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Abstract 
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The synthesis of III-V nanowires and pillar-structures on silicon is a promising approach for 
realizing low cost, large scale III-V photovoltaics.  However, performances of III-V nanowire solar 
cells have not yet been as good as their bulk counterparts, as nanostructured light absorbers are 
fundamentally challenged by enhanced minority carriers surface recombination rates. The 
resulting nonradiative losses lead to significant reductions in the quantum yield for external 
spontaneous emission, which, in turn, manifest as penalties in the open-circuit voltage. In this 
work, calibrated photoluminescence measurements are utilized to construct equivalent 
voltage/current characteristics relating illumination intensities to Fermi-level splitting ΔF inside 
InP microillars. Fermi-level splitting is a good indicator of what voltage can be achieved in a given 
material. Under 1-sun, we show that splitting can be close to ΔF~0.89eV in undoped pillars. 
Several strategies to increase the external quantum yield are tested. By cleaning pillar surfaces in 
acidic etchants the splitting can be increased to ΔF~0.96 eV. Pillars with nano-textured surfaces 
can yield splitting of ΔF~0.92 eV. Finally, by introducing n-dopants, ΔF greater than 1eV can be 
achieved, which is due to larger a wider bandgap energy in n-doped Wurzite InP, the increaesed 
brightness of doped materials, as well as the extraordinarily low surface recombination velocity of 
InP. These results provide further evidence that InP micropillars on silicon could be a promising 
material for low-cost, large scale solar cells with high efficiency. Furthermore, strategies for 
mitigating shunt-path formation in pillar devices have been studied; during the growth of pn-
junctions care has to be taken that the core-shell growth mode of the micropillars will not result in 
a pn-junction where both sides of the junction will be in direct contact with the substrate. It was 
found that regrowth can be used to prevent such shunt paths between the substrate and the shell of 
the pillars. Under monochromatic illumination equivalent to 1 sun, open-circuit voltages of larger 
than 0.604 V could be achieved, which is compares well to other state-of the art results for III-V 
nanowire solar cells. The discrepancy between the achieved open-circuit voltage and the results 
from the contactless I-V measurements is explained with unoptimized device design. For further 
improvement it could be necessary to bury the pn-junction inside higher bandgap materials, and to 
use n-doped InP material as the light absorber. 
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Akin to Moore's law in the IC industry, it is believed that next-generation optical components will 
become more and more integrated onto chips, and perhaps even become integrated with silicon 
CMOS-electronics. The core-shell growth mode allows for the synthesis of single-crystalline III-
V pillar-structures on silicon substrates, offering a pathway for monolithic, CMOS-compatible on-
chip integration of active optical components. The viability of the pillar approach has been 
previously underlined by demonstration of lasers, light emitting diodes, and avalanche-photo-
detectors. In this work, the modes of nanopillar lasers are studied in detail; it was found that modes 
with high azimuthal quantum numbers can exhibit quality factors of the order of 102, which is 
sufficiently high to achieve lasing at room temperature under pulsed optical pumping. Continuous-
wave operation of optically pumped lasers could be demonstrated at 4K temperature as well. The 
radiation pattern of lasing modes are observed in experiments, and in combination with 
polarization measurements and Finite-Difference Time-Domain (FDTD) simulations all quantum 
numbers of the modes could be identified. Strategies to enhance the quality factor for modes with 
low azimuthal quantum numbers are discussed as well. 
 
The atomically sharp tips makes nanoneedles attractive for applications requiring electric field 
enhancements such as Surface-Enhanced Raman Scattering (SERS). The possibility of using the 
nanoneedle structure for Superfocusing was studied in simulations. In FDTD simulations it was 
found that the needles could allow for electric intensity enhancements of the order of 106, showing 
that nanoneedles could be a promising structure for delivering optical power to nanoscale 
dimensions. 
 
Due to the Wurtzite crystal structure nanoneedles exhibit selection rules for nonlinear light 
generation that are different from selection rules of bulk III-V materials, which exhibit the more 
common Zincblende phase. Polarization measurements were performed to confirm the Wurtzite 
selection rules in the pillar material. Potential applications for nonlinear light generation using 
nanoneedles could be in imaging. Another nanophotonic structure attractive for nonlinear optics 
are high-contrast gratings. In this work, second harmonic generation from AlGaAs near-
wavelength high-contrast gratings was studied in polarization-dependent reflection measurements. 
The grating design was found to be critical in determining the strength and polarization 
dependence of the second harmonic signal. The second harmonic response was enhanced by more 
than 3 orders of magnitude compared to flat AlGaAs surfaces without gratings. These 
enhancements are due to the diffractive nature of the gratings, specifically their ability to change 
the direction of light waves. 
 
 
 
 
 
 
 
 
 
 
 
 



 

i 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

to Mẹ and Ba 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

ii 
 

Table of Contents 
 
 
List of Figures ............................................................................................................................ iv 
List of Tables ............................................................................................................................ xv 

Preamble ................................................................................................................................. xvi 

Acknowledgements ...............................................................................................................xviii 

Chapter 1: Background: Nanoneedle Structures and Growth on Silicon ............................... 1 
1.1 NANONEEDLES/ NANOPILLARS/ MICROPILLARS ......................................................... 1 
     1.1.1 CORE SHELL GROWTH MODE .......................................................................................... 1 
     1.1.2 STRUCTURAL PROPERTIES ............................................................................................. 3 
1.2 GROWTH ON SILICON .................................................................................................. 4 
     1.2.1 GROWTH USING MECHANICAL ROUGHENING................................................................... 4 
     1.2.2 GROWTH USING WET-CHEMICAL ROUGHENING ............................................................... 5 
     1.2.3 SITE-CONTROLLED-GROWTH ......................................................................................... 7 

Chapter 2: Micropillar Light Absorbers for Large Scale III-V Photovoltaics ....................... 8 
2.1 MOTIVATION AND PERFORMANCE BENCHMARKS ....................................................... 8 
2.2 POTENTIAL FOR HIGH OPEN-CIRCUIT VOLTAGES ...................................................... 9 
     2.2.1 EXTERNAL QUANTUM YIELD AND VOLTAGE PENALTY ..................................................... 9 
     2.2.2 MATERIALS CHOICE: INP VERSUS (IN)GAAS................................................................... 14 
     2.2.3 CONTACTLESS V-I CHARACTERISTICS .......................................................................... 17 
     2.2.4 LIFETIME, SURFACE RECOMBINATION VELOCITY, AND BULK DEFECTS ........................... 26 
2.3 LIGHT ABSORPTION .................................................................................................. 31 
     2.3.1 ACHIEVING HIGH GROWTH DENSITIES........................................................................... 31 
     2.3.2 LIGHT ABSORPTION IN NANOPILLAR FORESTS ............................................................... 34 
2.4 MICROPILLAR SOLAR CELL DEVICES ....................................................................... 38 
     2.4.1   LEAKAGE PATH DUE TO CORE-SHELL GROWTH .............................................................. 38 
     2.4.2   SHUNT PATH REMOVAL BY ETCHING OF PILLAR SHELLS ................................................. 40 
     2.4.3   SELECTIVE ETCH OF POLYCRYSTALLINE DEPOSIT .......................................................... 41 
     2.4.4   PN-JUNCTION FORMATION USING REGROWTH................................................................ 43 

Chapter 3: Nanoneedles for Superfocusing of Light and Second Harmonic Generation .... 49 
3.1 NANONEEDLES FOR SUPERFOCUSING ........................................................................ 49 
     3.1.1 PLASMONICS: THE BENEFIT OF LARGE WAVEVECTORS ................................................. 49 
     3.1.2 SUPERFOCUSING FOR E-FIELD ENHANCEMENTS............................................................. 51 
3.2 NANONEEDLES FOR SECOND HARMONIC GENERATION ............................................ 59 
     3.2.1 POLARIZATION DEPENDENT SECOND HARMONIC GENERATION IN NEEDLES .................... 59 
     3.2.2 PHASE ENGINEERING USING HIGH CONTRAST GRATINGS: BENEFIT OF TOP-DOWN       
                    APPROACHES IN NANOPHOTONICS ................................................................................ 62 

Chapter 4: Nanopillars for Optical On-Chip Communication ............................................. 69 
4.1 3D WHISPERING GALLERY MODES IN NANOPILLARS ............................................... 69 
     4.1.1 CHARACTERISTICS OF 3D WHISPERING GALLERY MODES IN NANOPILLARS .................... 69 
     4.1.2 RADIATION PATTERN OF LASING MODES ....................................................................... 82 
     4.1.3 NANOLASER COMPATIBILITY WITH CMOS-TRANSISTORS ............................................... 90 



 

iii 
 

     4.1.4 CONTINIOUS WAVE PUMPING OF NANONEEDLE LASERS ................................................. 91 
 
4.2 TOWARDS LASING WITH LOW-ORDER MODES OR: HOW TO IMPROVE THE BOTTOM   
                     MIRROR .................................................................................................................... 95 
     4.2.1 CUT-OFF MIRROR ........................................................................................................ 95 
     4.2.2 SILICON-ON-INSULATOR SUBSTRATE AS MIRROR .......................................................... 98 
      4.2.3 ETCHED DISTRIBUTED BRAGG REFLECTOR .................................................................. 100 

Chapter 5: Summary, Conclusions, Outlook ....................................................................... 101 

Appendix: .............................................................................................................................. 104 
A.1 DERIVING THE PUMP POWER DEPENDENCE OF RAMAN SCATTERING .................... 104 
A.2 CALCULATION OF THRESHOLD MATERIALS GAIN FROM QUALITY FACTOR .......... 105 
A.3 RELATING FERMI-SPLITTING TO SPONTANESOUS EMISSION COUNT RATES .......... 107 
A.4 CALCULATION OF ABSORPTIVITY OF MICROPILLAR .............................................. 110 

References.............................................................................................................................. 111 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

iv 
 

List of Figures 
 
 
Fig. 1.1.1.1: (a) Dependence of structure shape on growth time. The structure evolves from a 
needle shaped structure to a pillar with flat top. (b) Schematic of core-shell growth mode. (c) Base 
radius in dependence of growth time. (d) The length of the structures initially scales with the 
growth time. For diameters larger than ~400nm the length tends to saturate as the vertical growth 
stops. ........................................................................................................................................... 2 
 
Fig. 1.1.1.2:  (a-b) TEM images of interface between InGaAs core and GaAs shell with 2% lattice 
mismatch. (a) Low Magnification. (b) Higher magnification. (c) Diffraction pattern showing 
Wurtzite structure of pillars. ........................................................................................................ 3 
 
Fig. 1.1.2.1: (a) TEM image of nanoneedle tip. A circle with 3 nm radius is indicated in the figure. 
A native oxide layer surrounding the pillar is visible as well. (a)TEM image showing InP pillar on 
Silicon. Stacking faults are visible as horizontal lines. (c) Zoomed in view of interface between 
Silicon (lower half of image), and InP pillar (upper half of image). ............................................. 4 
 
Fig. 1.2.1.1: (a) Zoomed-out view of nanoneedles growing within scratched region of a (111) 
Silicon substrate. Upright standing needles are seen as bright white dots. (b) Tilt view of 
nanopillars on (111) Silicon surface. ........................................................................................... 4 
 
Fig. 1.2.2.1: (a) Close up view of base of InP pillar. One can see the roughened surface of the (111) 
silicon substrate. The inset shows the whole nanoneedle. (b) Zoomed-out view of needles growing 
in silicon trenches in between SiO2 patches. The inset shows a schematic of the substrate. .......... 5 
 
Fig. 1.2.2.2 (a) Schematic showing the possible growth directions of the InP pillars on (111) silicon 
surfaces. (b) SEM showing how needles follow the <111> directions on silicon. ......................... 6 
 
Fig. 1.2.2.3 (a) SEM showing indium clusters on SiO2 patch. (b) EDS data of polycrystalline InP 
islands that is often found on uncovered silicon areas after InP pillar growth. Both, phosphor and 
indium can be detected, confirming the material of those islands is InP. (c) EDS data of indium 
cluster. One can see that the ball contains indium, but no phosphor. The inset indicates where the 
EDS data-sets for (b) and (c) were taken. .................................................................................... 6 
 
Fig. 1.2.3.1: (a) SiO2 mask on Silicon substrate. (b) Site controlled growth with 10 µm pitch and 
over 50% yield. ........................................................................................................................... 7 
 
Fig. 2.2.1.1: External quantum yield in % (black) and resulting voltage penalty (blue) versus the 
internal quantum yield. .............................................................................................................. 12 
 
Fig. 2.2.1.2: Nonradiative lifetimes for different surface recombination velocities. Bulk 
recombination is assumed to be negligible. The radiative lifetimes of GaAs material is indicated 
in broken lines for different doping concentrations. ................................................................... 13 
 



 

v 
 

Fig. 2.2.1.3: Internal quantum yield as a function of needle diameter for different surface 
recombination velocities. The radiative lifetime was taken to be ~1.5 ns, which is the expected 
radiative lifetime for a doping concentration of 5E17cm-1. ........................................................ 14 
 
Fig. 2.2.2.1: Photoluminescence intensity (x-axis) versus illumination intensity (y-axis) taken at 
4k temperature. A red cw-laser diode was used as the pump source. The data was obtained from a 
bare InGaAs needle as well as from InGaP needles with different cladding layers. (Courtesy of 
Hao Sun.) .................................................................................................................................. 15 
 
Fig. 2.2.2.2: Photoluminescence intensity (x-axis) versus illumination intensity (y-axis). A red cw-
laser diode was used as the pump source. The pillar with InGaAs core and InGaP cladding was 
measured at 4K. The data from the InP needle was obtained at room temperature. .................... 15 
 
Fig. 2.2.2.3: Schematic showing explanation why intrinsic defects tend to have energy levels near 
midgap in Silicon. ..................................................................................................................... 16 
 
Fig. 2.2.2.4: Schematic showing explanation why in compound materials intrinsic defects tend to 
have energy levels that are either near the conduction bandegde or valence bandedge. .............. 17 
 
Fig. 2.2.3.1: (a) Schematic of micropillars on (111) silicon substrate showing the possible growth 
directions. (b) Close up image of as-grown InP micropillar. (c) Top view SEM of InP micropillars 
grown on (111)-Si.  The InP micropillars are aligned upright (shown as bright white dots) and in 
three other degenerate directions shown on the figure. (d) TEM diffraction pattern  of InP 
micropillar showing Wurtzite crystal structure. The image was taken along the a-axis of the crystal. 
The clearly defined diffraction spots indicate a very high crystal quality.  The 1-100 and 0002 
diffraction spots are indexed in the image. (e) TEM image of InP micropillar taken from the main 
body of the pillar. ...................................................................................................................... 18 
 
Fig. 2.2.3.2: (a) PL spectrum from single pillar under illumination intensity equivalent to 1 sun. 
(b) Schematic depiction of the two transitions (at 1.42eV and 1.46 eV) of Wurtzite InP that are 
visible in the luminescence spectrum. ........................................................................................ 19 
 
Fig. 2.2.3.3: Equivalent V-I curve of undoped InP micropillar A. The trace A(ηi~1) was obtained 
at 4K when the internal quantum yield is near unity. ................................................................. 21 
 
Fig. 2.2.3.4: (a) Equivalent V-I characteristics of single, (NH4)2S2 treated InP micropillar (trace 
B). For comparison, the characteristics of the untreated, as-grown pillar shown in Fig. 2.2.3.3 are 
also shown here (traces A). (b) Equivalent V-I characteristics of single, HCl treated InP micropillar 
(trace B). For comparison, the characteristics of the untreated, as-grown pillar shown in Fig. 2.2.3.3 
are also shown here (traces A). .................................................................................................. 22 
 
Fig. 2.2.3.5: (a) Spectra of undoped (blue line) and n-doped (red line) pillars under 1 sun 
illumination condition. (b) Comparisons of contactless I-V characteristics of undoped micropillar 
(traces A) and doped micropillar (trace B). ................................................................................ 23 
 



 

vi 
 

Fig. 2.2.3.6: Contactless V-I characteristics of p-doped pillars in comparison with data obtained 
from an n-doped pillar at 4K. The relative doping concentration is indicated in the labels. ........ 24 
 
Fig. 2.2.3.7: (a-b) SEM images of flower-shaped pillar with close up view shown in (b). (c) 
Comparisons of contactless I-V characteristics of a regular pillar (traces A) and a flower-shaped 
pillar (trace B). .......................................................................................................................... 25 
 
Fig. 2.2.4.1: (a) Measured lifetime τ (squares), radiative lifetime τrad (circles), and nonradiative 
lifetime τnr (triangles) in dependence of average illumination intensity. τrad  and τnr were calculated 
using Eqs. 2.2.4.1-2.2.4.2. The inset shows the TRPL trace of the measured lifetime obtained at 
4·104 sun average illumination intensity. (b) Light-light curves obtained from same pillar from 
which data shown in (a) was obtained. Using this data the internal quantum yield at various 
illumination levels could be determined. ................................................................................... 26 
 
Fig. 2.2.4.2: Schematic showing random structure with surface C. It is assumed that inside the 
structure the (injected) carrier concentration is constant. Outside the boundaries of the structure 
the carrier concentration is assumed to be zero. ......................................................................... 28 
 
Fig. 2.2.4.3: Schematic showing how stacking faults in Wurtzite crystals lead to polytypism. ... 29 
 
Fig. 2.2.4.4: Schematic Type II band alignment of Wurtzite InP and Zincblende InP. Bandoffsets 
are from ref. [90] (b) TEM image showing Zincblende inclusions forming type II quantum well in 
Wurtzite InP material. The Zincblende inclusions are marked with arrows (red). ....................... 30 
 
Fig. 2.2.4.5: (a) Low temperature spectra at different pump power levels. (The illumination power 
is given in µW. (b) Room temperature spectra at different pump power levels. (The illumination 
power is given in µW. ............................................................................................................... 30 
 
Fig. 2.2.4.6: (a) Room temperature spectra taken before and after exposure to illumination 
intensities equivalent to ~40K suns. The spectra were taken at 1 sun. After exposure the overall 
photoluminescence intensity dropped and the side shoulder due to the second Wurtzite transition 
at 1.46 eV became less pronounced. .......................................................................................... 31 
 
Fig. 2.3.1.1: (a) Close up SEM view of nanopillar grass. (b) Zoomed out view showing the high 
density region in the mechanically roughened area on the growth substrate. .............................. 32 
 
Fig. 2.3.1.2: (a) SEM showing needles grown on (111) Silicon substrate roughened in TMAH. The 
sample contains SiO2 patches which are critical for needle nucleation. The inset shows a zoomed 
in view. The needle density can reach 4·106 pillars per cm2, which translates to a volume fill ratio 
~ 9%. ........................................................................................................................................ 32 
 
Fig. 2.3.1.3: (a) SEM showing needles grown on (111) Silicon substrate roughened in TMAH. The 
needles grow in trenches surrounded by SiO2 patches as described in section 1.2.2. The needle 
density is high across a whole 2 inch wafer. .............................................................................. 33 
 



 

vii 
 

Fig. 2.3.1.4: (a) SEM image of a site-controlled growth grid of pillars. The volume fill ratio can 
be as high as 12.4%. (b) A close-up view of the nanopillar array. While most pillars grow in vertical 
directions (which is the (111) substrate direction) some pillars grow along other of the degenerate 
[111] directions. ........................................................................................................................ 34 
 
Fig. 2.3.2.1: (a) Schematic showing simulation setup the needle ensemble is placed on top of a 
perfect reflector. The ensemble is immersed in glass.  (b) Simulation data (*) showing the 
absorption near the bandedge of Zincblende-InP. For comparison, the Lambertian limit for a InP 
material with 1.5 µm thickness is shown as well. (Simulation data courtesy of Greggory Scranton.)
 ................................................................................................................................................. 35 
 
Fig. 2.3.2.2: (a) SEM image showing nanopillar grass. The grass was grown on a silane-based 
polysilicon surface. The polysilicon was mechanically scratched. The pillar forest grows within 
the scratched region. (b) Optical image showing nanoneedle grass removed from substrate and 
immersed in Polydimethylsiloxane (PDMS). The susbtrate was removed in XeF2. The width of the 
grass region is around 150 µm. .................................................................................................. 35 
 
Fig. 2.3.2.3: Schematic of absorption measurement. The pillar grass sample, which has been 
immersed in PDMS, is placed on an UV-enhanced Aluminum mirror. ...................................... 36 
 
Fig. 2.3.2.4: Fig. 2.3.2.4: (a) Traces showing the reflected power from the reference sample for 
100% reflectivity (trace A), the nanopillar forest (trace B), and the reference sample for 0% 
reflectivity (trace C). (b) Traces showing the reflected power from the nanopillar forest and the 
100% reflection reference after subtraction of the trace obtained from the 0% reflection reference 
sample. (c) Absorption spectrum of the nanopillar forest. (d) Normalized spectrum of sun at AM 
1.5 condition. ............................................................................................................................ 37 
 
Fig. 2.4.1.1: (a) Schematic showing shunt-path formation in (In)GaAs pillars. The shunt paths are 
indicated by white arrows. (b) Schematic showing shunt-path formation in InP pillars. The shunt 
paths are indicated by white arrows. .......................................................................................... 38 
 
Fig. 2.4.1.2: (a) Schematic showing structure of InP pillar device. The base of the pillar as well as 
the silicon are covered with ~200 nm SiO2 for isolation. The pillar top is contacted with Ti (20nm)/ 
Au (100 nm) metallization. The metal was evaporated from a 45° degree angle such that half of 
the pillar is not covered by metal and exposed. The backside contact is Ti (20nm)/ Au (150nm)    
(b) SEM showing zoomed-in image of fabricated pillar device.  (c) SEM showing zoomed-out 
image of a device. (d) I-V characteristics (- in dark condition -) of 3 devices. ............................ 39 
 
Fig. 2.4.2.1: Schematics showing how base of pillar is etched into. First, e-beam lithography (and 
subsequent metal deposition) is used to define alignment markers. Then, the whole sample is 
covered in ~200m SiO2. In the next step photoresist is spun onto the sample. O2 plasma is then 
used to ash the resist back until the pillar tops become exposed. The oxide on top of the pillars is 
then removed in buffered oxide etch (BOE). Then, E-beam lithography is used to mask the pillar 
tops in (negative) e-beam resist. (It is important to remove the oxide on the pillar tops prior 
masking the pillars in (negative) e-beam resist, so that good adhesion between the mask and the 
pillar can be ensured.)  The oxide at the base of the pillar is subsequently removed. Then, the 



 

viii 
 

sample is dipped into Piranha etch to etch into the shell of the pillar. The etching time must be 
long enough such that the p-shell (n-shell) is thoroughly removed at the base, yet short enough in 
order minimize etching into the n-core (p-core). Finally, the e-beam resist and remaining oxide 
can be removed in acetone......................................................................................................... 40 
 
Fig. 2.4.1.3: (a-c) SEM images of single In0.22Ga0.78As pillar devices fabricated with e-beam 
lithography. (d) I-V characteristics from several devices under dark conditions. (e) IV-
characteristics of single pillar under different illumination powers. The illumination source was a 
monochromatic laser with wavelength 532nm. .......................................................................... 41 
 
Fig. 2.4.3.1: Schematic showing the idea of using selective etching to remove polycrystalline 
deposit. The outermost shell of the InGaAs needle is covered with a ~25 nm thick layer of InGaP. 
There will also be a ~25 nm thick polycrystalline InGaP layer. However, the polycrystalline layer 
might exhibit pinholes. Then, one could use a selective etchant that etches InGaAs but not InGaP 
to remove the polycrystalline deposit. (b)-(c) SEMs showing sample after selectively etching 
InGaAs in citric acid. The close-up image in (c) shows that the pillar did not get etched. (d-e) I-V 
characteristics (dark) of several single pillar devices fabricated from such etched samples.. ...... 42 
 
Fig. 2.4.4.1: SEMs of pillar before and after regrowth. (a) Pillar before regrowth. (b) Pillar after 
regrowth. (c) Close-up view of pillar after regrowth. ................................................................. 43 
 
Fig. 2.4.4.2: Contactless V-I characteristic of regrown pillar in comparison to characteristic 
obtained from regular pillar without any regrowth. .................................................................... 44 
 
Fig. 2.4.4.3: (a) SEMs of pillar before and after regrowth. (b) Schematic depicting how the SiO2 
coverage leads to a local surplus of Indium material at the pillar top. ........................................ 45 
 
Fig. 2.4.4.4: (a) Schematic showing the revised growth structure. An amorphous Silicon layer is 
covering the SiO2 layer to prevent Indium accumulation at the pillar tip. (b) SEM of needle before 
regrowth. (c) Undoped pillar before and after regrowth. ............................................................ 45 
 
Fig. 2.4.4.5: (a) Schematic showing design of single pillar device using regrowth. (b) I-V 
characteristics in dark and under illumination with a monochromatic (λ=633nm) source at room 
temperature; 1 sun illumination corresponds to 600 W/m2 intensity of red light. ........................ 46 
 
Fig. 2.4.4.6: Contactless V-I measurements at room temperature of micropillar with regrown p-i-
n structure. For comparison, the characteristics of an undoped pillar, an undoped pillars with 
undoped regrown material, as well as isotypic p- and n-type pillars are also shown. .................. 47 
 
Fig. 2.4.4.7: (a) SEM of ensemble pillar device with ~100 needles. (b) I-V charactersitics of 
ensemble device under dark condition and under solar simulator. .............................................. 48 
 
Fig. 3.1.1.1: Schematic showing SPP traveling at air/metal interface. Electric- and magnetic field 
components are indicated. ......................................................................................................... 50 
 



 

ix 
 

Fig. 3.1.2.1: FDTD simulations on gold sphere illuminated with plane wave light polarized along 
the x-direction. (a) Spatial intensity profile through sphere. The intensity normalized to the 
intensity of the illuminating plane wave is indicated by the colorbar. (b) Enhancement (normalized 
to intensity of illuminating plane wave) near surface of sphere as a function of wavelength. ..... 51 
 
Fig. 3.1.2.2: (a) View of modeled structure. The coordinate system is indicated in the schematic. 
The illuminating plane wave travels in y-direction and is polarized parallel to the z-axis. (b) Cross 
sectional view (y-z plane) of simulated structure. The NN is coated with 20nm of gold. (c) Intensity 
profile showing the tip-region of the NN. The colorbar shows the intensity enhancement 
(normalized to the intensity of the illuminating plane wave.) ..................................................... 52 
 
Fig. 3.1.2.3: Schematic of simulation (2D) setup of a silver wedge with grating. The illuminating 
light is polarized along the x-direction, i.e. perpendicular to the grating bars.  ........................... 53 
 
Fig. 3.1.2.4: (a) Intensity profile (Ex - component) near the edge of the wedge, showing intensity 
enhancements (normalized to intensity of illuminating plane wave) of the order of ~103. (b) 
Intensity profile (Ez - component) near the edge of the wedge, showing intensity enhancements 
(normalized to intensity of illuminating plane wave) of the order of ~103. ................................. 53 
 
Fig. 3.1.2.5 Schematic of simulation (2D) setup of a silver wedge with grating. The illuminating 
light is polarized along the x-direction, i.e. perpendicular to the grating bars. ............................ 53 
 
Fig. 3.1.2.6: (a) Intensity profile (Ex-component) near the edge of the wedge, showing intensity 
enhancements (normalized to intensity of illuminating plane wave) of the order of ~102. (b) 
Intensity profile (Ez-component) near the edge of the wedge, showing intensity enhancements 
(normalized to intensity of illuminating plane wave) of the order of ~102. ................................. 54 
 
Fig. 3.1.2.7: Simulation setup of silver coated semiconductor nanoneedle. The mode is excited 
with a doughnut beam as if the beam was focused with an objective with NA=0.,55, Insets show 
the excited SPP mode is shown at 2 different cross sections. ..................................................... 57 
 
Fig. 3.1.2.8 (a): (a) 3D-FDTD simulation results of silver coated nanoneedle excited with doughnut 
beam. At the tip the electric intensity enhancement can achieve factors of 106. (b) Similar 
simulation setup as in (a) but with a more realistic 40 nm tip. .................................................... 58 
 
Fig. 3.2.1.1: Experimental setup. The needle is pumped with a femtosecond laser with a center 
wavelength of around ~800nm. The directions for the c- and a-axes are indicated in the schematic 
as well. ...................................................................................................................................... 60 
 
Fig. 3.2.1.2: SHG signal obtained from single GaAs nanoneedles in dependence of pump intensity 
P. (a) Spectra of second harmonic light at different pump intensities. The pump light has a center 
wavelength near 800 nm. (b) Second harmonic intensity versus pump intensity showing the typical 
quadratic power dependence...................................................................................................... 60 
 



 

x 
 

Fig. 3.2.1.3: SHG signal obtained from single GaAs nanoneedles in dependence of polarization of 
pump light. The data is fitted using equations 3.2.1.1a and 3.2.1.1b (a) SHG polarized parallel to 
c-axis of nanoneedle. (b) SHG polarized perpendicular to c-axis of nanoneedle......................... 62 
 
Fig. 3.2.2.1: (a) SEM image of typical TE-HCG grating. (b) Schematic of experimental setup. .....  
 ................................................................................................................................................. 63 
 
Fig. 3.2.2.2: Reflection spectrum of TM grating calculated using rigorous coupled-wave analysis 
(RCWA). The reflectivity of the grating mirror is larger than 95% from 700nm to 900nm, a range 
of ~200 nm. ............................................................................................................................... 64 
 
Fig. 3.2.2.3: [(a)-(d)] Results from 2D confocal microscopy scans on an TM-grating. The 
polarization of pump (SH signal) is shown by red (blue) arrows. The orientation of the crystal-
axes relative to the grating is indicated as well. The strength of the measured SH signal is shown 
by the colorbar. ......................................................................................................................... 65 
 
Fig. 3.2.2.4: (a) The grating in these experiments are rotated by 45° relative to the crystal axes. 
[(b)-(g)] Results from 2D SHG confocal microscopy. [(b)-(d)] show the results obtained with a 
TE-grating. The results depicted in [(e)-(g)] are obtained with a TM-Grating.  The polarization of 
pump (SH signal) is shown by red (blue) arrows. The orientation of the crystal-axes relative to the 
grating is indicated as well. The strength of the measured SH signal is indicated by the colorbar. 
[(h)-(i)] Calculated E-field intensity profiles; the intensity values (relative to the intensity of the 
impinging plane wave) can be inferred from the colorbar next to (i). The gratings are outlined by 
white broken lines. (h) Intensity profile of the fundamental E-field in TE-grating illuminated by 
TE-polarized plane wave. (i) Intensity profile of the fundamental E-field in TE-grating illuminated 
by TM-polarized plane wave. .................................................................................................... 67 
 
Fig. 4.1.1.1: SEM images of InGaAs pillars on silicon. (a) Needle shaped structures grown on 
polysilicon. (b) Pillar shaped structures grown on (111) silicon. ................................................ 69 
 
Fig. 4.1.1.2: Schematic showing the 2 different classes of modes in circular waveguides. Modes 
consisting of meridional rays, i. e. a family of rays which travel through the axis of the cylinder, 
will have field profiles that only vary along radial directions. Modes consisting of skewed rays 
rays, i. e.  a family of rays which do not  travel through the axis of the cylinder as they propagate, 
will have field profiles that can also vary in azimuthal direction. ............................................... 70 
 
Fig. 4.1.1.3: Electric field profiles of TM01 mode. This mode is radially polarized, and features a 
strong longitudinal electric field component along the propagation direction. ............................ 71 
 
Fig. 4.1.1.4: FDTD Simulation of dielectric micrometer scale cylinder on top of semi-infinite 
substrate. Both, the cylinder and the substrate have a refractive index of 3.5. In the simulation a 
TM81 waveguide mode is launched in the cylinder which subsequently propagates up and down 
and forms Fabry-Perot modes at resonant wavelengths. The spectrum shows the 4 lowest Fabry-
Perot modes. ............................................................................................................................. 71 
 



 

xi 
 

Fig. 4.1.1.5: Schematic depicting the reflection of a helically propagating mode with large 
azimuthal quantum number. ...................................................................................................... 72 
 
Fig. 4.1.1.6: (a) FDTD simulation setup to determine reflection from pillar base. (b) FDTD 
simulation setup to determine reflection from pillar top facet. (c) FDTD simulation data showing 
the reflectivities from the pillar top facet and the pillar base. ..................................................... 73 
 
