining stress and strain, and describing their relationship. A number of 

previously developed methods to calculate the strain distribution in core-shell nanowires 
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were discussed, including a continuum elasticity model, solved both analytically and 

using the finite-element method, as well as an atomistic model. We calculated the strain 

in Ge-SixGe1-x and Si-SixGe1-x core-shell nanowires using continuum elasticity methods. 

We also qualitatively described the effect of strain on a semiconductor’s band-structure, 

followed by calculations of the conduction band alignments in Si-SixGe1-x core-shell 

nanowires using k·p perturbation theory. We expect a shell-to-core conduction band 

offset of 213 meV in a structure with d = 30 nm, tsh = 3.9 nm, and x = 0.39. 

In Chapter 3, we described the core-shell nanowire growth process and measured 

the Raman spectra of individual, strained Ge-Si0.5Ge0.5 core-shell nanowires. Compared 

to unstrained Ge nanowires, the core-shell structures displayed a diameter-dependent 

blue-shift of the core’s Ge-Ge vibrational mode, where the shift increases by reducing the 

nanowire diameter. Lattice dynamic theory was used to convert the Raman shift results 

into an effective strain: 𝜀eff = |𝜀𝑧𝑧 + 0.729𝜀𝑟𝑟| = |(𝜔1
2 − 𝜔0

2) 3.49𝜔0
2⁄ |. The effective 

strain determined from Raman spectroscopy is in good agreement with continuum 

elasticity calculations of the strain distribution in our Ge-Si0.5Ge0.5 core-shell nanowires. 

In Chapter 4 we demonstrated radial modulation doping in Ge-SixGe1-x core-shell 

nanowires. Using sequential VLS core and CVD shell growth processes, boron dopants 

were incorporated into only a thin portion of the shell during growth. Ω-shaped gate 

modulation doped nanowire FETs show p-type, depletion mode operation with an 

enhanced peak hole mobility over the non-modulation doped samples. Furthermore, we 

observed a decoupling of electron transport between core and shell regions. The Id-Vg 

data in modulation doped nanowires shows a clear kink, which marks the onset of the 

shell being populated with carriers. The measured voltage difference |Vth – Vkink| was used 

to extract the core-to-shell valence band offset, where we found that ΔEv is tunable 
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through changes to the shell’s material composition and ranges from an average of 100 

meV at x = 0.45 to 230 meV at x = 0.63. 

In Chapter 5, we investigated epitaxial, coherently strained Si-SixGe1-x core-shell 

nanowires as a platform for one-dimensional electron confinement in group IV 

nanowires. We first studied the Si nanowire growth process using the Au-catalyzed VLS 

process and found that a high SiH4 pressure (10 Torr) is needed to prevent the growth of 

structures with mixed wurtzite and cubic Si phases, and also to minimize the amount of 

Au catalyst which covers the nanowire’s sidewalls. Using a sequence of VLS and CVD 

growth mechanisms, we demonstrated Si-SixGe1-x nanowire heterostructures, with shell 

thickness and content controlled by the growth conditions. μ-Raman spectroscopy 

revealed peaks associated with the Si-Si mode of the Si core, and the Si-Si, Si-Ge, and 

Ge-Ge modes of the shell. The Si core peak is red-shifted from its unstrained value of 

520 cm
-1

, consistent with a tensile strain in this region and in good agreement with lattice 

dynamic theory calculations. We also demonstrated a low resistivity phosphorus ion 

implantation process for Si nanowires, along with enhancement mode n-FETs using Si-

SixGe1-x core-shell nanowires as channel material. 

6.2. SUGGESTIONS FOR FUTURE WORK 

6.2.1. Wurtzite Si nanowire growth 

In Chapter 5, we studied the growth of Si nanowires and found that the samples 

grown at a SiH4 pressure below 5 Torr show a mixture of cubic and wurtzite crystal 

structures through stacking faults in the (111) planes, as determined from Raman 

spectroscopy. Recently, a number of groups have also grown wurtzite Si nanowires using 

a similar Au-catalyzed vapor-liquid-solid (VLS) process [138], [127]–[130], [139], 

although the resulting structures were either single crystal (pure wurtzite) or contained a 
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large volume of wurtzite regions which could be identified by TEM imaging and electron 

diffraction. The optical properties of the wurtzite Si nanowires were investigated using 

cathodoluminescence (CL) measurements and show approximately two orders of 

magnitude increase in the radiative efficiency over cubic samples [130], [139]. CL signal 

peaks were observed at ~0.92 and 1.53 eV, consistent with the calculated indirect (0.85 to 

0.99 eV) and direct (1.40 to 1.48 eV) bandgaps of wurtzite Si [140]–[143]. The enhanced 

optical properties of the wurtzite Si nanowires, consistent with the reduction of the direct 

band-gap of this structure compared to cubic Si, may help open the door for future Si-

based optical and optoelectronic devices. 

