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Section S1: Nanowire Structural Characterization 

 

SF1.  (a) A 90 degrees SEM cross sectional image of Ge-Si0.5Ge0.5 core-shell nanowire growth 

on Si(111) substrate.  (b) TEM image showing lattice fringes of the core-shell nanowire 

The orientation of the substrate has a minimal effect on the axial direction of the nanowires. The 

axial direction is primarily controlled by surface energetics and is consistently [111] for the 

diameter range under investigation. The nanowires do grow epitaxial to the substrate and have a 

predominately vertical orientation. 

 

SF2. (a) Topographic AFM image of a typical Ge-Si0.5Ge0.5 core-shell nanowire dispersed on Au 

substrate. (b) Height profile of the nanowire along the line indicated by the arrowed white line in 

Fig. SF4a. 

A typical measured nanowire is separated from other nanowires by at least a few microns.   



Section S2: Nanowire Electrical Characterization, Transport Simulations, and Band 

Structure 

 

SF3. (a) Simulated hole density at zero back gate voltage with full quantum solution in a Ge-

Si0.5Ge0.5 core-shell nanowire. The following parameters were used: core thickness, d = 42 nm, a 

shell thickness, Tsh = 5 nm, a core/shell valence band offset = 130 meV, and a back-gate SiO2 

thickness = 54 nm.  The blue and green dashed lines indicate the border of the nanowire and the 

core-shell interface, respectively.  The dashed black line in the inset shows the plane from which 

the hole density and valence band edge energy correspond with. Peak hole density in core is 

2.5×10
18

 and 1.9×10
18

 cm
-3

 at the bottom and top of the NW, respectively.  (b) Simulated band 

edge energy diagram for the valence band for the same core-shell nanowires.  The dashed red 

line indicates the Fermi level.  The top of the nanowire is the region closest to the tip apex and 

therefore of most interest.  The dashed purple lines indicate confinement energies for the first 

and second heavy hole bands, Ehh1 and Ehh2, and the first light band, Elh1.  The confinement 

energies were approximated by modeling the interface region as a triangular well.  The average 

electric field used in the triangular well approximation is taken from the band edge energy 

diagram over 12nm towards the center of the Ge core from the interface.   

To shift the threshold voltage to match experimental data (Vth ≈ 4.5V), 2×10
18

 cm
-3

 boron 

doping was added to shell. The core remains undoped. Band offsets used for the simulation were 

taken from previous results.
1
  The electric field approximation for the triangular well 

underestimates the electric field closer to the interface; however, this is offset by the 

overestimation of the barrier height, which is assumed to be of infinite height, in the triangular 

well approximation when in actuality the barrier is significantly smaller.   

For bulk Ge, the heavy hole effective mass is 0.33me, and the light hole effective mass is 

0.043me.  For the 2D hole gas in the interface region of the core shell nanowire, the heavy hole 

transvers effective mass is 0.0568me, and the light hole transverse effective mass is 0.1099me. 



When comparing the two valence band curvatures, the heavy hole band in the nanowire case has 

significantly more curvature than the heavy hole band in the bulk case, and the light hole bands 

have comparable curvature in both cases  The much greater curvature would indicate a higher 

number of occupied and unoccupied states for carrier transitions to occur.  Based on a carrier 

concentration of 2×10
18

 cm
-3

, the sheet density for the 2DHG at the nanowire interface would be 

1.59×10
12

 cm
-2

, which would only fill the first heavy hole subband of the valence band. The 

Fermi level is then below the top of the valence band, which allows intervalence-band transitions 

to occur between the subbands.
2
 

 

SF4. Four point electrical measurements used to determine nanowire carrier density. 

As stated in the main text, electrical measurements were performed on a back-gated four-point 

device with 54 nm SiO2 dielectric and boron implanted regions under Ni contacts with a device 

channel length of 1100nm, Ge core diameter of 42nm, and Si0.5Ge0.5 shell thickness of 5nm. 