Fig. 4.1.1.7: (a) effective index of TM81 mode in dependence of wavelength calculated with mode-
solver. (b) Group index calculated from effective index using equation 4.1.1.5. ........................ 74 
 
Fig. 4.1.1.8: (a) Radiation loss of TM81 mode in dependence of wavelength. Curve was obtained 
using Mode Solutions from Lumerical. (b) Zoomed-in view of radiation loss in dependence of 
wavelength. ............................................................................................................................... 75 
 
Fig. 4.1.1.9: Spectra of Fabry-Perot resonances for different cavity lengths L. The quality factors 
for the first order Fabry-Perot mode are Q~2200 for L=2.0 µm, Q~1000 for L=1.5 µm, and Q~380 
for L=1.0 µm............................................................................................................................. 76 
 
Fig. 4.1.1.10: (a) Reflectivities at top and bottom of cavity for 1st order Fabry-Perot mode for 
different cavity lengths. (b) Group indices for 1st order Fabry-Perot modes for different cavity 
lengths. ..................................................................................................................................... 77 
 
Fig. 4.1.1.11: Electric field intensity profile in log-scale for first order Fabry-Perot resonances for 
different cavity lengths. It can be seen that the most of the energy is lost through the pillar base. 
 ................................................................................................................................................. 78 
 
Fig. 4.1.1.12: Effect of taper angle on cavity mode. It can be seen that the larger the taper angle 
gets the larger the blue shifts for the resonance wavelengths become. ........................................ 79 
 
Fig. 4.1.1.13: Effect of taper angle on cavity mode. It can be seen that the larger the taper angle 
the smaller the effective cavity length becomes. This will blue-shift the resonance wavelengths 
which leads to lower quality factors since both, the group index and the reflectivity of the mode at 
the pillar base get smaller. ......................................................................................................... 79 
 
Fig. 4.1.1.14: (a) Schematic showing the backwards tapering near the root of the nanoneedles. (b) 
SEMs of InGaAs nanoneedles showing the backwards tapered portions near the needle roots. The 
shape of the needles is outlined by dashed lines. ........................................................................ 80 
 
Fig. 4.1.1.15: (a) Schematic showing the backwards tapering near the root of the nanoneedles. (b) 
FDTD simulation results showing how the backtapered region can restore the quality factor of the 
cavity. Here L denotes the length by which the backtapered portion of the pillar sticks out. (See 
schematic in (a).)  ...................................................................................................................... 80 
 
Fig. 4.1.1.16: (a) Schematic showing ta hexagonal cavity. (b) FDTD simulation results showing 
leakage of the mode out of the side-walls of the cavity. ............................................................. 81 
 



 

xii 
 

Fig. 4.1.1.17: (a) Schematic showing ta hexagonal cavity. (b) FDTD simulation results showing 
leakage of the mode out of the side-walls of the cavity. ............................................................. 82 
 
Fig. 4.1.1.18: (a) Schematic showing how the mode propagates inside the cavity. (b) FDTD 
simulation results showing field profile (longitudinal cross section) of TE642 mode. The inset 
shows a horizontal cross section of the mode. ............................................................................ 82 
 
Fig. 4.1.2.1: (a) Schematic showing how the nanoneedles are being studied from side-view. The 
needles studied were either grown on the edge of the substrate or they grew slanted on top of the 
wafer. (b) SEM showing slanted needles on the wafer. (c) Schematic showing orientation of 
coordinate system that will be used in this study. ....................................................................... 83 
 
Fig. 4.1.2.2: (a) Lasing spectra of nanoneedle shown in Fig. 4.1.1.17 for different pump power 
levels. (b) Light-Light curve showing a distinctive threshold at 1.5 mW pump power. .............. 84 
 
Fig. 4.1.2.3: (a) Lasing spectrum of single nanoneedle. The side mode suppression ratio is 17 dB. 
The spectrum shows the strong TE-polarization of the emission. (b) Near field mode pattern of 
helically propagating mode, recorded at 2.5 mW pump power which corresponds to a power 1.3 
times the lasing threshold. The orientation of the needle can be inferred by comparing the indicated 
coordinated system with the coordinate system shown in the schematic of 2.3.19 (c). The inset 
shows an image of the needle emission below the lasing threshold. ........................................... 84 
 
Fig. 4.1.2.4: Schematic showing the modes found in FDTD simulations for the needle shown in 
Fig. 4.1.1.17. The experimental lasing wavelength is indicated as well. ..................................... 85 
 
Fig. 4.1.2.5: (a-c) mode cross section of TE61n and TE91n modes. (a) and (c) are in linear scale while 
(b) and (d) are in log-scale. In (b) and (d) the collection cone of the objective used (100x, NA=0.7) 
is indicated by dashed white lines. ............................................................................................. 86 
 
Fig. 4.1.2.6: (a) Experimentally measured pattern; the distinct features of the pattern are marked 
with yellow arrows. (b) Simulated near field pattern of TE621 mode; a clear resemblance to the 
experimental image shown in (a) is seen. (c) Line plot along white dashed line shown in (a) plotted 
together with fitting. .................................................................................................................. 86 
 
Fig. 4.1.2.7: (a) SEM of needle exhibiting a lasing mode with k=2.  (b) Resonances found in FDTD 
model of needle shown in (a). The best matching resonance is TE712. (c) Lasing spectra showing 
the TE-polarization of the lasing mode. The polarization ratio is 11 dB while the SMSR is 14.7 
dB. ............................................................................................................................................ 87 
 
Fig. 4.1.2.8: (a) Radiation pattern of the needle at different pump power levels.  (b) Light-Light 
curve of laser (c). Pump power dependent spectra in logarithmic plot. (d) Spectra at 1.4 mW and 
1.8mW, the pump power level at which the mode becomes visible in the radiation pattern. ....... 88 
 
Fig. 4.1.2.9: (a-c) mode cross sections of TE712 modes (a) is in linear scale while (b) and is in log-
scale. In (b) the collection cone of the objective used (100x, NA=0.7) is indicated by dashed white 
lines. (c) Longitudinal cross section of mode. ............................................................................ 88 



 

xiii 
 

 
Fig. 4.1.2.10: (a) Experimental radiation pattern with enhanced contrast. Orientation of needle can 
be inferred by comparing indicated coordinate system with Fig. 4.1.2.1 (c). (b) Simulated mode 
pattern of TE712 mode. (c) Simulated mode pattern of TE712 mode in angular plot. (d) Longitudinal 
cross sections of mode from simulation and experiment in comparison. .................................... 89 
 
Fig. 4.1.2.11: (a) Schematic of pillar lying flat on a substrate surface. (b) Experimentally observed 
radiation pattern of flat-lying, ~3µm long InGaAs pillar obtained under pulsed pumping at 4K 
temperature. .............................................................................................................................. 89 
 
Fig. 4.1.3.1: (a) Schematic showing growth of nanoneedles on CMOS transistors. (b) Nanoneedle 
grown on gate (poly-Si) of transistor. (c) Nanoneedle grown on source ((100)-Si) of transistor.  90 
 
Fig. 4.1.3.2: (a) Room temperature lasing spectrum (black), obtained at 6 mW pump power, and 
room temperature spontaneous emission spectrum (red) enhanced by a factor of 100 which was 
obtained at 0.5 mW. This laser exhibits a SMSR of 16 dB. (b)Lasing spectra of needle on CMOS 
transistor at different temperatures. This laser exhibits lasing over a temperature range 4 K-300 K. 
This is possible because the mode spacing is small enough to accommodate the shift of gain 
spectrum due to temperature change. The lasing wavelength switches from ~880 nm to ~970 nm 
at a temperature of around 150 K. (c) Light –light curves of lasing peak at 970 nm shown in (b) at 
different temperatures. .............................................................................................................. 90 
 
Fig. 4.1.4.1: Needles pumped with red laser diode with different pulse lengths and duty cycles. (a-
b) Needle pumped with 30ns pulse length and 3% duty cycle; (a) shows intensity in log-scale and 
(b shows the intensity in linear scale. (c) Spectrum obtained from needle pumped with 5µm pulse 
length and 50% duty cycle. (d) zoomed-in view of peak seen in (c). .......................................... 91 
 
Fig. 4.1.4.2: (a) Spectra of needle pumped with pulsed laser (30ns pulse length, 3% duty cycle, 
1mW) and cw-laser (6.2 mW). (b) Zoomed-in view of spectrum showing that under cw pumping 
the cavity mode can still be seen................................................................................................ 92 
 
Fig. 4.1.4.3: (a) Spectra of needle laser pumped with cw-laser (785nm). (b) Lasing spectrum at 
2.5mW pump power with 15dB SMSR and FWHM of 0.5nm. .................................................. 93 
 
Fig. 4.1.4.4: (a) Spectra of cw nanoneedle laser at differnet pump power levels. (b) Spectra of 
pulsed nanoneedle laser at different pump power levels. (c) FWHM and peak-wavelength of lasing 
emission of cw nanoneedle laser. (d) FWHM and peak-wavelength of lasing emission of pulsed 
nanoneedle laser. (e) Light-light curve of cw-laser. (f) Light-light curve of pulsed laser. ........... 94 
 
Fig. 4.2.1.1: (a) Schematic showing the proposed nanocavity. The base of the pillar is surrounded 
by metal to facilitate mode cutoff. The top of the cavity is covered with metal to enhance the 
reflectivity of the top facet. (b) Reflectivities of the TM01 (black) and TE01 (red) modes at the base 
of the cavity. It can be seen that the reflectivity can get larger than 90% for the TE01 mode ....... 96 
 
Fig. 4.2.1.2: Reflectivity of the TM01 at the base of the cavity. For radii between 50 nm and 190 
nm the reflectivity can be more than 95% .................................................................................. 96 



 

xiv 
 

 
Fig. 4.2.1.3: Resonance wavelength (left axis) and Q-factor (right axis) in dependence of cavity 
length L..................................................................................................................................... 97 
 
Fig. 4.2.1.4: (a) Cavity-Q versus cavity length. (b)-(e) Field profiles for different orders of FP 
modes. The cavity structure is outlined in the images. ............................................................... 98 
 
Fig. 4.2.2.1: (a) Schematic of simulation setup of circular semiconductor waveguide (n=3.5) 
terminated on SOI wafer with device layer thickness LSi and SiO2 thickness LSiO2. In the FDTD 
simulation a TE01 mode is launched inside the waveguide towards the SOI-wafer. The reflectivity 
is then measured with a power monitor. (b) Reflection of TE01 mode from SOI wafer with 
optimized layer thicknesses. The SiO2 layer is 200 nm and the device layer thickness is 100 nm. 
 ................................................................................................................................................. 99 
 
Fig. 4.2.2.2: (a) Schematic of simulation setup of hexagonal nanopillar (n=3.5) on SOI wafer with 
200nm SiO2 layer thickness and 100nm device layer thickness. The top of the nanopillar is capped 
with 100nm gold. In the FDTD simulation a TE01 mode is launched inside the waveguide towards 
the SOI-wafer. The reflectivity is then measured with a power monitor. (b) Reflection of TE01 
mode from SOI wafer with optimized layer thicknesses. The SiO2 layer is 200 nm and the device 
layer thickness is 100 nm. ....................................................................................................... 100 
 
Fig. 4.2.3.1: (a) Schematic showing nanopillar attached to silicon waveguide with DBR external 
mirror. In the simulation the nanopillar and DBR is surrounded by a dieletric with refractive index 
of 1.55, which is the index of Benzocyclobutene polymer. (b) Reflectivity spectrum of DBR with 
4 mirror pairs. (c) Cavity spectrum showing resonances with quality factors over 1500. (d) Field 
profile of cavity mode found at λ=1080nm. ............................................................................. 101 
 
Fig. A.1.1: Schematic showing Raman scattering from quantum mechanical point of view. The to-
be-scattered photon lifts the molecule to a virtual level. As the molecule de-excites there is a slight 
chance that it will relax to state |b> instead of |a>, and the molecule will emit a photon with energy 
hνout = hνin - hνab. It is also possible, albeit less likely, that a molecular vibration mode “gives” 
energy to light such that the photon energy becomes hνout = hνin + hνab. The small inset 
schematically depicts a possible vibration mode of a diatomic molecule. ................................. 104 
 
Fig. A.2.1: Schematic to illustrate flow of power through optical waveguide. .......................... 105 
 
Fig. A.3.1: Schematic to illustrate escape off photons from light absorber whose shape is a slab. 
 ............................................................................................................................................... 108 
 
Fig. A.3.2: Schematic showing the experimental setup for the calibration of photon counts. .... 110 
 
 
 
 
 
 



 

xv 
 

List of Tables 
 
 

Table 2.2.1.1: Efficiencies and figure of merits related to free-energy losses in current record solar 
cells for different material systems. [47] .................................................................................... 10 
 
Table 2.4.4.1: Performance parameters of single pillar solar cell using regrowth approach.. ...... 46 
 
Table 4.1.1.1: Cavity parameters for cavities with different lengths. .......................................... 77 
 
Table 5.1: State-of-the-art of III-V nanowire solar cells. The year of publication is indicated in 
brackets. .................................................................................................................................. 102 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

xvi 
 

Preamble 
 
 
Silicon has been the enabling material for the semiconductor and photovoltaics industries for 
several decades. Reasons for this development include the abundance of raw material, and a very 
stable and well behaved native oxide, allowing for the formation of high performing dielectric 
layers for isolation and/or passivation. Furthermore, it so happens that the bandgap of silicon is 
also near the ideal bandgap for single-junction solar cells. Thus, silicon technology has reached a 
degree of technological maturity and scale that is not being matched by any other semiconductor 
material. In 2012, polycrystalline silicon consumption was estimated to be 200k metric tons, of 
which 93% were produced for the photovoltaics market and 7% went to the semiconductor market. 
[1] For comparison, in 2011 the world consumption for gallium, most of which was used in the 
production of GaAs and GaN, was around 218 metric tons. [2] 
 
III-V compound semiconductors, however, exhibit many properties that are superior to those of 
silicon. Their electron mobilities can be more than one order of magnitude higher compared to 
silicon, rendering it attractive for high speed device applications. By varying materials 
compositions the material bandgaps and lattice constants can be engineered and allows for tailoring 
electronic and optical properties to a great degree and optimized according to the application. For 
example, high quality heterostructures enable the formation of low-dimensional structures, and 
device designs with lowest saturation currents. Due to their direct bandgaps, III-V materials also 
feature absorption coefficients for light that are several orders of magnitude higher compared to 
silicon; direct bandgaps also make optical gain readily attainable, rendering them the obvious 
materials choice for most optoelectronic applications.  
 
However, material costs and the lack of scale often limit the usability of III-V semiconductors, 
even if their properties are by far superior compared to silicon (for a given application). Therefore, 
the heterogeneous integration of III-V materials onto silicon as a means to combine the 
performance of III-V based devices with the massive scale of silicon technology has been a 
longstanding goal in semiconductor research.  
 
Difficulties for heterogeneous integration include differences in lattice constants, thermal 
expansion coefficients, and polarity. One approach to overcome these obstacles is the growth of 
III-V nanostructures on silicon. However, while III-V nanowires can be synthesized on silicon 
with single-crystalline materials quality, their small sizes and therewith large surface-to-volume 
ratio usually leaves them vulnerable to surface states that could act as non-radiative recombination 
centers and/or charge traps that could deplete regions near the surfaces. Furthermore, the 
fabrication of devices from (single) self-assembled nanostructures remains a challenging task.  
 
As the pillar structures discussed in this work can be synthesized on silicon (- be it monocrsytalline 
or silane based polycrystalline silicon -) with single-crystalline materials quality, the pillar 
approach could lead to large scale III-V photovoltaics. While small light absorbers inherently are 
challenged by non-radiative surface recombination which usually leads to significantly reduced 
voltages, contactless voltage/current characteristics show that the pillars have the potential to 
achieve open-circuit voltages which are 0.46 eV below the materials bandgap, a value which is on 
par to with the record planar, bulk InP solar cell. 
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Device miniaturization and on-chip integration are major ongoing trends in optoelectronics as this 
could lead to more energy efficient operation and scalability. As the pillars are grown at low 
temperatures of ~400 °C without the use of external metal catalysts, the pillar growth is compatible 
with CMOS-technology and could constitute a promising pathway for achieving optical gain on 
silicon chips. As-grown III-V nanopilllars can exhibit lasing upon optical pumping, leading to the 
first demonstration of III-V nanolasers on silicon, an important step towards nanoscale optical on-
chip interconnects.  
 
The results achieved and presented here in this thesis underline the goal to utilize the III-V pillar 
material for high performing III-V optoelectronic devices on silicon. While the integration of 
optical gain onto the silicon could be achieved more quickly using approaches such as wafer-
bonding, monolithic approaches could possibly allow for closer integration of photonic and 
electronic functions, as well as for streamlined manufacturing and thereby lower costs. 
 
The pillar growth mode was discovered in in 2007 in Prof. Chang-Hasnain’s group. The 
development of a new material takes time as materials properties are a sensitive function of many 
growth parameters which are not independent variables. The material is starting to reach a stage at 
which high device performances can be achieved. Although a good mastery of the needle/pillar 
growth has already been achieved, the exact nucleation mechanism is yet to be fully uncovered.  
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Chapter 1  Background: Nanoneedle Structures and    
             Growth on Silicon 
 
 
 
Integration of III-V materials onto silicon could allow for equipping direct-bandgap 
semiconductors with the massive scale of the silicon, as well as close integration of optoelectronic 
functionality with CMOS-circuits. The integration of III-V materials onto silicon remains a 
difficult challenge due to differences in lattice constants, thermal expansion coefficients, and 
polarity with direct-bandgap compound semiconductor materials. [3] Heterogeneous integration 
of lasers on silicon could be either monolithic in nature, [4], [5], [6] or based on wafer bonding. 
[7], [8], [9] In bonding approaches it is possible to manufacture the photonic and electronic chips 
independently, each with optimized materials choices and processing technologies, before they are 
bonded together. This could allow bonding approaches to achieve higher yields and a level of 
maturity sooner. [7] Monolithic integration, on the other hand, could possibly allow for closer 
integration of photonic and electronic functions, as well as for streamlined manufacturing and 
thereby lower costs. [10] . For photovoltaics, only monolithic integration on Silicon would make 
economically sense. With a catalyst-free growth at a temperature of 400 °C, nanoneedles/ 
nanopillars could be compatible with back-end integration into standard CMOS technology. The 
key benefit of self-assembled nanowires and nanowire-like structures such as nanoneedles is that 
their small size and non-planar geometry allow for efficient lattice strain relaxation, enabling the 
growth of high quality III-V materials on silicon. [11], [12], [13], [14], [15], [16] 
 
 
 
1.1 Nanonedles/ Nanopillars/ Micropillars 
 
 
It should be noted that the terms nanoneedles, nanopillars, and micropillars are often used 
interchangeably in this thesis. All these structures originate from the very same peculiar core-shell 
growth mode, and the different terms merely describe the size and shape of the structures which 
depend on the growth recipes and growth time. 
 
 
1.1.1 Core Shell Growth Mode 
 
This growth mode is peculiar since it forms spontaneously without the need for catalysts as in 
Vapor-Liquid-Solid (VLS) growth, the most common growth method for nanowires. [17] And 
neither does it require growth masks as in selective area growth of nanowires. [18] The structures 
can grow spontaneously on sapphire substrates, [19] or on roughened surface on Silicon. [20] 
While the exact mechanism of the nucleation is still under investigation, the subsequent core-shell 
growth is now well understood. [21] The structures form spontaneously once the precursors for 
group III material (- Triethylgallium for Gallium, Trimethylindium for Indium -) and group V 
material (- Tertiarybutylphosphine for Phosphides, Tertiarybutylarsene for Arsenides -) are both 
present. For Arsenide based materials the growth temperature is ~ 400 °C, while for Phosphide 
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based materials the growth temperature is ~450 °C. The pillar orientation is along one of the 
degenerate <111> directions of the substrate. Once the structure forms it will assume a hexagonal 
pyramidal shape with a very sharp tip. (In Transmission Electron Microscopy (TEM) studies it 
was found that the tip diameter can be as sharp as 2 nm. [20], [22].) As shown in fig. 1.1.1.1 (a-b) 
the needles initially grow bigger in diameter and length. The shape and aspect ratio will stay the 
same till a certain diameter is reached; after reaching diameters of ~400 nm and length of ~2.5 µm, 
In0.22Ga0.78As pillars tend to become blunt. Then, the vertical growth tends to stop while the 
diameter keeps on increasing. (See Fig. 1.1.1.1 (c-d).) The exact size at which the vertical growth 
saturates depends on the materials composition, V/III ratio, and growth temperature. As a general 
rule, the lower the Indium composition in InGaAs pillars, the longer the structure will get. Low 
V/III ratios will also have the same effect, as do high growth temperatures. InP pillars tend to 
become blunt once the pillar lengths reach ~8µm. 
 

 
Fig. 1.1.1.1: (a) Dependence of structure shape on growth time. The structure evolves from a 
needle shaped structure to a pillar with flat top. (b) Schematic of core-shell growth mode. (c) Base 
radius in dependence of growth time. (d) The length of the structures initially scales with the 
growth time. For diameters larger than ~400nm the length tends to saturate as the vertical growth 
stops.  
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In the case of (In)GaAs materials a polycrystalline deposit is surrounding the pillars. This deposit 
is made of the same material as the nanoneedles/ nanopillars but in polycrystalline form. Due to 
this deposit the (In)GaAs pillars will have backtapered shape near the silicon/(In)GaAs interface. 
[23] (Also see Fig. 1.1.1.1 (b) for schematic.) The contact area between (In)GaAs pillars and 
silicon is about 100 nm. The polycrystalline deposit is missing in InP micropillar growth; the base 
of InP pillars is missing a backtapered portion and are standing flat on the silicon, as shown in the 
next section. 
 
A key benefit of the core shell structure is the simple realization of surface passivation layers by 
heteroepitaxy; needles/pillars can be wrapped in higher bandgap materials. So far, heterostructures 
based on InGaAs/GaAs, [24] InGaAs/InGaP, [25] and InP/InGaAs were demonstrated in the 
nanoneedles. [26] An interesting feature of the core-shell structure is that they do not need to be 
lattice matched. For example, > 150 nm GaAs shells can be grown on In0.2Ga0.8As pillars. As 
opposed to planar thin film systems, where dislocation free growth of In0.2Ga0.8As on GaAs is 
limited to about 8 nm due to lattice mismatch, [13] the cylindrical-geometry as well as small size 
of the pillars facilitate efficient strain relaxation, [27] permitting the hetero-structure layer to grow 
much thicker without the occurrence of misfit dislocations. The TEM images shown in Fig. 1.1.1.2 
confirm the high quality of such a lattice mismatched GaAs shell. 
 

 
Fig. 1.1.1.2: (a-b) TEM images of interface between InGaAs core and GaAs shell with 2% lattice 
mismatch. (a) Low Magnification. (b) High magnification. (c) Diffraction pattern showing 
Wurtzite structure of pillars. 
 
The core shell growth mode also allows for the formation of radial pn-junctions; pillar devices 
such as light emitting diodes and avalanche photodiodes have already been demonstrated. [28] 
 
 
1.1.2 Structural Properties 
 
TEM studies have revealed that the crystal structure of the needle/pillar structure is Wurtzite. 
Wurtzite is not the thermodynamically favored crystal phase for bulk (In)GaAs or InP materials 
(which would be Zincblende). But since Wurtzite crystals exhibit lower surface energies, Wurtzite 
is often found in nanostructures which exhibit large surface-to-volume ratios. [29] TEM studies 
revealed that both (In)GaAs and InP nanoneedles exhibit Wurtzite structure. [21], [20], [26] Fig. 
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1.1.1.2 (c) shows the typical Wurtzite diffraction pattern obtained from an InGaAs pillar. 
Furthermore, it has been shown that the needle tips can be atomically sharp, with diameters as 
small as 2 nm. [22] Fig. 1.1.2.1. (a) shows a needle with 3 nm tip radius. The pillar structures are 
mostly free of defects; at the pillar base, however, near the interface between pillar and silicon, 
stacking faults can be found. However, these stacking faults do not propagate upwards into the 
main body of the pillar but remain confined to the base. [21] Fig. 1.1.2.1 (b) shows stacking faults 
at the base of InP pillars. In contrast to (In)GaAs pillars the InP pillars are not surround by 
polycrystalline deposit. The whole footprint is in contact with the silicon. Fig. 1.1.2.1 (c) shows 
the interface between an InP pillar and silicon substrate. 
 

 
Fig. 1.1.2.1: (a) TEM image of nanoneedle tip. A circle with 3 nm radius is indicated in the figure. 
A native oxide layer surrounding the pillar is visible as well. (a)TEM image showing InP pillar on 
Silicon. Stacking faults are visible as horizontal lines. (c) Zoomed in view of interface between 
Silicon (lower half of image) and InP pillar (upper half of image).  
 
 
 
1.2 Growth on Silicon 
 
 
1.2.1 Growth Using Mechanical Roughening 
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Fig. 1.2.1.1: (a) Zoomed-out view of nanoneedles growing within scratched region of a (111) 
silicon substrate. Upright standing needles are seen as bright white dots. (b) Tilt view of nanopillars 
on (111) silicon surface.   
 
In our experiments it was found that surface roughness and the availability of surface oxide on the 
silicon surface are key parameters for the needle nucleation. One strategy is to mechanically 
roughen the surface of the growth substrate just before lading the substrates into the growth 
chamber. To mechanically roughen the substrates were scratched with stainless-steel tweezers. 
The nanopillar growth direction is usually perpendicular to planes of the {111} family. For growth 
of (In)GaAs pillars on (111) Silicon almost all pillars grow in upright direction. (Also see Fig. 
1.2.1.1 (b).) 
 
 
1.2.2 Growth Using Wet-Chemical Roughening 
 
Alternatively to mechanical roughening it is possible to grow InP pillars on substrates roughened 
in heated tetramethylammonium hydroxide (TMAH). Furthermore, the pillar density can be 
enhanced if patches of SiO2 are present on the substrate surface. To this end the Silicon substrates 
are first covered with ~ 200 nm SiO2 which was subsequently patterned using photolithography 
and buffered oxide etch (BOE). In our studies it was found that the exact shape/geometry of the 
pattern is not of great importance, so as long as large enough areas of bare silicon are exposed. 
 

 
Fig. 1.2.2.1: (a) Close up view of base of InP pillar. One can see the roughened surface of the (111) 
silicon substrate. The inset shows the whole nanoneedle. (b) Zoomed-out view of needles growing 
in silicon trenches in between SiO2 patches. The inset shows a schematic of the substrate. 
 
Prior growth the substrate is etched in hot TMAH and deoxidized in a very short BOE etch. Fig. 
1.1.2.1 (a) shows the roughened silicon surface on which the pillars grow. Fig. 1.1.2.1 (b) shows 
a zoomed-out view of the needles growing in the regions in which bare silicon is exposed. Fig. 
1.1.2.2. (a) shows the possible growth directions of InP pillars on (111) silicon substrates. (For 
experimental results see SEM in Fig. 1.1.2.2 (b).) As a side note, in general there is very little 
deposit of (polycrystalline) InP material on the SiO2 coated regions. On the silicon there is 
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sometimes a deposit of polycrystalline InP islands; however, in contrast to (In)GaAs pillar growth 
the islands do not form a continuous film.  
 

 
Fig. 1.2.2.2 (a) Schematic showing the possible growth directions of the InP pillars on (111) silicon 
surfaces. (b) SEM showing how needles follow the <111> directions on silicon. 
 
Side note about hint at nucleation mechanism: 
Fig. 1.1.2.3 (a) shows a clos-up SEM image of a SiO2 patch after needle growth. Typically, wafer 
regions that contain needles/ pillars also exhibit small balls that are visible on the SiO2 patches. 
Energy dispersive x-ray spectroscopy (EDX or EDS) showed that these balls are made of indium. 
(Compare Fig. 1.1.2.3 (c) with Fig. 1.1.2.3 (b).) It could be that such balls play a role during needle 
formation, very similar to metal droplets that facilitate Vapor-Liquid-Solid (VLS) growth of 
nanowires. [17], [30]  
 

 
Fig. 1.2.2.3 (a) SEM showing indium clusters on SiO2 patch. (b) EDS data of polycrystalline InP 
islands that is often found on uncovered silicon areas after InP pillar growth. Both, phosphor and 
indium can be detected, confirming the material of those islands is InP. (c) EDS data of indium 
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cluster. One can see that the ball contains indium, but no phosphor. The inset indicates where the 
EDS data-sets for (b) and (c) were taken.  
 
However, it should be noted, that no such ball could be found on the tips of needles and pillars 
after growth; a possible explanation is that the indium gets fully incorporated into the pillar. A 
possible mechanism is that these balls form on the SiO2 and diffuse to the areas with exposed 
silicon where they can initiate growths of needles. Shortly, after nucleation the indium clusters get 
fully consumed during the needle growth. From that point on the needle continues to grow via the 
core-shell growth mode as described in section 1.1.1. 
 
 
1.2.3 Site-Controlled Growth 
 
For practical applications it would be advantageous to be able to grow pillars on pre-selected sites. 
This could lead to more density control and enhanced pillar uniformity. To this end the substrate 
could be covered in SiO2. In the SiO2 layer small holes could be etched, exposing the silicon 
underneath, which then serve as nucleation sites. The yield rate, i.e. the percentage of openings 
that have nanopillars growing, is a sensitive function to both, hole size and pitch (i.e. hole-to-hole 
separation). If the pitch is too large the volume fill ratio will be reduced. If the holes are spaced 
too closely the nucleation sites have to compete for precursor material, resulting in lower yields, i. 
e. not all holes will be filled with pillars. The yield can exceed 50% for hole pitches of 10 µm. The 
optimum hole sizes were found to be ~ 300-400 nm in diameter. Fig. 1.2.3.1 (a) shows the SiO2 
mask used for site controlled growth. Fig. 1.2.3.1 (b) shows a SEM images of sample after site-
controlled growth. 
 

 
Fig. 1.2.3.1: (a) SiO2 mask on Silicon substrate. (b) Site controlled growth with 10 µm pitch and 
over 50% yield. 
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Chapter 2  Micropillar Light Absorbers for Large Scale III-V    
             Photovoltaics 
 
 
 
„Der Kampf der Lebewesen um Überleben geht letzten Endes nicht um Energie, sondern um 
Entropie.“ Ludwig Boltzmann (1905).  
 
 
 
2.1 Motivation and Performance Benchmarks 
 
 
One key advantage of solar cells is the possibility of decentral degeneration of electricity very 
close to the sites of consumption. This mitigates the need for electricity transmission and 
distribution, which are among the main drivers for rising electricity prices in the US due to an 
aging power grid infrastructure and increases in (summer-peak-load) demand. [31] Furthermore, 
on-site generation of renewable electricity could help facilities to sustain operation over extended 
time in the event of failures in the aging power grid. While it is currently believed that the US is 
entering an age of natural gas abundance there are also voices of concern that the amount of gas 
reserves, i. e. resources that can be recovered in economical manner, have been overestimated. 
[32]  
 
In any case, the costs of photovoltaics (PV) need to be significantly reduced for PV to become 
competitive with other sources of energy. The Department of Energy (DOE), for example, is 
aiming at reducing the total cost of solar energy by 75% between 2010 and 2020 through its 
SunShot initiative. Increasing the energy conversion efficiency is a key strategy to decrease the 
costs of PV since both, module and balance of systems costs have been shown to exhibit an 
inversely proportional relationship to the conversion efficiency. [33] Record energy conversion 
efficiencies are being attained with III-V semiconductors, but the high costs of III-V 
semiconductor substrates have prevented a widespread deployment of III-V based solar cells. One 
solution is to use epitaxial liftoff where the solar cell devices are removed from the native III-V 
substrates which can subsequently be reused for growth. [34]  The need for native III-V substrates 
could be avoided altogether by employing III-V nanowires, which can be synthesized on lower-
cost, lattice-mismatched substrates such as silicon, and could potentially combine the scalability 
of silicon technology with the efficiency of III-V materials. [35], [36], [37], [38] However, even 
with single-crystalline material quality, the performances of III-V nanowire solar cells have so far 
been significantly inferior to those of planar, thin-film lifted-off III-V devices. [36], [37], [38], 
[39], [40], [41], [42], [43] As it will be discussed in more detail in the next sections this is because 
III-V nanowires have been suffering from low external quantum yields for spontaneous emission. 
 
