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Detailed studies of the structural and optical properties of axial silicon-germanium nanowire heter-

ojunctions show that despite the 4.2% lattice mismatch between Si and Ge they can be grown with-

out a significant density of structural defects. The lattice mismatch induced strain is partially

relieved due to spontaneous SiGe intermixing at the heterointerface during growth and lateral

expansion of the Ge segment of the nanowire. The mismatch in Ge and Si coefficients of thermal

expansion and low thermal conductivity of Si/Ge nanowire heterojunctions are proposed to be

responsible for the thermally induced stress detected under intense laser radiation in photolumines-

cence and Raman scattering measurements.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937345]

I. INTRODUCTION

Germanium is a group IV semiconductor with a room

temperature direct bandgap of 0.8 eV (�1.55 lm), and it is

separated by only 0.14 eV from the indirect band gap of

0.66 eV. These properties make Ge one of the most promis-

ing materials for CMOS compatible photonic components

including near-infra-red photodetectors1–4 and, possibly,

lasers5–7 in the important spectral region of 1.3–1.6 lm.

However, it is well known that conventional Ge hetero-

epitaxy on Si is complicated by the 4.2% difference in Ge

and Si lattice constants.8,9 Various techniques for building

quality Si/Ge heterojunctions (HJs) include multi-step

annealing to relax Ge layers and reduce the dislocation den-

sity,10,11 growth of ultra-thin Ge films and superlattices using

Si1�xGex alloy transition layers with graded Ge composition

x,8,11–14 and three-dimensional (3D) growth in the form of

SiGe clusters and cluster multi-layers using the Stranski-

Krastanov (S-K) growth mode.15–18 Another promising

approach is to use one-dimensional (1D) growth in the form

of nanowires (NWs) produced by the vapor-liquid-solid

(VLS) growth mode or similar techniques.19–22 These axial

Si/Ge NW HJs with the heterointerfaces perpendicular to the

NW axes have a reduced heterointerface area compared to

radial or “core-shell” NW HJs, where the Si/Ge heterointer-

faces are parallel to the NW axes.22–24 Since Ge has a larger

lattice constant (5.658 Å) compared to Si (5.431 Å), it was

proposed that in axial Si/Ge NW HJs strain created by the

lattice mismatch between Si and Ge can partially be relieved

at the heterointerfaces by the lateral expansion of a Ge seg-

ment of the NW.25,26 Thus, the fabrication and study of Si/

Ge NW HJs might open interesting opportunities in building

low defect density nanostructures for applications in CMOS

compatible photonic components.

II. EXPERIMENTAL DETAILS

In this study, axial Si/Ge NW HJs are grown using the

VLS technique and Au nanoparticles as a precursor in a

reduced pressure, lamp heated chemical vapor deposition

(CVD) reactor using the following growth steps:27

(1) A thin layer of Au (�2 nm thick) is deposited on a

cleaned, p-type (111) Si substrate with a resistivity of

0.01–0.02 X cm and annealed for 10min at 670 �C at

95 Torr in a H2 ambient to form nanometer-size clusters.

For details, see Ref. 28.

(2) The Si segments of the NWs are grown at 680 �C at

30 Torr using the gaseous precursors SiH4 and HCl in a

H2 ambient. The growth rate for the Si NW segment is

estimated to be close to 100 nm per minute.28

(3) The reactor is cooled to 350 �C at a nominal rate of

75 �C/min with the SiH4-HCI-H2 mixture flowing.

(4) The Ge segments of the NWs are grown at 350 �C and

90 Torr, using GeH4 and HCl as the gaseous precursors

in the H2 ambient. The growth rate for the Ge NW seg-

ment is estimated to be 40 nm per minute.29

(5) To avoid sample oxidation, before samples are exposed

to air the reactor is cooled down to room temperature.

We find that most of the studied Si/Ge NW HJ samples

have a NW diameter ranging from 50 to 130 nm. The

total NW length is 1500–2000 nm with the Ge segment

as long as 500 nm.

