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Abstract 

Semiconductor micro- and nanostructures are promising building blocks for 

high-performance and high-resolution photonic devices due to their novel 

properties such as high material-quality, small foot-print, and so on. Furthermore, 

since they have small size sufficient to probe mammalian cells with subcellular 

resolution, semiconductor micro- and nanostructures based probes have possibility 

to provide revolutionary tools to investigate biological materials and systems. To 

realize the promising possibility of micro- and nanostructures, they should be 

scalable, well-controllable, and mechanically flexible. However, fabrication of 

micro- and nanostructure arrays satisfying these condition have been difficult due 

to problems related with material growth. In this thesis, it is demonstrated that this 

issue can be overcome by using graphene films. Optical characterization and device 

fabrication of semiconductor micro- and nanostructures grown on chemically vapor 

deposited (CVD) graphene films are studied. Using graphene films as intermediate 
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layers to grow II-VI and III-V semiconductor micro- and nanostructures, it can be 

possible to fabricate well-controlled nano-waveguides and high-quality micro- and 

nanolasers. Furthermore, semiconductor micro- and nanostructures grown on 

graphene can be readily lifted off exploiting weak bonding between graphene films 

and supporting substrates by van der Waals force and transferred to foreign 

substrates that can complement the lasing performance and expand the application 

of lasers.  

ZnO nanotube laser arrays with low lasing thresholds and clear laser 

oscillations by Fabry-Perot (FP) resonance were monolithically fabricated on 

arbitrary substrates by using graphene films as intermediate layers. Moreover, 

exploiting the benefit of easy transfer, nanotubes were combined with silver films 

after the lift-off, which significantly enhanced lasing characteristics of nanotubes. 

In addition to ZnO one-dimensional laser arrays, lasing characteristics of GaN 

microdisk and microrods grown on CVD graphene films were also studied. Highly 

crystalline GaN microdisks having hexagonal facets were grown on graphene dots, 

and whispering-gallery-mode (WGM) lasing emissions from the GaN microdisks 

were observed. For GaN microrods, detection of FP and WGM lasing emissions 

from a single GaN microrod are reported. Additionally, demonstration the ability 

to switch between the two lasing mechanisms by translating the excitation beam 

along the microrod are described. Finally, using the advantageous properties of 

semiconductor nanostructures on graphene films, metal-deposited ZnO nanotube 
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waveguide arrays were used for local optical excitation on biological cells. 

Mammalian cells were cultured on nanotube arrays and fluorescent dyes in cells 

were locally excited by light transmitted through nanotube waveguides. 
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Introduction 

1 

1.1. Motivation: The potential and issues of semiconductor micro- 

and nanostructures for photonic devices and biological applications 

Semiconductor micro- and nanostructures have been attracted a great deal 

of attention due to their promising properties such as high material-quality, high 

aspect ratio, small size, and so on.[1-3] Especially, they are considered as promising 

building blocks in applications requiring high-density integration and high-

resolution excitation/detection based on their small-footprint. Among these 

applicable fields, investigation on biological materials and systems using 

semiconductor micro- and nanostructures are highly anticipated to open up new 

frontier by providing novel tools to study biological phenomena and engineer bio-

materials.[4] Since the size of semiconductor micro- and nanostructures is typically 

10 nm–10 m, they are small enough to probe mammalian cells with subcellular 

resolution ensuring minimal invasiveness. 

Light source arrays based on semiconductor nanostructures can bring a new 

capability to study biological cells. Optical excitations are essential parts in 

biological science. The optical excitation can stimulate electrophysiological events 

through light-sensitive proteins in genetically modified cells (optogenetics)[5] or by 
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uncaging of glutamate,[6] the excitatory neurotransmitter. Furthermore, optical 

excitations are used for medical therapy by photothermal and/or photochemical 

reactions.[7] Fluorescence imaging also needs optical excitation. In these 

applications, light has been just illuminated globally from free space or a focused 

laser beam has been used for higher spatial resolution. These excitations, however, 

require bulky and complex optical systems. On the other hand, nano-sized light 

source arrays based on nanostructures can provide compact systems with high-

spatiotemporal resolution.[8] Furthermore, these nanostructured light sources are 

potentially possible to be implanted into live animals for in-vivo study.[9]  

However, despite of promising properties of micro- and nanostructure based 

light sources, there are still many issues to overcome for the realization practical 

photonic devices. First, semiconductor micro- and nanostructures should be 

scalable and controllable. In most of previous reports, just a single nanostructure 

was used to demonstrate the possibility of nanostructures as tools for biological 

study.[10] However, for the study of biological systems which are composed of a 

vast number of cells, scalable nanostructure platforms are essential. Furthermore, 

the position and size of individual nanostructure should be accurately controlled to 

adjust the interaction of nanostructures and bio-materials. Secondly, semiconductor 

micro- and nanostructures should be fabricated on various substrates. For 

implantable device application, mechanical flexibility can ensure better interfacial 

adhesion and reduction strain in tissues. Therefore, light source arrays on 
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mechanically flexible substrate is favorable. Furthermore, the ability to fabricate 

light source with electronics would create multifunctional devices which can 

interact with bio-systems both electrically and optically.   

 

1.2. Objective and approach 

The scalable, controllable, and transferable semiconductor micro- and 

nanostructure arrays can be fabricated using graphene films. Graphene films, the 

atomically thin crystalline layers, provide epitaxial relationship to compound 

semiconductors. Furthermore, they can be synthesized in a large size using 

chemical vapor deposition method. As long as graphene is supported, high-quality 

semiconductor micro- and nanostructures can be grown on arbitrary substrates. 

Especially, van der Waals layered structure of graphene films makes it possible to 

transfer them onto arbitrary substrates in an easy and simple manner expanding the 

application of nanostructure.  

In this thesis, the versatility of semiconductor micro- and nanostructures on 

graphene films for optical devices and biological applications are demonstrated. 

Well-controlled and high-quality micro- and nanostructures were fabricated on 

graphene films and they could be transferred onto various substrates for further 

applications. Furthermore, to demonstrate the feasibility of nanostructures for 
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biological study, nanostructures were used as dielectric waveguide arrays, which 

deliver light into interior of cells with high spatial localization.  

 

1.3. Outline 

This thesis is composed of seven chapters including this introductory 

chapter. In the following Chapter 2, the current research activities on lasing 

characteristics of semiconductor micro- and nanostructures and nanostructure based 

optical probes for biological study will be briefly reviewed. The experimental 

methods that have been used in this thesis will be described in Chapter 3, mainly 

focused on lasing characterization techniques for micro- and nanostructures. In 

Chapter 4, lasing characteristics of position- and dimension-controlled ZnO 

nanotubes on graphene films will be discussed. In Chapter 5, whispering-gallery 

mode (WGM) laser emissions from GaN microdisks and a competition between 

Fabry-Perot and WGM lasing modes in microrods grown will be presented. In 

Chapter 6, fluorescence excitation in biological cells by using the nanostructures 

grown on graphene films as waveguides are presented as an example for biological 

application of nanostructures. Finally, in Chapter 7, I will summarize the research 

works in this thesis with possible suggestions for future works and give an outlook 

for micro- and nanostructure lasers. 
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Literature review 

2 

In this chapter, researches related to micro- and nanostructured lasers are 

reviewed. After general review on photonics in bottom-up grown nanostructures, 

laser emissions from the two main resonance modes, Fabry-Perot (FP) and 

whispering-gallery modes (WGM), are reviewed more in details. Furthermore, 

approaches for fabrication of viable devices such as position-controlled lasers and 

electrically pumped lasers are also reviewed. Finally, bio-applications using these 

nanostructure photonic devices are reviewed. 

2.1. Bottom-up approach for micro- and nano-sized photonic 

devices 

Semiconductor micro- and nanostructures such as nanorods, nanowires, 

nanotubes, nanobelts, microrods, and microdisks obtained by self-assembly have 

been paid a lot of attention due to their promising properties. First of all, they have 

tiny footprints. The small-sized lasers are essential for high-density optoelectronic 

integrated circuit. In addition, the tiny structures are adequate to probe cellular 

events with subcellular resolution and little harms to cell viability. Secondly, they 

have high material quality. Since nanostructures grown by bottom-up method have 

less stress and strain, most of them are single crystal. Thirdly, their peculiar 
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structures allow fabrication of various advanced heterostructures, such coaxial, 

axial, and their combination.   

2.2. Lasing characteristics of semiconductor micro- and 

nanostructures 

Lasing emissions from various semiconductor micro- and nanostructures 

are reviewed. For one-dimensional nanostructures FP lasing emissions have been 

mainly observed while WGM lasing emissions were reported from microdisks or 

microrods. In addition to lasing characterization of individual micro- and 

nanostructures, efforts to realize practical devices are reviewed. For example, lasing 

characterization of position-controlled nanostructures and fabrication of lasers 

operated by electrical pumping are reviewed.  