One can estimate what benchmarks need to be met in order to achieve this goal using the pillar-
on-silicon approach. The main characteristics of a solar cell are the cell conversion efficiency η, 
the open circuit voltage VOC, the short circuit current JSC, and the fill factor FF. The conversion 
efficiency can be then calculated with: 
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 휂 = ∙ ∙

 
           (2.1.1) 

 
JSC and VOC are related as well; the simplest model for a solar cell is a single diode. In that case 
one can express the current flowing through the cell via a simple diode equation: 
 

퐽 = 퐽 ∙ 푒 − 1 − 퐽                                                                                                       (2.1.2) 
 
Here, q, k, and T denote the elementary charge, the Boltzmann constant, and temperature, 
respectively. The ideality factor n and the corresponding saturation current Jn depend on the 
predominant recombination mechanism. At open circuit, the equation becomes (- neglecting the 
unity term in the parentheses -): 
 
푉 = 푙푛                                                                                                              (2.1.3) 
 
One can see that the open-circuit voltage depends on the short-circuit current and the saturation 
current. The saturation current of the diode, on the other hand depends on materials quality and 
the shunt resistance of the diode. The short circuit current depends on the absorptivity of the solar 
cell, and the current extraction efficiency of the device. The extraction efficiency depends on 
internal and external series resistances. Both, the series resistance and the shunt resistance 
determine the fill factor of the device. In conclusion, the parameters are not completely 
independent from each other. Therefore, one could anticipate that in order for the III-V micropillar 
solar cells to reach 20% conversion efficiency, their main characteristics will probably look similar 
to the ones of conventional III-V solar cells with 20% efficiency. The first GaAs solar cell to hit 
20% conversion efficiency mark had the following characteristics (under 1 sun illumination): [44] 
 
η = 21.90%, VOC  = 0.976 V, JSC = 27.8 mA/cm2, FF = 76% 
 
Since both, Wurtzite GaAs and Wurtzite InP have bandgaps near 1.42 eV these numbers will be 
used as benchmarks, and it will be estimated how a micropillar solar cell could achieve them.  
 
 
 
2.2 Potential for High Open-Circuit Voltages 
 
 
2.2.1 External Quantum Yield and Voltage Penalty 
 
The fundamental challenge of nanowire solar cells has been to obtain high open-circuit voltages 
(VOC), as their large surface-to-volume ratios and the resulting non-radiative losses significantly 
reduce the external quantum yields for spontaneous emission, an important metric indicating 
reduced VOC. [45], [46] As the external quantum yield ηext is a very sensitive function of the 
internal quantum yield ηi, [46] even small reductions of ηi due to material imperfections can result 
in sizeable voltage penalties. (Eg - q·VOC), where Eg and q denotes the bandgap energy and 
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elementary charge, respectively, is an important Figure-of-Merit in solar cells as it describes the 
loss of Free Energy per electron. There is an inverse relationship between the conversion efficiency 
and relative loss of Free Energy (Eg - q·VOC)/ Eg for published state-of-the-art solar cells for 
different materials systems. [47] (Also see Table 2.2.1.1.) To harness a solar cell’s full potential 
this loss has to be minimized. The open-circuit voltages in nanowire solar cells are often ~0.7-1.0 
V below the materials’ bandgap, [43] which is especially devastating if the nanowires are made of 
lower bandgap materials.  Table 2.2.1.1 also includes the parameters of the record III-V nanowire 
solar cell for comparison. [41] This illustrates well that nanowire solar cells suffer from high losses 
in the free energy of electrons.  
 
Table 2.2.1.1: Efficiencies and figure of merits related to free-energy losses in current record solar 
cells for different material systems. [47] 

Material 
System Efficiency VOC Eg (Eg - q·VOC) (Eg - q·VOC)/ 

Eg 

GaAs 28.8 % 1.122 V 1.42 eV 0.298 eV 21.0 % 
Crystalline-
Silicon 25 % 0.706 V 1.1 eV 0.394 eV 35.8 % 

InP 22.1 % 0.878 V 1.34 eV 0.462 eV 34.4 % 
CIGS 20.4 % 0.736 V 1.17 eV 0.434 eV 37.1 % 
Multicrystalline 
– Si 20.4 % 0.664 V 1.1 eV 0.436 eV 39.6 % 

CdTe 19.6 % 0.857 V 1.5 eV 0.643 eV 42.9 % 
InP Nanowires 
[41] 13.8 % 0.779 V 1.42 eV 0.641 eV 45% 

Amorphous - Si 10.1 % 0.549 V 1.7 eV 1.151 eV 67.7 % 
 
Recently, there has been progress in the performances of III-V nanowire solar cells. [37], [38], 
[39], [40], [41], [42] While nanowire solar cells often exhibit efficiencies of less than 5%, [43] 
recent progress has seen nanowire solar cells exceeding conversion efficiencies of 10%. [37], [41], 
[42] This is still significantly lower than  the 28.8% and 22.1% conversion efficiencies achieved 
with planar GaAs and InP devices, respectively, grown on lattice-matched substrates. [47] The 
highest reported value for (Eg - q·VOC) in nanowire cells is 0.434 eV for InP nanowires. [41] It 
should be noted that low external quantum yields do not necessarily translate into low short-circuit 
currents, as long as carrier collection is adequate. Good short circuit currents have been 
demonstrated with nanowire solar cells; [40], [41], [48], [49], [50] the fundamental challenge for 
nanostructured light absorbers is to achieve high open-circuit voltages.  
 
It has been shown that the voltage penalty due to non-radiative recombination is given by: [45], 
[46]  
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∆푉 = ∙ ln[1/휂 ]                           (2.2.1.1) 
 
Here, ηext denotes the external quantum yield for spontaneous emission. (As explained in more 
detail in section 2.2.3 and appendix A.3, this is because of the thermodynamic necessity that in 
thermal equilibrium, light absorbers need to re-radiate photons at a rate that balances the incoming 
light.) However, even with an external quantum yield of unity a solar cell would suffer from a Free 
Energy loss of 260 mV due to entropy losses; [51] as the solar cell re-radiates photons isotropically 
from its surface while the sun is a very directional light source, there is a loss of directionality (and 
therewith an increase of entropy). Thus, a GaAs solar cell (with bandgap of 1.42 eV) could 
theoretically exhibit a maxmimum open-circuit voltage of 1.16.) To get a feeling for the numbers 
let’s consider the current state-of-the-art, record bulk GaAs solar cell, which has an open-circuit 
voltage of 1.038 V under 1 sun illumination. [52] The escape probability for photons emitted from 
of bulk semiconductors can be estimated as ~2 %, even if the materials quality is nearly perfect. 
[53] (This can be calculated from the escape cone of semiconductor surfaces which covers solid 
angle of ~1/4n2 x 4π steradians, where n denotes the refractive index. For III-V semiconductors 
n~3.5; so 1/4n2 ~1/50 = 2 %.) Thus, one can estimate the voltage penalty that this solar cell is 
experiencing due to non-ideal external quantum yields to be ∆푉 = 0.0258 푉 ∙ ln[0.02] =
100.9 푚푉. Using this number one can estimate that if the external quantum yield was unity, the 
solar cell would have exhibited a voltage of 1.139V, which is 21 mV lower from what would have 
been expected from theoretical considerations, so the 2% estimate for the external quantum 
efficiency might have been too optimistic. Nonetheless, this little calculation shows that the 
external quantum yield for bulk materials is very low. The record thin-film GaAs device on the 
other hand, shows open-circuit voltages of 1.122 V. [47] This shows the potential benefit of using 
small structures as light absorbers for achieving higher quantum yields.  
 
As stated above, it is estimated that a micropillar solar which is supposed to reach 20% conversion 
efficiency should exhibit an open-circuit voltage near 0.976V. Therefore, one can now estimate 
that the “budget” for voltage penalties due to imperfect external quantum yields is 1.16 V – 0.976 
V = 0.184 V. Using Eq. 2.2.1.1 one can see that this translates to a external quantum yield of 
∆휂 = 0.08%. One can further estimate what kind of internal quantum yield is necessary to 
achieve such an external quantum yield; in general, the external quantum yield is a very sensitive 
function on the internal quantum yield. This is because the escape cone of semiconductor/air 
interfaces is very narrow, such that emitted photons are likely to be found trapped and re-absorbed; 
thus, before a photon can leave semiconductor material, many cycles of absorption and re-emission 
are necessary. The external quantum yield can be calculated with: 
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                                   (2.2.1.2)     

 
T is the probability of an emitted photon to escape and can be calculated with: [54], [46] 
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(The underlying assumption for using Eq. 2.2.1.3 here is that the hexagonal pyramidal shape of 
the needles/ pillars is ergodic enough to facilitate efficient light trapping.) Tav is the averaged 
transmission coefficient of the semiconductor/air interface which can be calculated to be ~0.65 for 
n = 3.5. The constant αL denotes the product of absorption coefficient and pillar thickness. For a 
~1 μm thick GaAs or InP pillar αL is approximately ~1 near the bandedges, [55] resulting in 
T~1/80. This means that even an slight reduction of internal quantum yield to 90% already leads 
to an external quantum yield reduction to ~10%, reducing Voc by 58 meV. Fig. 2.2.1.1 shows the 
dependence of external quantum yield and voltage penalty vs. the internal quantum yield. Owing 
to surface recombination, even state-of-the art GaAs NWs exhibit internal quantum yields <<1% 
IQE, resulting in a voltage penalties of >230 meV. One can see that to achieve an external quantum 
yield of 0.08 % an internal quantum yield of more than 6% is necessary. Currently, such high 
internal quantum yields are attainable for the micropillars at high illumination intensities of the 
order of 104 suns. [56] To achieve such internal quantum yields at 1 sun illumination condition 
one would need to optimize the parameters to improve the yield; the nonradiative lifetime of 
carriers needs to be maximized, while the radiative carrier lifetime needs to be minimized.  

 
Fig. 2.2.1.1: External quantum yield in % (black) and resulting voltage penalty (blue) versus the 
internal quantum yield. 
 
To decrease the radiative lifetime the pillars could be doped, to decrease the surface/ interface 
recombination rates the diameter of pillars could be increased, and passivation layers made of 
higher bandgap materials could be employed. Alternatively to passivation claddings one could use 
highly doped layers as front surface or backsurface shields. Assuming that nonradiative 
recombination is dominated by surface recombination one can estimate the nonradiative lifetime 
in nanoneedles with: (See section 2.2.4 for derivation.) 
 

d
S

nr
 6~1                      (2.2.1.4) 

 
S is the surface (or interface) recombination velocity, and d denotes the pillar diameter. The factor 
of 6 is due to the cone-like geometry of needles. To give some numbers, a very low interface 
recombination velocity of S=40cm/s has been reported in (planar) AlGaAs/ GaAs interfaces and 
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represents the state-of-the-art for MOCVD grown interfaces. [57] S=105 cm/s is an often reported 
value for bare GaAs surfaces. [58] A recombination velocity of S=3000cm/s has been reported for 
AlGaAs coated GaAs nanowires. [59] It could be that passivation claddings in nanowires and 
micropillars exhibit higher interface recombination velocities than planar structures as 
nanowire/micropillar side-walls consist of higher-order crystal planes which have more dangling 
bonds than e.g. (001) surfaces. The radiative minority carrier lifetime of doped materials, on the 
other hand, can be calculated with: [60]  
 

DArad NB ,
1                                                       (2.2.1.5) 

 
Here, B is the bimolecular recombination coefficient and NA,D (acceptor or donor) is the doping 
concentration of the material. Here, we use scmB /1013 310 for GaAs. [61]  

 
Fig. 2.2.1.2: Nonradiative lifetimes for different surface recombination velocities. Bulk 
recombination is assumed to be negligible. The radiative lifetimes of GaAs material is indicated 
in broken lines for different doping concentrations. 
 
Using Eqs. 2.2.1.4-2.2.1.5 one can plot the nonradiative lifetime versus needle diameter and 
compare this with radiative lifetimes (- calculated for GaAs -) for different doping concentrations. 
One can see that for needle diameters of around 1 µm the radiative lifetime can be shorter than the 
nonradiative lifetime if the doping concentration is at least of the order of ~1017 cm-3, and the 
surface recombination velocity is of the order of 103 cm/s. While this illustrates the benefit of 
doping, the doping density should not be considerably higher than ~5·1017 cm-3 (for GaAs); too 
high doping introduces defect states that negate the positive effect of doping on the internal 
quantum yield. [62] Using the radiative and nonradiative lifetimes one can calculate the internal 
quantum yield ηi with: 
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The internal quantum yield versus needle diameter is plotted for a doping concentration of 
5E17cm-3. (See Fig. 2.2.1.3.) This is to illustrate how optimizing doping, passivation, and size has 
the potential to considerably increase the quantum yields of nanoneedle structures. It can be seen 
that for diameter of 0.85 µm the internal quantum yield might exceed 70%, if the surface/interface 
recombination velocity is around ~3000 cm/s. (As a reminder, here we are assuming that 
surface/interface recombination is the only nonradiative loss mechanism.) It has been reported that 
InP could exhibit such surface recombination velocities without any surface passivation.) [63] 

 
Fig. 2.2.1.3: Internal quantum yield as a function of needle diameter for different surface 
recombination velocities. The radiative lifetime was taken to be ~1.5 ns, which is the expected 
radiative lifetime for a doping concentration of 5E17cm-1 (for GaAs). 
 
 
2.2.2 Materials Choice: InP versus (In)GaAs 
 
For InGaAs needles it is possible to use GaAs and InGaP claddings for surface passivation. Fig. 
1.1.1.2 shows such claddings can be of high materials quality even if there is a lattice mismatch 
between core-material and cladding-material. (In the case of pillars with In0.22Ga0.78As core and 
GaAs cladding such as shown in Fig. 1.1.1.2 the lattice mismatch is 2%.) Fig. 2.2.2.1 shows 
photoluminescence measurements of In0.22Ga0.78As pillars with no cladding or with In0.66Ga0.34P 
or GaAs cladding. The data was obtained at 4K temperature; the illumination source was a cw-
laser source with 660nm wavelength. (Note, the photoluminescence intensity is plotted on the 
horizontal axis; the illumination intensity is plotted on the vertical axis.) It was found that the 
InGaP cladding thickness does not matter too much. (For as long as the cladding layer thickness 
is larger than 20-25 nm.) 
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Fig. 2.2.2.1: Photoluminescence intensity (x-axis) versus illumination intensity (y-axis) taken at 
4k temperature. A red cw-laser diode was used as the pump source. The data was obtained from a 
bare InGaAs needle as well as from InGaP needles with different cladding layers. (Data set 
courtesy of Hao Sun.) 
 
For low illumination intensities the improvement in brightness was up to a factor of 40 compared 
to InGaAs pillars without cladding. GaAs claddings perform similarly well compared to InGaP 
claddings. Fig. 2.2.2.2 includes photoluminescence data obtained from an InP needle at room 
temperature. It is striking that the InP needle exhibits a higher brightness at room temperature than 
InGaAs pillars at 4 K temperature, even if the InGaAs pillars are clad with InGaP. (See Fig. 
2.2.2.1.) Therefore, our studies suggest that InP might be a very suitable material for micropillar 
solar cells. 
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Fig. 2.2.2.2: Photoluminescence intensity (x-axis) versus illumination intensity (y-axis). A red cw-
laser diode was used as the pump source. The pillar with InGaAs core and InGaP cladding was 
measured at 4K. The data from the InP needle was obtained at room temperature. 
 
InP is known to be a material with excellent surface properties, with far lower surface 
recombination velocities compared to GaAs. (See ref. [63], for example.) In some reports this was 
ascribed to average dangling bond energies being closer to the conduction band InP, whereas for 
GaAs the average dangling bond energy is closer to midgap. [64], [65] Since Shockley-Read-Hall 
recombination is fastest for defect states near midgap, [66] the recombination lifetimes could be 
considerably lower in GaAs compared to InP. Also, the fractional iconicity is higher in InP 
compared to GaAs, [67] and there is a general trend that semiconductor crystals are more robust 
against defects (- be it at the surface or in the bulk -) if they exhibit higher degrees of iconicity. 
[68] For, example, II-VI materials tend to be more roust against defects compared to III-V 
materials. The rationale of this argument is as follows. (See ref. [68] for details.) Native defects 
such as dangling bonds tend to exhibit energy levels which are similar to the molecular orbitals of 
the crystal. This is illustrated in Fig. 2.2.2.3 for the case of silicon. If a silicon crystal exhibits a 
vacancy then one could expect that the defect exhibits an energy that is similar to the energy of the 
molecular orbitals as shown in Fig. 2.2.2.3 Since silicon is an elemental semiconductor consisting 
only of one atom species one could expect that the defect energy levels ends up near the bandgap 
center.  

 
Fig. 2.2.2.3: Schematic showing explanation why intrinsic defects tend to have energy levels near 
midgap in Silicon.  

 
This tends to be different in a compound semiconductor. For example, a material like InAs or InP 
exhibits molecular orbitals which are typically not near the bandgap center but either closer to the 
conduction bandegde or valence bandedge. (See Fig. 2.2.2.4.) In a compound material the valence 
band is mostly composed of anion orbitals (- atom species B in Fig. 2.2.2.4 -), while the conduction 
band is mostly made up of cation orbitals (- atom species B in Fig. 2.2.2.4 -). Therefore, one would 
expect that a cation vacancy defect would act like an acceptor since the dangling bonds are mostly 
made of anion orbitals, for example. 
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Fig. 2.2.2.4: Schematic showing explanation why in compound materials intrinsic defects tend to 
have energy levels that are either near the conduction bandegde or valence bandedge. 
 
Of course, this argument states just a general trend and there are always exception, depending on 
the specific chemistry/ surface reconfiguration of a material, among others.  
 
 
2.2.3 Contactless V-I Characteristics 
 
In this study, we utilize photoluminescence (PL) techniques to measure Fermi-level splitting in 
InP micropillars directly grown on silicon substrates. It has been shown that Fermi-level splitting 
measured by such contactless techniques accurately matches conventional Voltage-Current (V-I) 
measurements using electrical contacts. [69], [70] The effectiveness of several strategies to 
increase the external quantum yield and therewith the Fermi splitting is assessed. We found that 
doping of the material can lead to Fermi-level splitting larger than 1eV under 1-sun illumination 
condition, the highest reported value for InP materials. This value is only 0.46 eV below the 
materials absorption edge, comparable to what is being achieved in the record planar InP solar 
cell. [47] This high splitting can be ascribed to the wider bandgap energy of n-doped Wurzite InP 
crystals, the increased external quantum yield in doped materials, and the excellent surface 
properties of InP materials, which is known to exhibit surface recombination velocities orders of 
magnitude lower compared to GaAs. [63] 

The micropillars used in this experiment were grown catalyst-free at low temperatures of 450°C 
with Metal-Organic-Vapor-Deposition (MOCVD) on (111) silicon substrates. [26] Typical 
micropillars with 1 µm diameter are depicted in Fig. 2.2.3.1 (a-c).  The pillars grow in a core-shell 
growth mode.  This allows scaling the pillar size in diameter while preserving a defect free, single-
cyrstalline Wurtzite phase. (See Fig. 2.2.3.1 (d-e).) Such large InP crystals with Wurtzite phase 
are not obtained with thin film growth, as Zincblende is the thermodynamically favored crystal 
phase for large InP structures.  A peculiarity of Wurtzite InP is its bandgap of 1.42 eV, which is 
80 meV higher than the Zincblende InP bandgap. [71] The pillars are aligned to the family of 
<111> directions of the growth substrate, as shown in Fig. 2.2.3.1 (c). Transmission electron 
microscopy studies (TEM) confirmed the single crystalline materials quality as well as the 
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Wurtzite crystal structure of the pillars. (Shown in Fig. 2.2.3.1 (d)-(e). For description of sample 
preparation for the TEM studies see methods section.) Only in the immediate vicinity of the 
interface between silicon growth substrate and InP pillars could stacking faults be found: owing to 
the core-shell growth the stacking faults are confined to the pillar base and do not propagate into 
the pillars’ main bodies. [21] As the surface-to-volume ratio scales with the diameter the, surface 
recombination rates in the micropillars are 5-10x lower compared to nanowires whose diameters 
is often between 100nm - 200nm. Indeed, Time-resolved-photoluminescence (TRPL) 
measurements have shown that the carrier recombination lifetimes of pillars can be > 7.4ns at room 
temperature. [72] For comparison, lifetimes in III-V nanowires are often found to be of the order 
of 1-2 ns or considerably shorter. [73], [74]  
 

 
Fig. 2.2.3.1: (a) Schematic of micropillars on (111) silicon substrate showing the possible growth 
directions. (b) Close up image of as-grown InP micropillar. (c) Top view SEM of InP micropillars 
grown on (111)-Si. The InP micropillars are aligned upright (shown as bright white dots) and in 
three other degenerate directions shown on the figure. (d) TEM diffraction pattern of InP 
micropillar showing Wurtzite crystal structure. The image was taken along the a-axis of the crystal. 
The clearly defined diffraction spots indicate a very high crystal quality. The 1-100 and 0002 
diffraction spots are indexed in the image. (e) TEM image of InP micropillar taken from the main 
body of the pillar.  
 
Studying single self-assembled structures, it is desirable to accelerate materials research by 
obtaining equivalent V-I characteristics without having to fabricate devices with metal contacts. 
This method is often used in commercial production of solar cells. [75] This is possible as the 
external luminescence of a material is proportional to exp[ΔF/ kBT], where kBT denotes the thermal 
energy at room temperature. Calibrated PL measurements can yield Fermi-level ΔF splitting of 
single, as-grown pillars, which, in turn, can be regarded as the maximum Voc achievable in that 
material.  A monochromatic, continuous-wave (cw) laser with a wavelength of λ=660nm was used 
with illumination intensities varied from 500 W/m2 to 5·105 W/m2. An intensity of 600 W/m2 
corresponds to a photon flux of 2·1017 photons/sec·cm2. Assuming that each photon incident gets 
absorbed and translates to electrical current this flux corresponds to 32 mA/cm2, which is 
approximately the short circuit-current that could be achieved with a material with a bandgap of 
1.42 eV under AM 1.5 sun illumination. The collection efficiency of our experimental setup was 
calibrated with a near ideal reflector. (See appendix A.3.) Due to the well-known relationship 
between absorption and spontaneous emission, the Fermi-level splitting ΔF inside a light absorber 
can be calculated from its total spontaneous emission rate: [70]    
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                                (2.2.3.1) 

 
Here, E is the photon energy of spontaneous emission, h the Planck-constant, c the speed of light 
in vacuum, A the surface area of the pillar, and rsp denotes the total spontaneous emission rate 
emitted from the pillar per energy interval; 푎 denotes the absorptivity of the pillar for light which 
can be estimated to be 푎~0.62. (See appendix A.4.) Eq. 2.2.3.1 can be derived from the van-
Roosbroeck-Shockley relationship, which results from the thermodynamic necessity that a light 
absorber at thermal equilibrium has to re-emit the same radiation that it absorbs. (See appendix 
A.3.) Fig. 2.2.3.2 shows a photoluminescence spectrum of a single undoped, as-grown micropillar.  
The emission spectrum shows the two possible transitions of Wurtzite InP at 1.42 eV and 1.46 eV, 
[71] significantly larger than the 1.34eV bandgap energy of Zincblende cyrstalline-phase InP 
found in conventional, planar epitaxy. (See Fig. 2.2.3.2 (b).) As will be shown, this is a contributing 
factor to a larger Fermi-level splitting for the pillars. 
 

 
Fig. 2.2.3.2: (a) PL spectrum from single pillar under illumination intensity equivalent to 1 sun. 
(b) Schematic depiction of the two transitions (at 1.42eV and 1.46 eV) of Wurtzite InP that are 
visible in the luminescence spectrum. 
 
The recombination current of photogenerated carriers inside the pillar can be modeled with: [55] 
 

32 NCNBNAI                                                                                             (2.2.3.2)   
  
Eq. 2 contains the A, B, C coefficients for Shockley-Read-Hall (SRH), radiative, and Auger 
recombination, respectively. In the high injection regime, i.e. the excess carrier density is large 
compared to the doping concentration of the material, the carrier density N can be expressed as:  
 

TΔF/k
i

BenN  22                           (2.2.3.3a) 
 
Here, ni denotes the intrinsic carrier density. In case of the low injection regime, i.e. the excess 
carrier densities are small compared to the doping concentration ND, Eq. 2.2.3.3a becomes: 
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Using Eq. 2.2.3.3a (-or Eq.2.2.3.3b if it applies-), and assuming that at a given Fermi-level splitting 
one recombination mechanism dominates the others, one can re-write Eq. 2.2.3.2:   
 

TknF
n

BeII                                 (2.2.3.4) 
 
In Eq. 2.2.3.4, the ideality factor n depends on the dominant recombination mechanism. For 
radiative and Auger recombination, n=1 and n=2/3, respectively. For SRH recombination, at low 
injection levels, Eq. 2.2.3.3b applies, and n=1; whereas for high illumination conditions, 
Eq. 2.2.3.3a applies and n=2. The proportionality constant In depends on the dominant 
recombination mechanism. Taking the logarithm on both sides of Eq. 2.2.3.4, while considering 
that the recombination current I is proportional to the illumination intensity P and that there is a 
logarithmic relationship between Fermi level splitting ΔF and the spontaneous emission rate (- See 
Eq. 2.2.3.1 -), one can re-write Eq. 2.2.3.4: 
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                             (2.2.3.5) 

 
Eq. 2.2.3.5 shows that illumination intensity P versus spontaneous emission rate rsp, is akin to a 
Voltage-Current (V-I) characteristic with the slope of the curve denoting the ideality factor, n.  
 
Fig. 2.2.3.3 shows such an equivalent V-I characteristic obtained from a typical undoped, as-
grown, single InP micropillar. (The characteristics of this particular pillar will be denoted with 
letter A.)  The spontaneous emission rate and the Fermi level splitting are described by the bottom 
and top x-axes, while the illumination intensity is denoted by the y-axes.  Measurements were 
performed at room temperature as well as 4K.  At 4K the ideality factor n~1 over the whole range 
of illumination intensities, suggesting that radiative recombination is the pre-dominant mechanism 
and non-radiative recombination mechanisms are effectively suppressed.  Then, ηi can be regarded 
to be near unity. [76] At room temperature (295K) and low illumination levels, we found the 
ideality factor is still ~1, while at higher illumination intensities, n~1.5. This behavior of the 
ideality factor can be explained with SRH recombination as the illumination levels transition from 
the low- to the high injection regime.  At room temperature, ηi can be determined by the ratio of 
PL intensities obtained at room temperature and 4K.  At 1 sun, an internal quantum yield of 
ηi~0.2% is found.  The Fermi-level splitting reaches ~0.89eV under 1-sun, which is 0.53eV below 
the materials bandgap.  
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Fig. 2.2.3.3: Equivalent V-I curve of undoped InP micropillar A. The trace A(ηi~1) was obtained 
at 4K when the internal quantum yield is near unity. 
 
Surface passivation is a common strategy for improving the external quantum yield of nanowire 
structures, [37], [39], [40], [42], [43], [49] either by overgrowth with higher bandgap materials or 
by chemical treatment of surfaces. Due to the large-surface-to volume ratio the spontaneous 
emission quantum yield of pillars can be significantly improved by reducing the density of surface 
states positioned inside the materials bandgap. Such states could be due to oxygen atoms at the 
InP surface. [77]  
 
One common approach for chemical surface passivation is (NH4)2S2. [78] Using such treatment, 
[78] the brightness of pillars could be improved by one order of magnitude, increasing the Fermi-
splitting to almost 0.94eV (See Fig. 2.2.3.4 (a).) Another wet etching recipe that thoroughly 
removes surface oxide from the pillar surfaces is to first etch the pillars in a diluted Piranha solution 
(H2SO4:H2O2:H2O (4:1:100)) for 2 minutes and subsequently etch them in a concentrated 
HCl:H2O (1:3) solution for 30 seconds. [79] Besides removing native oxide it was reported that 
Piranha solutions can remove carbon contamination and defective material portions from InP 
nanowire surfaces, significantly improving solar cell performances. [42] Fig. 2.2.3.4 (b) shows the 
equivalent V-I curve obtained from such a surface treated pillar. At 1-sun illumination intensity 
the surface treated pillar is almost one order of magnitude brighter compared to untreated pillar, 
corresponding to Fermi level splitting of ~0.96eV. Here, the value for the voltage loss (Eg - q·VOC) 
is just 0.46eV, similar to what is being achieved in the record planar InP solar cell. [47] While the 
results show that surface treatments are very effective they have the disadvantage that the positive 
effects tend to temporary as the surfaces re-oxidize.  
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Fig. 2.2.3.4: (a) Equivalent V-I characteristics of single, (NH4)2S2 treated InP micropillar (trace 
B). For comparison, the characteristics of the untreated, as-grown pillar shown in Fig. 2.2.3.3 are 
also shown here (traces A). (b) Equivalent V-I characteristics of single, HCl treated InP micropillar 
(trace B). For comparison, the characteristics of the untreated, as-grown pillar shown in Fig. 2.2.3.3 
are also shown here (traces A). 
 
An alternative to increase the external quantum yield of pillars is to increase radiative 
recombination rates of the material by doping, and thereby increasing the n·p product inside the 
material.  The radiative recombination rate can be expressed as: [55] 
 
푟 = 퐵 ∙ 푛 ∙ 푝                                       (2.2.3.6a) 
 
Here, B denotes the radiative recombination coefficient and n and p describe the electron and hole 
densities. If the pillars are n-doped at levels considerably higher than the excess carrier density 
(low-level injection), then Eq. 2.2.3.6a becomes:  
 
푟 = 퐵 ∙ 푁 ∙ 푝                            (2.2.3.6b) 
 
To n-dope the pillars Diethyltellurium (DeTe) was injected into the MOCVD chamber during 
growth. Fig. 2.2.3.5 compares the equivalent V-I curve of a typical n-doped InP micropillar (trace 
B) with that of the undoped pillar discussed in Fig. 2.2.3.3 (trace A). A more than 30 brighter 
luminescence is obtained for the doped micropillar at 1 sun illumination intensity.  To estimate the 
doping concentration, we utilize the distinct shift of the photoluminescence peak due to the 
Burstein-Moss effect. Fig. 2.2.3.5(a) shows that the photoluminescence peak of the doped InP 
pillars is shifted by 72meV to 1.49eV. One can then calculate the doping density with: [80] 
 

∆퐸 = 16.9 ∙ ∙  [푚푒푉]                   (2.2.3.7) 
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In Eq. 2.2.3.7, the doping concentration is given in units of 10 푐푚 . Temperature dependent 
bandgap measurements have previously shown that the effective masses of wurtzite InP are similar 
to those of zincblende InP. [81] It needs to be taken into account that the electron effective mass m 
is doping concentration dependent because of the band filling. [82] One can then calculate the 
doping density to be ND~2·1018cm-3. [83] As shown in Fig. 2.2.3.5 the Fermi-level splitting in the 
doped pillars can reach ~1.03eV under 1sun illumination intensity, which is 0.46eV below the 
absorption edge of the material, similar to what was achieved with the surface treated pillars. These 
results clearly show the benefit of increasing the spontaneous emission rates by doping. While 
heavy doping can lead to an increase of SRH recombination as it introduces defects it has been 
reported that InP materials can be doped very highly without significant losses in the internal 
quantum yields for spontaneous emission. [84] 

 
Fig. 2.2.3.5: (a) Spectra of undoped (blue line) and n-doped (red line) pillars under 1 sun 
illumination condition. (b) Comparisons of contactless I-V characteristics of undoped micropillar 
(traces A) and doped micropillar (trace B).  
 