 

 

 

  



Section S3: Strain Calculations  

The calculated Raman shift due to strain was determined by solving the secular equation 

obtained from lattice dynamical theory:
3
 

  

The term p, q, and r are the Ge core phonon deformation potential values, εii indicates the values 

of the strain tensor, and λi are the wavelengths of the Raman modes.  Eq. (1) can be simplified by 

taking into account the form of the strain tensor in the core due to the cylindrical symmetry of 

the NW.  By taking the z-axis to be in the direction of the NW main axis, the [111] direction and 

the x and y axes as the [11̅0] and [112]̅ directions, respectively, the strain tensor is then of the 

form:
4,5

  

 

where the in-plane components 휀𝑥𝑥 and 휀𝑦𝑦 are equal and labeled as 휀𝑟𝑟.  The off-diagonal shear 

components The strain tensor is then converted into a crystal-oriented coordinate system where 

the x’, y’, and z’ axes correspond to the [100], [010], and [001] directions, respectively.  Using 

the following tensor transformation:  

 

where 

 

This results in the following strain tensor: 

      (
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By substituting Eq. (5) into Eq. (1), a nondegenerate singlet mode 𝜆𝑠 = 𝜆1 and a degenerate 

doublet mode 𝜆𝑑 = 𝜆2 = 𝜆3 are obtained:  

𝜆1 = 휀𝑧𝑧 [
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3
𝑝 +
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3
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3
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Using the polarization selection rule:
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𝐼𝑖 ∝ |�⃑� 𝑖𝑛𝑐
𝑇 ∙ 𝑹′

𝑖 ∙ �⃑� 𝑠𝑐𝑎𝑡|
2
,            (7) 

where 

𝑹′
𝑖 = ∑ (�⃑� 𝑗 ∙ �⃑� 𝑖

′)𝑗 𝑹𝑗 ,            (8) 

the relative intensities 𝐼𝑖, can be determined for the three Ge-Ge modes 𝜆𝑖 from Eq. (6).  The 

unstrained phonon wavevectors, �⃑� 𝑗 , are given by �⃑� 1 = [100], �⃑� 2 = [010], and �⃑� 3 = [001].  �⃑� 𝑖
′ 

are the phonon wavevectors under strain, where the values were found through a solution of Eq. 

(1) using a strain tensor of the form of Eq. (2) with arbitrary values for 휀𝑟𝑟 and 휀𝑧𝑧. �⃑� 𝑖𝑛𝑐
𝑇  and 

�⃑� 𝑠𝑐𝑎𝑡 are the polarization vectors of the incident and scattered light, respectively.  𝑹′
𝑖 are the 

Raman tensors of the perturbed system, while 𝑹𝑗 are those of the unstrained cubic system.
7
 After 

calculating the Raman intensities of the three Ge-Ge modes, it was determined that the singlet 

mode had the highest relative intensity and was the one being observed.  The following constants 

were then used to determine the theoretical Raman shift:  

 

 

  

𝑝/𝑤0
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Section S4: Electromagnetic Simulations 

 

SF5. Computational electromagnetic simulations. Shown are results along the center of the 

nanowire in the x-y plane of the electric field density for (a) an electric field polarization of 30° 

in relation to the x-axis and (b) an electric field polarization along the y-axis.  Both simulations 

are performed with the tip within 3 nm of the nanowire. 

S3 shows that when the electric field is polarized along the direction of the nanowire axis, the 

electric field density within the wire is significantly higher than when it is perpendicular to the 

nanowire axis. In the x-polarization case, the polarization is the same as in Figure 4.   

 

SF6. Computational electromagnetic simulations. Spatial cuts along the center of the nanowire in 

the x-y plane of (a) Ex and (b) the electric field density are shown.  Both simulations are 

performed with the tip within 3 nm of the nanowire. 