Samples are characterized using a JEOL JEM-2100F

field emission source transmission electron microscope

(TEM) operating at 200 kV equipped with an Oxford INCA

energy-dispersive x-ray spectrometer (EDX) with a probe

size of 0.2 nm. Raman scattering measurements are per-

formed using a Jobin Yvon U1000 double-grating, 1 m focal

length monochromator with a thermoelectrically cooled

Hamamatsu R943–02 photomultiplier tube (PMT) and a pho-

ton counting system. The Raman system spectral resolutiona)Electronic mail: tsybesko@njit.edu
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is up to 0.25 cm�1. In order to analyze polarized Raman scat-

tering, a rotating thin-film polarizer has been used. A

continuous-wave (CW) multi-line Arþ laser has been used as

an excitation source with the focused laser spot size of 50 �

50 lm2. The laser light incident angle is close to Brewster’s

angle, and the measured reflection is �3%. In these experi-

ments, the excitation intensity has been varied from 102 to

103W/cm2. Photoluminescence (PL) measurements are per-

formed at normal incidence with a light spot of 50 � 50 lm2

using a single-grating Acton Research 0.5m focal length

monochromator and detected by a Ge photodetector or by a

thermoelectrically cooled InGaAs photomultiplier operating

in the 0.9–1.65 lm spectral region.

III. RESULTS AND DISCUSSION

A. TEM and EDX

Figure 1 shows a moderate resolution TEM image of a

single axial Si/Ge NW HJ with a clearly visible Si/Ge hetero-

interface and smooth NW surface. The diameter of the Si

segment of the NW is �105 nm, and it is nearly constant.

The diameter of the Ge segment of the NW gradually

increases from �105 to 115 nm within �100–150 nm from

the Si/Ge heterointerface and then remains constant. Figure 2

presents a high resolution TEM image of the Si/Ge NW het-

erointerface close to the NW center. The lattice fringe spac-

ing confirms the NW (111) crystallographic direction. The

inset shows the corresponding lattice fringe spacing fast

Fourier transform (FFT) of the marked area (circle) attesting

to the nearly ideal crystallinity of the NW center. Figure 3

shows a high-resolution TEM micrograph of the same Si/Ge

NW heterojunction with focus on the area close to the NW

surface where a �1 nm thick amorphous oxide layer can be

seen (marked by an arrow) and structural imperfections are

confirmed by the FFT analysis (see area marked by circle

and inset). Note that no dislocations are observed in the vi-

cinity of the Si/Ge NW HJ.

Results of compositional EDX microanalysis of the Si/

Ge NW HJs are shown in Fig. 4. Similar results were

obtained from other EDX scans across the heterointerface

near the center and close to the edge of the NW. The Si/Ge

NW HJ is comprised of Si and Ge NW segments with a

clearly observed �8 nm thick SiGe transition layer produced

by spontaneous SiGe intermixing during growth. The EDX

data indicate that a 2 nm thick Si0.8Ge0.2 layer is formed

close to the Si segment of the NW, and this is known to be a

stable SiGe alloy composition produced by spontaneous

intermixing.30,31 This is an interesting observation, because

the Ge segment of the NW is deposited using a relatively

low (350 �C) deposition temperature. Most likely, this SiGe

transition layer is a result of the presence of residual Si

atoms in the eutectic Si-Au alloy after switching to Ge depo-

sition and strain-driven interdiffusion.

FIG. 1. Transmission electron microscope (TEM) image of the axial Si/Ge

nanowire (NW) heterojunction (HJ) showing an abrupt Si/Ge heterointerface

and an increase in the NW diameter from 105 nm in the Si segment to

115 nm in the Ge segment of the NW.

FIG. 2. High-resolution TEM image of the Si/Ge NW HJ interface close to

the NW center with clearly evident (111) lattice fringes. A fast Fourier trans-

form (FFT) of the circle marked area is shown in the inset.

FIG. 3. High-resolution TEM image of the Si/Ge NW HJ interface close to

the NW surface with clearly observed distortion of the lattice fringes and the

corresponding FFT of the circle marked area (inset). An amorphous layer of

�1 nm thickness at the NW surface is indicated by an arrow.

234301-2 Wang et al. J. Appl. Phys. 118, 234301 (2015)
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B. Photoluminescence

Figure 5(a) compares the normalized Si/Ge NW PL

spectra to the c-Si PL spectrum measured at the same

(T¼ 20K) temperature. The Si/Ge NW PL spectra clearly

exhibit at least two peaks. A narrower PL peak at �1.08 eV

(PL1) and a broader PL peak at �1.03 eV (PL2) are clearly

observed, and only a very weak PL signal with photon ener-

gies close to the bulk c-Si transverse optical (TO) PL peak at

1.1–1.15 eV is found at T¼ 20K (marked by an arrow in the

figure). Note that no PL associated with c-Ge at 0.7–0.65 eV

has been detected. The relative intensities and spectral posi-

tions of the two major PL peaks are found to be temperature

dependent (Fig. 5(b)): both PL peaks change their positions

significantly with temperature. The PL1 peak is detectable

even at room temperature and exhibits an asymmetric broad-

ening, which (in agreement with Ref. 32) can be fitted using

Boltzmann thermal broadening on the high photon energy

side of the PL spectrum (not shown). The PL peak position

temperature dependence is unusual and will be discussed

later. Note that a reliable detection of the PL signal at room

temperature requires an excitation intensity of �600W/cm2.