It should be noted that in our studies only n-doped pillars exhibited Bustein-Moss shifts, while p-
doped materials exhibited similar photoluminescence spectra similar to undoped pillars. One 
reason could be the larger effective mass of holes; a large effective mass increases the density of 
states which, on the other hand, leads to reduced band filling effects. Furthermore, in our studies 
zinc was used for p-doping. InP is known to exhibit low solubility for zinc, making it difficult to 
attain doping concentrations of the order of 1018 cm-3. [85] It has been reported that in p-doping of 
InP high p-dopant concentration leads to the formation of native defects that tend compensate free-
carriers, [64] As a side note, it has been reported that the compensation of free carriers due to 
native defects is one of the reasons why in ionic materials such as II-VI materials it is often found 
difficult to realize one or the other type of doping. [86] 
 
Indeed, we find that p-doped pillars are not as bright as n-doped pillars or even undoped pillars. 
Fig. 2.2.3.6 shows contactless V-I characteristics of p-doped pillars at room temperature and 4 K, 
in comparison with an n-doped pillar measured at 4K. At 4K one can see while the n-doped pillar 
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shows an ideality factor of unity and similar photoluminescence counts compared to undoped 
doped pillars, the p-doped pillars exhibit ideality factors larger than 1 even at 4K. Only at very 
high illumination intensities the ideality factor of the p-doped pillars get near 1. One can also see 
that the more lightly Zn-doped pillars (- named 0.1x Zn in Fig. 2.2.3.6 -) are brighter compared to 
10 times more heavily doped pillars (- named 1x Zn in Fig. 2.2.3.6 -). Since there is no Burstein 
Moss shift for p-doped materials one cannot easily determine the p-dopant concentration by optical 
measurements. The brightness of p-doped pillars depends on the Zn-flow during growth. They can 
be significantly less bright compared to undoped pillars. (See device section 2.4.4.) 
 

 
Fig. 2.2.3.6: Contactless V-I characteristics of p-doped pillars in comparison with data obtained 
from an n-doped pillar at 4K. The relative doping concentration is indicated in the labels.  
 
Another strategy to increase the brightness of pillars is to improve the light extraction efficiency. 
This can be realized by random surface texturing. [87] Fig. 2.2.3.7 (a-b) shows a flower-shaped 
nano-textured InP micropillar. The structure was synthesized via a 2-step growth process. First, a 
regular undoped pillar such as shown in Fig. 2.2.3.1 (a) was grown. Subsequently, the pillars were 
overgrown with additional undoped InP material at a greatly reduced V/III ratio, resulting in 
localized, protruding features. TEM studies revealed that micropillars assume a single-crystalline 
Wurtzite structure in the core which was grown in the first step, while the flower shaped, 
protruding features exhibit a high density of stacking faults. The stacking disorders are readily 
visible from the horizontal lines decorating the sidewall of the pillar in Fig. 2.2.3.7 (b).  As seen 
in Fig. 2.2.3.7 (b), the Fermi-level splitting obtained from a flower-shaped micropillar (trace B 
Fig. 2.2.3.7 (c)) is larger than 0.92 eV at 1 sun, more than 30 meV higher compared to undoped 
regular pillars. (Compare with trace A in Fig. 2.2.3.7 (c).)  This result is remarkable given the high 
defect density of the flower-shaped pillars, and this suggest of nano-textured surfaces could be 
indeed very effective for enhancing light extraction efficiencies. 
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Fig. 2.2.3.7: (a-b) SEM images of flower-shaped pillar with close up view shown in (b). (c) 
Comparisons of contactless I-V characteristics of a regular pillar (traces A) and a flower-shaped 
pillar (trace B). 
 
In conclusion, a contactless technique was utilized to assess the potential of InP micropillars for 
photovoltaic applications. This techniques is useful during early stages of materials development 
as it allows for obtaining equivalent V-I characteristics without having to fabricate electrical 
contacts. Several strategies for enhancing the external quantum yield for spontaneous emission, 
which is intimately related to Fermi-level splitting, were studied. Chemical removal of the native 
oxide yielded splitting of ~0.96 eV, which is 0.46 eV below the bandgap and a significant 
improvement compared to the free energy loss of 0.53 eV found in untreated pillars. Inclusion of 
nano-textures on pillar surfaces could increase the splitting to ~0.92 eV, which is remarkable 
considering the high densities of stacking faults found in such textured pillars. The fabrication of 
nano-textures without the introduction of defects is an inherently difficult problem. In our studies 
doping of the material proved to be the most effective approach, showing that ΔF > 1 eV could be 
obtained in InP micropillars.  
 
Both surface treatment and doping lead to splitting that is just 0.46 eV below the absorption band-
edge of the material. This comparable to what is being achieved in the current record InP solar 
cell. [47]While surface passivation is a very common strategy for improving the spontaneous 
emission quantum yield of nanowires, doping has not yet received the same amount of attention 
for this purpose. The results presented here confirm that InP micropillar materials have the 
potential of achieving high open-circuit voltages; such structures could be grown on lattice 
mismatched substrates such as silicon which could be scalable and low-cost, especially if low-
grade silicon or polysilicon were to be used. [88] Since in this instance the substrates do not serve 
as the light absorbing material there are no strict requirements on the materials quality as long as 
the substrates can be doped sufficiently high such that losses due to electrical resistances are low. 
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2.2.4 Lifetime, Surface Recombination Velocity, and Bulk Defects 
 
Besides performing contactless V-I measurements it is also possible to assess a material’s quality 
using time-resolved photoluminescence (TRPL) measurements. Specifically, it is possible to 
combine TRPL measurements with low-temperature measurements to separate the measured 
lifetimes into nonradiative lifetime and radiative lifetime; the effective, i.e. measured, carrier 
lifetime is: 
 

∗ = +                      (2.2.4.1) 
 
Nonradiative lifetime τnr and radiative lifetime τrad are also related by the equation for the internal 
quantum yield: 
 
휂 =                                (2.2.4.2) 
 
Now one has 2 equation with two unknown variables. The internal quantum yield for spontaneous 
emission can be inferred by comparing the PL intensities at 4k and room temperature. (Of course, 
one should perform the intensity measurements under the same illumination conditions as in the 
TRPL measurements.) The experiment was carried out with a 100 fs laser with λ = 750 nm and a 
repetition rate of 80 MHz.  Fig. 2.2.4.1 (a) shows room-temp TRPL lifetime of an undoped, as-
grown micropillar as a function of average illumination intensity. The lifetime is > 1ns at ~100 
suns, but can be as long as 7.4 ns at 4·104 suns, considerably longer than what has been found in 
nanowires in TRPL measurements; the highest reported values for III-V nanowires are between 1-
2 ns at room temperature. [73], [74] The non-radiative lifetime can exceed 14 ns, a remarkable 
value for such small structures. The measured lifetime actually decreases for very high 
illumination intensities; this is because at very high injection levels the n·p product inside the 
material gets so high that radiative recombination is getting shorter than the nonradiative 
recombination lifetime.  
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Fig. 2.2.4.1: (a) Measured lifetime τ (squares), radiative lifetime τrad (circles), and nonradiative 
lifetime τnr (triangles) in dependence of average illumination intensity. τrad  and τnr were calculated 
using Eqs. 2.2.4.1-2.2.4.2. The inset shows the TRPL trace of the measured lifetime obtained at 
4·104 sun average illumination intensity. (b) Light-light curves obtained from same pillar from 
which data shown in (a) was obtained. Using this data the internal quantum yield at various 
illumination levels could be determined. 
 
Using this value one can estimate the surface recombination velocity for the pillars if one assumes 
that the nonradiative recombination lifetime is dominated by surface recombination. Expressing 
the surface recombination rate using Shockley-Read-Hall recombination yields: [55] 
 
푅 =

( ) ( )
                                        (2.2.4.3) 

 
Here, n, p and ni denote the density of electrons holes, as well as the intrinsic carrier density. The 
coefficients n1 and p1 denote the electron and hole densities in the conduction- or valence band if 
the Fermi-level was coinciding with the energy level of the traps. The lifetimes τp (for holes) and 
τn (for electrons) can be expressed with Eq. 2.2.4.3. From equation Eq. 2.2.4.3 it can be seen that 
the lifetime due to surface recombination depends on the injection level. For very high injection 
levels at which n and p are large compared to n1, p1, and ni, and assuming that n = p, the non-
radiative lifetime saturates and Eq. 2.2.4.3 becomes:  
 
푅 =                                (2.2.4.4) 

 
Thus, at very high injection levels the lifetime due to non-radiative SRH-like recombination 
corresponds to the sum of the lifetimes for holes and electrons. The explanation for this is that both 
types of charge carriers are necessary for a recombination event and that for high injection levels 
the surface recombination is limited by the arrival and trapping of both, electrons and holes. 
Assuming that the surface recombination velocities for holes and electrons are similar Eq. 2.2.4.4 
finally becomes: 
 
푅 =                                (2.2.4.5) 

 
The nonradiative lifetime describing the surface recombination can be expressed as: 
 
휏 =  푆 ∙ 퐴/푉                               (2.2.4.6) 
 
Here, S is the surface recombination velocity, and A/V is the surface to volume ratio. (See next 
paragraph for derivation.) If the nanoneedle is modeled as a cone then the surface to volume ratio 
is approximately 6/d, where d is the diameter of the needle. Thus, Eq. 2.2.4.6 becomes: 
 
휏 =  푆 ∙                                     (2.2.4.7) 
 
As seen in Fig. 2.2.4.1, the longest obtained nonradiative lifetime (- which was obtained at very 
high injection levels -) was 14 ns in a pillar with ~0.85 µm diameter. [72] Using Eqs. 2.2.4.1, 
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2.2.4.2, and 2.2.4.7, one can estimate a surface recombination velocity of ~2000 cm/s. One should 
note that this estimate does not take into account nonradiative bulk recombination. Nonetheless, 
the order of magnitude agrees with values found in literature on conventional, planar InP surfaces. 
[63] 
 
Derivation relating surface recombination rates to surface recombination velocity and 
surface to volume ratio: 

 
Fig. 2.2.4.2: Schematic showing random structure with surface C. It is assumed that inside the 
structure the (injected) carrier concentration is constant. Outside the boundaries of the structure 
the carrier concentration is assumed to be zero. 
 
Let n be the injected carrier concentration in a structure with arbitrary shape. The carrier 
concentration is assumed to be constant within the structure, i.e. n(x) = n0. One can make this 
assumption if the surface recombination velocity is considerably smaller compared to D/d, where 
D is the diffusion constant and the effective/average diameter of the structure. Furthermore, bulk 
recombination (- be it radiative or nonradiative in nature -) shall be neglected. Then, the change 
in carrier concentration will be determined by carrier diffusion to the surface, described by 
Poisson’s equation: [89] 
 
휕 푛 = 퐷 ∙ ∇ 푛                                                     (2.2.4.8) 
 
One can integrate both sides of the equation over the volume of the structure: 
 
∫ 휕 푛 ∙ 푑푉 = 푉 ∙ 휕 푛 = ∫ 퐷 ∙ ∇ 푛 ∙ 푑푉                                                            (2.2.4.9) 
                                                        
V denotes the volume inside the structure. Then, since the structure exhibits a closed surface (- in 
mathematical sense -) one can apply Gauss’s law to convert the volume integral into a surface 
integral:  
 
휕 푛 = ∮ 퐷 ∙ ∇푛 ∙ 푑퐴                                                                         (2.2.4.10)  
 
The term 퐷 ∙ ∇푛 describes a flux of particles. This can be also expressed in terms of the surface 
velocity; at the surface of the structure one can therefore write: 
 
퐷 ∙ ∇푛 = 푆 ∙ 푛                                                 (2.2.4.11)  
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S is then called the surface recombination velocity. Then, Eq. 2.2.4.11 becomes: 
 
휕 푛 = ∮ 푆 ∙ 푛 ∙ 푑퐴 = 푆 ∙ 푛 ∙                                                   (2.2.4.12)  
 
Eq. 2.2.4.12 is the equation that was to be derived. 
 
Bulk Defects – Polytypism: 
As mentioned in section 1.1 the main body of the needles/pillars are mostly single crystalline; 
however, near the interface between pillars and silicon stacking faults can be found. These stacking 
faults induce polytpism into the Wurtzite crystal as one can easily see. (See Fig. 2.2.4.3.) 

 
Fig. 2.2.4.3: Schematic showing how stacking faults in Wurtzite crystals lead to polytypism. 
 
Stacking faults are planar defects in which the stacking order got disrupted. For a perfect Wurtzite 
crystal the stacking order is supposed to be an infinite layer sequence of ABABABAB. A stacking 
fault would be a disruption of that order like ABABACAC or ABABABCABAB. In any case, this 
would lead to a very thin portions of Zinblende phase inside the Wurtzite crystal. Since the 
bandalignment between Zinblende InP and Wurtzite InP is that of a type II alignment this will lead 
to a separation of electrons an holes. [56] (See Fig. 2.2.4.4 (a).) Typically, for high quality pillars, 
the Zinblende portions are very thin and form type II quantum wells inside the Wurtzite structure. 
(See Fig. 2.2.4.4 (b). They are mostly found at the pillar base, near the interface between silicon 
and the InP pillar. Holes will accumulate inside the Wurtzite portion while electrons will 
accumulate in the Zincblende portion of the pillars. The type II transition therefore occurs at 
energies lower than the Zincblende bandgap or Wurtzite bandgap. (The exact transition energy 
depends on the thickness of the type II quantum wells.) Fig. 2.2.4.5 (a) shows spectra of an InP 
needle taken at 4K temperature. Besides the peaks due to the Wurtzite bandegde transition and 
Zincblende bandegde transition at 1.49 eV and 1.41 eV, respectively, there are also 2 other peaks 
visible; one at 1.454 eV and one at 1.37 eV, which could be due to the type-II transition in the 
Zincblende InP quantum wells. [90] At higher illumination levels the Wurtzite emission will 
dominate the other contributions. 
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Fig. 2.2.4.4: Schematic Type II band alignment of Wurtzite InP and Zincblende InP. Bandoffsets 
are from ref. [90] (b) TEM image showing Zincblende inclusions forming type II quantum well in 
Wurtzite InP material. The Zincblende inclusions are marked with arrows (red). 
 
At room temperature, only emission from the Wurtzite phase can be seen. (See Fig. 2.2.4.5 (b).) 
The radiative lifetime of II transitions is greatly increased compared to bandegde emission. [56] 
Thus, at room temperature the type II transitions as well as the transitions from the Zinclende 
bandegde are inhibited by nonradiative recombination which is much faster at room temperature. 
It could be that polytypism is a significant contributor to the nonradiative recombination rates, and 
that nonradiative bulk recombination might not be neglected. Needles/pillars with large densities 
of Zinblende-inclusions exhibit considerably less photoluminescence compared to pillars of high 
purity. [56] This is because of the carrier-separation which prolongs the radiative lifetime, and 
therewith reduces the quantum yield for spontaneous emission. (Also refer to Eq. 2.2.4.2.)  

 
Fig. 2.2.4.5: (a) Low temperature spectra at different pump power levels. (The illumination power 
is given in µW. (b) Room temperature spectra at different pump power levels. (The illumination 
power is given in µW. 
 
Since the Wurtzite phase of the InP crystal is not the thermodynamically favored crystal structure 
for crystals of the size of the pillars, it might be possible to induce a phase change by heating. [91] 
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Fig. 2.2.4.6 shows photoluminescence spectra of the same needle before and after exposure to high 
laser intensities (~40000 suns). After the exposure the needle emission became weaker, and the 
second Wurtzite transition at 1.46 eV is not as pronounced as before in the spectrum. 

 
Fig. 2.2.4.6: (a) Room temperature spectra taken before and after exposure to illumination 
intensities equivalent to ~40K suns. The spectra were taken at 1 sun. After exposure the overall 
photoluminescence intensity dropped and the side shoulder due to the second Wurtzite transition 
at 1.46 eV became less pronounced. 
 
 
 
2.3 Light Absorption 
 
 
2.3.1 Achieving High Growth Densities 
 
To achieve high light absorption the micropillars need to exhibit high growth densities. To improve 
the pillar density it is key to understand the nucleation mechanism which is still under 
investigation. Nonetheless, several strategies to nucleate pillars have been studied. While it was 
found that the V/III ratio, i. e. the ratio of precursor flows for the group V and group III elements, 
as well as growth temperature are important growth parameters affecting the pillar density, it was 
also found that the preparation of the growth substrate surfaces is very important as well. As 
outlined in section 1.2, a possible hypothesis for the nucleation mechanism is that before growth 
the group III element, i. e. the metal, will form clusters which subsequently lead to needle/pillar 
nucleation, maybe via a process similar to VLS growth. 
 
Mechanical scratching: 
Using mechanical roughening as outlined in section 1.2.1, it is possible to realize high density 
growth regions on polysilicon. Fig. 2.3.1.1 shows SEM images of such grass. The close-up view 
of Fig. 2.3.1.1 (a) shows that the needles in the grass can be of good quality. The zoomed-out view 
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in Fig. 2.3.1.1 (b) reveals that the high density region is defined by the width of the mechanical 
scratch, which could make it difficult to scale this high-density growth-method over a whole wafer. 
As shown in section 2.3.2, the grass can exhibit absorptivity’s of up to 88% of sun light. The 
volume fill ratios achieved with this growth method are estimated to be larger than 12-15%. 
 

 
Fig. 2.3.1.1: (a) Close up SEM view of nanopillar grass. (b) Zoomed out view showing the high 
density region in the mechanically roughened area on the growth substrate. 
 
Wet chemical roughening: 
 

 
Fig. 2.3.1.2: (a) SEM showing needles grown on (111) Silicon substrate roughened in TMAH. The 
sample contains SiO2 patches which are critical for needle nucleation. The inset shows a zoomed 
in view. The needle density can reach 4·106 pillars per cm2, which translates to a volume fill ratio 
of around ~ 9% 
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High needle densities could also be achieved on crystalline samples whose surfaces have been 
roughened by wet chemical means. (Also, see section 1.2.2.) By optimizing the growth conditions 
and the wet-etching it is possible to achieve pillar densities of up to 4·106 pillars per cm2. To 
convert the pillar density into a volume fill ratio it is necessary to consider that because most of 
the pillars are slanted the average height of the pillar material is less than the typical pillar length 
of 7.5 µm. Slanted pillars are grown with an orientation of 30 degree angle to the substrate surface 
and therefore have a height of 7.5 휇푚 ∙ 푆푖푛[30°] = 3.75 휇푚. In Fig. 2.3.1.2 approximately 85% 
of the pillars are slanted while 15% are upright. Therefore, one can calculate an average height 
of 15% ∙ 7.5 휇푚 + 85% ∙ 3.75 휇푚 = 4.3 휇푚. The volume per pillar (with diameter 1.3 µm) is 

approximately 휋 ∙ . ∙ 7.5 휇푚 = 10 휇푚 . Now, the volume fill ratio can be calculated: 

푝푖푙푙푎푟 푑푒푛푠푖푡푦 ×    
 

 = 9%. This growth method is very scalable; the density can be 
high throughout a whole 2 inch wafer as shown in Fig. 2.3.1.3. 
 

 
Fig. 2.3.1.3: (a) SEM showing needles grown on (111) Silicon substrate roughened in TMAH. The 
needles grow in trenches surrounded by SiO2 patches as described in section 1.2.2. The needle 
density is high across a whole 2 inch wafer. 
 
Site-Controlled Growth: 
While the orientation of the needles tend to follow substrate directions of the <111> family, it 
would be desirable to control the exact orientation and placement of needles. This approach would 
not only be scalable but also could lead to enhanced pillar uniformity since the growth conditions 
would be more similar from needle to needle. To achieve real site-control, selective area growth 
was explored, as described in section 1.2.3. Using this approach volume fill ratios of up to 12% 
could be achieved. Optimizing this growth method could lead to large, highly uniform arrays of 
pillars. The pillars shown in Fig. 2.3.1.4 have an average diameter of 0.89 µm. 
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Fig. 2.3.1.4: (a) SEM image of a site-controlled growth grid of pillars. The volume fill ratio can 
be as high as 12.4%. (b) A close-up view of the nanopillar array. While most pillars grow in vertical 
directions (which is the (111) substrate direction) some pillars grow along other of the degenerate 
[111] directions. 
 
 
2.3.2 Light Absorption in Nanopillar Forests 
 
The first solar cell with bandgap of 1.42 eV that achieved 20% efficiency exhibited a short circuit 
current of 27.8 mA/cm2. A perfect solar cell with a bandgap of 1.42 eV should exhibit a short 
circuit current of around 32 mA/cm2. Thus, the micropillar solar cell (made of either Wurtzite 
GaAs or Wurtzite InP) should be able to absorb at least 87% of the sunlight. To confirm that 
ensembles of pillars can absorb very efficiently, the absorption was simulated using Monte Carlo 
ray-tracing software (Lighttools from Synopsys). In the simulation the needles were modeled as 
hexagonal pyramids with 1 µm base diameter and height of 8 µm, which are typical dimensions 
for InP needles. In the simulation the needles were randomly placed and randomly oriented along 
the [111], [-111], [1-11], and [1-1-1] crystal planes. The volume fill ratio in the simulation was 
~18%. (This corresponds to an average InP thickness of 1.5 µm.) It should be noted that in these 
simulation the absorption coefficients for ZB-InP was used, for the lack of data for WZ-InP. The 
micropillars were immersed in glass with a perfect antireflection coating. A perfect reflector was 
placed underneath the ensemble. The ensemble was illuminated with a 5800 K black body 
radiation spectrum that had a Lambertian angular distribution. (A schematic depicting the 
simulation setup is shown in Fig. 2.3.2.1 (a).) Despite the rather low volume fill ratio, the ensemble 
absorbed 94% of the light near the absorption edge, i. e. photon energies 1.38 ~ 1.5 eV. Fig. 2.3.2.1 
(b) shows a portion of the absorption data near InP band-edge. The Lambertian limit for the 
average InP thickness of 1.5 µm is also plotted for comparison. (The Lambertian limit is the 
theoretical maximum absorption obtainable in slab for weakly absorbed light (in the geometrical 
optics regime). [54].)  
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Fig. 2.3.2.1: (a) Schematic showing simulation setup the needle ensemble is placed on top of a 
perfect reflector. The ensemble is immersed in glass. (b) Simulation data (*) showing the 
absorption near the bandedge of Zincblende-InP. For comparison, the Lambertian limit for a InP 
material with 1.5 µm thickness is shown as well. (Simulation data courtesy of Greggory Scranton.) 
 
The absorption of high density nanoneedle forests grown on polysilicon using the mechanical 
roughening method was experimentally measured. Fig. 2.3.2.2 (a) shows an SEM image of a high 
density region. This nanopillar grass exhibits volume fill ratios of more than 15%. Fig. 2.3.2.2 (b) 
shows an optical image of the grass. The width of the grass region is about 150 µm. One can see 
that the grass looks black in the optical image, indicating a high absorptivity. To measure the 
absorptivity the grass was removed from the growth substrate. To this end the grass was immersed 
in Polydimethylsiloxane (PDMS) which was subsequently cured (at 90 °C for 10 min) for 
hardening. Then, the silicon was etched in a XeF2 etcher. Fig. 2.3.2.2 (b) shows the optical image 
of the sample after substrate removal. 
 

 
Fig. 2.3.2.2: (a) SEM image showing nanopillar grass. The grass was grown on a silane-based 
polysilicon surface. The polysilicon was mechanically scratched. The pillar forest grows within 
the scratched region. (b) Optical image showing nanoneedle grass removed from substrate and 
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immersed in Polydimethylsiloxane (PDMS). The susbtrate was removed in XeF2. The width of the 
grass region is around 150 µm. 
 
To measure the optical absorption of the grass, the sample was placed on top of an UV-enhanced 
Aluminum mirror (Thorlabs). By measuring the reflectivity one can then determine the double-
pass absorption of the sample. To account for absorption of the PDMS as well as for imperfect 
reflectivity of the Aluminum mirror a reference reflectivity measurement on PDMS film on 
Aluminum will also be performed. The measurement has been performed using an integrating 
sphere (Orion), allowing for full angle collection of reflected light. A schematic of the setup is 
shown in Fig. 2.3.2.3. The light source is a Xe halogen lamp and a monochromator is used to 
sweep the wavelength of the light. A lens is used to focus the light beam to a size below ~ 100 µm. 

 
Fig. 2.3.2.3: Schematic of absorption measurement. The pillar grass sample, which has been 
immersed in PDMS, is placed on an UV-enhanced Aluminum mirror.  

 
The focused light spot was aligned such that it illuminates the pillar-grass region on the sample. 
Three measurements were taken. A measurement with the sample, a measurement with a reference 
for 100% reflectivity (- here, a PDMS film on aluminum mirror -), as well as a reference for 0% 
reflectivity (-here, a beam dump (Newport Corporation) with rated reflectivity of 10-4 was used-). 
To calculate the reflectivity of the sample the following calculation was then made: 

푅 =  

%  
                  (2.3.2.1) 

Here PSample, PBeam Dump, P100% reference, are the measured reflected powers from sample, beam dump, 
and reference for 100% reflectivity, respectively.  
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Fig. 2.3.2.4: (a) Traces showing the reflected power from the reference sample for 100% 
reflectivity (trace A), the nanopillar forest (trace B), and the reference sample for 0% reflectivity 
(trace C). (b) Traces showing the reflected power from the nanopillar forest and the 100% 
reflection reference after subtraction of the trace obtained from the 0% reflection reference sample. 
(c) Absorption spectrum of the nanopillar forest. (d) Normalized spectrum of sun at AM 1.5 
condition.  

The absorption of the sample is then calculated with 1-Rsample. Fig. 2.3.2.4 shows the reflected 
powers measured in this experiment. Fig. 2.3.2.4 (a) shows the measured power traces obtained 
with the reference used for 100% reflectivity (Trace A), the nanopillar forest (Trace B), and the 
reference used for 0% reflectivity (Trace C). Fig. 2.3.2.4 (b) shows the traces for the nanopillar 
forest and the reference sample for 100% reflection after the subtraction of the trace that represents 
0% reflectivity. Trace A.2 was calculated by subtracting trace C (from Fig. 2.3.2.4 (a)) from trace 
A (from Fig. 2.3.2.4 (a)). Likewise, trace B.2 was obtained by subtracting trace C (from Fig. 2.3.2.4 
(a)) from trace B (from Fig. 2.3.2.4 (a)). Weighting the absorption spectrum with the solar 
spectrum shown in Fig. 2.3.2.4 (a) (d) one can determine absorptivity of 88% of sunlight over the 
range 300-900 nm. While this absorptivity is sufficiently high to ensure high enough short circuit 
currents the nanoneedle forests on polysilicon suffer from random growth directions. For high 
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densities these can lead to needles intersecting each other as visible in Fig. 2.3.2.2 (a). This could 
lead to the formation of detrimental shunt paths. 
 
 
 
2.4 Micropillar Solar Cell Devices 
 
 
2.4.1 Leakage Path due to Core-Shell Growth Mode 
 
As outlined in section 2.2 the main challenge for microstructured light absorbers is achieving high 
voltages. It was shown that the pillar material has the potential to reach open circuit-voltages of > 
1eV, if n-doped InP material is used as the light absorber. Furthermore, it has been shown that 
pillars can be grown with high densities, enabling sufficient absorption of light. However, special 
care needs to be taken to avoid shunt paths that could form due to the core shell growth mode. The 
schematics shown in Fig. 2.4.1.1 explain how shunt paths can form in (In)GaAs and InP pillars. In 
(In)GaAs pillar growth, there will be polycrystalline deposit on the silicon surface, surrounding 
the pillars. (See Fig. 2.4.1.1 (a).) By switching the type of doping during growth it is possible to 
realize a pn-junction inside the pillars. [28] However, the pn-junction inside the polycrystalline 
deposit is of very low quality, and thus it is a very conductive shunt path. For InP there is no 
polycrystalline deposit surrounding the pillar. (See fig. 2.4.1.1(b).) However, the p-doped (n-
doped) shell is in direct contact with the n-type (p-type) silicon substrate.  
 

 
Fig. 2.4.1.1: (a) Schematic showing shunt-path formation in (In)GaAs pillars. The shunt paths are 
indicated by white arrows. (b) Schematic showing shunt-path formation in InP pillars. The shunt 
paths are indicated by white arrows. 
 
The pn-junction formed between the pillar shell and the substrate will be of lower quality due to 
the stacking faults found near the InP/silicon interface. (See section 1.1.) This shunt path formation 
is a results of the core-shell growth mode of the needles/ pillars. Fabrication of devices without 
removal of these shunt paths did not lead to the realization of good diodes and no photocurrent 
could be observed in such devices.  
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Fig. 2.4.1.2: (a) Schematic showing structure of InP pillar device. The base of the pillar as well as 
the silicon are covered with ~200 nm SiO2 for isolation. The pillar top is contacted with Ti (20nm)/ 
Au (100 nm) metallization. The metal was evaporated from a 45° degree angle such that half of 
the pillar is not covered by metal and exposed. The backside contact is Ti (20nm)/ Au (150nm)    
(b) SEM showing zoomed-in image of fabricated pillar device.  (c) SEM showing zoomed-out 
image of a device. (d) I-V characteristics (- in dark condition -) of 3 devices.  
 
Fig. 2.4.1.2 (a) shows a schematic of the structure of InP pillar devices in which the n-doped shell 
is in direct contact with the p-doped substrate. The base of the pillar as well as the silicon are 
covered with SiO2 for electrical isolation of the front metal contact and the backside contact. In 
order to only cover the bsae of the pillar with SiO2 the sample was first conformally coated in SiO2 
using PECVD. Then, photoresist was spun onto the sample; after soft-baking, the resist was ashed 
in oxygen-plasma until the pillar tops became exposed. The sample was then etched in buffered 
oxide etch to remove the oxide from the pillar top, and the remaining photoresist was subsequently 
removed in Acetone. The pillar top is contacted with Ti/Au metallization. The metal was 
evaporated from a 45° degree angle such that half of the pillar is not covered by metal and exposed. 
The backside contact was Ti/Au as well. Fig. 2.4.1.2 (b) shows a close up SEM image of a 
fabricated pillar device. Fig. 2.4.1.2 (c) shows a zoomed out image of a device. The total device 
size was 200 x 200 µm2; a typical device contains ~20-30 pillars. The I-V characteristics (- in dark 
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condition -) show a large reverse bias current. No photocurrent could be obtained with such 
devices.  
 
 
2.4.2 Shunt Path Removal by Etching of Pillar Shells 
 
One approach for mitigating the shunt path formation is to etch the outermost shell in the pillar at 
the base. For example, if a device consists of a n-doped core and a p-doped shell one can use e-
beam lithography plus wet etching to etch away the p-shell at the pillar bas. The process flow to 
achieve this is outlined in Fig. 2.4.2.1. 
 

 
Fig. 2.4.2.1: Schematics showing how base of pillar is etched into. First, e-beam lithography (and 
subsequent metal deposition) is used to define alignment markers. Then, the whole sample is 
covered in ~200m SiO2. In the next step photoresist is spun onto the sample. O2 plasma is then 
used to ash the resist back until the pillar tops become exposed. The oxide on top of the pillars is 
then removed in buffered oxide etch (BOE). Then, E-beam lithography is used to mask the pillar 
tops in (negative) e-beam resist. (It is important to remove the oxide on the pillar tops prior 
masking the pillars in (negative) e-beam resist, so that good adhesion between the mask and the 
pillar can be ensured.)  The oxide at the base of the pillar is subsequently removed. Then, the 
sample is dipped into Piranha etch to etch into the shell of the pillar. The etching time must be 
long enough such that the p-shell (n-shell) is thoroughly removed at the base, yet short enough in 
order minimize etching into the n-core (p-core). Finally, the e-beam resist and remaining oxide 
can be removed in acetone.  
 
Fig. 2.4.2.2 (a-c) shows SEM images of fabricated, single In0.22Ga0.78As pillar devices. (The 
InGaAs pillar are passivated with a 150 nm GaAs shell.) E-beam lithography and SEM were used 
to identify and contact single pillars. Fig. 2.4.2.2 (d) shows I-V characteristics (dark) of several 
single pillar devices. One can see the improvement compared to the results shown in Fig. 2.4.1.2. 
Under -1V reverse bias the reverse current is around ~1nA. This translates to a current densities 
of the order of 101 mA/cm2.  These devices show photocurrent under concentrated illumination. 
(See Fig. 2.4.2.2 (e).) In these measurements a monochromatic laser (λ=532 nm) was used for 
illumination. Under high illumination powers of > 1mW the open-circuit voltage can reach values 
larger than 0.4 V. (Assuming a spot size of 50 µm, this translates to intensities larger than 105 
suns.) It has been shown that this method can yield single pillar devices with very high open-circuit 
voltages of up to 0.8 V. [92]  
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Fig. 2.4.1.3: (a-c) SEM images of single In0.22Ga0.78As pillar devices fabricated with e-beam 
lithography. (d) I-V characteristics from several devices under dark conditions. (e) IV-
characteristics of single pillar under different illumination powers. The illumination source was a 
monochromatic laser with wavelength 532 nm.  
 