The previous demonstrations of wurtzite Si nanowire growth are typically carried 

out at temperatures between 500 and 600 °C, higher than we attempted in Chapter 5. 

These studies also used a wide range of chamber pressures, from 7.5 to 50 Torr; and the 

SiH4 source gas was almost always diluted in H2 carrier gas. In our growth investigations 

we use pure SiH4, although a small partial pressure of H2 is expected due to the thermal 

decomposition of SiH4. Furthermore, multiple groups grew Si nanowires on an 

amorphous SiO2 substrate [138], [127], [130], perhaps helping to stabilize the wurtzite 

phase during the initial stages of growth by removing the cubic Si template. By 

integrating the above process changes, namely a higher growth temperature, the addition 

of H2 carrier gas, and using an amorphous substrate, we expect to grow Si nanowires with 

a uniform wurtzite crystal phase. 

The transport and optical properties of this novel Si polytype have yet to be 

established experimentally. By measuring the characteristics of FETs using wurtzite Si 

nanowires as channel material, along with photoluminescence measurements from 

individual nanowires, we would help to shed light on these factors, potentially leading to 

new avenues of research or device applications. Wurtzite Si nanowires could also be used 
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to grow coherently strained core-shell heterostructures. The smaller band-gap in 

comparison to cubic Si could make the realization of core electron confinement more 

likely in a wurtzite Si-SixGe1-x heterostructure, although little is currently known about 

the strain or band alignments of such a system. The techniques developed in this thesis 

could again be beneficial in characterizing this novel, nanoscale heterostructure. 

6.2.2. Scaling of Ge-Si core-shell nanowire diameter to less than 15 nm 

In order to realize highly scaled gate-all-around nanowire devices with minimal 

short channel effects, the diameter of the nanowire channel must be small [144], less than 

10 nm. The core-shell nanowires studied in this thesis, however, have a typical range of 

diameters between 25 and 60 nm. It remains to be seen how the strain and energy band 

offsets in core-shell nanowire heterostructures are affected by a reduction of its diameter 

to the 10 nm range. Furthermore, recent theoretical work has predicted the presence of 

helical hole states and Majorana fermions in small diameter (d < 15 nm) strained Ge-Si 

core-shell nanowires under applied magnetic and electric fields [145], [146], leading to 

potential applications in quantum information processing. All of the above factors present 

an opportunity to study the growth, mechanical, and electronic characteristics of 

nanowires and core-shell nanowires below 15 nm in diameter. 

In general, during metal-catalyzed vapor-liquid-solid growth, the nanowire 

diameter is determined by the size of the catalyst droplet, although other factors, such as 

radial growth or catalyst diffusion, may also lead to a tapering of the diameter. Therefore, 

control of the catalyst droplet’s size distribution is essential to realizing small diameter 

nanowires. In this thesis, we use a thin Au film which is evaporated onto the Si growth 

substrate. By annealing the sample in H2 ambient, the Au film dewets from the surface 

and forms randomly distributed nanoparticles across the substrate. By evaporating 
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different thicknesses of Au, from 2 to 10 Å, we find that the size distribution of the 

resulting nanowires changes significantly; for Ge nanowires the minimum observed 

diameter ranges from 8 nm using a 2 Å Au film to 40 nm with 8 Å of Au. Although, the 

smallest diameter Ge nanowires are typically much shorter than the wider structures. This 

is attributed to the Gibbs-Thomson effect [147], where the surface curvature of a small 

droplet increases its equilibrium vapor pressure, thereby decreasing the supersaturation of 

Ge in the vapor phase and slowing the VLS growth rate. We find that by increasing the 

GeH4 pressure, normal growth rates over 100 nm/min can be obtained for small diameter 

nanowires between 10 and 20 nm, however, the radial growth rate also increases, 

resulting in highly tapered nanowires. The growth of uniform, small diameter Ge 

nanowires using the VLS method, therefore, requires a careful optimization of the growth 

parameters, including Au thickness, chamber pressure, and sample temperature, and 

would allow for the study of strain in core-shell nanowire structures below 20 nm in 

diameter and perhaps the observation of interesting low-dimensional physical 

phenomena. 
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