C. Raman scattering

Figure 6(a) shows Raman spectra of Si/Ge NW HJs

measured using argon laser excitation at different wave-

lengths. Under 514.5 nm excitation, we observe three distinct

Raman peaks associated with Si-Si (�520 cm�1), Si-Ge

(�400 cm�1), and Ge-Ge (�300 cm�1) vibrations with the

main Raman peak at 300 cm�1. Using 458 nm excitation, we

find the same peaks but with the main Raman peak at

�520 cm�1. This difference is due to a strong spectral de-

pendence of the Raman scattering cross-section and well-

known Raman resonances in Ge at 2.2–2.5 eV associated

with E1 and E1þD1 optical transition.
33 Note that a peak at

�280 cm�1 is, most likely, an argon plasma line. A Raman

peak at �500 cm�1 is best observed using 458 nm excitation

and is associated with the Si-Si vibration in the presence of a

neighboring Ge atom or Si-Si(Ge).34 The Raman spectra are

also sensitive to the excitation intensity. Figure 6(b) shows

Raman spectra recorded using three different excitation

intensities. As the excitation intensity increases, the major

Raman peak at �520 cm�1 broadens and shifts toward lower

wavenumbers (similar behavior is observed for the Raman

peaks at 400 and 300 cm�1, not shown). However, with

increasing excitation intensity, the Raman peak at 500 cm�1

shifts in the opposite direction. The results of fitting includ-

ing the Raman peak spectral position, full width at half maxi-

mum (FWHM), and ratio of integrated intensities for Raman

peaks at 520 and 500 cm�1 as a function of excitation inten-

sity are shown in Fig. 7. Note that at 458 nm excitation,

102W/cm2 is the minimum excitation intensity allowing the

recording of quality Raman spectra (where reasonable fitting

is possible) and the application of more than 103W/cm2

FIG. 4. Compositional analysis of the NW along the growth direction, show-

ing a spontaneously formed SiGe alloy transition layer at the Si-Ge

interface.

FIG. 5. (a) Comparison of photolumi-

nescence (PL) spectra of the Si/Ge

NW HJs and c-Si. (b) The PL spectra

of the Si/Ge NW HJs at various

(marked) temperatures. The major PL

peak shifts with temperature increase

are indicated by the dashed lines.

234301-3 Wang et al. J. Appl. Phys. 118, 234301 (2015)
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produces irreversible changes in the spectrum, most likely

due to laser damage of the studied samples.

Figure 8 shows the intensity of Raman scattering at

�500 cm�1 as a function of the polarization angle and com-

pares the data with similar measurements using (111)-ori-

ented c-Si. It is clearly observed that at the lowest excitation

intensity, the Raman signal polarization dependence is the

same as for (111) c-Si and Si/Ge NW HJs, which is due to

their (111) crystallographic orientation. However, at higher

excitation intensity, the Raman scattering polarization de-

pendence in Si/Ge NW HJs becomes considerably weaker.

D. Discussion

The VLS growth mode of Si NWs and Si/Ge NW-based

HJs has been intensively investigated.35–38 It was shown that

in lattice-mismatched NW HJs, structural relaxation can be

associated with defects in the form of twin boundaries paral-

lel to the growth axis and directly related to the NW kink-

ing.35 Also, a rough NW surface typically indicates a high

density of surface defects,39 and in many cases the NW di-

ameter continuously decreases producing so-called “tapered”

NWs.40 It was demonstrated that introducing chlorine-

containing species in the gas phase (e.g., SiH4-HCI-H2 and

GeH4 mixed with HCl) greatly inhibits the uncatalyzed ma-

terial deposition rate, thus yielding NWs with a smooth sur-

face and uniform diameter along their entire length.41 These

results explain why in our samples the majority of NWs have

smooth surfaces and nearly constant diameters (except for

the lateral expansion of the Ge segment of the NW HJ).

High-resolution TEM studies, analyses of lattice fringes,

and EDX measurements (Figs. 1–4) indicate that close to the

FIG. 6. (a) Raman spectra of Si/Ge

NW HJs obtained under different

(indicated) excitation wavelengths. (b)

Background-corrected Raman spectra

obtained under 458 nm wavelength ex-

citation and different (indicated) exci-

tation intensities.