 
2.4.3 Selective Etch of Polycrystalline Deposit 
 
Another approach to remove the shunt path as shown in Fig. 2.4.1.1 (a), is to selectively etch the 
polycrystalline deposit without etching the single-crystalline pillars/needles. This is schematically 
shown in Fig. 2.4.3.1 (a). One can coat the InGaAs pillars with a ~ 25nm thin layer of InGaP. The 
polycrystalline layer will exhibit a layer of InGaP as well but it will be polycrystalline. Thus, there 
might be pinholes in the polycrystalline InGaP layer. By etching the sample in an etchant that 
etches InGaAs but not InGaP one could then remove the polycrystalline InGaP. The needle would 
not get etched into since it is protected by a single-crystalline layer of InGaP. Fig. 2.4.3.1 (b-c) 
show SEM images of such samples after etching in Citric acid, which etches InGaAs but not 
InGaP. [93] Fig. 2.4.3.1. (d-e) shows I-V characteristics (dark) of single pillar devices fabricates 
using this method. One can see that the ideality factor can be as low as n~2, which is expected 
from III-V semiconductors in the high-injection regime. The dark current, however, is not as low 
compared to the results shown in fig. 2.4.1.3. This could be because the polycrystalline deposit 
was not completely removed. It is challenging to completely remove the polycrystalline layer since 
then the pillar tend to collapse onto the substrate surface. 
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Fig. 2.4.3.1: Schematic showing the idea of using selective etching to remove polycrystalline 
deposit. The outermost shell of the InGaAs needle is covered with a ~25 nm thick layer of InGaP. 
There will also be a ~25 nm thick polycrystalline InGaP layer. However, the polycrystalline layer 
might exhibit pinholes. Then, one could use a selective etchant that etches InGaAs but not InGaP 
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to remove the polycrystalline deposit. (b)-(c) SEMs showing sample after selectively etching 
InGaAs in citric acid. The close-up image in (c) shows that the pillar did not get etched. (d-e) I-V 
characteristics (dark) of several single pillar devices fabricated from such etched samples. 
 
 
2.4.4 PN-Junction Formation Using Regrowth 
 
To avoid the shun-path formation in the first place, we grow the pn-junction in 2 steps. In a first 
growth the pillar core is grown. Then using standard microfabrication techniques, the base of the 
pillars is covered with an electrical isolation layer (e. g. SiO2). In a second growth step, the pillars 
can be overgrown in a regrowth-step with new InP material, allowing the formation of a pn-
junction without shunt path. First we developed regrowth without any isolation layer; pillars were 
grown, taken out of the growth chamber, cleaned in HCl solution and put back into the growth 
chamber for regrowth. Fig. 2.4.4.1 shows SEMs of an undoped pillar before and after this regrowth 
has been performed. One can see that the regrown material is of very high quality, exhibiting very 
smooth surfaces.  
 

 
Fig. 2.4.4.1: SEMs of pillar before and after regrowth. (a) Pillar before regrowth. (b) Pillar after 
regrowth. (c) Close-up view of pillar after regrowth. 
 
The growth time for the pillar shown in Fig. 2.4.4.1.(a) was 15 min. The regrowth time was 15 
min as well. One can see from Fig. 2.4.4.1. (b) that the diameter increased from initially 1.34 µm 
to 1.99 µm. To confirm the quality of the regrowth contactless V-I measurements have been 
performed. Fig. 2.4.4.2 shows that the regrown pillars show characteristics to pillars without 
regrowth, confirming a high materials quality for the regrown material. Next, the regrowth has 
been performed after a SiO2 isolation layer has been deposited: while the silicon substrate and the 
base of the pillars are covered with SiO2, the top of the pillars are exposed. (This process is also 
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described in section 2.4.1.) The results of the regrowth is seen in Fig. 2.4.4.3 (a). It can be seen 
that the regrown materials is not smooth but often exhibit protruding features. This is most likely 
due to a local decrease of V/III ratio of the precursors. This is schematically shown in Fig. 2.4.4.3 
(b); the Indium species exhibit diffusion length on SiO2 which are much longer compared to 
diffusion lengths on silicon. (Usually, only very little InP deposit is found on SiO2 covered regions 
after a growth run.) Thus, a lot of Indium will diffuse on top of the SiO2 surface and eventually 
reach the exposed tops of the InP pillars where they form InP material. This enhancement of group 
III material at the pillar top leads to very fast growth rates of InP, leading to uncontrolled growth. 
 

 
Fig. 2.4.4.2: Contactless V-I characteristic of regrown pillar in comparison to characteristic 
obtained from regular pillar without any regrowth.  

 
After the regrowth the ball of indium are visible on the sample. (See Fig. 2.4.4.3 (a).) The duration 
of the initial growth run for the pillar shown in Fig. 2.4.4.3. (a) was 15 min. The regrowth time 
was 15 min as well. One can see that the base diameter (of the part of the needle not being covered 
with SiO2) increased from 430 nm to 1.19 µm. The diameter increase is significantly larger 
compared to the regrowth shown in Fig. 2.4.4.1 (a), which is due to the enhanced growth rates. 
To avoid this problem an additional layer of amorphous silicon was deposited on top of the SiO2 
isolation layer prior regrowth. This is schematically shown in Fig. 2.4.4.4. (a); Fig. 2.4.4.4. (b) 
shows a pillar before the regrowth step. One can see the improvement due to the revised structure 
in Fig. 2.4.4.4 (c). The improvement is likely due to the lower diffusion length of indium on 
amorphous silicon compared to SiO2. It should be noted that in addition to coating the samples 
with a-Si it was also necessary to significantly reduce the flow of the indium-precursor during the 
regrowth.  
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Fig. 2.4.4.3: (a) SEMs of pillar before and after regrowth. (b) Schematic depicting how the SiO2 
coverage leads to a local surplus of Indium material at the pillar top.  
 

 
Fig. 2.4.4.4: (a) Schematic showing the revised growth structure. An amorphous Silicon layer is 
covering the SiO2 layer to prevent Indium accumulation at the pillar tip. (b) SEM of needle before 
regrowth. (c) Undoped pillar before and after regrowth.  



 

46 
 

 
Next, the regrowth approach was used for device fabrication. A possible design is to use a highly 
doped p-core pillar is clad by a highly doped n-shell. This design was chosen as n-InP is known to 
exhibit considerably smaller contact resistances. Contacts to p-InP are difficult due to the high 
barrier height of p-InP to metals and the large effective hole masses of InP, limiting thermionic 
currents through the InP/metal interface. [94] The device design is shown in more detail in Fig. 
2.4.4.5 (a). The first regrown layer is p-doped as well; this is to avoid an overlap between the 
depletion region of the pn-junction and the regrowth interface, which might contain defects. Fig. 
2.4.4.5 (b) I-V characteristics measured in the dark and under illumination using a monochromatic 
light source (λ=633 nm; 1 sun illumination intensity was taken to be 600 W/m2 of red light.). The 
light was delivered to the device using an optical fiber (NA=0.3) from the side (- at an angle of 
30° from the horizontal).  

 
Fig. 2.4.4.5: (a) Schematic showing design of single pillar device using regrowth. (b) I-V 
characteristics in dark and under illumination with a monochromatic (λ=633nm) source at room 
temperature; 1 sun illumination corresponds to 600 W/m2 intensity of red light. 
 
In the dark the ideality factor is n=2, which is typical if the predominant recombination mechanism 
is nonradiatiev SRH recombination in the depletion region. The saturation current is lower than 
the noise floor of the parameter analyzer used in this measurement. One can, however, estimate 
the n=2 saturation current density J02 from the forward bias curve; at forward bias of 0.44V, the 
measured current is 3.82E-12 A. Since the ideality factor is n=2 one can calculate J02 via the 
relation J=J02·(Exp[qV/2kT]-1). Assuming a pn-junction area of ~1.25E-7 cm2 for a pillar 
structure, one can estimate J = 3.06E-2 mA/cm2 and finally obtain J02 = 6.1E-6 mA/cm2. For 
comparison, planar GaAs devices with areass of 2.5E-5 cm2 can exhibit saturation currents of the 
order of 1E-13 mA/cm2. [95] The device performance parameters at different illumination intensity 
levels are shown in Table 2.4.4.1. 
 



 

47 
 

Table 2.4.4.1: Performance parameters of single pillar solar cell using regrowth approach. 
Parameter 0.5 Sun 1 Sun 2 Sun 

VOC [V] 0.590 0.604 0.626 
Approximate Jsc [mA/cm2] 5.6 8.6 18.3 
FF 0.465 0.39 0.36 
Approximate Efficiency [%] 5.1 3.4 3.4 

 
It can be seen that the fill factor shows a sharp decrease with rising illumination levels. We ascribe 
this to the large series resistance found in the pillar. This series resistance is likely due to either 
the intrinsic region of the structure or due to contact resistance. Under illumination intensities 
equivalent to 1 sun open-circuit voltages of 0.604 V could be achieved. Using a solar simulator 
(Newport) single pillar device have been measured (from normal incidence) under 1 sun. In these 
measurements the pillar devices achieved VOC=0.46 V, Isc= 9.3E-11 A, FF=0.38. Assuming a pillar 
footprint of 1 µm diameter one can estimate the conversion efficiency to be 2%.This result is not 
much lower compared to the results achieved with monochromatic excitation using a fiber from 
the side, especially if it is taken into account that the pillar tops are covered with metal. (See Fig. 
2.4.4.5.) Only a side wall of the pillar is exposed. A possible explanation is that in nanopillar/ 
nanowire solar cells the subwavelength structures act as dielectric antennas with effective capture 
cross sections considerably larger than their physical cross section. [96]  

 
Fig. 2.4.4.6: Contactless V-I measurements at room temperature of micropillar with regrown p-i-
n structure. For comparison, the characteristics of an undoped pillar, an undoped pillars with 
undoped regrown material, as well as isotypic p- and n-type pillars are also shown.  
 
The open-circuit voltage of 0.604 V (under monochromatic illumination) is significantly lower 
from what would have been expected from the contactless V-I measurements. These measurement 
indicated Fermi-level splitting of ~0.89 eV in undoped materials and ~1.03 eV in n-doped 
materials. One reason is that the bulk of the micropillars used for device fabrication were made of 
heavily p-doped InP material. The brightness of p-doped InP material depends greatly on the 
doping concentration. Furthermore, the contactless V-I measurements presented in section 2.2.3 
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were performed on isotypic pillars. Full devices, of course, contain a pn-junction and therewith a 
depletion region. Depletion region recombination is especially penalizing for small solar cells. [95] 
Fig. 2.4.4.6 shows how contactless V-I characteristics look like for a regrown pillar with full p-i-
n structure as shown in Fig. 2.4.4.6 (a). One can see that p-i-n pillars are considerably less bright 
compared to undoped or isotypic pillars. The p-i-n pillar could not be measured at illumination 
levels equivalent to 1 sun since due to the limited sensitivity of the photoluminescence setup. 
Extrapolation of the curve (- assuming an ideality factor of 1.48 -) yields a splitting of ~0.68 under 
1 sun. This result is more consistent with the actually achieved open-circuit voltage of 0.604 V.  
 
To mitigate depletion recombination losses it might be necessary to bury the pn-junction within 
higher bandgap materials such as InGaP or AlInP. Furthermore, avoiding an intrinsic layer within 
the structure could reduce the width of the depletion region.  
 
Ensembles of ~100 p-i-n pillars were fabricated and measured as well. Fig. 2.4.4.7 (a) shows a 
device made from the pillars with regrowth structure. Device characteristics under 1 sun (solar 
simulator) and in the dark are shown in Fig. 2.4.4.7 (b). The device showed VOC=0.3 V, Isc= 50 
nA, and FF=0.18. The device performance is lower compared to what can be found in single pillar 
devices; since all pillars are connected in parallel, the device performance can be significantly 
affected by a small portion of pillars with lower quality.  
 

 
Fig. 2.4.4.7: (a) SEM of ensemble pillar device with ~100 needles. (b) I-V charactersitics of 
ensemble device under dark condition and under solar simulator. 
 
In summary, III-V Micropillar devices have been fabricated. A challenge for the fabrication of 
micropillar devices is the shunt path created by the core-shell growth mode. Several approaches 
for mitigating this problem have been explored. Our studies show that regrowth is a promising 
approach for realizing devices with low dark currents. Under 1 sun (monochromatic) illumination 
open-circuit voltages of ~0.6 V could be achieved, a value that compares well to the state of the 
art of III-V nanowire devices. For further improvement, the series resistance needs to be improved. 
To this end, highly doped contact layers should be used to reduce contact resistance. Furthermore, 
higher bandgap materials could be used to reduce the amount of minority carrier lost in the 
depletion region of the pn-juction. This is too reduce Nonradiative minority carrier losses in the 
depletion region, a major challenge for small solar cells. [95]  
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Chapter 3  Nanoneedles for Superfocusing of Light and                 
 Second Harmonic Generation 
 
 
 

3.1 Nanoneedles for Superfocusing 
 
 
3.1.1 Plasmonics: The Benefit of Large Wavevectors 
 
The physics of light at the subwavelength scale offers opportunities for next-generation optical 
devices with novel functionalities. One specific interest has been the confinement of light in 
volumes much smaller than the optical wavelength. This is too promote enhanced light-matter 
interaction as well as to achieve small device footprints for on-chip integration. In many cases, 
top-down approaches for nanofabrication offer the advantage of higher repeatability and 
predictability compared to bottom up approaches. However, to realize nanostructures with very 
small ~nm dimensions bottom up approaches, i. e. methods based on self-assembling, could be 
more suitable. Nanoneedles can be grown with ultrasharp tips with radii of ~2 nm as described in 
section 1.1.1. However, such a small dielectric structure by itself will not be able to contain light 
as it is too small to exhibit modes/resonances for light in the visible or infrared regime. The limit 
for the confinement of light is around the order of (λ/2)3. For semiconductor based dielectrics the 
refractive index is around 3.5, which means that the confinement will at best of the order of (λ0/7)3, 
where λ0 is the vacuum wavelength. Metallic structures, on the other hand, can feature plasmonic 
modes, i.e. collective electron oscillations, which can couple with light modes to form plasmon-
polaritons. As propagation constants of plasmon-polaritons modes can be very large this allows 
focusing optical energy into very small, i.e. nm-scale, volumes. [97], It should be noted that 
plasmonic effects, despite the small length-scales, are not necessarily quantum mechanical effects 
but can be understood in terms of classical electrodynamics. 
 
Here, the example of an infinite air/metal interface will be used to illustrate how plasmonic modes 
can feature wavelengths that are comparable to wavelengths in the x-ray regime. A detailed 
derivation can be found elsewhere. [97], [98] Fig. 3.1.1.1 schematically shows a TM-mode 
propagating on an infinite metal/air interface. The E-field of TM-Mode in both, the air-side and 
the metal side, take the form: 
 
퐸 , =  푖 ∙ const ∙ 푒 푒                                                                      (3.1.1.1a) 
퐸 , =  const′ ∙ 푒 푒                                 (3.1.1.1b) 
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Fig. 3.1.1.1: Schematic showing SPP traveling at air/metal interface. Electric- and magnetic field 
components are indicated. 
 
퐸 , =  푖 ∙ const ∙ 푒 푒                                      (3.1.1.1c) 
퐸 , =  const′ ∙ 푒 푒                                      (3.1.1.1d) 

From Ampere’s law ∇ 휀 휀 ∙ 퐸⃑ = 0 one can then obtain: 
 
−i푘 퐸 , − 푘 퐸 , = 0                            (3.1.1.2a) 
−i푘 퐸 , − 푘 퐸 , = 0                                      (3.1.1.2b) 
 
Boundary conditions determine that the tangential E-field components in air and metal are the 
same, which yields 
 
푘 퐸 , = 푘 퐸 ,                                          (3.1.1.3) 
 
The normal components of Dz must be the same as well: 
 
휀 퐸 , = 휀 퐸 ,                                          (3.1.1.4) 
 
Using the fact that 휀 = 1 one can combine Eqs. 3.1.1.3 and 3.1.1.4, yielding: 
 
휀 푘 = 푘 휀                                           (3.1.1.5) 
 
Now, one can take a look at the wavevectors kair and kmet: 
 
푘 = 푘 − 휔 푐⁄                             (3.1.1.6a) 
푘 = 푘 − 휀 ∙ 휔

푐                                   (3.1.1.6b) 
 
Finally, combining Eqs. 3.1.1.5, 3.1.1.6a, and 3.1.1.6b yields: 
 

푘 =                                                     (3.1.1.7) 
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The dielectric constant of metal is a function of the optical frequency ω. One can see from Eq. 
3.1.1.7 that the propagation vector can get very large if the value for 휀  gets close to 0. This 
shows the benefit of utilizing plasmonic modes; their large wavevectors allow for confining light 
to volumes much smaller compared to dielectrics. 
 
 
3.1.2 Superfocusing for E-Field Enhancements 

 
Fig. 3.1.2.1: FDTD simulations on gold sphere illuminated with plane wave light polarized along 
the x-direction. (a) Spatial intensity profile through sphere. The intensity normalized to the 
intensity of the illuminating plane wave is indicated by the colorbar. (b) Enhancement (normalized 
to intensity of illuminating plane wave) near surface of sphere as a function of wavelength.   
 
As an example for a (localized) plasmon mode, Fig. 3.1.2.1 shows a 3D Finite-Difference Time-
Domain (FDTD) simulation of a gold sphere with 10 nm radius. In the simulation the sphere is 
illuminated with a plane wave polarized along the x-direction. The intensity profile in Fig. 3.1.2.1 
(a) shows that the intensity could be enhanced by a factor of the order ~101. Fig. 3.1.2.1 (b) shows 
that the plasmonic mode has its resonance peak at λ = 530 nm. The rather moderate intensity 
enhancement of about a factor of ~101 could be improved by using smaller structures that could 
concentrate light into even smaller volumes. Fig. 3.1.2.2 shows 3D-FDTD simulation of a GaAs 
NN with a 20nm gold coating. The tip diameter is 3 nm. The tip of the NN is illuminated with a 
plane wave polarized parallel to the NN axis. One can see that the intensity enhancement reaches 
values of the order of 102.  
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Fig. 3.1.2.2: (a) View of modeled structure. The coordinate system is indicated in the schematic. 
The illuminating plane wave travels in y-direction and is polarized parallel to the z-axis. (b) Cross 
sectional view (y-z plane) of simulated structure. The NN is coated with 20nm of gold. (c) Intensity 
profile showing the tip-region of the NN. The colorbar shows the intensity enhancement 
(normalized to the intensity of the illuminating plane wave.) 
 
While small/sharp structures, i. e. structures featuring very large curvatures, can achieve electric 
field enhancements via plasmon resonances and the lightning rod effect, [99] one could amplify 
enhancements even more by collecting light from an area much larger than the small structure, and 
then focusing the electromagnetic energy into the small structure. One way to achieve this is to 
use structures act as (optical) antennas. It has been shown that optical antennas that focus the 
optical energy across a nanometer sized gap could achieve intensity enhancements between 103 
and 104. [100] Another approach to capture light from a large area and concentrate the energy into 
a small volume is to convert light into propagating surface plasmon - polaritons (SPPs) over a large 
area and then focus the SPPs into a very small volume. Fig. 3.1.2.3 schematically shows an FDTD-
simulation setup for a possible structure: a triangular silver wedge contains an area with a grating 
which is being illuminated with light (plane wave). The grating transfers momentum to the photons 
such that they can couple to SPPs which then propagate towards the sharp edge of the wedge. At 
the edge the SPPs excite local plasmon oscillations, leading to intensity enhancements. The grating 
used in the simulation had period of 0.59 µm and the grating thickness was 25nm. In these 2D 
simulations enhancement factors of the order of 103 were found, confirming the advantage of 
collecting light from a large area and focusing the optical energy into a localized plasmon mode at 
the tip. (See Fig. 3.1.2.4.) 
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Fig. 3.1.2.3: Schematic of simulation (2D) setup of a silver wedge with grating. The illuminating 
light is polarized along the x-direction, i.e. perpendicular to the grating bars.  

 
Fig. 3.1.2.4: (a) Intensity profile (Ex - component) near the edge of the wedge, showing intensity 
enhancements (normalized to intensity of illuminating plane wave) of the order of ~103. (b) 
Intensity profile (Ez - component) near the edge of the wedge, showing intensity enhancements 
(normalized to intensity of illuminating plane wave) of the order of ~103. 
 
For comparison, Fig. 3.1.2.5 shows the schematic of a simulation in which the sharp edge of the 
wedge is illuminated directly. The results shown in Fig. 3.1.2.6 show that the intensity 
enhancement is of only the order of 102 if the plane wave is directly exciting the wedge edge 
without the grating. 
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Fig. 3.1.2.5 Schematic of simulation (2D) setup of a silver wedge with grating. The illuminating 
light is polarized along the x-direction, i.e. perpendicular to the grating bars.  
 
The results shown in Figs. 3.1.2.4 and 3.1.2.6 demonstrate the potential benefit of focusing SPPs. 
While in the simulations above the light was focused in 2 dimensions, it could be expected that a 
larger enhancement could be expected from focusing light in all three dimensions. Indeed, it was 
shown that by focusing SPPs using an adiabatically tapered needle, the intensity enhancement 
could be almost infinite, only limited by the minimum tip size that is consistent with continuous 
electrodynamics. [101] Interestingly, it was shown that this enhancement is not purely a geometric 
effect, but also because the SPP slows down as it travels towards the tip and, effectively gets 
compressed; both the phase and group velocity of the mode approach zero as the needle radius 
approaches zero, i.e. the wave impedance of the SPP mode diverges. [101]  

 
Fig. 3.1.2.6: (a) Intensity profile (Ex-component) near the edge of the wedge, showing intensity 
enhancements (normalized to intensity of illuminating plane wave) of the order of ~102. (b) 
Intensity profile (Ez-component) near the edge of the wedge, showing intensity enhancements 
(normalized to intensity of illuminating plane wave) of the order of ~102. 
 
In ref. [101] this impedance increase could be derived theoretically using Maxwell equations and 
an eikonal approximation. But it is also possible to use a simple circuit model, as shown below. 
(See refs. [102], [98] for detailed treatments.) 
 
Treating the tapered wire as a transformer one can use AC Ohm’s law: 
 
휕 푉 = −푍 ∙ 퐼                                           (3.1.2.1) 
휕 퐼 = −푌 ∙ 푉                                          (3.1.2.2) 
 
Here, V and I denote voltage and current, and Z and Y denote the impedance and admittance per 
unit length of the wire. X is the propagation direction. Using Eqs. 3.1.2.1 and 3.1.2.2 one can find: 
 
휕 푉 = −푍 ∙ 휕 퐼 =  푍 ∙ 푌 ∙ 푉                              (3.1.2.3) 
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The differential equation described by Eq. 3.1.2.3 has solutions of the form: 
 
푉 = 푐표푛푠푡 ∙ 푒 √ ·                                (3.1.2.4) 
 
One can now see that one can describe the propagation constant kx of the SPP mode with −푍푌 =
 푘 . Furthermore, one can see that 푉/퐼 = 푍/푌 has to hold in order for Eq. 3.1.2.4 to be consistent 
with Eq. 3.1.2.1. It is now visible that 푍/푌 is the wave impedance Z0. The impedance Z of a wire 
can be written as: 
 
푍 = ∙                                 (3.1.2.5) 
 
Here, σ is the complex AC-conductivity, L the length of the wire and A the area of the wire that is 
penetrated by the plasmonic mode. Assuming a circular cross section one can write the impedance 
per unit length as: 
 
푍 = ∙

· ∙ ∙
                               (3.1.2.6) 

 
Here the area A was estimated with 퐴 = 2 · 휋 ∙ 푟 ∙ , where r is the radius of the wire and 푘  
is the propagation constant of the plasmonic mode into the metal; 1/푘  is a good measure for the 
penetration depth of the mode. Typically, 푘  is mostly imaginary for metals. If the propagation 
constant of the SPP mode becomes very large, then km will be similar to the propagation constant 
as one can argue; one can calculate 푘  with: 
 

푘 = 푘 − 휀  = 푘 − 휀 푘                              (3.1.2.7) 
 
Here, kx denotes the propagation constant of the SPP mode, 휀  the dielectric constant of the wire 
material and ω and c denote the angular frequency of the SPP and the speed of light. The constant 
k0 describes the propagation constant of light in vacuum with angular frequency ω. Now one can 
see that as the impedance of the tapered needle increases, i.e. kx becomes larger than 휀 k , then 
kmet becomes similar to the propagation constant kx. Thus, Eq. 3.1.2.6 becomes:  
 
푍 ≅ ∙

· ∙ ∙
                     (3.1.2.8) 

 
As stated above, one has the following expressions for propagation constant and impedance: 
 
−푍푌 = 푘   (Propagation constant)                                                              (3.1.2.9) 
푍/푌 = 푍   (Wave impedance)                                                                      (3.1.2.10) 
 
Combining Eqs. 3.1.2.8, 3.1.2.9, and 3.1.2.10 yields and expression for the wave impedance: 
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푍 = = ∙
· ∙

                             (3.1.2.11) 
 
The conductivity can also be expressed in terms of dielectric constant Ԑmet: [102], [98] 
 
휎 =

( )
                                        (3.1.2.12) 

 
Combining Eqs. 3.1.2.11 and 3.1.2.12 yields: 
 
푍 =

( )
∙

· ∙
                                        (3.1.2.13) 

 
This can be further simplified to:  
 
푍 = 377 훺 ∙  

( )∙ · ∙
                                       (3.1.2.14) 

 
(To simplify Eq. 3.1.2.13 it was used that 푐 = 1/ 휀 ∙ 휇  and 휇 /휀 = 377 훺. ) 
From eq. 3.1.2.14 it can be seen that the wave impedance indeed diverges as the radius of the wire 
approaches zero.  
 
One can attempt a rough estimate of what enhancement factor could be obtained with an 
adiabatically tapered needle. Assuming that the needle diameter is decreased from 1 µm down to 
4 nm, one can calculate that the impedance will be increased by a factor of 250. For a transformer 
an increase of impedance also increases the voltage: 
 

=                                         (3.1.2.15) 

 
The indices “out” and “in” denote the input/output voltage (impedance), respectively. 
Since voltage and electric field have a linear relationship one can find for the intensity: 
 
| |
| |

=                                         (3.1.2.16) 

 
Thus, the impedance effect will lead to an intensity enhancement of 250. Furthermore, besides 
experiencing an intensity enhancement because of an increase of impedance the intensity gets 
further enhanced as the nanowire radius decreases and the SPP mode gets focused spatially. Since 
the wire diameter decreases from 1 µm to 4 nm the intensity also gets enhanced by another factor 
of 250 due to this geometric consideration. Also, at the end of the needle the SPP mode will convert 
into a localized plasmon oscillation as the SPPs reach the tip. [103] This can lead to further 
enhancements due to the lightning rod effects at the needle tip. In the simulation result shown in 
Fig. 3.1.2.2 and 3.1.2.6 it was seen that direct excitation of a metal coated needle tip might lead to 
enhancements of the order of 102. Thus, in total one might roughly estimate that the total intensity 
enhancement will be of the order of 250 ∙ 250 ∙ 100 ≈ 6 ∙ 10 . 
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Fig. 3.1.2.7: Simulation setup of silver coated semiconductor nanoneedle. The mode is excited 
with a doughnut beam as if the beam was focused with an objective with NA=0.,55, Insets show 
the excited SPP mode is shown at 2 different cross sections.  
 
A simulation setup for such 3D focusing is shown in Fig. 3.1.2.7. In this simulation a 
semiconductor nanoneedle (n=3.5) is coated with 65nm of silver. The base diameter of the needle 
is about 1µm while the tip of the metal coated needle is 4 nm in diameter. The end of the needle is 
being excited by a radially polarized doughnut beam. (In a possible real experiment such a beam 
could be produced from linearly polarized light using an array of quarter-lambda wave plates. 
[104]) The doughnut beam can then couple to the TM-SPP via endfire coupling. [105] The SPP 
gets then focused at the tip. 
 
The results of this simulation are shown in Fig. 3.1.2.8 (a). The intensity enhancement can reach 
values of up to 106, similar to the rough estimate of 6 ∙ 10 . While these results show very high 
values they are also somewhat unrealistic in the sense that a tip with 4 nm diameter would be very 
difficult to realize. Fig. 3.1.2.8 (b) shows a more realistic, i. e. fabricable, structure with a 40 nm 
diameter tip. This structure still achieves an intensity enhancement factor of the order of 104. 
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Fig. 3.1.2.8 (a): (a) 3D-FDTD simulation results of silver coated nanoneedle excited with doughnut 
beam. At the tip the electric intensity enhancement can achieve factors of 106. (b) Similar 
simulation setup as in (a) but with a more realistic 40 nm tip. 
 
It should be noted that for this “superfocusing” to work the taper angle of the needle needs to be 
small enough to avoid reflections or scattering of mode energy into radiation modes. [101] Also, 
one could ask the question how much of the mode energy gets lost, as the wire diameter becomes 
smaller and the resistance of the structure diverges; since the impedance of the wire diverges as 
well, the loss of optical energy will not diverge, allowing for efficient concentration of optical 
energy. An interesting potential application for using such metal coated nanoneedles could be tip-
enhanced Raman spectroscopy. [106] [107] 
 
Furthermore, it should be noted that for applications in which radiation of some sort is radiated (-
e. g.  Raman-radiation, fluorescence, or stimulated emission-) it is not only important to enhance 
the intensity of light at the pump-wavelength but also at the wavelength of the desired radiation. 
[108] One can make sense of this notion by looking at Fermi’s golden rule which determines 
radiative transition rates in two-level systems (disregarding line-width-broadening effects). [109]  
 
푊 → =

ℏ
|〈푖|퐻 |푓〉| 훿(퐸 − 퐸 − ℏω)                                     (3.1.2.17) 
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W denotes the transition rate between the initial state |푖⟩ and the final state |푓⟩. ℏω is the photon 
energy and Ei and Ef are the energy levels of initial and final state. H’ is the perturbation of the 
two-level system and is given by: 
 
퐻 = −푞 ∙ Ԑ ∙ 푥                                        (3.1.2.18) 
 
Here, q denotes the elementary charge, x the spatial position and Ԑ the electric field strength of the 
light stimulating the transition. Then, equation 2.2.15 becomes: 
 
푊 → =

ℏ
푞 ∙ |〈푖|푥|푓〉| 훿(퐸 − 퐸 − ℏω) ∙ |Ԑ|                          (3.1.2.19) 

 
As mentioned, Ԑ is the electric field strength of the light stimulating the transition. In the absence 
of an external source for the E-field, such as in case of spontaneous radiation the electric field 
strength is given by the amplitude of the field due to vacuum fluctuations. In any case, Eq. 3.1.2.19 
shows that the transition rate can be enhanced by intensity enhancements at the radiation 
wavelength. For a more detailed treatment one can refer to refs. [108], [109]. 
 
Fluorescence signals and Raman signals are proportional to the pump light intensity. (See appendix 
A.1 for derivation of pump power dependence of Raman signals.) The pump light is delivered to 
the tip via superfocusing which could lead to intensity enhancements of the order of 106. The 
simulation results shown in Figs. 3.1.2.2 and 3.1.2.6 indicate that intensity enhancement for the 
Raman light or fluorescence at the tip (due to local plasmonic modes and/or lightning rod effects) 
could be of the order of 102. Then one can estimate that the total electromagnetic signal 
enhancement could be of the order of ~108. Therefore, in conclusion, SERS or tip-enhanced Raman 
spectroscopy (TERS) could be a suitable application for metal coated nanoneedles; the likely main 
challenge for such an application would be to coat the needles such that the metal film is smooth 
and the structure exhibits a sharp tip. [106] [107]  
 
 
 
3.2 Nanoneedles for Second Harmonic Generation  
 
 
3.2.1 Polarization Dependent Second Harmonic Generation in Needles 
 
A nonlinear optical response could be used to manipulate the phase of light for optical switching 
or optical signal processing, [110] or to generate light at frequencies different from the input 
wavelength.  [111] Unlike silicon, III-V materials exhibit 2nd order nonlinearities; the second order 
susceptibility of GaAs, for example, is reported to be over 100 pm/V. [112] For comparison, the 
second order susceptibility of LiNbO3, one of the most commonly used nonlinear materials, is 
reported to be around 20 pm/V. [113] Nonlinear optical processes in nanowires have recently 
attracted considerable research interest. [114], [115], [116], [117] One specific interest has been 
to use them as local light sources of nonlinearly generated light for optical microscopy or 
fluorescence microscopy with resolutions higher than the diffraction limit. [115], [116] 



 

60 
 

 

 
Fig. 3.2.1.1: Experimental setup. The needle is pumped with a femtosecond laser with a center 
wavelength of around ~800nm. The directions for the c- and a-axes are indicated in the schematic 
as well.  
 