2.2.1. Fabry-Perot lasing emissions  

2.2.1.1. Lasing emissions from one-dimensional semiconductor 

nanostructures  

Since the first report on laser emissions in ZnO nanowires numerous 

researches have been reported on lasing characteristics of various nanostructures 

including nanowires, nanorods, nanoribbons, and so on. Figure 2.1a shows the first 

room temperature lasing spectra of ZnO nanowire reported by Huang et al..[11] By 

the resonance of FP, multiple peaks were observed. Though the laser emissions were 
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quite noisy and threshold behavior was unclear in this report, followed researches 

have showed clear lasing characteristics of nanostructures and their promising 

properties.[12, 13] Figure 2.1b shows lasing spectra of ZnO nanowires at different 

excitation densities and corresponding light-light plot. The laser emissions were 

clear in these PL spectra, and three different regions corresponding to spontaneous 

emission, amplified stimulated emission, and laser oscillation could be clearly 

observed.   

In addition to lasing emissions form homogeneous nanostructures, lasing 

emissions from heterostructures were investigated to expand the nanolaser 

application and enhance the performance. Qian et al. reported lasing emissions from 

InGaN/GaN multi-quantum-well (MQW) core-shell nanowires as shown in Fig. 

2.1c.[13] By controlling In composition, nanowire lasers emitting different 

wavelengths could be grown. Lower lasing thresholds were observed in nanowires 

having more MQW layers due to enhanced mode confinement. Hua et al. reported 

lasing from GaAs/GaAsP coaxial nanowires.[14] Outer GaAsP layer acted as a 

surface passivation layer. Very recently, Tatebayashi et al. reported room 

temperature laser emissions from axial GaAs/AlGaAs/GaAs quantum structures.[15]    

Recently, the diameter of nanolaser could be reduced by combination with 

metals. By coupling with plasmons, which reside in the interface between 

semiconductor nanostructures and metal films, light can be tightly confined 

enabling laser emissions in much smaller diameter nanostructures. Oulton et al. 
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reported deep subwavelength plasmon lasers using CdS nanowires placed on a 5-

nm-thick MgF2 coated Ag layer.[16] By confining the light inside of MgF2 layer, 

electrical field can have enough overlap with the gain material, CdS, even though 

the diameters of nanowires were small. Thus lasing emission could be observed in 

nanowires having much smaller diameters compared to nanowire lasers without 

metal layers.   
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Figure 2.1 Lasing emissions from one-dimensional semiconductor 

nanostructures. (a) First lasing emissions from semiconductor 

nanostructures. (b) Clear laser oscillation emissions from ZnO nanowires. 

(c) GaN/InGaN MQW core-shell structured nanowire lasers and their laser 

emissions with different In compositions. 
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2.2.1.2. Lasing emissions from position-controlled nanostructures 

Most of researches about nanostructure lasers were focused on optical 

characterization of one-dimensional nanostructures. However, for practical 

application, fabrication and characterization of position- and dimension-controlled 

nanostructures are essential. There are only a few reports on lasing emissions from 

position-controlled nanostructures. Zhou et al. reported laser emissions from well-

ordered and vertically aligned ZnO nanorods.[17] ZnO nanorods were selectively 

grown on patterned Au  films on GaN as shown in Fig. 2.2a. Using micro-PL 

measurement, laser emissions from a single nanorod could be measured. Laser 

emissions at 10 K were only reported.  

Hua et al. reported laser emissions from position-controlled GaAs/GaAsP 

core-shell nanowires and Tatebayashi et al. reported laser emissions from 

GaAs/InGaAs/GaAs quantum dot stacks grown on GaAs substrates using SiO2 as 

growth mask, respectively (Fig. 2.2b,c).[14, 15] However, in these reports, they were 

detached from the original substrates and then the lasing characteristics were 

measured. There was no data about laser emissions from vertically standing 

structures.  
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Figure 2.2 Lasing emissions from position-controlled nanostructures. 

(a) Well-ordered and uniform sized ZnO nanorods and lasing spectra from 

a single nanorod. (b) Well-ordered GaAs-GaAsP core-shell nanowires and 

lasing spectra from a dispersed nanorod. (c) GaAs/InGaAs/GaAs quantum 

well stacks and laser lasing spectra from a dispersed nanorod. 
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2.2.1.3. Lasing emissions from nanostructures on unconventional 

substrates  

One of the promising advantages of semiconductor nanostructure lasers is 

that the growth substrates are less restricted than thin films. Using this feature, it 

has been reported that lasers can be fabricated on unconventional substrates such as 

Si, metals, and so on. Chen et al. reported InGaAs/GaAs core/shell nanopillar lasers 

directly grown on Si substrates.[18] By helically propagating resonance modes, a 

single-mode laser emission could be observed at room temperature. However, the 

grown nanopillars were random in growth position and distribution of diameters 

and lengths of them were large.   
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Figure 2.3 Nanopillar lasers grown on Si. SEM images of InGaAs/GaAs 

core-shell structure nanopillars grown on Si and its lasing spectrum at room 

temperature. 
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2.2.1.4. Electrically-pumped devices 

For practical application of nanostructure laser, electrical pumped devices 

are essential. Duan et al. reported the electrically driven nanowire lasers.[19]A single 

CdS nanowire was laid on p-type Si to form heterojunction.  

 

 

Figure 2.4 Electrically pumped nanowire lasers. Schematic and SEM 

image of the CdS nanowire on the p-Si substrate and its lasing spectrum. 
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2.2.2. Whispering-gallery mode lasing emissions  

2.2.2.1. Lasing emissions of microwires and microdisks 

WGM lasing actions have been observed in nanodisks, microdisks and 

microwires. WGM are ideal lasing modes for high-density integration applications 

because they show high quality (Q) factors and low thresholds with small footprints. 

Since bottom-up grown hexagonal structures can have atomically flat facets which 

reduce diffraction loss, high Q factors have been observed in micro- and 

nanostructure lasers. Self-assembled wurtzite semiconductor micro- and 

nanostructures show hexagonal shaped structures. Therefore, WGM resonance in 

these structures are quite different to that of circular structures. Figure 2.5 shows 

available resonance light paths in hexagonal structures by total internal reflection.  

 



 16 

 

Figure 2.5 WGM in hexagonal cross-section structures. WGM with 

incident angle of 60° (a) and 30° (b). 

 

  



 17 

For dispersed ZnO microwires, WGM resonance lasing emissions in a radial 

direction of the microwire have been reported. At first, laser emissions were 

reported at 10 K,[20] and later laser emissions at room temperature were also 

reported.[21] In addition to microwires, the laser emissions were also observed in 

ZnO nanodisks,[22] ZnO microdisks,[23] and GaN microdisks.[24] In these structures 

the naturally-formed flat lateral facet contributed less light scattering than etched 

structures leading to better lasing characteristics. 

The WGM laser emission could be also reported in very thin layers by 

coupling with plasmon. Ma et al. reported sub-diffraction-limited plasmon WGM 

laser emissions.[25] A CdS thin square film was placed on 5-nm-thick MgF2 coated 

Ag layer. Laser emissions could be observed at room temperature. 
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Figure 2.6 WGM laser emissions from semiconductor micro- and 

nanostructures. (a,b) Laser emissions from ZnO microwires at 10 K (a) 

and at room temperature (b). (c,d) WGM laser emissions from ZnO 

microdisks (c) and nanodisks (d). 
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2.2.2.2. Lasing emissions from position-controlled nanostructures 

Selectively grown GaN nanoring and microdisk also showed WGM lasing 

emissions. Kouno et al. reported lasing emissions from GaN micro- and 

nanostructures selectively grown on GaN template using Ti growth mask.[24]  

 

 

 

Figure 2.7 Position-controlled WGM laser. GaN micro- and nanorings 

were grown on GaN using selective area growth. Due to the thin wall 

thickness a single mode laser emission was observed. 
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2.2.2.3. Electrically-pumped device 

Electrically pumped WGM lasers were also reported using heterojunction 

between ZnO microrods and p-type GaN. To enhance the contact between ZnO 

microrods and GaN thin films, ZnO thin films were used as interfacial layers. 

 

 

 

Figure 2.8 Electrically-pumped WGM laser. ZnO microrods were placed 

on p-GaN to form p-n junction. 
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2.3. One-dimensional nanostructure probes for studying cellular 

events 

The nanotechnology can open up new methods to study biological sciences. 

Especially, one-dimensional nanostructure probes which can safely penetrate the 

plasma membrane and interconnect cell interior with exterior circumstance 

electrically, optically, and physically are potentially useful in high-resolution 

recording and imaging, drug delivery, biosensing, and other applications.  