FIG. 7. Comparison of the Raman sig-

nals associated with Si-Si and Si-Si(Ge)

vibrations in Si/Ge NW HJs: (a) Raman

peak position, (b) Raman peak full

width at half maximum (FWHM), and

(c) ratio of Si-Si to Si-Si(Ge) Raman

peak integrated intensities as a function

of the 458 nm excitation intensity.

234301-4 Wang et al. J. Appl. Phys. 118, 234301 (2015)
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center of the NW in the vicinity of the Si/Ge HJ the lattice-

mismatch induced strain is partially relaxed via spontaneous

intermixing and the formation of an �8 nm thick SiGe transi-

tion layer. Additional structural relaxation occurs by gradual

(within �100 nm from the Si/Ge heterointerface) lateral

expansion (i.e., increase in diameter) of the Ge segment of

the NW (Fig. 1). Close to the NW surface, we find a distor-

tion in the lattice fringe patterns, which is easily detected by

TEM-based FFT analysis (Fig. 3 inset). These structural

imperfections are located within a 2–3 nm thick interface

layer between the NW core and an oxide layer at the NW

surface, and they are slightly extended (up to 5–6 nm) toward

the NW core in the vicinity of the Si/Ge NW HJs (Fig. 3).

We find that the Si/Ge NW HJs with a diameter approaching

70–100 nm can have a nearly perfect crystalline core and

overall smaller density of structural defects (due to a smaller

surface-to-volume ratio) compared to thinner NWs.

Examination of the spacing between the lattice fringes

in different regions of the central portion of the NW (Fig. 2)

shows that 15–20 nm away from the Si/Ge heterointerface

the lattice constants are similar to those of the respective

bulk materials. Starting at the Si-Ge interface, the lattice

constant increases from that of Si to that of Ge in parallel

with the increase in the Ge concentration, and thus the

lattice-mismatch strain expected between Si and Ge is

largely relieved during growth by the smooth alloy composi-

tion variation in the 8 nm thick transition region (Fig. 4).

We do not find any significant PL at energies close to the

c-Ge energy gap, most likely due to the following reasons.

Both of the Si and Ge segments of the HJs exhibit high crys-

tallinity (Fig. 2) and, therefore, should have reasonably long

carrier diffusion lengths, similar to that in bulk Si and Ge.

Also, both segments are covered by a thin amorphous oxide

layer with visible imperfections near the NW surface (Fig. 3).

Since Si and Ge are both indirect band gap semiconductors

with a long carrier radiative lifetime, excitons/electron-hole

pairs have enough time to diffuse toward the surface and

recombine at surface defect states, mostly non-radiatively.

The GeO2/Ge interface is more defective compared to the

SiO2/Si interface, and thus no PL associated with the pure Ge

segment of the NW is observed.29

In the Si segment of the NW, our TEM studies detect a

15–20 nm long strained Si region close to the Si/Ge NW

hetero-interface. The PL1 peak at 1.08 eV, most likely, is

associated with this strained Si region where the energy gap

is slightly narrower compared to that in c-Si.42 The narrower

energy gap Si region of the NW collects excitons (and/or

electron-hole pairs) quite effectively. This process is even

more efficient at the Si/Ge hetero-interface, where the

�8 nm thick SiGe alloy layer is found. In SiGe alloys and

nanostructures, compositional fluctuation is known to be re-

sponsible for low-temperature exciton localization;43 there-

fore, exciton diffusion toward the surface is suppressed.

Also, SiGe compositional fluctuation is responsible for the

reduction of the exciton radiative lifetime.44 Thus, the low-

temperature PL peak at 1.03 eV (PL2) is attributed to radia-

tive recombination of excitons localized at the �8 nm thick

SiGe NW hetero-interface.27 This conclusion is supported by

the PL2 peak temperature dependence: the PL2 peak disap-

pears at T> 80K, and this is consistent with a less than

10meV SiGe composition-fluctuation-related exciton local-

ization energy.30,31

Considering the PL peak position temperature depend-

ence, the PL peak associated with band-to-band radiative

recombination should follow the energy band gap tempera-

ture dependence EG(T). In bulk c-Si, the PL peak energy

position and line-shape temperature dependencies are

explained by taking into account the exciton binding energy

(Eexc� 10meV), the phonon-assisted nature of the band-to-

band recombination involving mostly TO phonons

(Eph� 60meV) and the temperature dependence of popula-

tion of energy states in the energy bands.32 Thus, the band-

to-band recombination related PL peak photon energy is

EPL¼EG � (EphþEexc), and in bulk c-Si at low temperature

it is close to 1.1 eV. The temperature dependencies of EG(T)

and EPL(T) in c-Si are shown in Fig. 9(a).