The features in the spatial field distribution at the interface region are very similar for both the 

electric field component in the x-direction (Ex) and the electric field density plots.  The electric 



field density is defined by: 𝑈𝐸(𝒓
′) =

1

2
𝑅𝑒[휀(𝒓′)]|𝑬(𝒓′)|2.  The qualitative similarity between the 

two plots indicates that Ex is the dominant component in the electric field density, which is why 

Ex is used to calculate the 2D FFTs.   

 

SF7. 2D FFT computations from our spatial electric field simulation data (a) Shows the 

simulation region used to compute the 2D FFTs. Computation results for the cases (b) with no 

tip, (c) with a tip 20 nm from the nanowire, and (d) with a tip 3 nm from the nanowire.   

2D Fast Fourier transforms were performed on spatial electric field computation simulations for 

Ex.  In the case without the tip, the Fourier amplitudes are significantly for all wavevector values, 

when compared to the two cases with the tip.  When comparing the 20 nm and 3 nm cases, the 3 

nm case has higher Fourier amplitudes at all wavevector values.   



Section S5: Raman Shift Analysis 

For heavily p-type Si and Ge, the dominant mechanism that causes the significant red 

shift in the Raman spectra when compared to the intrinsic material is intervalence band carrier 

transitions rather than intravalence band carrier transitions, although both types of transitions 

may occur.
11

  The Raman shift caused by the intervalence band transitions can be described by
12

 

      ħ𝛤(𝜔) = 𝜋 ∫𝜌(ħ𝜔)〈|⟨𝜓𝑖|𝐻|𝜙⟩|2〉𝑎𝑣 𝑑𝑉,                         (9) 

where 𝛤 is the magnitude of the Raman shift, 𝜌(ħ𝜔) is the combined density of states for the 

continuum of intervalence band transitions, 〈|⟨𝜓𝑖|𝐻|𝜙⟩|2〉𝑎𝑣 is the average matrix element of the 

electron-phonon interaction for different symmetry directions, and the integral is computed over 

the nanowire crystal volume.  By assuming the average matrix element is independent of energy 

and by computing the two-band electron-phonon matrix element using the deformation potential 

approximation for 26 directions in k space (6{100}, 8{111}, and 12 {110}), this leads to a value 

given by
12

 

〈|⟨𝜓𝑖|𝐻|𝜙⟩|2〉𝑎𝑣 = 
95

78
(
1

2
𝛿𝐸)

2

,    (10) 

where 𝛿𝐸is the splitting of the top of the valence band produced by the k = 0 optical phonon.  

Assuming 𝛿𝐸 is constant for the excitation volume of the crystal, the splitting for the ground 

state zero-point phonon is given by
12

  

𝛿𝐸 =  (
𝑎3ħ

4𝑀𝑉𝑒𝑥𝛺
)
1/2

2𝑑0

𝑎
(1 + 𝑛𝐵)1/2,     (11) 

where a is the lattice constant, M is the ionic mass, 𝑉𝑒𝑥 is the excitation crystal volume, d0 is the 

deformation potential and nB is the number of phonons which are distributed in energy according 

to the Bose-Einstein distribution, which relates directly to the number of phonons involved in the 

splitting of the top of the valence band.  By assuming both 𝜌(ħ𝜔) is also constant for the 

excitation volume, the expression for Γ is then
12

 

ħ𝛤 =  
𝜋

4
(
95

78
)

ħ𝑎

𝑀𝛺
𝑑0

2𝜌(ħ𝜔)(1 + 𝑛𝐵).    (12) 

To evaluate Γ, a numerical estimate of ρ must be obtained, which can be determined by its value 

at the Fermi energy (µ), by assuming limited variation in 𝜌(ħ𝜔) in the neighborhood of 𝜔 =  𝛺.  