2.3.1. Intracelluar nanostructure probes 

Using nanopillar or nanotube arrays, intracellular electrophysiology were 

studied. Previously, the multi-electrode array technology has provided multi-site 

recording and stimulation capabilities. However, due to relatively larger contact 

size, cell-level resolution probing and intracellular signal measurement have been 

difficult. On the other hand, nanopillar based electrical probes could be penetrated 

into cell membrane, so that intracellular electrophysiology signal could be 

measured with a single cell spatial resolution. Robinson et al. and Xie et al. 

independently reported the nanostructure based intracellular probe as shown in Fig. 

2.9.[26, 27]  
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Figure 2.9 Nanostructure based intracellular probes. Si nanopillar 

arrays (a) and (b) Pt nanopillar arrays (b) were used for intracellular 

physiology recording. 
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Using nanostructures as light waveguides, photonic stimulation and 

imaging could be performed with high-spatial resolution. Xie et al. reported highly 

localized fluorescence imaging using quartz nanopillars.[28] Exploiting evanescent 

filed in the vicinity of the nanopillars, highly localized fluorescence images could 

be obtained. Yan et al. reported on single-cell endoscopy using a single nanowire 

attached to the tip of a tapered optical fiber.[29] Using this nanowire based optical 

probe, not only bio-chemical materials could be inserted into cell but also they 

could be excited with high spatial resolution.  
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Figure 2.10 Nanostructure based optical probes. (a) Quartz nanopillars 

were used for localized fluorescence imaging. Compared to conventional 

fluorescence imaging, nanopillar-based imaging showed localized 

fluorescence. (b) Nanowire-based single-cell endoscopy. 
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Optical sensors based on optical resonance in nanostructures were also 

reported. Hong et al. demonstrated refractive index sensor based on resonance shift 

from the localized surface plasmon of a gold nanorod.[10] After attaching a gold 

nanorod to the tip of a tapered optical fiber, it was inserted into the cell interior. 

Wavelength shift of scattered light from the gold nanorod was monitored, which 

could show the change of the refractive index. Shambat et al. reported intracellular 

photonic crystal cavity sensors.[8] Photonic crystal membranes which could be 

penetrated into cells were fabricated. Then using the high-sensitivity of photonic 

crystal cavity, existence of biomolecular or refractive index change could be 

measured.   
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Figure 2.11 Nanostructure based optical resonance sensor. (a) Optical 

sensor based on localized surface plasmon resonance in a gold nanorod. 

(b) Intracellualr photonic crystal cavity connected to an optical fiber. 
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  Experimental methods 

3 

In this chapter, the experimental techniques used in this thesis are described. 

First, optical characterization of semiconductor micro- and nanostructures are 

explained. In particular, confocal micro-PL measurement with high excitation 

density for characterization of single micro- and nanostructure lasers are discussed 

in more detail. In addition, optical and electrical measurement set-up for 

electroluminescence are also described. For the growth of semiconductor 

nanostructures, lateral growth conditions for ZnO and ZnMgO nanotubes are 

described in detail. This process increases the light confinement in gain materials 

so that laser oscillations are sustained. Finally, transfer method for micro- and 

nanostructures for enhancement in device performance and optical properties are 

reported. Since most of materials studied in this thesis are grown on graphene films 

which allow transfer of grown materials on to foreign substrates, well-controlled 

transfer process can lead to advanced devices. 
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3.1. Photoluminescence measurement 

For the characterization of individual semiconductor micro- and 

nanostructures, confocal micro-PL measurement are required. Micro-PL 

measurement was available from room temperature down to 80 K using liquid 

nitrogen cooling. A macro-PL measurement set-up was used for the PL 

spectroscopy of semiconductors at temperature as low as 11 K. 

3.1.1. Confocal micro-photoluminescence measurement 

For characterization of micro- and nano-sized structures, confocal 

microscopy PL measurement was used. The excitation laser beam was focused to a 

spot size of as small as 1 m by an objective, and the PL emissions from the sample 

were collected by the same objective and dispersed in a monochromator (Monora 

320i, Dongwoo) equipped with thermoelectric cooled charge-coupled device 

(CCD) (DU401A-UV, Andor). A typical scan range was 1.5-3.6 eV with an 

instrument resolution of 0.5 nm. As excitation sources, a HeCd laser (325 nm), the 

third harmonic of Nd:YAG laser (355 nm, pulse width 6 ns, repetition rate 10 Hz), 

and a diode-pumped solid state lasers (532 nm) were used. Depending on the 

excitation lasers and emission wavelength of PL, different objectives were used. 

For the study of PL emissions in UV region, an UV objective (x39, OFR) were 

used, and a reflective objective (x36, Newport) could be used for broad range 

measurement from UV to visible. For an excitation using 532 nm laser, a visible 
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objective (x50, Olympus) was used. The excitation position could be monitored 

simultaneously with the acquisition of PL spectrum using a beam splitter in the PL 

emission path. For a translation of sample position, a XY-motorized stage with a 2 

m resolution (SGSD26-50, Sigma Koki) was used. The temperature of sample 

could be lowered using a liquid nitrogen cooling chamber (IK320IR-D, Linkam). 

For this low temperature measurement in confocal micro-PL set-up, the reflective 

objective was only available since only this objective had sufficiently long working 

distance (10.4 mm).   
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Figure 3.1. A schematic illustration for the micro-PL measurement. 
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3.1.2. Macro-photoluminescence measurement  

Macro-PL spectroscopy was mainly used for low temperature and 

temperature dependent PL spectroscopy. Figure 3.2 shows a schematic of macro-

PL measurement. As excitation sources, HeCd, Nd:YAG, and DPSS lasers could be 

used. Using a closed cycle He cryostat, the temperature of samples could be lowered 

to 11K. In addition, temperature could be measured and controlled using 

temperature controller (331 temperature controller, Lakeshore).  
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Figure 3.2 A schematic illustration for macro-PL measurement set-up. 
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3.1.3. Photoluminescence measurement at high pumping density 

For PL spectroscopy at high pumping density, the third harmonic of 

Nd:YAG laser (355 nm, pulse width 6 ns, repetition rate 10 Hz) was used and its 

intensity was controlled by using neutral density filters (NDK01, Thorlab) which 

were inserted in the laser beam path as shown in Fig 3.3. For the measurement of 

power density, a 50/50 beam splitter for high density laser was placed and intensity 

of transmitted laser beam was measured using a pyroelectric meter (ES120C, 

Thorlab). Figure 3.4 shows the transmittance of density filters at 355 nm. Since the 

pulsed laser was used for PL measurement, it was needed to synchronize the 

acquisition time of CCD camera with a pulse firing time, which was done by BNC 

cable connection between the laser and the CCD camera.  
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Figure 3.3 A schematic illustration for power-dependent PL 

measurement set-up. 
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Figure 3.4 Plot of transmission of neutral density filters versus optical 

density.  
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Table 3.1 Transmittance of neutral density filter at 355 nm. 

Optical density Transmittance (%) 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

82.9 

65.1 

54.9 

43.4 

35.4 

30.0 

24.9 

19.5 

16.5 

13.0 

10.6 

8.5 

7.2 

5.7 

4.6 
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3.2. Electroluminescence measurement 

The EL characteristics of the LEDs were measured using an EL 

measurement set-up built with the microscope (Carl Zeiss, Axioskop 2 MAT). For 

applying a voltage or current to LED devices, electrical source meter (Keithley 

2400 or 2600) were used, which could be operated in both continuous and pulse 

modes. The light emissions were collected by an objective lens and delivered into 

spectroscopy systems. The EL spectra could be obtained at temperature as low as 

80 K using a liquid nitrogen cooling system. 
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3.3. Metal-organic chemical-vapor deposition of ZnO and ZnMgO 

nanotubes  

For growth of ZnO nanotubes on CVD graphene films home-made metal-

organic vapor-phase deposition (MOCVD) was used. Depending on the growth 

conditions, the length and the diameter of nanotubes could be controlled. In addition, 

by alloying with MgO, the bandgap could be engineered. More details for MOCVD 

growth of ZnO and ZnMgO nanotubes are described below. 

3.3.1. Vertical ZnO nanotube growth 

For selective area growth, a 50-nm-thick amorphous SiO2 layer was 

deposited on graphene films/Si substrates using plasma enhanced chemical vapor 

deposition, and hole-patterned by e-beam lithography and reactive ion etching. 

Then ZnO nanotube was grown using MOCVD. Diethylzinc and oxygen were used 

as reactant, and argon was used as carrier gas.  

3.3.2. Lateral ZnO and ZnMgO growth 

For growth of ZnMgO, biscyclopentadienyl-Mg (Cp2Mg) was used as a 

precursor, and alloying composition was controlled through change of flow rate of 

Cp2Mg in MOCVD growth.  