The selection rules of the nonlinear susceptibility is determined by the crystal symmetry of the 
material. The second order polarization produced by a fundamental field can be described with the 
following equation: (See for example ref. [118].) 
 
푃( ) = ∑ 휒( ) ∙ 퐸 ∙ 퐸,                    (3.2.1.1) 
 
Here, P(2) is the second order polarization wave, χ(2) is the second order susceptibility, and E the 
electric field strength of the fundamental field. The indices i, j, k denote permutations of the crystal 
indices. For Zincblende-GaAs crystals (which exhibit a m34  symmetry) the only non-zero 
elements of the χ(2) tensor are the permutations of the type )2(

xyz , where x, y and z denote the three 
crystal axes [100], [010], and [001].  

 
Fig. 3.2.1.2: SHG signal obtained from single GaAs nanoneedles in dependence of pump intensity 
P. (a) Spectra of second harmonic light at different pump intensities. The pump light has a center 
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wavelength near 800 nm. (b) Second harmonic intensity versus pump intensity showing the typical 
quadratic power dependence.  
 
For SHG in Zincblende-GaAs the fundamental E-field is required to exhibit components along all 
three crystal axes. This requirement is eased in Wurtzite-GaAs which exhibits the hexagonal 6mm 
crystal symmetry; here the nonzero components of the second-order susceptibility are )2(

zzz , )2(
zxx ,

)2(
zyy , )2(

yzy , and )2(
xzx . [109] Due to symmetry )2(

zxx = )2(
zyy , and )2(

zyy = )2(
yzy , and one can express the 

susceptibility tensor in terms of the c-axis and a-axis of the hexagonal crystal structure. Then, the 
nonzero components can be written as )2(

ccc , )2(
caa , and 

)2(
aca . [119] Fig. 3.2.1.1 shows the 

experimental setup used to study SHG in GaAs nanoneedles. The needle is pumped with a 
femtosecond laser (λ~800 nm, 80 MHz repetition rate) with 1mW average power. A 100x objective 
is used to focus the laser down to a spot size of 1-2 µm. Polarizers are used to perform polarization 
dependent measurements. A dichroic beamsplitter is used to separate SH light and the pump light. 
A photomultiplier tube (PMT) is used to detect the signal. Fig. 3.2.1.2 shows the pump power 
dependence of the SH signal on the pump power, confirming the quadratic dependence of the SH 
signal. Fig. 3.2.1.3 shows the polarization dependence of the SH. According to the selection rules 
described above, one expects that the SH signal polarized parallel to the c-axis of the needle 
follows: 
 
퐼 , ∝ (휒( )퐶표푠 휃 + 휒( ) 푆푖푛 휃)                          (3.2.1.1a) 
 
ϴ denotes the angle between the c-axis of the needle and the polarization of the pump light. For 
the SH light polarized perpendicular to to the c-axis, i. e. the SH light is polarized parallel to the 
a-axis of the crystal, one expects the following angular dependence: 
 
퐼 , ∝ 휒( ) 퐶표푠 휃 ∙ 푆푖푛 휃                                       (3.2.1.1b) 
 
As seen in Fig. 3.2.1.3 the experimental data follows the selection rules of the Wurtzite-crystal 
structure very well. From the polarization dependence on can extract the ratio of )2(

ccc , )2(
caa , and 

)2(
aca  to be 16 : 1 : 2.3. (However, this estimate neglects polarization effects arising from the 

nanoneedle geometry; for example, more pump light might enter the needle if for certain 
polarizations due to antanna/resonance effects. [120]) By calibrating the SH single from the GaAs 
nanoneedle with materials with known second order susceptibilities one can estimate absolute 
numbers for )2(

ccc to be ~115pm/V. [119] It is interesting to note that the absorption coefficients for 
light at 800 nm and 400 nm are 1.4·104 cm-1 and 6.5·105 cm-1, respectively. (Assuming that the 
absorption coefficients of Zincblende-GaAs and Wurtzite GaAs are similar.) This translates to 
absorption lengths of 0.7 µm for λ=800nm and 15nm for λ=400nm. Thus, the detected SH light is 
likely coming from regions very close to the surface of the needle. 
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Fig. 3.2.1.3: SHG signal obtained from single GaAs nanoneedles in dependence of polarization of 
pump light. The data is fitted using equations 3.2.1.1a and 3.2.1.1b (a) SHG polarized parallel to 
c-axis of nanoneedle. (b) SHG polarized perpendicular to c-axis of nanoneedle.  
 
In applications related to fluorescence or optical imaging a rather weak SH signal might be 
tolerated, [121] as a weak signal could be offset by using very sensitive detectors. However, in 
applications such as all-optical signal processing or light frequency conversion the nonlinear 
response should be very strong. To enhance the nonlinear structure one could either increase the 
interaction length between light and material, or one could use structures with resonances that 
could enhance the electric field intensities. In the case of the needle it could be possible to realize 
resonators with moderate quality factors of the order of 102, as explained in section 4.1. Such low 
quality factors might not be enough to achieve near complete frequency conversion. Moreover, it 
is very beneficial to have resonances at both the fundamental wavelength a well as the wavelength 
of the second harmonic signal. [122] It would be very challenging to realize double-resonances at 
desired wavelength using nanoneedles, as self-assembled structures they does not offer great 
flexibility in terms of shape. Their optical properties cannot be tailored at will.  
 
An alternative structure that is very flexible and allows tailoring properties of light, specifically 
phase, to a large degree is a high contrast grating (HCG). 
 
 
3.2.2 Phase Engineering Using High-Contrast Gratings: Benefit of Top-Down  
         Approaches iin Nanophotonics 
 
Dielectric gratings continue to be subject of intensive research due to their diverse range of 
applications such as filters, [123] waveguides, [124] or couplers. [125] Another area of interest 
has also been the efficient nonlinear frequency conversion using a grating, [126] which has often 
been accomplished by using the grating vector to fulfill the phase matching condition, which, in 
turn, is intimately related to the conversion efficiency. [127], [128], [129] Large enhancement of 
second harmonic generation (SHG) can also be achieved in grating resonators by taking advantage 
of the electric field build-up, [130], [131]which is an approach that fits well with recent efforts to 
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achieve efficient SHG in microresonators, [132], [133], [134] potentially leading to on-chip 
integration of frequency converters with light sources.  
 
Here, we report on SHG from AlGaAs-based near-wavelength high-contrast gratings (HCGs), 
[135] which were designed to be highly reflective for surface-normal incident light at the 
fundamental wavelength. HCGs are a class of dielectric gratings in which the grating bars are made 
of high index materials (typically semiconductors), and are surrounded by low index media such 
as air or SiO2. Of particular interest are near-wavelength HCGs, which are gratings whose period 
is larger than the wavelength of the incident light in the high-index material but still smaller than 
the wavelength in the surrounding low-index medium. Such gratings have been shown to exhibit 
peculiar optical properties, as demonstrated by their implementations as broadband mirrors with 
nearly 100% reflectivity, [135], [136], [137] micro-lenses, [138], [139] or resonators, [135] with 
quality-factors exceeding 106. Intriguingly, all of these optical properties can be accessed by 
properly choosing the gratings’ period, thickness, and duty cycle (i.e. the width of the grating bars 
relative to the period). This versatility is possible due to the large refractive index modulation in 
HCGs, which allows for engineering the phase front of an impinging light wave to a large degree.  
A detailed description of the physics of near-wavelength HCGs can be found elsewhere. [140], 
[141] HCGs can also be integrated with on-chip light-sources such as vertical-cavity surface-
emitting lasers. [135], [136] 
 
In our experiments, we studied the polarization dependence of the second harmonic (SH) response 
from Al0.6Ga0.4As HCGs, which were completely suspended in air. Exploiting the diffractive 
nature of gratings, we could generate and detect an enhanced SH response in a surface-normal 
backscattering geometry, which, in general, is not readily attained with (001)-AlGaAs surfaces 
due to the selection rules of the material.  We found that the strength and polarization of the SH 
response not only depended on the selection rules of the second-order susceptibility tensor χ(2) of 
AlGaAs and therefore on the relative orientations of pump light polarization, grating bars, and 
crystal axes, but also on the grating design.  Strong SH signals were obtained from gratings that 
were designed with high reflectivity bands at the fundamental wavelength, and we ascribe this 
finding to the formation of non-propagating second-order polarization waves inside grating bars 
as well as to electric field (E-field) build-up inside the grating bars. Furthermore, we observe that 
the gratings can assist with the out-coupling of SH light generated by longitudinal second-order 
polarization waves. 
 

 
Fig. 3.2.2.1: (a) SEM image of typical TE-HCG grating. (b) Schematic of experimental setup. 
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To fabricate the HCGs, electron-beam lithography was used to write grating patterns into a 
polymer-resist mask that was spun on top of an Al0.6Ga0.4As layer. Subsequently, the grating 
patterns were dry-etched into the Al0.6Ga0.4As layer. A sacrificial GaAs layer positioned right 
below the Al0.6Ga0.4As layer was then removed using a selective wet-etchant that etches GaAs but 
not AlGaAs. A scanning electron microscopy micrograph of such a fabricated grating is shown in 
Fig. 3.2.2.1. 
 
For this study two types of gratings were fabricated: TM gratings and TE gratings.  Both were 
designed with broadband reflection bands with nearly 100% reflectivity centered at a wavelength 
of 850 nm. It has been experimentally shown that such gratings can exhibit reflectivities near 
99.5%. [136] While one type (TM gratings) exhibits high reflectivity for light polarized 
perpendicular to the grating bars (TM polarization), the other type (TE gratings) is highly reflective 
for light polarized parallel to the grating bars (TE polarization). The TM gratings used in this study 
have a period of 375 nm, a thickness of 235 nm, and a duty cycle of 54%, whereas the TE gratings 
have a period of 636 nm, a thickness of 145 nm, and a duty cycle of 44%. The grating size for both 
types was 12 μm x 12 μm. Further detailed description of these gratings and their optical properties 
can be found elsewhere. [135] The reflection spectrum of a TM-grating is shown in Fig. 3.2.2.2.  

 
Fig. 3.2.2.2: Reflection spectrum of TM grating calculated using rigorous coupled-wave analysis 
(RCWA). The reflectivity of the grating mirror is larger than 95% from 700nm to 900nm, a range 
of ~200 nm. 
 
The SH measurements were conducted with a scanning confocal microscope in a surface-normal 
backscattering geometry. A schematic of the setup is depicted in Fig. 3.2.2.1 (b). The source for 
the fundamental pump light was a Ti:Sapphire femtosecond laser with a wavelength of 810 nm, 
pulse duration of 120 fs, and an average power of 500 µW. The laser spot size on the sample 
surface was 4 µm in all measurements. Both the pumping of the grating and the collection of the 
SH signal were performed from normal incidence with one objective lens (40x, 0.6 NA). A 
dichroic mirror was used to separate SH signals and the pump light. The SH signal was detected 
by a photomultiplier tube (PMT) with an integration time of 0.01 second for each pixel. Two 
polarizers in front of the pump laser and the PMT were used to analyze the polarization dependence 
of the SHG from HCGs. Power-dependent measurements were performed to confirm the 
quadraticity of the SH signal with respect to the pump power.   
 



 

65 
 

Fig. 3.2.2.3 shows the polarization dependence of the SH response from a TM grating whose 
grating bars were aligned parallel to the [100] axis of the AlGaAs crystal. We found that the 
detected SH light from this HCG is more than 200 times larger if pumped with TM-polarized light 
compared to TE-polarized pump light. (Compare Fig. 3.2.2.3 (a) with Fig. 3.2.2.3 (c-d).) This 
behavior can be explained with the selection rules of the bulk χ(2) nonlinear susceptibility tensor of 
AlGaAs, and the orientation of the grating relative to the AlGaAs crystals axes. Like all materials 
with m34  symmetry, the only non-zero elements of the χ(2) tensor are the permutations of the type 

)2(
xyz , [109] where x, y and z denote the three crystal axes [100], [010], and [001], respectively. 

The second-order nonlinear polarization is then given by 
 

 
kj

kjijki EEP
,

)2()2(  ,                                                                                                      (3.2.2.1) 

 
where i, j, and k are permutations of the crystal indices.  
 

 
Fig. 3.2.2.3: [(a)-(d)] Results from 2D confocal microscopy scans on an TM-grating. The 
polarization of pump (SH signal) is shown by red (blue) arrows. The orientation of the crystal-
axes relative to the grating is indicated as well. The strength of the measured SH signal is shown 
by the colorbar. 
 
TM-polarized pump light will only couple to TM-polarized grating modes. Such modes are 
polarized perpendicular Such modes are polarized perpendicular to grating bars and have an E-
field component pointing perpendicular to the grating plane and an E-field component lying inside 
the grating plane. In the configuration treated in Fig. 3.2.2.3 (a-b) this means that the fundamental 
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E-field inside the grating will have components along the z- and y-directions. And Following eq. 
Fig. 3.2.2.1, this leads to a second-order polarization with an x-component. Therefore, a strong 
TE-polarized SH signal could be obtained in Fig. 3.2.2.3 (a). By comparing Fig. 3.2.2.3 (a) and 
Fig. 3.2.2.3 (b) it can be confirmed that the SH light is predominantly TE-polarized. In the 
configurations shown by Fig. 3.2.2.3 (c-d), the TM grating was excited with TE-polarized pump 
light. Analogous to the case with TM-polarized pump light, TE-polarized pump light will excite 
TE-polarized grating modes which are polarized parallel to grating bars. Thus, for the 
configuration in Fig. 3.2.2.3 (c-d) the fundamental E-field in the grating has only one component 
which is polarized parallel to the x-axis of the crystal, and according to Eq. 3.2.2.1 no SHG was 
expected to occur.   
 
The polarization dependence of the SHG can be altered by changing the relative orientation of 
grating bars and crystal axes as illustrated in Fig. 3.2.2.4. For these measurements the gratings 
have been rotated by 45° relative to the crystal axes so that the grating bars are parallel to the 
[110]-crystal-direction. (See schematic in Fig. 3.2.2.4 (a).) If a grating is excited with TE-polarized 
pump light, the fundamental E-field within the grating bars has x-and y-components, producing a 
longitudinal second-order polarization parallel to the z-crystal axis. The produced SH light will be 
polarized perpendicular to grating bars and can therefore be coupled out by the grating as TM-
polarized light. Fig. 3.2.2.4 (b-c) show the SH response from a TE grating pumped with TE-
polarized pump light. The SH signal is indeed strongly TM-polarized with a polarization ratio of 
75, confirming that the SH light produced by the z-polarized second-order polarization couples to 
TM-polarized grating modes. For TM-polarized pump light, the fundamental field inside grating 
bars has x-, y, and z-components, leading to a second-order polarization which has components 
along all three crystal axes as well. Due to symmetry, the x- and y-components of the second-order 
polarization should have the same magnitude, which means that the second-order polarization will 
be polarized perpendicular to the grating bars, and a TM-polarized SH signal can be expected. Fig. 
3.2.2.4 (e-f) show the SH response from a TM grating pumped with TM-polarized light, which 
confirms that the polarization is predominantly TM-polarized. The polarization ratio here is less 
than 3, which is smaller compared to what was obtained with the TE-pumped TE grating. For TM-
pumping any slight misalignment of the pump light polarization relative to the grating orientation 
will cause the x- and y-components of the fundamental electric field to have different magnitudes, 
leading to a second-order polarization which is not completely TM-polarized.  
 
Furthermore, we find that the SH response of gratings is strongest in gratings which are highly 
reflective for the pump light. We ascribe this to the circumstance that in a highly reflective grating 
the impinging and reflected pump light will form a standing wave inside the grating bars, resulting 
in a non-propagating second-order polarization. Such a non-propagating second-order polarization 
can generate SH light not only in a downwards direction but also in a sideways and upwards 
direction, which can then be detected. If gratings are only partially reflective for the pump light, 
the second-order polarization waves inside the grating bars will be propagating downwards.  Since 
polarization waves tend to generate radiation mostly in the direction of travel, less detectable SH 
light is to be expected. Indeed, by comparing Fig. 3.2.2.4 (e) and (g) it can be seen that the SH 
response for the TM gratings was 8 times larger for TM pump polarization compared to TE pump 
polarization. Quite analogously, Fig. 3.2.2.4 (b) and (d) show that the SH response from TE 
gratings was more than 500 times larger when pumped with TE light compared to TM light, a 
remarkable 2 orders of magnitude. For TE gratings pumped with TE light appreciable E-field 
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intensity enhancements of a factor larger than 11 could be found. (Compare Fig. 3.2.2.4 (h) with 
(i) The results presented in Fig. 3.2.2.4 show that the polarization dependence can be altered by 
the grating design (i.e. periodicity, thickness, and duty-cycle).  
 
 

 
Fig. 3.2.2.4: (a) The grating in these experiments are rotated by 45° relative to the crystal axes. 
[(b)-(g)] Results from 2D SHG confocal microscopy. [(b)-(d)] show the results obtained with a 
TE-grating. The results depicted in [(e)-(g)] are obtained with a TM-Grating. The polarization of 
pump (SH signal) is shown by red (blue) arrows. The orientation of the crystal-axes relative to the 
grating is indicated as well. The strength of the measured SH signal is indicated by the colorbar. 
[(h)-(i)] Calculated E-field intensity profiles; the intensity values (relative to the intensity of the 
impinging plane wave) can be inferred from the colorbar next to (i). The gratings are outlined by 
white broken lines. (h) Intensity profile of the fundamental E-field in TE-grating illuminated by 
TE-polarized plane wave. (i) Intensity profile of the fundamental E-field in TE-grating illuminated 
by TM-polarized plane wave.  
 
To compare the SH signal strength obtained in this study, the SH response of flat (001) 
Al0.6Ga0.4As surfaces have been probed in the same experimental setup. The obtained SH signals 
were more than 1400 times lower compared to what could be obtained with gratings. This is 
because in a surface-normal illumination scheme not all required fundamental E-field components 
will be created by a plane wave. Since the objective lens used in this experiment focuses the light 
onto the sample, which creates a z-component for the fundamental E-field at the focal plane, a 
small SH signal could be observed. The polarization dependence for the SHG in this case was as 
previously found in SH reflection-experiments on (001)-GaAs surfaces. [142] 
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It should be noted that although Al0.6Ga0.4As has a strong second-order susceptibility (120 pm/V), 
[143] it is not the most suitable material choice for SH light at 400 nm since at that wavelength the 
absorption coefficient is large ( nm400 ~24 1/µm) [144]. In principle, however, AlGaAs can be 
suitable for SHG of visible light since its bandgap can be tuned to the blue spectral region by 
increasing the aluminum content.  
 
Furthermore, it is expected that gratings designed with resonances at both the pump frequency and 
the SH frequency could lead to much greater enhancements. [122] 
 
In summary, polarization dependent SH measurements have been performed with AlGaAs high 
contrast gratings. The SH signal was determined by an interplay of grating design, relative 
orientation of gratings to the crystal axes, as well as pump light polarization. Due to their 
diffractive nature, specifically their ability to change the direction of light, gratings can allow for 
enhanced SHG in an experimental geometry in which SHG is usually not readily observed because 
of the χ(2) selection rules of AlGaAs. Compared to flat AlGaAs surfaces the SH response from 
HCGs was enhanced by 3 orders of magnitude. The possibility for monolithic integration with 
surface-emitting light sources could make HCGs promising as frequency-conversion devices with 
small footprint, and future efforts will target this direction. 
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Chapter 4  Nanopillars for Optical On-Chip                 
 Communication 

 
 
 
4.1 3D Whispering Gallery Modes in Nanopillars 
 
 
4.1.1 Characteristics of 3D Whispering Gallery Modes in Nanopillars 
 
The realization of laser sources on silicon substrates could open a pathway to computer chips with 
large communication bandwidths and low power consumption, [7] but the integration of optical 
gain materials onto silicon remains difficult due to silicon’s indirect bandgap, as well as its 
differences in lattice constants, thermal expansion coefficients, and polarity with direct-bandgap 
compound semiconductor materials. [3] Heterogeneous integration of lasers on silicon could be 
either monolithic in nature, [4], [5], [6] or based on wafer bonding. [7], [8], [9] In bonding 
approaches it is possible to manufacture the photonic and electronic chips independently, each 
with optimized materials choices and processing technologies, before they are bonded together. 
This could allow bonding approaches to achieve higher yields and a level of maturity sooner. [7] 
Monolithic integration, on the other hand, could possibly allow for closer integration of photonic 
and electronic functions, as well as for streamlined manufacturing and thereby lower costs. [10] . 
Furthermore, with a catalyst-free growth at a temperature of 400 °C, nanoneedles/ nanopillars 
could be compatible with back-end integration into standard CMOS technology. The key benefit 
of self-assembled nanowires and nanowire-like structures such as nanoneedles is that their small 
size and non-planar geometry allow for efficient lattice strain relaxation, enabling the growth of 
high quality III-V materials on silicon. [11], [13], [14], [15], [16] Lasing applications are of 
particular interest for semiconductor nanowires as such structures can provide both, gain and 
optical waveguiding. [145], [146] By reducing the laser volume to the order of cubic of 
wavelength, power consumption could be significantly reduced. [147], [148], [149] 
 

 
Fig. 4.1.1.1: SEM images of InGaAs pillars on silicon. (a) Needle shaped structures grown on 
polysilicon. (b) Pillar shaped structures grown on (111) silicon. 
 
Typical SEM images of InGaAs nanopilllars are shown in Fig. 4.1.1.1. Due to their pillar-like 
shape they could be regarded as waveguides. In general, (cylindrical) waveguides exhibit 2 types 
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of modes; modes whose spatial field profiles exhibit variations in only radial direction and modes 
that also vary in azimuthal direction. [150] As schematically shown in Fig. 4.1.1.2, a cylindrical 
waveguide modes that only vary along radial directions consists of families of meridional rays, i. 
e. modes that cross through the cylinder axis as the mode propagates. The modes can have a 
transverse electric field or transverse magnetic field and are therefore accordingly called either TE 
modes or TM modes. Modes that do show azimuthal variation contain skewed rays that that do not 
cross the cylinder axis but propagate in a corkscrew motion. These modes are therefore also called 
helical modes. Strictly speaking, these hybrid modes are neither purely TE nor TM modes as both, 
the electric- and magnetic fields they always feature some component along the propagation 
direction.  

 
Fig. 4.1.1.2: Schematic showing the 2 different classes of modes in circular waveguides. Modes 
consisting of meridional rays, i. e. a family of rays which travel through the axis of the cylinder, 
will have field profiles that only vary along radial directions. Modes consisting of skewed rays 
rays, i. e. a family of rays which do not travel through the axis of the cylinder as they propagate, 
will have field profiles that can also vary in azimuthal direction.  
 
Depending which field component is largely transverse in nature these modes are classified as 
either EH or HE modes. To denote the order of each mode 2 indices are used; one to denote the 
azimuthal order and one to denote the radial order. The azimuthal number l is chosen such that 2·l 
denotes the number of maxima of the field profile in azimuthal direction. The radial quantum 
number m denotes the number of maxima along radial direction. To illustrate the indexing of the 
modes Fig. 4.1.1.3 shows the electric field profile of the TM01 with l=0 and m=1. This mode is 
radially polarized, with no variation in the field profile in azimuthal variation, and has a 
longitudinal electric field component. Here, in this thesis, hybrid modes of the type HE or EH will 
still be denoted as TM or TE in order to keep the notation consistent with literature published on 
modes in nanowires. For example, the EH21 mode will be called TE21, although this mode does not 
have a purely transverse electric field. In the case of the nanopillar laser the most interesting modes 
are the modes with high azimuthal numbers l; these are the modes that can facilitate cavity modes 
inside the pillars although the pillars and the silicon substrate do not have significant index 
contrast. (For both, silicon and (In)GaAs materials the refractive index is near 3.5) 
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Fig. 4.1.1.3: Electric field profiles of TM01 mode. This mode is radially polarized, and features a 
strong longitudinal electric field component along the propagation direction. 
 
Fig. 4.1.1.4 shows a FDTD simulation result of a micrometer scale cylinder with index of 3.5 on 
top of a semi-infinite substrate with index of 3.5. A TM81 mode is launched within the cylindrical 
portion which subsequently travels up and down the cylinder. The spectrum shows the first 4 
modes of this Fabry-Perot (FP) cavity. The cross sections of these modes are that of a TM81 
waveguide mode and resemble whispering gallery modes (WGMs). However, the modes found 
here also have net propagation in the axial direction, which is unlike WG modes found in 2D 
resonators such as micro disks. [151] As indicated in Fig. 4.1.1.4 the modes propagate back and 
forth along the needle axis like Fabry-Perot (FP) modes, while simultaneously rotating around the 
needle axis like WG modes. In the following, cavity modes will be described by three quantum 
numbers: the azimuthal order, the radial order, and the order of the Fabry-Perot order. For example, 
the second order Fabry-Perot mode shown in Fig. 4.1.1.4 is named TM812. These modes could also 
be understood as three-dimensional whispering gallery modes, similar to those found in bottle 
shaped (or prolate shaped) 3D-resonators. [152] The main features of the cylindrical cavity are: 1. 
There is no refractive index contrast between cylinder and substrate necessary to achieve high 
quality factors of ~ 103. 2. The quality factor quickly drops for higher order Fabry-Perot modes. 
(From Q~103 for the first order FP mode down to Q~101 for the fourth order FP mode.) 3. The 
mode spacing gets quickly larger with higher mode order; the mode spacing increases from 10 nm 
(between 1st and 2nd FP mode) to 27 nm (between 3rd and 4th FP mode). 4. This type of cavity only 
works well for modes with high azimuthal number, i. e. l>>1. 
  

 
Fig. 4.1.1.4: FDTD Simulation of dielectric micrometer scale cylinder on top of semi-infinite 
substrate. Both, the cylinder and the substrate have a refractive index of 3.5. In the simulation a 



 

72 
 

TM81 waveguide mode is launched in the cylinder which subsequently propagates up and down 
and forms Fabry-Perot modes at resonant wavelengths. The spectrum shows the 4 lowest Fabry-
Perot modes.    
 
In the following these three distinct features will be studied in more detail. The schematic shown 
in Fig. 4.1.1.5 shows how the mode propagates in a helical corkscrew motion. To make sense of 
why one would expect some reflection of the mode at the interface between cylinder and substrate 
one can make the following consideration: parts of the mode will be outside the cylinder; in the 
simulation shown in Fig. 4.1.1.4 the TM81 mode has a mode confinement factor of 85%. 
(Calculated at the resonance wavelength of the TM811 mode.) This means that 15% of the mode 
energy is outside the cylinder in the evanescent part of the mode in the air. This fraction of the 
mode sees the full index contrast between the cylinder material and air.  One could try and estimate 
the expected reflectivity of the mode at the cylinder base by treating the mode as a plane wave. 
The modal angle of the TM811 mode can be calculated from the effective index of the mode which 
is around neff = 0.2. (Value for the effective index was calculated with Mode Solutions from 
Lumerical, a mode-solving software.) The modal angle is calculated with: 
 
훩 = 푎푟푐푐표푠                               (4.1.1.1) 
 
Here, neff denotes the effective index of the mode and nr denotes the refractive index of the 
material. The modal angle can then be calculated to be 훩 = 86.7°. Using the Fresnel equation for 
light within the plane of incidence (-considering that the TM81 mode is predominantly TM-
polarized-), one can calculate the part of the mode outside the cylinder will experience a reflectivity 
of 46% at the substrate surface. For the part of the mode inside the cylinder one would not expect 
any reflection at the pillar base due to the lack of index contrast. Since 15% of the mode energy is 
outside the cylinder, in total one would expect a reflectivity of around 15%·46%=6.5%. However, 
as the cylinder diameter is similar in size as the wavelength one should not treat the mode like a 
plane wave. 
 

 
 
Fig. 4.1.1.5: Schematic depicting the reflection of a helically propagating mode with large 
azimuthal quantum number.  
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To get more accurate values for the reflectivities of the mode at the base and at the top of the 
cylinder FDTD simulation have been performed; the simulation setup is shown in Fig. 4.1.1.6 (a-
b). A TM81 waveguide mode is launched within the waveguide towards either a semi-infinite 
substrate (to simulate the reflectivities at the pillar base), or towards the cylinder top facet to 
simulate the reflectivities of the top facet of the pillar. In each case a power monitor is placed 
behind the plane in which the mode is launched. It can be seen that the reflectivities achieved at 
the pillar top facet can be around 90% while the reflectivities at the pillar base can be 30-40%, a 
high value considering that there is no index contrast between the cylinder and the substrate. It is 
remarkable that the simulated reflectivities are considerably higher compared to the estimation 
using the confinement factor, modal angle, and the Fresnel-coefficient. However, as mentioned 
above, the mode should not be treated as a plane wave; it has been shown that if the waveguide 
dimensions are comparable to the wavelength the reflectivities at the facets cannot be accurately 
estimated using the modal angle and the Fresnel coefficients. [153] Next, we will discuss why the 
quality factors of modes drop quickly for higher Fabry-Perot orders. The quality factor of modes 
can be obtained by launching the mode within the cavity in a FDTD simulation and performing a 
Fourier-transformation of the decaying electric field strength in one point inside the cavity. This 
is how the spectrum shown in Fig. 4.1.1.4 was obtained. Alternatively, the quality factor of a cavity 
can be calculated if the values for the cavity losses are known. Specifically the quality factor can 
be calculated from: 
 
푄 = 휔 ∙ 휏                                            (4.1.1.2) 
 

 
Fig. 4.1.1.6: (a) FDTD simulation setup to determine reflection from pillar base. (b) FDTD 
simulation setup to determine reflection from pillar top facet. (c) FDTD simulation data showing 
the reflectivities from the pillar top facet and the pillar base.  
 
Here, ω is the angular frequency of the light and τC is the photon lifetime of the cavity. The equation 
for the photon lifetime, on the other hand, is given by: 
 
휏 = 푣 ∙ 훼                                          (4.1.1.3) 
 
Here, vg denotes the group velocity of the mode while 훼 denotes the propagation loss of the 
mode. For Fabry-Perot resonances the propagation loss can be due to reflection losses at the two 
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mirrors or due to radiation losses. (Losses due to absorption will not be considered here as the 
dielectrics in the simulations did have purely real refractive indices.) The losses due to mirror 
losses are given by: 
 
훼 = ∙ ln [

∙
]                                        (4.1.1.4) 

 
Here, L denotes the cavity length, while Rtop and Rbottom denote the reflectivities for the mode at 
the cylinder top and base. In case of the first order Fabry-Perot mode the reflectivities at top and 
bottom have been simulated to be 93% and 38%, respectively. (See Fig. 4.1.1.6.) Given a cylinder 
length of 1.5 µm, (- See Fig. 4.1.1.4 -) this translates to a mirror loss of ~3470 cm-1. Next, the 
group velocity shall be discussed. Using mode-solving software (Mode Solutions from Lumerical) 
one can calculate the dispersion curve of the effective index of the TM81 mode. The group index 
can then be calculated with: 
 
푛 = 푛 + 휔 ∙ 휕 푛                                          (4.1.1.5) 
 
Here, neff denotes the effective index of the mode. Fig. 4.1.1.7 shows the effective index and group 
index of the TM81 mode. One can see that the effective index changes a lot which is the reason 
why the mode spacing changes so much. (See Fig. 4.1.1.4.) One can see that the group index of 
the mode can become very high, of the order of 102 in the plot of Fig. 4.1.1.7 (b). This divergence 
is because the mode is below cutoff in this wavelength range. This divergence this makes sense, 
because as a mode is less and less able to propagate inside a waveguide, the mode moves slower 
and slower in the waveguide. 
 

 
Fig. 4.1.1.7: (a) effective index of TM81 mode in dependence of wavelength calculated with mode-
solver. (b) Group index calculated from effective index using equation 4.1.1.5. 
 