In Si/Ge NW HJs, the two major PL peaks exhibit a

very different dependence on temperature. As the tempera-

ture increases, the PL1 peak shows an almost continuous

shift toward higher photon energies (Fig. 9(a)), and above

170K it crosses the expected bulk c-Si PL peak position.

Assuming that this PL is associated with band-to-band

recombination within the Si NW segment, this behavior

indicates the presence of significant thermal stress. Note that

at elevated temperatures (T> 250K), the PL intensity

decreases significantly. Thus, the PL measurements require a

high (� 600 W/cm2) excitation intensity, and laser induced

NW heating takes place, which is discussed below). Also, at

elevated temperatures, a broad and weak PL peak appears at

1.2–1.25 eV, which is most likely associated with NW sur-

face defects, and it becomes comparable in intensity with the

PL1 peak (see the PL spectrum at 300K in Fig. 5(b)).

We find that the PL2 peak (presumably associated with

the NW Si/Ge interface region) follows the direction of the

Si coefficient of thermal expansion (CTE) temperature de-

pendence. As temperature increases from 20 to 60K, the Si

CTE first decreases and then increases with a minimum

around 70K,45 while the Ge CTE monotonically increases

FIG. 8. Raman signal polarization dependence in (111) c-Si and Si/Ge NW

HJs under different (indicated) excitation intensities. The dashed lines are

fits to the experimental points.

234301-5 Wang et al. J. Appl. Phys. 118, 234301 (2015)
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(Fig. 9(b)). We believe that the PL2 peak position is affected

by temperature dependent strain in Si/Ge NW HJs due to

the large difference in the Si and Ge CTE temperature

dependencies.27

On considering the Raman measurements, we anticipate

that under the applied laser excitation intensity of 102–103W/

cm2 the sample temperature increases, and such temperature

increase can be detected by monitoring the Raman peak

wavenumber and FWHM temperature dependencies.46,47

Generally, as temperature increases, the Raman peak shifts

toward lower wavenumber due to thermal expansion and

changes in the self-energy of the vibrational mode.46 At the

same time, the Raman peak FWHM increases, mainly due to

energy relaxation processes (i.e., the decay of the Raman pho-

non into various optical/acoustical phonons, etc.).47 Thus, by

knowing the initial (room temperature) Raman peak wave-

number/FWHM and their temperature dependencies,46,47 one

can accurately calculate the sample temperature by measuring

the shift and broadening of the Raman spectra.

Figure 10 compares the Si-Si Raman peak position and

FWHM in Si/Ge NW HJs with the theoretically predicted

and experimentally confirmed temperature dependencies

of that in bulk c-Si.46,47 The Si-Si Raman peak position in

Si/Ge NW HJs is in full agreement with the bulk c-Si

Raman temperature dependence calculated by using Ref. 46

(Fig. 10(a)), and under 700W/cm2 excitation the sample

temperature is estimated to be �410K. This significant laser

heating of our samples is due to a reduced thermal conduc-

tivity of the Si/Ge NW HJs compared to that in c-Si.48

The Si-Si Raman peak FWHM temperature dependence

in Si/Ge NW HJs follows that in bulk c-Si47 but with an

almost four times greater value (Fig. 10(b)). The initial

broadening of the Si-Si Raman peak in Si/Ge NW HJs can

be attributed to a non-uniform strain, which is also expected

FIG. 9. (a) Temperature dependencies

of c-Si energy gap, c-Si PL peak posi-

tion, and PL1 peak position in Si/Ge

W HJs. (b) Comparison of the temper-

ature dependences of the coefficient of

thermal expansion (CTE) in c-Si and

c-Ge and the PL2 peak position in Si/

Ge NW HJs. Note that the experimen-

tally measured temperature is the sam-

ple holder temperature.

FIG. 10. Measured temperature depend-

encies of (a) the Si-Si Raman peak posi-

tion and (b) the Si-Si Raman peak

FWHM in Si/Ge HW HJs (squares)

compared with that of c-Si (solid lines).
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to reduce the sample thermal conductivity. Also, the reduced

ratio of Si-Si to Si-Si (Ge) Raman peak intensities under

higher laser intensity (Fig. 7(c)) is consistent with the

assumption that at higher temperature light absorption in Si/

Ge NW HJs increases and a smaller number of photons reach

the c-Si substrate.