  



 39 

3.4. Transfer of semiductor micro- and nanostructures  

Transfer method for micro- and nanostructures for enhancement in device 

performance are described. Most of materials studied in this thesis were grown on 

graphene films, which allowed transfer of grown materials on to foregin susbtrates. 

3.4.1. Random transfer of micro- and nanostructures onto SiO2/Si 

substrates for individual characterization 

To transfer ZnO nanotubes and GaN microrods, as-grown semiconductor 

micro- and nanostructures were first dispersed in anhydrous ethanol solution, which 

could be done by cutting down micro- and nanostructures with a sharp cutter or 

ultra-sonication process. After preparing the dispersed, individually isolated micro-

and nanostructures, they were transferred randomly onto SiO2/Si substrates by 

dropping the solution droplets and drying in air. After repeating the drop-and-dry 

process several times, a few micro- and nanorods could be found.  
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Figure 3.5 FESEM images of dispersed ZnO nanotubes and GaN 

microrods on SiO2/Si substrates.  
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3.4.2. Mechanical lift-off ZnO nanotube arrays 

By the virtue of the weak bonding between CVD graphene films and 

underneath supporting substrates, ZnO nanotubes grown on CVD graphene films 

could be transferred onto foreign substrates. For mechanical transfer of ZnO 

nanotube arrays, polymer layers such as polyimide or PMMA were first spun on 

nanotubes. Thermal release tape was attached to the polymer coated nanotubes, then 

nanotubes and CVD graphene films could be readily lifted-off with the thermal 

release tape. Meanwhile, the target substrates had to be prepared with glue layers 

such as tapes or PMMA layers spun at 4000 rpm without baking. Then nanotubes 

attached to the thermal release tape was transferred onto target substrates. Finally, 

the thermal release tape could be removed by baking the sample at 200°C. Instead 

of using thermal release tape, any type of tapes could be also used. In this case, a 

hole was made inside it, so that the tape is not directly attached onto top of 

nanotubes. Then nanostructures could be lifted off with the tape. 

3.4.3. Wet chemical lift-off of GaN microstructure arrays 

For GaN micro- and nanostructures, it was hard to lift them off the original 

substrates. For lift-off of GaN, CVD graphene films had to be prepared onto SiO2/Si 

substrates so that the underneath SiO2 layer was used as sacrificial layer. Polymer 

layers such as polyimide or PMMA were spin-coated on GaN micro- and 

nanostructures, and then they were dipped into BOE for etching of the underneath 
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SiO2 layer. By buoyancy, the polymer coated micro- and nanostructures were 

floated on the surface of BOE after detachment from the SiO2/Si substrate. The 

sample was first transferred onto DI water for washing then it could be transferred 

onto final target substrates. For better adhesion to the target substrates, silver paste 

could be used as glue layer. 

3.5. Light-emitting diodes fabrication 

3.5.1. Addressable light-emitting diode pixel fabrication 

To fabricate LED pixel arrays, GaN-based thin films composed of p-GaN, 

InGaN/GaN multiple quantum well structure, and n-GaN were prepared. 

(1) p-contact formation: Before the p-contact metallization, p-GaN 

activation were performed using rapid thermal annealing at 650°C for 5 min with a 

ramping time of 3 min in a nitrogen atmosphere. Then the sample was dipped into 

BOE for 3s for removal of oxide layers. For metal contacts on p-GaN, Ni/Au 

bilayers were deposited on the top surface of p-GaN. These p-type metal contact 

areas were composed of two regions. For one region, semi-transparent Ni/Au (10/10 

nm) layers were deposited for light transmission, and for the other region thick 

Ni/Au (20/140 nm) layers were deposited for endurance during successive dry 

etching process as shown in Fig. 3.6d. The metal contacts were annealed at 500°C 

in an air atmosphere for ohmic contact formation.  
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(2) Metal leads formation: Then 300-nm-thick SiO2 layer were deposited 

using plasma-enhanced chemical vapor deposition for insulation. Metal leads 

(Ti/Au) were formed on SiO2 layer using photolithography and metal deposition. 

(3) Connection between leads and each LED pixels: Then the SiO2 layer 

was selectively opened using reactive ion etching to allow current injection as 

shown in Fig. 3.6b. Finally, metal leads formed by photolithography were 

connected to each pixel to form addressable LED pixel arrays. For n-type contact, 

all pixels shared common contact. Figure 3.6f shows light emissions from the 

fabricated LED pixels. Each pixel could be operated independently.   
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Figure 3.6 Fabrication of addressable LED pixel arrays. (a-c) Schematic 

illustrations for fabrication process. (d-f) Optical microscope images for each 

process.  
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3.5.2. Transferrable three-dimensional micro- and nanostructure 

light-emitting diodes fabrication 

For the fabrication of three-dimensional nanoarchitecture LEDs, as 

schematically shown in Fig. 3.7, the metal contact layers were formed both on the 

p-GaN surfaces of nanostructures and on the bottom of them, and the two contacts 

were electrically separated by an insulating layer. The more details of fabrication 

processes are described as follows, and the process conditions for each fabrication 

steps are summarized in Table 3.2. 

(1) p-GaN activation and optional n-contact formation: To activate p-type 

GaN, rapid thermal annealing was performed in a nitrogen atmosphere at 600–

700°C for 5–10 min with a ramping time of 0.5–1 min. Then 10-nm-thick Ni and 

10-nm-thick Au layers were deposited on nanostructure LEDs. To obtain ohmic 

contact, rapid thermal annealing was performed in an air atmosphere at 500°C for 

5 min. Since the annealing process requires temperature of 500°C which could not 

be done after polyimide coating, this pre-metal contact formation should be 

performed. 

(2) Gap filling with an insulator polymer: For an electrical insulation, the 

free space between the individual nanoarchitectures was filled with a polyimide 

layer by the spin coating process at 4000 rpm for 50s, and cured in a nitrogen 

atmosphere at 400°C for 5 min. Before metal deposition on p-GaN, an oxygen 
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plasma ashing was performed to remove the polyimide layer on the top surface of 

the nanoarchitectures and to expose them. The thickness of the polyimide layers 

and exposed length of the nanoarchitectures were controlled by the number of 

spinning processes and etching time.  

(3) p-GaN contact: For the metallization on p-GaN, 10-nm-thick Ni and 10-

nm-thick Au layers were deposited on the exposed surfaces. The angled metal 

evaporation with a sample rotation at 10 rpm was performed for the conformal 

coating of metal layers, allowing the uniform current injection from the entire 

nanoarchitectures surface. Finally, rapid thermal annealing was performed in an air 

atmosphere at 400°C for 5 min to obtain ohmic contacts.  

(4) Transfer and n-contact formation: Using the wet-chemical lift-off three-

dimensional structured LEDs on graphene films in BOE, they were flipped and 

boned to temporary substrates using PMMA as glue. Then Ti/Au bilayers were 

deposited on the exposed bottom side of LEDs. After the metal deposition for n-

contact, the fabricated devices were flipped again and transferred onto flexible 

plastics substrates using silver paste as both bonding and current injection layers.  
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Figure 3.7 Schematic illustrations for fabrication of transferrable three-

dimensional LEDs. 
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Table 3.2 Typical process steps and conditions for fabrication of 

nanostructure LEDs. 

Fabrication steps Process conditions 

1.1. p-GaN activation 

 

1.2 metallization and metal 

contact annealing (optional) 

rapid thermal annealing, N2, 760 Torr, 700°C for 15 min. 

ramping for 60 s 

Ni/Au 20/20 nm (variable), rapid thermal annealing, air, 

760 Torr, 500°C for 5 min. ramping for 1 min 

2.1. insulator layer coating  no-dilution polyimide: the thickness is ~10 m after spin 

coating @4000 rpm   

2.2. insulator layer etching O2 plasma ashing 3–10 min, 50 mA, 100 mTorr 

3.2. e-beam lithography for metal 

contact 

contact size: 50x50–150x150 m2 (variable),  PMMA 

950K 5%, dose 100C/cm2 

3.3. metallization Ti/Au 20/140 nm (variable) 

4.1. lift-off dipping in BOE (>6 h)  

4.2. flip and metallization 

(optional) 

transfer of LEDs onto temporary substrates after flipping, 

PMMA layers are used as glue  

Ti/Au 20/40 nm (variable) 

4.3. Transfer silver paste as both glue and conducting layer 
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3.6. Finite-difference time-domain simulation 

Three-dimensional FDTD simulations were carried out using a freely 

available software package (meep) and supercomputer (Tachyon). Commercial 

software (Lumerical) was also used. To excite resonant modes in a nanotube cavity, 

a Gaussian-pulse source was used. Then evolution of the electromagnetic fields 

with time was collected, and the data were Fourier transformed. For propagating 

light simulation, a continuous source was used. 