Parabolic bands can be assumed with masses mh and ml for the heavy hole and light hole valence 

bands.  Using these assumptions, the density of states is given by
12

  

𝜌(µ) ≅
3

2

𝛼3/2

(1−𝛼)3/2(1−𝛼3/2)

𝑁ℎ−𝑁𝑙

µ
,    (13) 

where = 𝑚𝑙/𝑚ℎ = 0.22, for  heavy hole and light hole effective masses for Ge calculated using 

the k.p method.    

In the case of the interface region of the nanowire in close proximity to the probe tip, 

additional wavevector values are produced by the changed spatial field distribution.  Additional 

wavevector values relax momentum conservation constraints and results in a greater number of 



phonons involved in the intervalence band transitions.  This now means that instead of just 

taking into account the effect of the k = 0 optical phonon, a distribution of phonons, with the 

maximum centered at k = 0, contribute to the intervalence band carrier transitions.  An increase 

in intervalence band carrier transitions would result in a pronounced increase in the red shift of 

the Raman spectrum.  To quantify this increased change, the value of 𝑛𝐵 must be first 

determined. The value of Γ can be compared to the Raman shifts measured in the case without 

the tip to determine the appropriate value of 𝑛𝐵 that will be used in further calculations.  For a 

Raman shift of ~1.2 cm
-1

, which is the average for our Raman measurements without the tip, we 

obtain a value for  𝑛𝐵 of 0.62.  To incorporate the effect of the tip, an additional distribution 

function representing the distribution of additional phonons allowed by momentum conservation 

relaxation is convoluted with Eq. (12) to represent the distribution of phonons that are now 

allowed instead of just the zone center optical phonon.
13

  This yields an equation for the Raman 

shift given by 

      ħ𝛤 =  
𝜋

4
(
95

78
)

ħ𝑎

𝑀𝛺
𝑑0

2(1 + 𝑛𝐵) ∫ 𝜌(ħ𝜔′)ℎ(ħ𝜔′)𝑑𝜔′,       (14) 

where ℎ(ħ𝜔) is the distribution function for the allowed phonons.  Because 𝜌(ħ𝜔)is very flat 

around 𝜔 =  𝛺,  the value can be taken as a constant with a value determined by Eq. (13).  

Solving the integral for Eq. (14) is now simple and yields: 

ħ𝛤 =  
𝜋

4
(
95

78
)

ħ𝑎

𝑀𝛺
𝑑0

2(1 + 𝑛𝐵) 𝜌(µ)ℎ𝑑,    (15) 

where ℎ𝑑 is the value of the integral of the phonon distribution function.  For a Γ of 4.2 and 8.4 

cm
-1

, the lower and upper bounds for the interface peak Raman shift for 3 nm tapping amplitude 

measurements, the values for ℎ𝑑 are 3.5 and 7.0, respectively.  The average Γ for conventional 

Raman measurements is 1.0, which corresponds to a ℎ𝑑 of 0.83.  If the conventional Raman 

results are used to normalize the distribution function, the resulting full width half maximum 

(FWHM) of ℎ𝑑  for the lower bound and upper bound for 3 nm tapping amplitude measurements 

would be 2.4 cm
-1

 and 4.7 cm
-1

.  In previous results relating optical phonons and acceptor 

continuum states in Si, the FWHM for the phonon distribution was found to be ~15 cm
-1

 which is 

greater but still reasonably close to the values determined in the TERS measurement.
13

 

  



Section S6: Additional Figures 

 

SF8. SEM image of typical Au coated AFM tip used for TERS measurements.   

The image shows a lower magnification image of the tip.  The front angle θ1, side angle θ2, and 

back angle θ3 are 90°, 70°, and 35°, respectively.  These angles come from supplier 

specifications. 

 

SF9. The separation between the core and interface peaks for our three measurement conditions 

with vertically polarized laser excitation.  

Measurements with a vertical polarizer along the excitation laser path show the same trend as 

with previous measurements without the polarizer.  Difference in the precise values of Raman 

peak separation as a function of tip tapping amplitude occur due to variations in tip shape and 

size at the nanoscale, as also seen in Fig. 5c (in the main text).   
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