While the Si-Si Raman peak shift toward lower wave-

numbers in Si/Ge NW HJs under increasing laser excitation is

explained by the sample temperature increase due to absorp-

tion of the intense laser radiation, the Si-Si(Ge) Raman peak

under the same conditions shifts in the opposite direction

(Fig. 7(a)). Figure 11(a) compares the experimental Raman

spectrum with the Raman spectrum simulated under the

assumption that both Si-Si and Si-Si(Ge) Raman peaks due to

the temperature increase should shift toward lower wavenum-

bers. The discrepancy in the simulated (Fig. 11(a)) and exper-

imentally (Fig. 11(b)) observed positions of the Si-Si(Ge)

Raman peak is �15 cm�1, and it can be associated with a

considerable laser heating induced thermal stress of the order

of 2–3 GPa.49,50 Stress is known to affect the Raman polariza-

tion dependence in Si/SiGe nanostructures,51 and this notion

explains the experimental data shown in Fig. 8. Also, assum-

ing that the PL1 feature is attributed to band-to-band radiative

carrier recombination in the Si segment close to the Si/Ge

NW HJ, the estimated value of stress (2–3GPa) is consistent

with the compressive stress required to shift the PL1 peak to-

ward higher photon energy by �60meV. Note that at room

temperature the PL measurements were performed using an

excitation intensity approaching 600W/cm2.

Under 600–700W/cm2 intensity of laser excitation, the

sample temperature increase of DT� 110K is quite large.

Most of the 458 nm laser radiation is absorbed by the top

(Ge) segment of the Si/Ge NW HJs, and heat flow is directed

toward the c-Si substrate, which can be considered as a heat

sink. The Si and Ge segments of the Si/Ge NW HJs are at

least 500 nm long and the SiGe interface alloy layer is only

8 nm thick, but the difference in their thermal conductivity

could be more than 50 times;48 thus, all segments of the NW

(Ge, Si, and SiGe) contribute to the overall thermal conduc-

tivity and the observed temperature increase. Using bulk c-

Si, c-Ge, and SiGe alloy parameters (e.g., CTE, Young’s

modulus, etc.), the estimated thermal stress at the Si/Ge het-

erointerface, due to the mismatch in Si and Ge CTEs, is

�0.5GPa. The discrepancy thus found compared with the

number determined above (2–3GPa) can be explained by

assuming that laser induced heating also slightly bends

NWs, possibly due to a non-uniform heat flow, and it creates

additional stress in the vicinity of the Si/Ge HJ where the

large mismatch in thermal expansion takes place.

IV. CONCLUSION

In conclusion, we have demonstrated that axial Si/Ge

NW HJs with quality core crystallinity can be fabricated

using Au-catalyzed VLS growth. Spontaneous intermixing at

the Si/Ge heterointerface and lateral expansion of the Ge

segment of the nanowire partially relieves the lattice mis-

match induced strain. With a Si/Ge NW diameter in the

range 70–120 nm, surface-related structural defects and

imperfections do not fully control carrier recombination in

the Si/Ge NW HJs, and the PL signal associated with band-

to-band electron-hole recombination at the Si/Ge NW HJ has

been measured and attributed to the SiGe alloy composition

revealed by EDX. The PL associated with the Si segment of

the Si/Ge NW HJ exhibits a peak shift toward higher photon

energy as the temperature increases from 20K to above

room temperature, indicating compressive stress due to the

mismatch in Si and Ge CTEs and, possibly, NW bending.

Raman scattering measurements performed under laser exci-

tation varying from 100 to 700W/cm2 clearly show that Si/

Ge NW temperature can increase by as much as 110K. This

temperature increase produces an unexpected shift of the

Raman peak associated with Si-Si(Ge) vibration mode to-

ward higher wavenumbers indicating strong (2–3GPa)

FIG. 11. (a) Comparison of the calcu-

lated (solid line) and measured (points)

Raman spectrum of Si/Ge NW HJs

under an excitation intensity of 700W/

cm2. (b) The curve-resolved (dashed

lines) experimental Raman spectrum

of Si/Ge NW HJs. Raman peaks asso-

ciated with Si-Si and Si-Si(Ge) vibra-

tions are marked.
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compressive strain. This conclusion is supported by the

Raman polarization dependence in Si/Ge axial NW HJs.
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