 

 

Figure 3.8 Examples of FDTD simulation results. Resonant modes in a 

GaN microrod (a), a ZnO nanotube (b), and propagation of light through a 

nanotube (top-view). 
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Lasing characteristics of one-dimensional ZnO 

nanostructures 

4 

4.1. Introduction  

Nanostructured semiconductor lasers are anticipated to play a central role in 

optical communications,[30-34] high density optical circuits,[3, 35, 36] and biomedical 

applications.[37, 38] To realize and expand the novel possibilities of nanolasers and 

to optimize their lasing performance, it is important to integrate the nanostructure 

lasers with various substrates, such as Si, metals, and plastics.[18, 39-41] The growth 

of II-VI or III-V semiconductor nanolasers, thus far, been limited to lattice-matched 

single crystal substrates, such as Al2O3 and GaAs, as these high quality materials 

ensure stimulated emissions.[11, 14, 17] Although recent studies have reported the 

fabrication of nanolasers on unconventional substrates, including Si and metals, the 

positions at which they develop are random, and there are large variations in the 

diameter and length of the resulting laser. This is due to the lack of a well-defined 

heteroepitaxy.[18, 42-44] Here a new strategy to fabricate high-quality nanolaser arrays 

in a controlled manner without using conventional single crystal substrates combing 

nanolasers with graphene films is presented. The graphene films act as a growth 

medium and enable the heteroepitaxial growth of vertically aligned nanostructures 
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of high optical quality with controlled positions.[45-49] Previously, these have has 

been difficult to obtain without using single crystal substrates. Furthermore, the 

nanolasers grown on graphene can be easily lifted-off and transferred to foreign 

substrates. Here, the weak van der Waals bonding between the graphene films and 

the original substrate is exploited.[49] In particular, the transferability enables the 

nanolasers to be interfaced with metal on the underside. This increases the 

reflectivity at the interface compared with the typical homoepitaxy or heteroepitaxy 

on semiconductor substrates.[14, 15, 17] Hence, it is possible to enhance the lasing 

performance by transferring the nanolasers onto a wide range of substrates. Here, it 

is reported the position-controlled growth and subsequent transfer of ZnO nanotube 

lasers on graphene films, with their lasing characteristics compared on Ag, Si, and 

GaN substrates to highlight the advantages of this new approach in preparing high-

quality nanolasers. 

This chapter presents stimulated emissions and lasing characteristics of 

positon-controlled ZnO nanotubes on Si and chemical vapor deposited (CVD) 

graphene films. First, optical properties of ZnO nanotubes at high pumping density 

were studied in detail. Then lasing characteristics of ZnO nanotubes after lateral 

growth were investigated. Importantly, using the advantage of CVD graphene films, 

the ZnO nanotube lasers could be fabricated on proper substrates for better lasing 

performance. Finally, wavelength of laser emissions could be tuned by alloying 

with MgO.  
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4.2. Simulated emission characteristics of position- and dimension-

controlled ZnO nanotube arrays 

Optical characteristics of position and dimension-controlled ZnO 

nanotubes at high pumping density were studied. Based on this study, the possibility 

of ZnO nanotubes for laser application was investigated and understanding of 

optical properties of ZnO at high excitation density such as interaction of excitons 

was tried.    

4.2.1. Position- and dimension-controlled growth of ZnO nanotubes 

on GaN/Si 

ZnO nanotubes were grown selectively on patterned Si(111) substrates with 

a 1-m-thick GaN intermediate layer using catalyst-free metal organic vapor-phase 

epitaxy (MOVPE). Details of ZnO nanotube array growth on Si substrates are 

reported elsewhere.[50, 51] ZnO nanotubes with a diameter of 600 nm were prepared 

on Si substrates, and their lengths were controlled by the growth time. The nanotube 

length ranged from 2 to 8 m after growths of 13 h in this study. In addition to 

nanotube length control, the wall thickness of ZnO nanotubes increased due to 

subsequent lateral growth. The lateral growth was carried out at a lower temperature 

(460°C) and a higher reactor pressure (7.5 Torr) than the vertical growth (600°C 

and 0.3 Torr). In this study, ZnO nanotube wall thicknesses were in the range of 

15130 nm after lateral growth for 060 min.   



 53 

The morphology of ZnO nanotubes was examined using a field-emission 

scanning electron microscope (FESEM). Tilted and top view FESEM images of 

ZnO nanotube arrays are shown in Fig. 4.1a. Uniform and well-ordered ZnO 

nanotubes with a diameter of 600 nm, a length of 6 m, and a spacing of 3 m were 

vertically grown on a Si substrate. As previously reported, ZnO nanotubes formed 

along edges of hole patterns, and the diameter and shape of the nanotubes were 

determined by those of the patterns on the substrate, which were fabricated using 

conventional lithography. 
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Figure 4.1 ZnO nanotubes grown on GaN/Si. (a) A 30 tilted view FESEM 

image of ZnO nanotube arrays grown on GaN/Si(111) substrates. The inset 

is a top view FESEM image of ZnO nanotubes. The scale bar is 200 nm. (b) 

PL spectrum of ZnO nanotube arrays at 11 K. 
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4.2.2. Stimulated emission characteristics of ZnO nanotubes 

PL spectra of ZnO nanotube arrays with a wall thickness of 15 nm were 

investigated using different excitation power densities. As shown in Fig. 4.1b, at 

low excitation of 1.6 W/cm2 from a continuous He-Cd laser, dominant emission 

peaks were observed at 3.360 and 3.364 eV with full-width at half-maximum 

(FWHM) values of 6 and 8 meV, respectively, which are associated with neutral 

donor bound excitons. PL peaks at 3.318 and 3.483 eV are ascribed to free electron-

acceptor recombination of ZnO and free excitons in the intermediate GaN layer.[52] 

The bound exciton emission (X) was also dominant when excitation power density 

of the pulsed Nd:YAG laser was below 20 kW/cm2, as shown in Fig. 4.2a. With 

increasing excitation density to 40 kW/cm2, a new PL emission peak (XX) appeared 

at 3.344 eV in the lower energy side of bound exciton peak. As the excitation power 

increased further to 80 kW/cm2, the intensity of the new emission peak increased 

rapidly. As shown in Fig. 4.2b, the integrated PL intensity as a function of excitation 

pumping density indicated a kink around 70 kW/cm2, above which the emission 

peak began to dominate the PL spectra. Additionally, the PL emission peak became 

sharp, shifting from a FWHM of 21 meV at a pumping intensity of 60 kW/cm2 to 

18 meV at 160 kW/cm2. The kink and line sharpening strongly suggest that the 

origin of the PL peak shifted from spontaneous to stimulated emission.  
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The dependence of stimulated emission characteristics of ZnO nanotubes 

on their dimension was investigated. Figure 4.3a shows normalized PL spectra of 

ZnO nanotube arrays with lengths of 2, 6, and 8 m measured at excitation pumping 

densities of 20 and 160 kW/cm2. For ZnO nanotubes with a length of 2 m, the 

dominant PL emission was observed at 3.360 eV, and no new emission was 

observed even when the optical pumping power increased to 160 kW/cm2. However, 

for PL spectra of ZnO nanotubes with lengths of 6 and 8 m, a stimulated emission 

peak appeared at 3.330 eV with increased excitation density of 160 kW/cm2. 

Furthermore, as shown in Fig. 4.3b, the threshold for the stimulated emission 

decreased from 90 to 75 kW/cm2 as the length of the ZnO nanotubes increased from 

6 to 8 m. The decreased threshold for longer nanotubes presumably resulted from 

increased gain medium in the direction of the optical path.  
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Figure 4.2 Stimulated emissions from ZnO nanotube arrays. (a) PL 

spectra of ZnO nanotube arrays with a wall thickness of 15 nm under various 

excitation pumping densities. Bound exciton emission is denoted as X, and 

stimulated emission is denoted as XX. (b) Plots of integrated PL intensity (■) 

and FWHM (▲) of stimulated emission peak versus excitation pumping 

density for 15-nm-thick ZnO nanotube arrays.  
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Figure 4.3 Length dependence on stimulated emission characteristics. 

(a) PL spectra of ZnO nanotubes with lengths of 2, 6 and 8 m. The dotted 

PL spectra were measured at 20 kW/cm2, and solid spectra were obtained 

at 160 kW/cm2 (b) Plots of integrated PL intensity versus excitation pumping 

density for ZnO nanotube arrays.  
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The effects of ZnO nanotube wall thickness on stimulated emission 

characteristics were also investigated. Figures 4.4a,b show typical power dependent 

PL spectra and top view SEM images of 50- and 100-nm-thick ZnO nanotubes. For 

the 50 nm-thick ZnO nanotube array, a new emission appeared at 3.328 eV with 

increasing excitation density. As excitation density increased further, the new 

emission became narrower and its intensity increased rapidly, exhibiting stimulated 

emission. For the 100-nm-thick ZnO nanotube array, a new emission appeared at 

3.318 eV and became dominant as excitation density increased. 
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Figure 4.4 Stimulated emissions from ZnO nanotube with different wall 

thicknesses. (a), (b) PL spectra of ZnO nanotube arrays with wall 

thicknesses of 50 and 100 nm under various excitation pumping densities. 