For the TM811 mode shown in Fig. 4.1.1.4 the group index is 50. The group velocity can be then 
calculated from vg = c/ng, where c is the vacuum speed of light. Furthermore, one can see that the 
group velocity dispersion is very strong. The group index drops very quickly for shorter 
wavelengths. This and the fact that the reflectivity for the mode at the pillar base is lower at shorter 
wavelengths (- see Fig. 4.1.1.6 -) are the reasons why the quality factors drops quickly for higher 
Fabry-Perot modes. Next, we will discuss the radiation loss of the mode. After all, the mode 
exhibits an effective index far below unity, and one could expect that the mode could be very 
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leaky. As shown in Fig. 4.1.1.7 the effective index of the mode is far below unity, which means 
that the mode is leaky, and coupling energy into free-space modes in the air surrounding the 
cylinder. The radiation loss is also calculated using the mode solver from Lumerical. Fig. 4.1.1.8 
shows the calculated radiation loss. One can see that the radiation loss is very low for wavelengths 
below 0.9984 µm and diverges very quickly for longer wavelength. (See Fig. 4.1.1.7(a).) From 
Fig. 4.1.1.7 it can be seen that at 0.9984 µm the effective index of the mode is around ~10-2. Fig. 
4.1.1.8 (b) shows a zoomed in view of Fig. 4.1.1.8 (a). The loss at the resonance wavelength of the 
TM811 mode is just ~70 cm-1. Therefore, the radiation loss is negligible compared to the mirror 
loss. Intuitively, it is very surprising that the radiation loss is so low although the effective index 
of the mode is so much smaller than unity. This is because the azimuthal number of the mode is 
very large. [154] For such modes, which propagate in the cylinder in a spiral motion, the rays 
impinge on the cylinder side walls at very shallow angle such that the condition for total internal 
reflection is easily fulfilled. For neff  < 1 there will be refractive losses, but they will be much 
smaller compared to modes with low azimuthal quantum numbers. This explains why this type of 
cavity works best for modes with high azimuthal quantum numbers.  

 
Fig. 4.1.1.8: (a) Radiation loss of TM81 mode in dependence of wavelength. Curve was obtained 
using Mode Solutions from Lumerical. (b) Zoomed-in view of radiation loss in dependence of 
wavelength. 
 
For modes with high azimuthal quantum numbers the refractive losses are very low even if the 
effective index is far below unity. Finally, one can now calculate the quality factor of the TM811 
mode. The total modal loss (of the first FP mode) is:  
 
훼  = 3470 푐푚 + 70 푐푚 = 3520 푐푚  
 
Using the group velocity one can then calculate the photon lifetime of the mode: 
 
휏 =  

푐
50 ∙ 3520 푐푚 =  (0.47 ps)  
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This, on the other hand translates to a quality factor of: 
 
푄 = 2휋 ∙ 300.7 푇퐻푧 ∙ 0.47푝푠 = 890 

 
Using this method a quality factor of 890 was calculated for the first order Fabry-Perot mode of 
the cavity. For comparison, a direct FDTD simulation of the mode yields a quality factor of 1000. 
(See Fig. 4.1.1.4.) 
 
As we have now seen the main contributing factor for the high quality factors of the mode is the 
extraordinary low group velocity, i. e. high group index. We will see that this means that the quality 
factor is a very sensitive function of the cavity length. 

 
Fig. 4.1.1.9: Spectra of Fabry-Perot resonances for different cavity lengths L. The quality factors 
for the first order Fabry-Perot mode are Q~2200 for L=2.0 µm, Q~1000 for L=1.5 µm, and Q~380 
for L=1.0 µm.  
 
Fig. 4.1.1.9 shows the spectra of three different cylindrical cavities with same cylinder diameter 
but with different lengths. One can see that the quality factors of the TM811 mode decreases quickly 
with decreasing cavity length. The rapid decline in quality factor is due to a blue shift of the 
resonance wavelengths which lead to a decrease in group index, and also to a decrease of 
reflectivity at the base of the cylinder. (See Fig. 4.1.1.10 (a-b).)  
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Fig. 4.1.1.10: (a) Reflectivities at top and bottom of cavity for 1st order Fabry-Perot mode for 
different cavity lengths. (b) Group indices for 1st order Fabry-Perot modes for different cavity 
lengths. 
 
Table 4.1.1.1 summarizes the results for different cavity lengths, illustrating how bottom mirror 
reflectivity and group index decline with shorter cavity lengths. The Q-factors are calculated with 
Eqs. 4.1.1.2 - 4.1.1.5. 
 
Table 4.1.1.1: Cavity parameters for cavities with different lengths. 
Cavity Lengths L 2 µm 1.5 µm 1.0 µm 
Group Index ng 150 50 33 
Reflectivity at Top Rtop  0.95 0.93 0.91 
Reflectivity at Bottom Rbottom 0.45 0.38 0.28 
Q-Factor calculated from L, ng, 
Rtop, and Rbottom 

4400 890 300 

Q-Factor calculated from linewidth 
in spectrum 

2200 1000 380 

 
As discussed, the mirror losses are the predominant loss channel for these cavities; specifically, 
most of the energy is lost through the bottom mirror as shown in Fig. 4.1.1.11. As we will see later 
this will change if the waveguide cross section is not circular but of a shape with lower symmetry. 
It is also interesting to estimate the necessary materials gain to achieve lasing oscillation with these 
cavities. The threshold materials gain can be estimated with: 
 
퐺 = ∙

Г
                                          (4.1.1.6) 

 
Here, k0 denotes the vacuum wave vector of the light, Q the quality factor, nr the refractive index 
of the cavity medium, and Г the confinement factor of the mode. (A derivation of Eq. 4.1.1.6 can 
be found in appendix A.2.) For the TM81 waveguide mode the confinement factor is 85%. This 
means that for a Q-factor of 2200 the necessary materials gain is just 120 cm-1, which is readily 
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attainable by semiconductors with direct bandgap. For comparison, a quality factor with 390 would 
lead to a threshold gain of 690 cm-1 which is still attainable by III-V materials. 

 
Fig. 4.1.1.11: Electric field intensity profile in log-scale for first order Fabry-Perot resonances for 
different cavity lengths. It can be seen that the most of the energy is lost through the pillar base.  
 
In summary, the pillar structure can form a Fabry-Perot cavity and sustain resonances with high 
quality factors of the order of 103 if the azimuthal order of the mode is high, even though there is 
no refractive index contrast between pillar and substrate. This is because such modes can exhibit 
high enough reflectivities from the pillar base as modal angles are very shallow and part of mode 
propagates outside the pillar structure. Also, such modes can exhibit very low radiation losses even 
if the effective index of the mode is far below unity. The group velocity of the modes can be very 
low near cutoff which enables high quality factors. However, the quality factor drops very quickly 
for higher order Fabry-Perot orders as the reflectivity of the mode and the group index drop quickly 
with decreasing wavelengths. As the cavity operates in wavelength regime with large group 
velocity dispersion the mode spacing changes a lot and is not constant. While this type of cavity 
works well for modes with l>>1 such modes might not be desirable for practical applications. To 
use such a laser as an on-chip source low order modes would be more suitable; the higher the radial 
and azimuthal orders, the more diffraction losses would be expected if, for example, light is 
coupled to waveguides or to other optical components on the chip such as detectors.  
 
So far we treated the pillar cavities as circular cylinders. In reality the nanopilllars do exhibit 
tapered sidewalls and facets so that the pillar cross sections are often hexagonal. This will change 
the micropillar cavity performance considerably as we will see. Fig. 4.1.1.12 shows how a sidewall 
taper angle can decrease the quality factor of the cavity resonance.  
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Fig. 4.1.1.12: Effect of taper angle on cavity mode. It can be seen that the larger the taper angle 
gets the larger the blue shifts for the resonance wavelengths become.  
 
One can see that the resonance wavelengths become significantly blue-shifted. This is because the 
cavity becomes effectively smaller if there is a taper angle; as the pillar diameter gets smaller 
towards the top, the TE81 mode cannot propagate towards the top as it gets cut off. And as the 
cavity lengths get smaller, the modes blue-shift which means that the group indices becomes 
smaller and the reflectivities of modes at the pillar base decrease. (See Fig. 4.1.1.10.) This explains 
why the quality factor of the mode deteriorates. In the simulation it was found that even as slight 
sidewall taper angle of 2.5° would lead to a quality factor decrease from values of the order of 103 
down to values of the order of 101. In typical nanopillars/nanoneedles the taper angles are usually 
between 3-4°. Fig. 4.1.1.13 shows the electric field profiles of cavities with different taper angles; 
it can be clearly seen how the taper angle makes the cavity effectively smaller.  

 
Fig. 4.1.1.13: Effect of taper angle on cavity mode. It can be seen that the larger the taper angle 
the smaller the effective cavity length becomes. This will blue-shift the resonance wavelengths 
which leads to lower quality factors since both, the group index and the reflectivity of the mode at 
the pillar base get smaller.  
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Fortunately, the InGaAs nanopillars feature a bottle shape that can help to restore the quality 
factors. Fig. 4.1.1.14 shows how nanopillars/nanoneedles exhibit a backwards tapered region near 
the root of the pillar/needle. Usually, the backtapered region is surrounded by polycrystalline III-
V deposit; but a small portion of the back tapered region is a little higher than the polycrystalline 
film. From SEM images it can be estimated that the portion typically is ~50-100 nm higher than 
the polycrystalline deposit; in some cases in which very little polycrystalline material is being 
deposited the backtapered region can be hundreds of nanometer higher. (See Fig. 4.1.1.14.) 
 

 
Fig. 4.1.1.14: (a) Schematic showing the backwards tapering near the root of the nanoneedles. (b) 
SEMs of InGaAs nanoneedles showing the backwards tapered portions near the needle roots. The 
shape of the needles is outlined by dashed lines.  
 
This region can help to confine the mode and reduce leakage into the substrate. [155] As shown in 
Fig. 4.1.1.15 the backtapered root can restore the quality factor to values of the order of 102. 

 
Fig. 4.1.1.15: (a) Schematic showing the backwards tapering near the root of the nanoneedles. (b) 
FDTD simulation results showing how the backtapered region can restore the quality factor of the 
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cavity. Here L denotes the length by which the backtapered portion of the pillar sticks out. (See 
schematic in (a).) 
 
Fig. 4.1.1.16 shows how the hexagonal cross section affects the quality factors. The Q-factor of 
the TM811 mode decreases from 2200 (circular cross section) down to 760 (hexagonal cross 
section). An explanation is that the six corners of the hexagon act as scattering centers. [156] 
Indeed, one can see in the electric-field profile shown in Fig. 4.1.1.16 that a large portion of the 
energy is leaving the cavity through the side walls now. 
 
The nomenclature gets somewhat complicated in non-circular waveguide structures. Due to the 
reduction in symmetry the azimuthal order and radial order are not good quantum numbers 
anymore. [157] However, it was shown that if the mode numbers are low then the waveguide 
modes of hexagonal waveguides resemble those of circular waveguides. [157] This is because for 
low mode orders the transverse wave-vector of the mode is low as well. And modes with low 
wave-vectors might not notice the corners of the hexagonal cavity as much modes with high wave-
vectors. In general, for high order modes azimuthal and radial quantum numbers cannot be easily 
be identified for the mode pattern by counting the field maxima along azimuthal and radial 
direction. In the following, we still attempted to follow the same nomenclature as for circular 
waveguides as the modes experimentally studied in this work still exhibited mode patterns that are 
similar to mode patterns found in circular waveguides. An analytical treatment of modes in 
hexagonal waveguides can be found in literature. [156] 

 
Fig. 4.1.1.16: (a) Schematic showing ta hexagonal cavity. (b) FDTD simulation results showing 
leakage of the mode out of the side-walls of the cavity. 
 
Fig. 4.1.1.17 (b) shows the simulated spectrum of a nanoneedle cavity which has been modeled 
after the nanoneedle shown in fig. Fig. 4.1.1.17 (a). The TE631 mode in that cavity exhibits a quality 
factor of 670. Using Eq. 4.1.1.6 one can calculate that a materials gain of 590 cm-1 is necessary to 
reach the lasing threshold. It can be seen that for this nanoneedle cavity the quality factors do not 
decrease as quickly as it was in the case for the cylinder cavity shown in Fig. 4.1.1.4, which might 
be explained with that the backtapered region can effectively reduce the leakage of the mode into 
the substrate.  
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Fig. 4.1.1.17: (a) Schematic showing ta hexagonal cavity. (b) FDTD simulation results showing 
leakage of the mode out of the side-walls of the cavity. 
 
Fig. 4.1.1.18 shows the field profiles of the mode. It can be seen that the mode is confined near the 
needle base which is due to the bottle-like shape of the structure. The longitudinal cross section of 
the TE624 mode in fig. 2.3.18 (b) also shows that the field intensity is highest in the uppermost 
antinode. This is likely because as the mode propagates upwards and gets cut off the mode slows 
down due to the group index dispersion discussed above. It has been ported that intensity of a 3D-
WGM gets enhanced at the caustics of the cavity, near the turning points of the mode. [158] 
 

 
Fig. 4.1.1.18: (a) Schematic showing how the mode propagates inside the cavity. (b) FDTD 
simulation results showing field profile (longitudinal cross section) of TE642 mode. The inset 
shows a horizontal cross section of the mode.  
 
 
4.1.2 Radiation Pattern of Lasing Modes 
 
To experimentally study the lasing modes, nanoneedles were studied from side-view, as 
schematically shown in Fig. 4.1.2.1 (a). The needles were grown either on the edge of the substrate 
or were slanted on top of the substrate. The needles were single, as-grown InGaAs nanoneedles 
epitaxially grown on (001)-silicon and polysilicon substrates, and tended to be slanted at random 
angles. Fig. 4.1.2.1 (b) shows slanted needles grown on silane based polysilicon. Lasers grown on 
these substrates could be of significant technological relevance since poly-Si could be routinely 
deposited on various low-cost substrates such as glass, or on silicon-on-insulator (SOI) wafers, 
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whereas (100)-Si Substrates are ubiquitous in CMOS electronics. Fig. 4.1.1.1 (a) shows a scanning 
electron microscope (SEM) image of randomly oriented needles grown near the cleaved edge of 
an (001)-silicon substrate. Fig. 4.1.2.1 (b) shows randomly oriented needles grown on polysilicon. 
The nanoneedles studied here consist of a bulk In0.20Ga0.80As core with a 120 nm capping layer of 
GaAs for surface passivation. Transmission electron microscopy studies (TEM) confirmed that the 
materials crystal structure is wurtzite, whereby the crystal c-axis is oriented parallel to the long 
axis of the needle. [159] The core-shell growth mode of the needles enables to extend the needle 
base diameter to micrometer-dimensions while maintaining high crystal quality. TEM studies 
showed that near the InGaAs/Silicon interface the pillars often exhibit stacking disorders; the 
stacking faults terminate horizontally at the needle sidewalls and therefore do not propagate to the 
main body of the needles which remains free of misfit dislocations. [23] The needles studied here 
had diameters between 0.85 µm and 1.5 µm, depending on the growth time. The aspect ratios (-
ratios of pillars heights and base diameters-) of the needles were around 6. 
 

 
Fig. 4.1.2.1: (a) Schematic showing how the nanoneedles are being studied from side-view. The 
needles studied were either grown on the edge of the substrate or they grew slanted on top of the 
wafer. (b) SEM showing slanted needles on the wafer. (c) Schematic showing orientation of 
coordinate system that will be used in this study. 
 
If nanoneedle diameters are large enough, then the structures can support helical waveguide modes 
with high azimuthal modal numbers, i.e. 3D-whispering gallery modes as discussed in section 
4.1.1. The quality factor of such cavity modes can be high enough to enable lasing; it was 
previously reported that InGaAs pillars grown on silicon can show single mode lasing at room 
temperature upon optical pumping. [24] The most common approach to identify optical modes in 
nano- and microstructures is to match their calculated or simulated resonance wavelengths with 
experimentally obtained spectra. (e. g. [160].) Such methods are accurate in cases in which the 
modal spacing (in the frequency domain) is large enough to avoid ambiguities. This approach is 
not always practical in the case of 3D-WGMs where different cavity modes can nearly have the 
same resonance wavelengths. Furthermore, such methods might not be very accurate if the 
geometry and dimensions of the structure are not known very precisely. It is possible to image the 
mode profiles by using near-field scanning microscopy (NSOM), [161] or cathodoluminescence 
microscopy. [162] Often, it is not possible to use conventional optical microscopy to image the 
mode profiles of WGMS in nano- or microresonators as the resolution is too low. However, if the 
structures are lasing then it is possible to use optical microscopy to measure the radiation pattern 
and use these to identify the modes. Here, we will combine information obtained from polarization 
measurements, radiation patterns, and FDTD simulations to identify all 3 quantum numbers of 3D-
WGMs.  
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To completely identify a cavity mode it is necessary to know the polarization as well as the modal 
numbers m, n, and k, where m, n, and k denote the azimuthal, radial, and axial (or FP) order, 
respectively. The polarization could be either predominantly transverse-electric (TE), i.e. polarized 
perpendicular to needle axis, or predominantly transverse-magnetic (TM), i.e. polarized parallel to 
needle axis. (It should be repeated that since helical modes are not purely TE- or TM- polarized it 
would be more accurate to denote the polarization with EH and HE, [163] but to keep the notation 
consistent with literature on WGMs in nanowires the notation in this thesis will be TE and TM as 
described above.)  

 

Fig. 4.1.2.2: (a) Lasing spectra of nanoneedle shown in Fig. 4.1.1.17 for different pump power 
levels. (b) Light-Light curve showing a distinctive threshold at 1.5 mW pump power.  
 
Fig. 4.1.2.2 shows lasing data obtained from the needle shown in Fig. 4.1.1.17 (a). This as-grown, 
single needle laser has a base diameter of 1.2 μm and a length of 7 μm. The needle was optically 
pumped by a 765nm femtosecond (120 fs) laser at liquid helium temperatures (~4K). 
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Fig. 4.1.2.3: (a) Lasing spectrum of single nanoneedle. The side mode suppression ratio is 17 dB. 
The spectrum shows the strong TE-polarization of the emission. (b) Near field mode pattern of 
helically propagating mode, recorded at 2.5 mW pump power which corresponds to a power 1.3 
times the lasing threshold. The orientation of the needle can be inferred by comparing the indicated 
coordinated system with the coordinate system shown in the schematic of 4.1.2.1 (c). The inset 
shows an image of the needle emission below the lasing threshold.  
 
Fig. 4.1.2.3 (a) shows the polarization of the laser spectra for directions parallel and perpendicular 
to the needle. (As a reminder, the polarization perpendicular to the needle has been defined as TE-
polarization; TM-polarization is defined accordingly. See section 4.1.1.) A polarization ratio of 16 
dB and a side mode suppression ratio (SMSR) of 17 dB were obtained.  The fact that the needle’s 
laser emission is TE-polarized might be surprising as TM-polarized modes usually exhibit higher 
Q-factors, [164] and we ascribe this finding to an anisotropic optical matrix element of the wurtzite 
material which is stronger perpendicular to the c-axis. [165] Indeed, as seen in Fig. 4.1.2.3 (a) the 
spontaneous emission is 3 times more polarized perpendicular to the needle.  To identify the nature 
of the laser mode optical 3D-FDTD simulations of this particular needle have been performed, in 
which several TE-polarized resonator modes with k=1 were found. The modes found in the 
simulation were TE10 11, TE911, TE811, and TE631. (See Fig. 4.1.2.4 for resonance wavelengths.) 

 
Fig. 4.1.2.4: Schematic showing the modes found in FDTD simulations for the needle shown in 
Fig. 4.1.1.17. The experimental lasing wavelength is indicated as well. 

Since the experimentally found mode lases at 935 nm, the TE911 and TE621 modes fit best. Fig. 
4.1.2.5 (a-d) show cross sections of the TE 911 and TE621 modes. It can be seen that TE911 should 
lead to the detection of 2 lobes when looking at the needle from x-direction, whereas from the 
TE621 mode 4 lobes would be expected. In the experimental near field pattern in Fig. 4.1.2.3 (b), 4 
lobes can be seen. Thus, TE621 is the likely lasing mode.  
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Fig. 4.1.2.5: (a-c) mode cross section of TE61n and TE91n modes. (a) and (c) are in linear scale while 
(b) and (d) are in log-scale. In (b) and (d) the collection cone of the objective used (100x, NA=0.7) 
is indicated by dashed white lines.  

Fig. 4.1.2.6 (a)-(b) compares the experimentally observed radiation pattern with a simulation of 
the pattern; simulation and experiment match well. The quality factors for the TE621 (TE911) mode 
have been simulated to be 670 (250), providing further indication that the observed mode is indeed 
TE621. 

 
Fig. 4.1.2.6: (a) Experimentally measured pattern; the distinct features of the pattern are marked 
with yellow arrows. (b) Simulated near field pattern of TE621 mode; a clear resemblance to the 
experimental image shown in (a) is seen. (c) Line plot along white dashed line shown in (a) plotted 
together with fitting. 

It should be noted that it would be a challenging task to infer the quality factor of the cavity by 
measuring the line-widths of the cavity mode. This is because of the relative low quality factors of 
the mode. For cavities with very high unloaded quality factors one can assume that transparency 
condition and threshold condition will be met at very similar injection levels. Then one can infer 
the cold cavity Q from the linewidth of the lasing peak right at the “kink” in the light-light curve. 
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However, for lower-Q cavities like the nanoneedles/ nanopilllars this is usually not the case. One 
can attempt to estimate the output power from the needle laser. To roughly calibrate the 
photoluminescence setup one can measure the reflected power from a laser (with similar 
wavelength as the needle emission) off a mirror with known reflection properties, e.g. gold film; 
then, it is possible to relate measured count rates  to optical power. For the laser discussed in Fig. 
4.1.2.3 it will be assumed that the collection efficiency of the used objective (100x, NA=7) will be 
around 25% for the lasing emission (- see Fig. 4.1.2.5 (b) -). Thus, for the laser discussed in Fig. 
4.1.2.3 such a calibration leads to an estimate of 8 µW average output power at 1.8 mW pumping 
power (average). (As a reminder, the optical pump is a femtosecond laser (120 fs) with a repetition 
rate of 80 MHz.) One can make further estimations to infer the peak power of the needle laser. 
From time-resolved photoluminescence measurements (TRPL) it is known that the needle/pillars 
show lasing emission with pulse lengths that are faster 50 ps, which is the resolution limit of the 
measurement setup used. One can also estimate a lower bound for the pulse duration from the 
FWHM of the laser peak, which is 0.8 nm. Such a linewidth translates to a photon lifetime of 3.5 
ps (- under the assumption that linewidth broadening is limited by the photon lifetime -). Assuming 
a rectangular pulse shape, one can roughly estimate that the average laser power of 8 µW translates 
to a peak power between 9-30 mW.  
 

 
Fig. 4.1.2.7: (a) SEM of needle exhibiting a lasing mode with k=2. (b) Resonances found in FDTD 
model of needle shown in (a). The best matching resonance is TE712. (c) Lasing spectra showing 
the TE-polarization of the lasing mode. The polarization ratio is 11 dB while the SMSR is 14.7 
dB. 
 
Helically propagating modes with k=2 have also been found. Fig. 4.1.2.7 (a) shows the SEM of a 
slanted needle grown on poly-silicon. The needle has a diameter of 860nm and a length of ~8 µm.  
The SEM reveals that the needle sidewalls are very rough and rugged and exhibit many horizontal 
notches; this is an indication of stacking faults. (See, for example, ref. [166].) It may appear 
surprising that such a defective needle can exhibit lasing oscillation but one has to keep in mind 
that the experiment is conducted at cryogenic temperatures at which non-radiative recombination 
processes are effectively suppressed. Thus, achieving lasing at such low temperatures might not 
be regarded as a strong indicator of high materials quality; a more meaningful indicator for high 
materials quality would be the brightness of the photoluminescence as discussed in section 2.2.3. 
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The spectrum in Fig. 4.1.2.7 (c) also confirms that the lasing emission is predominantly TE-
polarized, with a polarization ratio of 11 dB. The SMSR for the lasing emission is over 14.7 dB. 
Fig. 4.1.2.7 (b) shows possible TE-modes with k=2. The TE712 mode fits best with the 
experimentally found resonance wavelength of 890nm. The radiation pattern of the needle for 
different pump power levels is depicted in Fig. 4.1.2.8. For comparison, the L-L curves and power 
dependent spectra of the laser are plotted in Fig. 4.1.2.8 (b-d). The L-L curve shows an S-shape, 
as expected from a laser. One can see that the mode pattern becomes visible once the lasing 
emission becomes significant compared to the spontaneous emission. 
 

 
Fig. 4.1.2.8: (a) Radiation pattern of the needle at different pump power levels.  (b) Light-Light 
curve of laser (c). Pump power dependent spectra in logarithmic plot. (d) Spectra at 1.4 mW and 
1.8mW, the pump power level at which the mode becomes visible in the radiation pattern.  
 
The simulated electric-field profiles can be seen in Fig. 4.1.2.9. For closer comparison, Fig. 
4.1.2.10 (a) shows the experimental radiation pattern with enhanced contrast. One can compares it 
with simulated near field radiation patterns. (See Fig. 4.1.2.10(b-c).) One can see that the 
experimental pattern is in very good agreement with the simulated patterns. One sees 2 maxima. 
While the lower maximum exhibits one lobe the upper maximum shows a lobe plus 3 spikes.  

 
Fig. 4.1.2.9: (a-c) mode cross sections of TE712 modes (a) is in linear scale while (b) and is in 
log-scale. In (b) the collection cone of the objective used (100x, NA=0.7) is indicated by dashed 
white lines. (c) Longitudinal cross section of mode.  
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In summary, by studying slanted nanoneedles and needles grown on cleaved edges the radiation 
field patterns of the lasing modes could be measured from side-view. Good agreement between 
experimental and simulated data confirms that the lasing modes of nanoneedles on poly-Silicon 
and (100) - silicon are helically propagating modes. The strong polarization of the laser emission 
perpendicular to the needle axes attests to the single crystalline Wurtzite-phase of the 
GaAs/InGaAs material. The cavity modes exhibit Q factors of the order of 102 although there is 
almost no index contrast between the needles and the substrates. The backtapered portion near the 
base of the needle might be critical for confining the mode inside the needles/pillars.   

 
Fig. 4.1.2.10: (a) Experimental radiation pattern with enhanced contrast. Orientation of needle can 
be inferred by comparing indicated coordinate system with Fig. 4.1.2.1 (c). (b) Simulated mode 
pattern of TE712 mode. (c) Simulated mode pattern of TE712 mode in angular plot. (d) Longitudinal 
cross sections of mode from simulation and experiment in comparison. 
 
The radiation patterns discussed above have been obtained from as-grown pillars/needles which 
are still standing on the contact. By mechanically means the pillars can be laid flat on a substrate 
surface; (See Fig. 4.1.2.11.) that way the structure possesses two highly reflective facets. If the 
pillar lases the coherent light leaving the 2 end facets can interfere with each other, resulting in 
distinct interference patterns. Patterns as shown in Fig. 4.1.2.11 form if the light escaping from the 
nanopillar facets are scattered isotropically, i. e. each of the two facets can be regarded as a point 
source. [167], [168] 
 

 
Fig. 4.1.2.11: (a) Schematic of pillar lying flat on a substrate surface. (b) Experimentally observed 
radiation pattern of flat-lying, ~3µm long InGaAs pillar obtained under pulsed pumping at 4K 
temperature. 
 



 

90 
 

4.1.3 Nanolaser Compatibility with CMOS Transistors 
 

 
Fig. 4.1.3.1: (a) Schematic showing growth of nanoneedles on CMOS transistors. (b) Nanoneedle 
grown on gate (poly-Si) of transistor. (c) Nanoneedle grown on source ((100)-Si) of transistor.  
 
The fact that nanoneedles can be grown on poly-silicon and silicon with temperatures of 400 °C 
could make them suitable for CMOS-integration at the backend. Fig. 2.3.36 shows nanoneedles 
grown on the source and drain of CMOS-transistors. In a study transistors were measured before 
and after nanoneedle growth; it could be confirmed that over 98% of transistors showed very little 
degradation due to the growth. [169]  
 
The nanoneedle lasers grown on the transistors were of high quality. Room temperature lasers 
could be demonstrated under optical pumping. (See Fig. 4.1.3.2 (a).) The lasing emission has a 
remarkable SMSR of 16 dB. Temperature dependent photoluminescence measurements were 
performed as well. Interestingly, Lasers can exhibit lasing over a temperature range from 4K up to 
300K despite of the circumstance that the gain spectrum shifts by ~50 meV. This is because the 
mode spacing is narrow enough such that at each temperature there is a mode which has sufficient 
overlap with the gain spectrum to lase. This is shown in Fig. 4.1.3.2 (b-c). From 4K-150K the 
lasing wavelength is at ~880nm; then it switches to a lasing peak near 970 nm. At 4K the peak of 
the spontaneous emission is at 920nm. At 300K this peak has shifted to 940nm. 
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Fig. 4.1.3.2: (a) Room temperature lasing spectrum (black), obtained at 6 mW pump power, and 
room temperature spontaneous emission spectrum (red) enhanced by a factor of 100 which was 
obtained at 0.5 mW. This laser exhibits a SMSR of 16 dB. (b)Lasing spectra of needle on CMOS 
transistor at different temperatures. This laser exhibits lasing over a temperature range 4 K-300 K. 
This is possible because the mode spacing is small enough to accommodate the shift of gain 
spectrum due to temperature change. The lasing wavelength switches from ~880 nm to ~970 nm 
at a temperature of around 150 K. (c) Light –light curves of lasing peak at 970 nm shown in (b) at 
different temperatures.  
 
 
4.1.4 Continuous Wave Pumping of Nanoneedle Lasers 
 
While pulsed pumping using a femtosecond laser source can lead to very strong room temperature 
lasing, for real world applications cw-pumping of the nanoneedle lasers would be desirable. A first 
step towards cw-lasing is to use an excitation source with longer pulse width and higher duty cycle. 
We performed a series of experiments using a laser diode (λ=660 nm) driven by a function 
generator whose output are periodic rectangular current pulses. The pillars studied consisted of a 
600 nm core made of In0.15Ga0.85As with 150nm GaAs passivation cladding. The experiments were 
conducted at 4 K temperature. At first, the pulse length was set to 30 ns and the duty cycle to 3%, 
i. e. the duration of a period is 1 µs. 30 ns is considerably longer than carrier lifetimes which are 
of the order of a ~ns for (In)GaAs needles and pillars at 4 K temperature. Thus, this excitation can 
be considered as quasi-cw pumping. And yet, a pulse length of 30 ns and duty cycle of 3% is still 
short enough to reduce the negative impacts due to heating.  
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Fig. 4.1.4.1: Needles pumped with red laser diode with different pulse lengths and duty cycles. (a-
b) Needle pumped with 30ns pulse length and 3% duty cycle; (a) shows intensity in log-scale and 
(b shows the intensity in linear scale. (c) Spectrum obtained from needle pumped with 5µm pulse 
length and 50% duty cycle. (d) zoomed-in view of peak seen in (c). 
 
Fig. 4.1.4.1 (a-b) shows a lasing spectrum obtained at these pumping conditions. The SMSR can 
exceed 11 dB. Despite the quasi-cw pumping condition the lasing properties are similar to those 
observed from needles pumped with a femtosecond laser. Next, needles were pumped with pulse 
length of 5 µs and 50% duty cycle. (See Fig. 4.1.4.1 (c-d).) While a peak could be seen in the 
spectrum no strong lasing performance as seen in Fig. 4.1.4.1 (a-b) could be achieved. Fig. 4.1.4.2 
shows spectra of a needle pumped with pulsed excitation (30ns pulse with 3% DC), or cw-
pumping. The pulsed excitation was conducted at 1 mW average pump power which translates to 
a peak power of 33 mW. The cw-excitation was conducted with 6.2 mW. In the spectra the 
difference in band-filling is evident; For the pulsed excitation the photoluminescence peak is at 
902 nm while for the cw-pumping the peak is at 916nm. For the pulsed excitation 2 very clear 
cavity peaks can be seen, one at 892nm and one at 902nm. For the cw-excitation the cavity peak 
at 916 nm is still visible in the spectrum, albeit not nearly as clear as in the spectrum obtained with 
pulsed excitation.  

 
Fig. 4.1.4.2: (a) Spectra of needle pumped with pulsed laser (30ns pulse length, 3% duty cycle, 
1mW) and cw-laser (6.2 mW). (b) Zoomed-in view of spectrum showing that under cw pumping 
the cavity mode can still be seen.  
 