Stimulated emissions are denoted as P2 and P∞, and bound exciton 

emissions are denoted as X. Insets are top view SEM images of ZnO 

nanotubes. The scale bars are 200 nm. (c) Peak positions of PL spectra 

with excitation pumping density for ZnO nanotubes with different wall 

thicknesses. The PL emission from ZnO nanotubes with wall thicknesses of 

15, 50, and 100 nm are represented as filled circles (●), triangles (▲), and 

squares (■), respectively.  
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4.2.3. Origin for stimulated emission 

The origin of the stimulated emission, i.e., the PL peak at 3.344 eV, is 

attributed to bound biexciton recombination. In bound biexciton recombines, one 

of the two excitons recombines radiatively, and the other one remain in bound state. 

Thus, the emitted photon has an energy EBM given by the following[53]:  

𝐸𝐵𝑀 = 2𝐸𝐹𝑋 − 𝐺𝑀 − 𝐺𝐵𝑀 − 𝐸𝐵𝑋,     (1) 

where 𝐸𝐹𝑋 is the energy of a free exciton, 𝐺𝑀 is the binding energy of a 

free biexciton, 𝐺𝐵𝑀  is the neutral donor binding energy of biexciton, and 𝐸𝐵𝑋 is 

the neutral donor bound exciton energy. According to Eq. (1), the 𝐺𝐵𝑀 is obtained 

as 33 meV with 𝐸𝐹𝑋 of 3.376 eV and 𝐺𝑀 of 15 meV, which agrees well with 

reported value in ZnO thin film. The observation of biexciton emission indicates 

the high optical quality of the ZnO nanotubes because even a low concentration of 

defects strongly reduces the probability of biexciton formation.[54, 55] Moreover, 

biexcitonic stimulated emission makes ZnO nanotubes favorable for device 

applications because stimulated emission and lasing associated with biexcitons 

have a low threshold density.[55, 56]   

 The origin of the stimulated emissions in 50- and 100-nm-thick ZnO 

nanotubes is attributed to inelastic exciton–exciton scattering due to their emission 

energy. In exciton–exciton scattering, one of the two excitons is excited to a higher 



 62 

state (𝑛 = 2,3, … ,∞), and the other recombines radiatively, emitting a photon with 

energy 𝐸𝑛 given by  

𝐸𝑛 = 𝐸𝑒𝑥 − 𝐸𝑏
𝑒𝑥 (1 −

1

𝑛2
) − 3𝛿𝑘𝐵𝑇,     (2)  

where 𝐸𝑒𝑥  is the exciton emission energy, 𝐸𝑏
𝑒𝑥  is the binding energy of the 

exciton, and 𝑘𝐵𝑇  is the thermal energy with 0 ≪ 𝛿 ≤ 1 .[57]  The values 

calculated by Eq. (2) for 𝑛 = 2 and 𝑛 = ∞ at T = 0 K are 3.331 and 3.316 eV, 

and agree with the experimental values denoted as P2 and P∞ for 50- and 100-nm-

thick nanotubes, respectively.  

Figure 4.4c shows the positions of spontaneous and stimulated emission 

peaks of ZnO nanotubes with 15-, 50-, and 100-nm-thick walls. While bound 

exciton peak positions from the spontaneous PL spectra did not depend on wall 

thickness, stimulated emissions of ZnO nanotubes with different thicknesses are 

located at different positions, resulting from different origins of stimulated 

emissions: biexciton recombination for 15-nm-thick nanotubes and exciton–exciton 

scattering with 𝑛 = 2 and 𝑛 = ∞ for 50- and 100-nm-thick nanotubes. It is noted 

that the dependence of peak positions of stimulated emission on wall thickness was 

constantly observed in other samples.  
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4.3. Lasing characteristics of ZnO nanotubes grown on graphene 

films 

The ability to fabricate nanolasers on arbitrary substrates opens up new 

possibilities for creating functional integrated devices. Specifically, the substrate 

can be appropriately chosen to complement or improve the optical characteristics 

of the nanolaser, resulting in enhanced performance of the device. Up to now, 

realizing such a feat has been challenging due to difficulties in satisfying material 

compatibility requirements between nanolaser and substrate, and complications in 

transferring the nanolasers onto foreign substrates. Herein, graphene films were 

used to grow semiconductor nanotube lasers, which allows for fabrication on 

arbitrary substrates such as Si and the easy transfer of nanolasers onto other foreign 

substrates that can complement the lasing performance. Vertically-standing ZnO 

nanotube lasers were grown on graphene films and transferred onto a plastics 

substrate by way of lift-off from the growth substrate. With the Ag-deposition 

providing enhanced reflectivity at the end facet of the nanotube, ZnO nanotube 

lasers displayed enhanced lasing characteristics. Such results introduce new 

strategies for preparing practical nanolasers with improved performance and 

through highly expanded substrate selectivity, enabled by graphene intermediate 

layers. 
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4.3.1. ZnO nanotube growth on CVD graphene films 

ZnO nanotube arrays were grown on CVD graphene films using MOVPE 

as schematically shown in Fig. 4.5a. First, CVD graphene films synthesized on a 

copper foil were transferred onto Si substrates using a standard transfer method.[58] 

Then a 50-nm-thick amorphous SiO2 layer was deposited, hole-patterned by 

conventional e-beam lithography, and dry etched to create a growth mask that 

controlled the size and position of the nanotubes. ZnO nanotubes were grown 

selectively on the exposed regions of the graphene using MOVPE. Because the wall 

thickness of the as-grown ZnO nanotubes was too thin to sustain laser oscillation, 

we also grew the nanotubes laterally by lowering the temperature and increasing 

the pressure of the reactor.  

Figure 4.5b shows FESEM images of the position-controlled and vertically 

aligned ZnO nanotube arrays grown on graphene films. Uniform ZnO nanotubes 

were grown and regularly spaced, at distances of 4 m, with a diameter of 420 ± 20 

nm at the base and of 250 ± 40 nm at the top and a length of 8.2 ± 0.5 m. The wall 

thickness was about 20 nm.28, 29 Figure 4.5c shows FESEM images after the lateral 

growth. During this process, an overgrowth of ZnO took place at the surface of the 

ZnO nanotubes, increasing the wall thickness to 190 nm at the base and to 140 nm 

near the tip, as indicated by the SEM images. Additionally, the outer shape of the 

nanotube changed from a smooth circle-like polygon, as shown in the inset of Fig. 

4.5b, to a hexagon, as shown in the inset of Fig. 4.5c. Figure 4.5d shows FESEM 
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images of the nanotubes before and after lateral growth times of 1 and 3 h. As the 

growth time increased, the shape of the nanotube transformed from tapered to 

straightened, and the hole at the tip of the nanotube was expected to close rapidly, 

resulting in a hexagonal nanotube with a near-circular hollow. The lateral growth 

rate was estimated to be 1.3 nm/min at the base and 1.8 nm/min near the tip, as 

shown in Fig. 4.5e.  
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Figure 4.5 FESEM images of ZnO nanotubes. (a) Schematic illustration 

of ZnO nanotubes on graphene films. (b,c) FESEM images of ZnO 

nanotubes grown on CVD graphene/Si substrates before (b) and after (c) 

lateral growth. FESEM images were obtained at a tilt angle of 30°. Insets 

show the nanotubes from above. The scale bars of the insets are 500 nm. 

(d) FESEM images of ZnO nanotubes before and after lateral growth times 

of 1 and 3 h. The scale bar is 500 nm. (e) Plot of the outer diameter of a 

nanotube as a function of growth time. Diameters were measured at the 

base and the tip of a nanotube. 
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4.3.2. Lasing characteristics of ZnO nanotubes grown on CVD graphene 

films 

Lasing characteristics of ZnO nanotubes supported on graphene films were 

investigated using confocal micro-photoluminescence (-PL) spectroscopy with a 

355 nm-pump laser at room temperature. Using a focused beam of 7 m spot size, 

a single ZnO nanotube was excited. Figure 4.6 shows PL spectra at different 

excitation densities. At excitation densities below 40 kW/cm2, broad spontaneous 

emission centered at 383 nm is observed. However, as the excitation density is 

increased to 40 kW/cm2, sharp peaks appear within the broad emission spectra. 

With further increase of excitation density, the sharp peaks dominate the spectra 

wherein the sharp emission lines and drastic increase of emission intensity indicate 

lasing action occurring in the ZnO nanotube. The plot of output PL emission 

intensity versus input excitation density (i.e. light-light curve) in the inset of Fig. 

4.6 shows that the lasing threshold is 50 kW/cm2, which is comparable to high-

quality ZnO nanowires grown on single crystalline substrates.[12] The low threshold 

density suggests that the ZnO nanotube grown on CVD graphene films is of high 

optical quality. It is noted that the smooth change in slope in the light-light curve at 

the onset of the laser oscillation regime is due to spontaneous emission in the 

background originating from ZnO nanocrystals grown around the nanotubes.  
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Figure 4.6 Lasing characteristics of ZnO nanotubes on graphene 

films/Si. Power-dependent PL spectra of ZnO nanotubes. The inset shows 

plot of output PL intensity versus input excitation density.  
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To obtain the lasing characteristics of single nanotube more accurately, ZnO 

nanotubes grown on graphene/Si were detached from the substrates by ultra-

sonication and dispersed onto a SiO2/Si substrate. Figure 4.7 shows the lasing 

spectra and light-light curve from a representative horizontally-resting nanotube. 

Compared to lasing emissions from nanotubes vertically standing on Si substrates, 

the transition from spontaneous emission to laser oscillation is clear. To further 

explore the lasing characteristics of the nanotube, the light-light curve for laser 

emissions at 390 nm was plotted on a log-log scale with a fit calculated by a rate 

equation analysis shown in inset of Fig. 4.7b. Three different regions corresponding 

to spontaneous emission, amplified spontaneous emission, and laser oscillation 

regimes are clearly seen in this log plot. From the fitted data, a spontaneous 

emission factor of 0.08 was obtained, which is higher than previously reported 

values from nanowire lasers. 

*Rate equation analysis: To obtain a fit, rate equations presented blew are 

used. 

𝑑𝑁

𝑑𝑡
= 𝜂𝑃 −

𝑁

𝜏𝑛
− 𝛤𝑔𝑆 

𝑑𝑆

𝑑𝑡
= 𝛽

𝑁

𝜏𝑟
+ 𝛤𝑔𝑆 −

𝑆

𝜏𝑠
 

, where N is the carrier density, S is the photon density, P is the pump intensity, η 

is the internal efficiency, τn is the carrier lifetime, τr is the radiative lifetime, τs is 
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the photon lifetime,  is the spontaneous emission factor, g is the material gain, Г 

is confinement factor. The values used in curve fitting are follows.  
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Figure 4.7 Lasing characteristics of a dispersed ZnO nanotube. (a) 

Power-dependent lasing spectra of dispersed ZnO nanotubes. (b) Plot of 

output PL intensity versus input excitation density. The inset shows the light-

light curve in log-log log with a fit obtained by a rate equation analysis.  
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It is identified the primary lasing mechanism as that from Fabry-Perot (FP) 

resonances by observing the mode spacing dependence on length of the nanotubes. 

For FP resonances, the mode spacing is given by )]//(1)[2/( 2  ddnnL  , 

where Δλ is the mode spacing, L is the cavity length, n is the refractive index, and 

dn/dλ is the first-order dispersion of refractive index. To study the length 

dependence, nanotubes grown in an array with a large length distribution were 

dispersed onto a SiO2/Si substrate, and probed in a horizontally resting 

configuration. Fig 4.8 shows that as the length of the nanotube increases, the mode 

spacing of laser emissions decreases, consistent with typical FP resonance behavior.  
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Figure 4.8 Lasing emissions from nanotube with different lengths. (a) 

Lasing spectra of nanotubes with different lengths. (b) Plot of mode spacing 

versus inverse of the length of nanotube. 
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Polarization-resolved PL was measured on a dispersed ZnO nanotube on a 

SiO2/Si substrate. Figure 4.9 shows lasing spectra of the ZnO nanotube filtered by 

a linear polarizer. The intensity of laser emission was higher when the polarizer axis 

was perpendicular to the axis of nanotube indicating laser emission is more 

transverse electric (TE) polarized. The preferred TE polarized laser emissions are 

in a good agreement with previous reports. Due to lower confinement of light in the 

direction of substrate, electric fields normal to substrates are suppressed leading to 

fields parallel to substrate.  
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Figure 4.9 Polarization-resolved lasing spectra of nanotube. Lasing 

spectra from the dispersed ZnO nanotube with different polarization 

orientation. The lasing spectra in blue and red lines were measured with the 

polarizer orientation at 0° and 90° relative to the axis of nanotube, 

respectively. 
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4.3.3. Transfer of ZnO nanotubes 

The graphene films not only enable fabrication of nanolasers directly on Si 

substrates but also ensures easy lift-off. Exploiting the weak bonding between 

graphene films and the Si substrates bonded by van der Waals forces, one can 

readily lift the growth materials and graphene films off Si substrates. This allows 

deposition of highly reflecting materials such as Ag onto the base of the growth 

materials. By this method, the reflectivity at the base of the nanotubes can be further 

enhanced to 85% at 390 nm. Figure 4.10 depicts the process for lift-off and transfer 

of nanotubes onto Ag film. First, polyimide was spun on the ZnO nanotube arrays 

to mechanically fix and support the nanotubes during the transfer process. The 

polymer coated nanotubes and graphene films were mechanically lifted-off using 

thermal release tape. Ag was then evaporated onto the base of the nanotubes. 

Thereafter the Ag/nanotubes hybrid was transferred onto a mechanical support slide 

glass. The thermal release tape was removed by baking.  
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Figure 4.10 Schematic illustration of nanotube lift-off and transfer 

process.  

 

 

  



 78 

4.3.4. Lasing characteristics of ZnO nanotubes on different 

substrates 

Since the laser oscillation is formed by light rebounding between the two 

ends of the nanotube, reflectivities at these facets are critical factors in determining 

the lasing characteristics. The comparison of lasing emission from nanotubes grown 

vertically on Si and GaN/Al2O3 substrates clearly demonstrates this aspect. As 

shown in the PL spectra of Fig. 4.11, lasing emission from a nanotube on GaN is 

not dominant and the intensity is smaller than that from a nanotube on graphene/Si. 

To confirm certainly that the different lasing emissions from nanotube on Si and 

GaN are mainly due to different reflectivities from substrates, nanotubes grown on 

GaN/Al2O3 were dispersed onto SiO2/Si substrates and lasing emissions were 

measured. In this case dominant laser emissions could be observed as shown in 

inset of Fig. 4.11b. The lower lasing emission from nanotubes on GaN/Al2O3, which 

is usually used for selective area growth of ZnO, is due to a low refractive index 

contrast between ZnO (2.2) and GaN (2.6) at 390 nm. The small difference in 

refractive index results in lower reflectivity between the ZnO nanotube and GaN 

thin films than that between the ZnO nanotube and Si interface. A more quantitative 

analysis about the relation between lasing characteristics of nanotubes and 

supporting substrates reflectivities will be discussed below. The fact that nanotubes 

grown on graphene/Si show much better lasing characteristics than that of 

nanotubes on a single crystal GaN/Al2O3 substrate demonstrates the superiority of 
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our approach using graphene films for nanolaser fabrication.   

 

 

Figure 4.11 Comparison of lasing emissions from ZnO nanotubes on 

graphene/Si and GaN/Al2O3. (a,b) Lasing spectra of ZnO nanotubes on 

graphene/Si (a) and GaN/Al2O3 (b) substrate under the same excitation 

density. The inset show lasing spectrum from a dispersed nanotube grown 

on GaN/Al2O3.   
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Figure 4.12 shows representative lasing spectra from a vertically-standing 

nanotube on Ag and nanotube on Si at an excitation density of 180 kW/cm2. Notably, 

the integrated PL intensity is 3.7 times higher for the nanotube on Ag than on Si. 

Additionally, the lasing threshold is lowered by 0.8 times for the nanotube on Ag 

as shown in Fig. 4.12a. The average enhancement factor in lasing emission intensity 

measured from different individual nanotubes on Ag was found to be 3.5±1.3 while 

the lasing threshold reduction ratio was on average 0.82±0.17 times lower. For 

comparison, nanotubes transferred without the Ag support were also characterized. 