For further improvement it is advantageous to change the wavelength of the excitation laser. To 
obtain the data shown in Fig. 4.1.4.2 a red laser diode with a photon energy of 1.88 eV was used. 
Since the photoluminescence emission is at around 1.35 eV it means that 40% of the absorbed 
energy is converted into heat. This could be reduced to change the photon energy to 1.57 eV 
(785nm), which means that only 17% of the absorbed energy is then converted into heat. Indeed, 
using a cw laser-diode with 785nm wavelength a needle cw-laser could be demonstrated as shown 
in Fig. 4.1.4.3. This laser had a SMSR of 15dB and a lasing linewidth of 0.5 nm at 2 mW pump 
power. 
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Fig. 4.1.4.3: (a) Spectra of needle laser pumped with cw-laser (785nm). (b) Lasing spectrum at 
2.5mW pump power with 15dB SMSR and FWHM of 0.5nm.  
 
It is an interesting exercise to qualitatively compare the lasing characteristics of a cw-nanoneedle 
laser and a pulsed nanoneedle laser. Fig. 4.1.4.4 (a-f) compares the cw-pumped laser with a 
nanoneedle laser pumped with a femtosecond laser. One can see that the peak wavelength of the 
cw-laser first slightly decreases with increasing pump power and then sharply increases for pump 
powers larger than 0.8 mW. For the pulsed-laser the peak-wavelengths keeps blue-shifting over 
the whole pump power range. The blue shift is likely due to the refractive index change upon 
carrier injection. (See Fig. 4.1.4.4 (b-c).) [170] This shortens the optical path length of the cavity 
and hence a blue shift of the cavity peak is expected. However, in the case of the cw-laser heating 
of the needle will reduce the bandgap. [56] Thus, heating is the likely cause for the prominent red-
shift for pump powers larger than 1.5 mW. Furthermore, heating will increase the radiative lifetime 
of carriers, and decrease the non-radiative lifetime, resulting in a reduced carrier concentration and 
lower gain for given pump power. Thus, for pump power levels larger than 2mW the lasing 
intensity is actually decreasing with increasing pump power.  
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Fig. 4.1.4.4: (a) Spectra of cw nanoneedle laser at differnet pump power levels. (b) Spectra of 
pulsed nanoneedle laser at different pump power levels. (c) FWHM and peak-wavelength of lasing 
emission of cw nanoneedle laser. (d) FWHM and peak-wavelength of lasing emission of pulsed 
nanoneedle laser. (e) Light-light curve of cw-laser. (f) Light-light curve of pulsed laser. 
 
From Fig. 4.1.4.4 (c) one can also see that this decrease of lasing intensity is also accompanied by 
a decrease in coherence as one can see from the sharp linewidth increase for pumping power larger 
than 1.5 mW. The cw-needle laser can exhibit linewidths as low as 0.26 nm, which is translates to 
350 µeV. For the pulsed laser the linewidths initially decrease to 0.5 nm at a pump power level of 
500 µW, after which it increases considerably. Such linewidth broadening is often found in gain-
switched semiconductor lasers and due to a change of refractive index as the laser pulse forms and 
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the carrier density is being reduced in the gain material. [171] At 1.5mW the linewidth is 2.5 nm. 
The effect of heating is also visible in the light-light curves. While for the pulsed nanoneedle laser 
the LL-curve has a distinctive S-shape, the cw laser does not show a distinctive threshold and rolls 
over at very high pump power levels. 
 
 
 
4.2 Towards Lasing with Low-Order Modes or: How to Improve the Bottom  
       Mirror 
 
 
4.2.1 Cut-Off Mirror 
 
To facilitate Fabry-Perot modes in NWs it is necessary to have mirrors at both ends of the 
nanowire. While 3D whispering gallery modes might be confined in free-standing pillar structures 
as shown in section 4.1.1 for many applications, specifically on-chip optical communication, it 
might be advantageous to utilize lasing modes with low mode orders, ideally the fundamental HE11 
mode; this is because it might be simpler to couple low-order modes into waveguides or other 
optical on-chip components as they tend to exhibit less diffraction losses. Whereas one mirror (-
usually the top facet-) is readily incorporated in nanowire cavities by the large index contrast 
between the nanowire material and the surrounding medium which usually is air, the bottom facet 
is often missing or only weakly reflective in free-standing nanowires due to the small index 
difference between nanowire and substrate. Often, it is necessary to mechanically remove the free-
standing nanowires from their substrate and orient them horizontally to obtain to two facets with 
high reflectivity. [168], [172], [172] However, such process is undesirable because the process 
could create damages to NWs. In addition, it would be challenging to turn this into a scalable 
manufacturing process using top-down processing techniques.    

Here, we present a simple method facilitating a highly reflective bottom mirror by prohibiting the 
propagation of the lasing mode into the substrate. Propagation in waveguides is forbidden if the 
lateral dimensions of the waveguide are too small to support the mode. By coating a waveguide 
with metal the cut-off frequency is effectively increased for TE-like waveguide modes. Thus, by 
coating the lower part of a NW with metal (See Fig. 4.2.1.1.) it is possible to cut-off a TE-mode 
in the coated region that can propagate in the uncoated region. For high reflectivity of the mode 
from the metal coated region, it is not only important that the mode itself is cut off in the coated 
part but it is also required that the mode cannot couple to other modes which can propagate within 
the metal coated region.  
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Fig. 4.2.1.1: (a) Schematic showing the proposed nanocavity. The base of the pillar is surrounded 
by metal to facilitate mode cutoff. The top of the cavity is covered with metal to enhance the 
reflectivity of the top facet. (b) Reflectivities of the TM01 (black) and TE01 (red) modes at the base 
of the cavity. It can be seen that the reflectivity can get larger than 90% for the TE01 mode 
 
Fig. 4.2.1.1 (b) shows the FDTD results for the reflectance spectrum of the TE01-mode (Donut 
shaped mode) traveling in a NW with a radius of 180 nm and a refractive index of 3.4 from a silver 
coated region. A sudden increase of reflectivity can be seen around the cutoff wavelength of 1120 
nm. This is because TE01-mode is the mode with the lowest cut off frequency of all the TE-like 
modes, and thus cannot couple to any modes in the metal coated region. It can be seen that for 
wavelengths between 1200 nm and 1400 nm the reflectivity can be very high, over 90%, for the 
TE01 mode. For wavelengths larger than 1400nm the effective index of the modes becomes smaller 
than unity, meaning that the modes gets leaky due to refractive losses. For the TM01 no such high 
reflectivity wavelength range can be found. This is because the TM01 mode, with its strong 
longitudinal E-field component, can couple to plasmon modes inside the metal coated region of 
the nanowire.   
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Fig. 4.2.1.2: Reflectivity of the TM01 at the base of the cavity. For radii between 50 nm and 190 
nm the reflectivity can be more than 95% 
 
Fig. 4.2.1.2 shows the reflectivity of the TE01-mode (λ=1200nm) from the coated NW-region for 
different NW radii. For large radii, the reflectivity is low because the TE01-mode can still propagate 
inside the metal coated part. For radii below 195nm, the TE01-mode is cut-off in the coated part, 
leading to reflectivity values of larger than 95%. For radii below 150nm, on the other hand, the 
reflectivity has a sharp drop which is explained by the cut-off of the TE01-mode in the uncoated 
NW-region. Fig. 4.2.1.3 shows how a Fabry-Perot resonator for the TE01-mode can be formed with 
the proposed bottom mirror. This structure (with diameter of 360nm) can be easily fabricated by 
deposition of metal on free-standing NWs. FDTD results of such cavities using silver as metal are 
shown in Fig. 4.2.1.3. The resonance wavelengths and Q-factors of the 4 lowest Fabry-Perot modes 
are shown as the length L is varied. L is defined as the length of the uncoated part of the NW. (See 
Fig. 4.2.1.1.) The increase of the resonance wavelengths with longer L is not perfectly linear (- as 
it would be expected from a Fabry-Perot cavity -) since the cavity length not solely depends on L 
but also on the penetration depth of the light mode into the metal coated NW-region. The 
penetration depth is shorter for longer wavelengths as they are farther away from the cut-off 
wavelength. As a general trend, the Q-factors drop with increasing length L. This might appear 
surprising as one would expect that for a Fabry-Perot cavity a longer cavity length decreases the 
mirror losses. As the resonant light modes get less and less confined inside the uncoated part of 
the NW, leading to more scattering loss at each reflection.  
 
The FTDT results show that such a cavity can feature high quality factors; even for a cavity length 
of just 0.28 µm the quality factor can be larger than 200. This is very remarkable for such a small 
cavity size. The physical size of the cavity is just 휋 ∙ (0.18 휇푚) ∙ 0.28 휇푚 = 0.029 휇푚 , not 
much larger than the important benchmark  ( ) , which would be 0.007 휇푚  in this case.  
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Fig. 4.2.1.3: Resonance wavelength (left axis) and Q-factor (right axis) in dependence of cavity 
length L 
 
Fig. 4.2.1.4 (a) shows that the quality factor of such structures can exceed values of 1000 if the 
cavity length is around 5 µm, a typical length for many nanowire structures. (The resonance 
wavelength is kept at 1.2 µm.) The quality factor shows a mostly linear dependence on the cavity 
length. The field profiles shown in Fig. 4.2.1.4 (b-e) indicate that the mode experiences more 
scattering losses when reflected at the top of the cavity than when reflected from the bottom of the 
cavity. 

 
Fig. 4.2.1.4: (a) Cavity-Q versus cavity length. (b)-(e) Field profiles for different orders of FP 
modes. The cavity structure is outlined in the images. 
 
To summarize, we presented a simple method facilitating highly reflective bottom mirrors in free-
standing NWs enabling easy fabrication of nanolasers. When designing such a cavity it needs to 
be taken into account that the cut-off mirror only works for a certain range of diameter. As seen in 
the results shown in Fig. 4.2.1.2 the mirror works between ~130 nm - 190 nm, a range of only 60 
nm, which places constraints on the base and top diameters of the needles/pillars. A typical 
nanoneedle/ nanopillar exhibits a side-wall taper angle of 3°. This means that if the base diameter 
is at most 19 0nm and the top diameter is at least 130nm, then the maximum usable needle length 
would be ~570nm. From Fig. 4.2.1.4 it can be seen that the expected Q-factor would then be around 
~150-200.  
 
 
4.2.2 Silicon-on-Insulator Substrate as mirror 
 
Another approach for achieving high reflectivity at the bottom is to grow the needles on silicon-
on-insulator (SOI) wafers. The idea is that SiO2-layer could provide the necessary index contrast. 
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The advantage of this approach would be that the reflectivity of such a mirror is not very sensitive 
on the wavelength and also needle diameter. It was shown that guided modes in nanowires can 
exhibit reflectivities which are considerably higher compared to what would be expected from 
Fresnel-coefficients. [173] (This is because guided modes are not plane waves and the Fresnel 
coefficients are therefore not necessarily accurate.) 

 
Fig. 2.2.2.1: (a) Schematic of simulation setup of circular semiconductor waveguide (n=3.5) 
terminated on SOI wafer with device layer thickness LSi and SiO2 thickness LSiO2. In the FDTD 
simulation a TE01 mode is launched inside the waveguide towards the SOI-wafer. The reflectivity 
is then measured with a power monitor. (b) Reflection of TE01 mode from SOI wafer with 
optimized layer thicknesses. The SiO2 layer is 200 nm and the device layer thickness is 100 nm. 
 
Fig. 2.2.2.1 (a) shows a simulation setup of a circular semiconductor waveguide on top of a SOI 
wafer. The optimum SiO2 layer thickness has been found to be 200 nm to obtain a high reflectivity 
of over 70% at a wavelength ~1 µm.  Furthermore it was found that the device layer thickness 
should be as thin as possible. While for a 100 nm thick devices layer the reflectivity was still above 
70%, the reflectivity decreased to 30% for 200 nm thickness and 11% for 300nm thickness. Next, 
a nanopillar cavity consisting of a 3 µm long hexagonal nanopillar (with base diameter of 1µm and 
sidewall taper angle of ~4° on top of an SOI wafer with 200 nm SiO2 thickness and 100 nm device 
layer) was simulated. (See Fig. 2.2.2.2 (a-b).) In the simulation a TE01 mode was launched inside 
the cavity. The cavity showed a resonance at ~0.94 µm wavelength with a Q-actor of 300. This Q-
factor is considerably lower compared to what is being achieved with the cutoff-mirror cavities 
with similar lengths, as described in section 4.2.1. However, the SOI mirror approach does not 
place such strict constraints on the pillar diameter and sidewall taper angle. However, for this type 
of cavity the device layer needs to be very thin.  
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Fig. 2.2.2.2: (a) Schematic of simulation setup of hexagonal nanopillar (n=3.5) on SOI wafer with 
200nm SiO2 layer thickness and 100nm device layer thickness. The top of the nanopillar is capped 
with 100nm gold. In the FDTD simulation a TE01 mode is launched inside the waveguide towards 
the SOI-wafer. The reflectivity is then measured with a power monitor. (b) Reflection of TE01 
mode from SOI wafer with optimized layer thicknesses. The SiO2 layer is 200 nm and the device 
layer thickness is 100 nm. 
 
 
4.2.3 Etched Distributed Bragg Reflector 
 
While the cutoff mirror and SOI mirror could provide a bottom mirror to realize a cavity for modes 
with low azimuthal order, one has also to consider that eventually, the needle emission should be 
coupled to waveguides. One could envision coupling the pillars to waveguides. Then the 
waveguide itself could be patterned with gratings or photonic crystals to form a bottom mirror. A 
possible configuration is shown in Fig. 4.2.3.1 (a). A nanopillar (length 3 µm, diameter 0.85 µm) 
is attached to a silicon waveguide. Within the waveguide is a DBR mirror with alternating layers 
made of silicon and air. Since the index contrast between silicon and air is so high 4 mirror pairs 
are sufficient to facilitate very high reflectivities of up to 90%. (See Fig. 4.2.3.1 (b.) To simulate 
the cavity the fundamental HE11 mode was launched within the nanopillar. In the simulations 
cavity high Qs of over 1500 could be found. An important subtlety of this cavity is the tapered 
section that connects the pillar (with 0.85 µm diameter) to the DBR mirror (with widths of 2 µm): 
the DBR mirror is connected to a tapered waveguide section with a width of ~2 µm to reduce 
diffraction and scattering losses at the DBR. On the other hand the nanopillar needs to be connected 
to a waveguide with similar width as its diameter to avoid losses due to a lack of modal overlap at 
the nanopillar/ waveguide interface. Hence, a tapered region is necessary for this cavity to work 
well. If the waveguide would not taper to 2 µm but remain at 1 µm width the cavity Qs would be 
around 300-400. 
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Fig. 4.2.3.1: (a) Schematic showing nanopillar attached to silicon waveguide with DBR external 
mirror. In the simulation the nanopillar and DBR is surrounded by a dieletric with refractive index 
of 1.55, which is the index of Benzocyclobutene polymer. (b) Reflectivity spectrum of DBR with 
4 mirror pairs. (c) Cavity spectrum showing resonances with quality factors over 1500. (d) Field 
profile of cavity mode found at λ=1080nm. 
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Chapter 5  Summary, Conclusions, Outlook 
 
 
 
In summary, several possible applications for nanoneedle/nanopillar/micropillar structures have 
been studies. The micropillar is attractive for photovoltaics as it could enable to combine the 
performance of III-V materials with the scalability of silicon. Contactless V-I measurements have 
been performed whose results indicate that InP micropillars could be a promising material for 
photovoltaics. However, the device results presented in this thesis show that more work is needed 
to harness this potential; specifically, the depletion region recombination current has to be 
drastically reduced. This could be achieved by avoiding intrinsic regions in the pn-junction and by 
burying the pn-junctions inside higher bandgap materials. Furthermore, we anticipate that the pillar 
structure will have to resemble the structure of common planar solar cells: each pillar will consist 
of a pn-junction clad in window layer and back-surface field to minimize minority carrier loss. 
Ideally this will be done with heterostructures. The needles/pillar will be overgrown with a highly 
doped contact layers to ensure Ohmic contacts to the pillars with low contact resistances. 
Currently, single pillar devices can exhibit open-circuit voltages of 0.604 V under 
monochoromatic illumination intensities equivalent to 1 sun. This voltage corresponds to a Free 
Energy loss (- as calculated with (q·VOC-Eg)/Eg -) of 61%. For comparison, Table 5.1 summarizes 
the state-of-the-art of nanowire cells. It can be seen a correlation between free-energy loss and the 
conversion efficiency.  One can see that the results achieved with the micropillars compares well 
with other very recent results. It should be noted that the highest achieved open-circuit voltage is 
0.906V in InP solar cells, translating to a relative loss of Free Energy of 33%. [41] 
 
Table 5.1: State-of-the-art of III-V nanowire solar cells. The year of publication is indicated in 
brackets. 

Group Sub-
strate 

Material VOC 
[V] 

(q·VOC-
Eg)/Eg 

JSc 
[mA/
cm2] 

FF Effi-
ciency 

Borgstrom (Lund, 
2013) [41] 

InP zb-InP and w-
InP 

0.78 42% 24.6 0.72 13.8 % 

Bakkers (Delft, 
2013) [42] 

InP Wurtzite-InP 0.73 49% 21 0.73 11.1 % 

Liu/Aagesen (UCL, 
Copenhagen, 2013) 
[37]  

Si GaAsP 0.9 53% 14.7 0.77 10.2 % 

Lin (Taiwan, 2012) GaAs GaAs/PEDOT 0.64 58% 20.0 0.64 9.2 % 
Javey (Berkeley, 
2013) [50] 

InP Zincblende-
InP 

0.54 60% 25 0.60 8.1 % 

Huffaker (UCLA, 
2013) [40] 

GaAs GaAs/InGaP 0.57 60% 18.9 0.69 7.43% 

Fukui (Hokkaido, 
2013) [39] 

InP Wurtzite-
InP/AlInP 

0.457 68% 23.4 0.57 6.35 % 

Fontcuberta (EPFL, 
2013) [96] 

Si GaAs 0.43 70% 180 0.52 40 % 
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The modes of the nanopillar lasers have been studied as well. It was shown that modes with high 
azimuthal quantum number can have the necessary quality factors to lase under optical pumping 
in as-grown nanopillars. The reason is that such modes exhibit enough optical feedback, i. e. 
reflectance, at the interface between pillars and silicon substrate and very low group velocities. 
However, it might be challenging to couple the light from such high order modes to waveguides 
without suffering from high diffraction losses. To mitigate this, several strategies to obtain high 
quality factors for low order modes can be pursued. Using SOI wafers with very thin (< 100nm) 
device layers could provide enough optical feedback to achieve quality factors of ~300 for the 
TE01 mode. By cutting off waveguide modes at the bases of pillar by covering the pillar bases with 
metal quality factors > 1000 can be achieved with pillar lengths of less than 6 µm; however, this 
approach works best for pillar exhibiting very little to no side wall taper. High quality factors could 
also be achieved by using external DBR mirrors etched into waveguides. With as-grown 
nanopillars lasing in continuous-wave (cw) operation could be achieved with optical pumping at 
4K temperature. To achieve cw-pumping at room temperature both, the materials quality and 
cavity quality factors need to be improved. To improve the gain it might be advantageous to utilize 
quantum well structures, rather than bulk materials. To improve the quality factors one of the 
aforementioned strategies for enhancing the optical feedback at the bottom of the cavity might be 
used. The great prize for this project, of course, will be the demonstration of an electrically pumped 
laser. 
 
The sharp tips of nanoneedle could make them useful for applications requiring E-field 
enhancements. E-field intensity enhancements of the order of 106 through Superfocusing have 
been simulated. This could make them interesting structures for SERS and TERS applications. 
Furthermore, second harmonic generation was studied in the nanoneedles and high-contrast 
gratings. Due to the strong second order susceptibility of III-V materials nanoneedles could be 
suitable structures for nonlinear imaging applications in which sub-micrometer-large, nonlinear 
light sources are needed. [121], [122] 
 
If one has a new material at hand it is only natural to look for applications. In the ideal case one 
can find applications in which the material is not only usable, but enjoys distinct advantages 
compared to other solutions. This can be captured in two quotes: “If you have a hammer, 
everything looks like a nail” and “Don’t use a sword to kill a chicken.” 
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Appendix   
 
 
 
A.1 Deriving the Pump Power Dependence of Raman Scattering 
 
 
One specific area in plasmonics research has been spatially focusing light into nanometer sized 
spots. [101] One specific motivation to do so is utilizing the resulting electric-field enhancements 
to enhanced nonlinear optical processes such as Raman scattering. [174] Raman scattering can 
happen when light is scattered by molecules. During the scattering process the light can couple to 
molecular vibrations and exchange energy. As a consequence the scattered light has a slightly 
different photon energy. Raman scattering is a four-wave-mixing process, i. e. a 3rd order nonlinear 
effect. [118] Fig. A.1.1 shows a schematic depicting the Raman Effect from a quantum mechanical 
perspective.  

 
Fig. A.1.1: Schematic showing Raman scattering from quantum mechanical point of view. The to-
be-scattered photon lifts the molecule to a virtual level. As the molecule de-excites there is a slight 
chance that it will relax to state |b> instead of |a>, and the molecule will emit a photon with energy 
hνout = hνin - hνab. It is also possible, albeit less likely, that a molecular vibration mode “gives” 
energy to light such that the photon energy becomes hνout = hνin + hνab. The small inset 
schematically depicts a possible vibration mode of a diatomic molecule.  
 
From a classical point of view the Raman effect can be understood if one considers that the 
polarizability γ of molecules depends on how much, for example, a bond between two atoms in a 
molecule is stretched. (Here the stretch of the bond will be described by variable Δd; see inset in 
Fig. A.1.1.) The polarization of the molecules is then given by: 
 
푃 = 휖 · 푁 · 훾( ) · Ԑ                      (A.1.1) 
 
Here, ε0 is the vacuum permittivity, N is the number of molecules per unit volume, and Ԑ is the 
electric field which is oscillating in time with frequency ωin. N·γ can also be regarded as the first 
order susceptibility χ(1). In a first order approximation the polarizability can be written as: 
 
훾( ) ~ 훾 + 훾 ∙ ∆푑                                   (A.1.2) 
 
In a harmonic oscillation (with frequency ωab) the stretch of the molecule can be described with: 
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∆푑 =  ∆푑 ∙ 푒                                               (A.1.3) 
 
Inserting equations 2.1.2 and 2.1.3 into equation 2.11, and considering the oscillation of the electric 
field, yields: 
 
푃 ∝ 휖 · 푁 · 훾 ∙ 푒 · Ԑ ∙ 푒 ∝ Ԑ ∙ 푒 ( )                             (A.1.4) 
 
Equation 2.1.4 was derived for the downshifted Raman signal. An upwards-shifted Raman line 
exists as well, albeit the signal strength upward-shifted Raman line is weaker than the downshifted 
one. From equation A.1.4 it can be seen that the Raman signal is proportional to the intensity of 
the to-be-scattered light, which shows how electric-field enhancements can help in Raman 
spectroscopy. Very simple structures for achieving high field enhancements are rough metal 
surfaces. Such rough films will randomly contain hot spots with high field enhancements; while 
these have been shown to be suitable for single-molecule detection, [175] it is desirable to have 
structures that yield more repeatable and regular hot spots.  
 
 
 
A.2 Calculation of Threshold Materials Gain From Quality Factor 

 
Fig. A.2.1: Schematic to illustrate flow of power through optical waveguide.  
 
The change of power P that flows through a cross-section C of a waveguide (- see fig. A.2.1 -) per 
unit length can be calculated with: [109] 
 

 


 dSE
dz
dP 2

0 ]Im[
2
1

         (A.2.1) 

 
Here, ε0 denotes the vacuum dielectric constant, ω the angular frequency of the light, χ the (first 
order) susceptibility of the material of the waveguide (which can be complex in general). The 
integral goes over the cross section σ, the intersect between the waveguide and plane C, and dS 
denotes a infinitesimal surface element. The integrand denotes the amount of power 
generated/absorbed per unit volume. Alternatively, the change of power per unit length can also 
be calculated using the modal gain GMode: 



 

106 
 

 

 
C

Mode dSIntensityG
dz
dP

                   (A.2.2) 

 
The intensity of the light can be calculated by multiplying the group velocity vg with the energy 
density of the electromagnetic field: 
 

 
C

rg dSEvIntensity 2
02

1           (A.2.3) 

 
Here, εr denotes the dielectric constant of the waveguide material, and E the electric field strength 
of the mode. By equating eq. A.2.1 and A.2.2 and by substituting eq. A.2.3 for the intensity one 
can arrive at the following equation: 
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In the derivation the assumption was made that the parameters χ and εr are constant throughout the 
waveguide, i.e. the waveguide is homogeneous. Г is the overlap integral between the mode and 
waveguide. Eq. A.2.4 can be also written as: 

Material
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                                            (A.2.6) 

with material gain ]Im[
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G         (A.2.7) 

Finally, one obtains an equation that relates material gain to modal gain: 

Material
r

g
Material

gr
Mode G

n
n

G
vn

cG 


                (A.2.8) 

Here, ng and nr are the group index and refractive index, respectively. Next, we will derive an 
equation relating the modal gain the quality factor of the cavity mode. By combining Eqs. 4.1.1.2 
and 4.1.1.3 one can find: 
 
푄 =

∙
           (A.2.9) 
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At lasing threshold the modal loss α is equal to the modal gain; thus one can insert the expression 
for the modal gain in Eq. A.2.8 into Eq. A.2.9 to obtain: 
 





10

Q
nkG r

Material                               (A.2.10) 

 
 
 
A.3 Relating Fermi-Splitting to Spontaneous Emission Count Rates 
 
 
To derive the equation, [69] we will start with the well-known equation for spontaneous 
emission inside a light absorber: [55] 
 
푟 = 훼 ∙ (ℏ )

ℏ
∙ ℏ ∆⁄                                (A.3.1) 

 
Here, 훼 and n denote the material’s absorption coefficient and refractive index respectively while 
c, ℏ, 푘  represent the speed of light, Planck constant and Boltsman constant. T is the temperature 
of the light absorber and ω the angular frequency of the light. ∆퐹 is the Fermi-level splitting inside 
the material. This is equation is known as the van Roosbroeck-Shockley relationship, Kubo-
Martin-Schwinger relation, or Kennard-Stepanov relation. From here one can find an expression 
for the photon current (in let’s say x-direction) inside the material.  
 
∇ ∙ 푗 = 푟 + 푟 − 푟                                                                        (A.3.2) 
 
The spontaneous emission rate rsp is weighed with a factor of ¼ because the emission is isotropic 
and effectively ¼ of the generated photons contribute to the photon current as one can easily see: 
due to isotropy, half of the generated photons will have a velocity component in x-direction while 
the other half will exhibit a velocity-component in –x-direction. Furthermore, the photons with a 
velocity component in x-direction will exhibit Lambertian radiation pattern, i. e. the directions of 
photons will be determined by the well-known cosine law. Thus, one can weigh the average 
contribution of each photon (with velocity component in x-direction) by calculating: 
 

= ∙ ∫ 퐶표푠(훳) ∙ 푑훺  = ∙ ∫ 푑휑 ∙ ∫ 퐶표푠(훳) ∙ 푆푖푛(훳) ∙ 푑훳/          (A.3.3) 

 
So each photon emitted into the half space will be weighed by a factor 1/2. Since only half of the 
photon will be emitted in the half space to begin with, the total weighting factor for each photon 
emitted is ¼. As shown in eq. A.3.2 the spontaneous emission can be enhanced by stimulated 
emission and reduced by absorption. The net absorption rate can be expressed using the absorption 
coefficient: 
 
푟 − 푟 = 훼 ∙ 푗                      (A.3.4) 
 
Thus, one can write Eq. A.3.2 as: 
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∇ ∙ 푗 = 푟 − 훼 ∙ 푗                                 (A.3.5) 

 
Fig. A.3.1: Schematic to illustrate escape off photons from light absorber whose shape is a slab.  
 
Assuming that shape of the light absorber is a slab, (- see Fig. A.3.1 -) we will solve Eq. A.3.5 and 
calculate how much light can escape from the slab. Assuming that at x=0 the photon current is 
zero, one can solve Eq. A.3.5: 
 
푗(푥) = 푗(∞) ∙ (1 − 푒 )                    (A.3.6) 
 
With 푗(∞) = 푟  equaling the current at infinity (-if the slab was infinitely thick-). At x=d the 
photon current density will have reached a value of j(d). A fraction R’ will be reflected at the 
interface between slab and the surrounding medium which we will assume to be air (for 
simplicity); accordingly, a fraction of j(d)·(1-R’) will be transmitted and can escape the slab. The 
reflected portion of the current will travel back towards x=0, where a portion of  j(d) · R’ ·
(1 − R’)푒  can escape the slab. (See Fig. A.3.1 for schematic explanation.) Accounting for 
multiple reflections will lead to a geometric series; the amount of light that escapes the slab can be 
expressed with: 
 
푗 = 푗(푑)(1 − 푅 ) + 푗(푑)푅 푒 (1 − 푅 ) + 푗(푑)푅 푒 (1 − 푅 ) + ⋯      
        = 푗(푑)(1 − 푅 ) ∙ ∑ (푅 푒 )    
        = 푗(푑)(1 − 푅 ) ∙                                                         (A.3.7) 
 
(1-R’) is the transmission from inside the medium to outside the slab. This transmission can be 
related to the transmission from outside the medium to inside the slab (1-R): [69]  
 
(1 − 푅 ) = (1 − 푅)          (A.3.8) 
 
Here, n is the refractive index of the slab. By utilizing Eq. A.3.8 one can rewrite Eq. A.3.7 to: 
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 푗 = ( ) ∙ (1 − 푅) ∙                                                 (A.3.8) 
 
However, the term (1 − 푅) ∙  is just the absorptivity 푎 of the slab. [69] (One can derive 
this by making very similar considerations as in the derivation of Eq. A.3.7. Thus, one can write: 
 
푗 = ( ) ∙ a = 푟 ∙ a                                                                (A.3.9) 
 
Finally, Eq. A.3.9 relates the spontaneous emission rates (per unit volume and energy interval) to 
the photon current density right outside the light absorber. Now one can find an expression for the 
light intensity (per energy interval) outside the light absorber:  
 
퐼 = ℏω ∙ 푗 = 푎 ∙ (ℏ )

ℏ
∙ ℏ ∆⁄                                (A.3.10) 

 
At last, solving for the Fermi-splitting ∆퐹 yields Eq. 2.2.3.1. Here, we derived the equation starting 
from the spontaneous emission rate for a light absorber with the shape of a slab. Alternatively, Eq. 
A.3.10 can be readily derived (-in more direct manner-) for any geometry using detailed balancing. 
[46] 
 
Calibration of count rates: 
For this study the collection efficiency of the photoluminescence setup has been calibrated. The 
calibration experiment is schematically shown in Fig. A.3.2 The reflection of a continuous-wave 
laser-beam with 850nm wavelength from a near ideal reflector was measured. The reflector was a 
gold in mirror. The illumination power, i. e. the number of photons incident on the mirror, is 
measured with a photodetector and therefore known. The reflected light is then measured by the 
CCD inside the spectrometer. That way one can relate the CCD signal to the number of photons 
being reflected from the mirror. To calculate the collection efficiency of the setup it also needs to 
be taken into account that not all photons emitted by the pillars will get collected by the objective. 
In the absence of modal resonances the spontaneous emission profile of wire-like structures can 
be determined to be Lambertian. [176] Indeed, the InP micropillars studied here showed no optical 
resonance in the photoluminescence spectrum at all illumination intensities. Given the numerical 
aperture of the objective of NA=0.7 it can be calculated that 29% of photons emitted into the upper 
hemisphere can be collected by the objective. 
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Fig. A.3.2: Schematic showing the experimental setup for the calibration of photon counts. 
 
 
 
A.4 Calculation of Absorptivity of a Micropillar 
 
 
The absorption coefficient of InP for light near the bandedge is α~30000 cm-1. [55] The fraction 
of light absorbed by an InP slab with a thickness of 1 µm, which is the thickness of the pillars 
studied in our experiments, can be calculated with 퐴푏푠 = 1 − 푒 = 0.95. Using the well-known 
Fresnel equations, and assuming refractive index nr=3.4 for InP, one can calculate the angle-
averaged transmission for unpolarized light through an InP/air interface to be Tav = 0.65. The 
absorptivity can be calculated as 푎 = 푇 ∙ 퐴푏푠 = 0.62. For textured solar cells, the absorptivity 
is calculated via: [54] 
 

푎 ≈ ∙ ∙
∙

                      (A.4.1) 
 
For textured pillars 푎~0.65. 
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