The lasing characteristics of these nanotubes were similar or a worse than those 

from nanotubes on Si, which signifies that the enhancement in lasing characteristics 

originates from the Ag support. 
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Figure 4.12 Lasing characteristics of ZnO nanotubes on Ag films (a) 

Lasing spectra of ZnO nanotubes on Ag films and Si substrates at an 

excitation density of 180 kW/cm2. (b) Plot of input excitation versus output 

PL intensity for nanotube on Ag and Si.  
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4.3.5. Finite-difference time-domain simulation 

To better understand the enhancement of the lasing performance, the FP 

cavity characteristics of nanotubes interfaced with different materials were 

analyzed quantitatively using three-dimensional finite-difference time-domain 

(FDTD) simulations.[59] A vertically standing ZnO nanotube on Ag and Si was 

considered, as shown in Fig. 4.13a. The tube had a hexagonal cross-section 

encompassing a central hole, as suggested by Fig. 4.5. The radius of the circle 

circumscribing the hexagon, the radius of the hole, and the height of the nanotube 

were set to 160, 110 nm, and 7 m, respectively. Figure 4.13 parts b and c show the 

cross-sectional electric field energy profile of the dominant resonant mode in a 

nanotube interfaced with Ag. A FP-resonant mode propagated along the axial 

direction. Nanotubes on Si had similar field profiles. The nanotubes on Ag had a 

quality (Q) factor of 435, whereas the Q factor of nanotubes on Si was 234.  
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Figure 4.13 FDTD simulation for ZnO nanotube cavity. Schematic 

diagram of a ZnO nanotube cavity on different substrates. The nanotube 

axis was set to be parallel to the z-axis of the coordinate systems, and the 

origin is on the surface of the substrate. The in-plane origin was set to the 

center of the nanotube, as shown in the cross-sectional image. (b,c) Cross-

sectional electric field intensity profiles of the resonant mode in a ZnO 

nanotube on Ag. 
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To estimate lasing threshold change by the increase of quality factor, a rate 

equation analysis which was used to obtain a fit in light-light curve was explored. 

In a fit shown in inset of Fig. 4.7, the quality factor was set to 234. For the estimation 

of threshold for nanotubes on Si and Ag, in this time, calculated quality factors for 

nanotubes on Si and Ag by FDTD simulation were inserted in rate equations and 

the light-light curve could be obtained as shown in Fig. 4.14. For a nanotube on Ag, 

the threshold was estimated to reduce by 0.7 times and intensity was expected to 

increase by 2 times compared to those from a nanotube on Si. These estimations are 

in a good agreement with the measured values. 
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Figure 4.14 Light-light curves obtained by rate equations.  
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4.4. Lasing characteristics of ZnMgO nanotubes  

The capability to control the lasing wavelength would greatly expand the 

applications. For example, the bandwidth in photonic communication can be 

enhanced and various spectroscopy analysis and therapy will be possible using 

different wavelength of nanolasers. For the wavelength control of ZnO, alloying 

with MgO has been typically used by the virtue of material compatibility. By 

alloying with MgO, ZnMgO multiple quantum well structure thin films were 

grown.[59, 60] In the case of nanostructures there are few reports on lasing emissions 

from ZnMgO. Only random lasers which are not adequate for high-density 

integrated devices have been reported.[61] Here, lasing emissions from single 

ZnMgO nanotubes were studied. The ZnMgO nanotubes were formed by depositing 

ZnMgO layer on ZnO nanotube arrays grown on CVD graphene films. Thus the 

grown ZnMgO nanotubes could be fabricated in a scalable manner. Furthermore, 

lasing characteristics could be readily enhanced after transferring and deposition of 

highly reflecting metals on the bottom side of nanotubes. 

4.4.1. ZnMgO nanotube growth 

Figure 4.15 a,b show schematic illustrations of ZnO and ZnMgO nanotubes 

grown on CVD graphene films. After vertical growth of ZnO nanotubes (Fig. 4.15a), 

ZnMgO layers were successively deposited on the as-grown ZnO nanotube arrays 

(Fig. 4.15b). Figure 4.15c,d show FESEM images ZnO nanotubes and ZnMgO 
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nanotubes, respectively. The ZnMgO was conformally coated on ZnO nanotubes 

leading to formation of ZnMgO nanotubes with hexagonal cross-section shape. 

Based on the outer radius change of nanotubes from 160 nm to 230 nm, the 

thickness of ZnMgO was estimated to be 70 nm.  

 

 

Figure 4.15 ZnMgO nanotube growth. (a,b) Schematic illustrations for 

ZnO nanotubes on CVD graphene films (a) and ZnMgO nanotubes (b). 

Insets are cross-sectional images for each structure. (c,d) FESEM images 

of ZnO nanotubes (c) and ZnMgO nanotubes (d). Scale bars are 2 m.  
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Figure 4.16 shows FESEM images of ZnMgO nanotubes grown at different 

growth conditions. First, ZnMgO nanotubes grown at different growth temperatures 

of 430, 460, and 500°C are shown in Fig. 4.16a-c, respectively. As the growth 

temperature increases, the tip of nanotubes became sharp while microdisks were 

formed on the tip of nanotubes at a lower temperature. Figure 4.16d-e show FESEM 

images of ZnMgO with different Mg contents. As the content of Mg increased, the 

tip of nanotubes showed planar structures. 

 

 

Figure 4.16. FESEM images of ZnMgO nanotubes grown at different 

growth conditions. (a-c) ZnMgO nanotubes grown at 430 (a), 460 (b), and 

500°C (c). (d-e) ZnMgO nanotubes with different Mg contents. 
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4.4.2. Lasing peak dependence 

Figure 4.17 shows lasing spectra from nanotubes with different Mg contents. 

As the content of Mg increase, the center of lasing emissions blue-shifted due to 

increased bandgap by alloying with Mg. From peak position of spontaneous 

emission, the Mg contents of nanotubes were estimated to 0.08 and 0.06, 

respectively. 

 

 

Figure 4.17 Lasing spectra from ZnMgO nanotubes. The lasing 

wavelength of ZnMgO nanotubes were blue-shifted as the content of Mg 

increased. 
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4.4.3. Threshold dependence on Mg content 

The lasing thresholds of ZnMgO were increased as the content of Mg 

increased as shown in Fig. 4.18. This dependence is due to reduced quantum 

efficiency in ZnMgO.  

 

 

Figure 4.18 Comparison of lasing characteristics between ZnO and 

ZnMgO nanotubes. (a,b) Lasing spectra of the ZnO nanotube (a) and 

ZnMgO nanotube (b) on graphene films. 

 

 

  



 91 

4.4.4. Transfer of ZnMgO nanotube arrays  

The one of the promising advantage of growing nanostructures on CVD 

graphene films are the capability to transfer nanostructures onto foreign substrates 

as mentioned in 3.2.3. Using these features, the increased lasing threshold by 

alloying with MgO can be reduced be combing ZnMgO nanotubes with high-

reflecting metals such as Ag as shown in Fig. 4.19. 

 

 

Figure 4.19 Enhanced lasing characteristics of ZnMgO nanotubes after 

lift-off and Ag deposition. (a) A schematic illustration for nanotubes on Ag 

layer. (b) Lasing spectra of the ZnMgO nanotube with and without Ag layer. 
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4.5. Summary 

Position-controlled ZnO nanotube lasers which can be both fabricated on Si 

substrates and transferred to foreign substrates for enhanced lasing performance 

were demonstrated by using graphene films as a growth medium. ZnO nanotubes 

grown on graphene films/Si showed low lasing threshold indicating the nanotubes 

were of high optical quality. In addition, nanotubes grown on graphene/Si showed 

superior lasing characteristics than nanotubes grown on conventional GaN/Al2O3 

substrates due to improved reflectivity at the nanolaser-substrate interface. Even 

higher enhancements in reflectivity, and hence lasing performance, could be 

achieved by transferring the nanotubes onto a Ag support, wherein the graphene 

films enabled easy and clean detachment of the nanotubes from the Si growth 

substrate. FDTD simulations showed a two-fold enhancement in Q factor for a 

nanotube on Ag than on Si. Furthermore, control of the lasing wavelength by the 

alloying with MgO was also studied. Growth of nanotube lasers on graphene films 

offers a practical and promising strategy for realizing high-performance nanolasers 

by presenting the freedom to choose substrates with complementary or enhancing 

optical properties. 
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Lasing characteristics of GaN micro- and 

nanostructures grown on CVD graphene films 

5 

5.1. Introduction 

The fabrication of high-quality III-V compound semiconductor lasers on 

unconventional substrates such as silicon, plastic and metal can lead a significant 

advance in current optoelectronic devices towards emerging photonic applications 

such as high-speed photonic circuitry, high-resolution microdisplays, bio-medical 

light source, flexible displays and high-efficiency light sources.[33, 62, 63] As one 

relevant example, the integration of optical interconnects using lasers onto silicon 

chips can address inherent limitations of silicon-based electronic circuitry in inter- 

and intrachip communications.[18, 31, 33, 64] Various hybrid approaches, including 

wafer bonding or fusion[65-67] and transfer-printing methods,[68-70] have been taken 

in the attempt to integrate III-V optoelectronic devices onto various substrates and 

successfully demonstrated on-silicon lasers and flexible light sources or displays. 

However, numerous challenges still remain for those heterogeneous methods 

mainly resulted from low yield and complicated fabrication processes.[33] Therefore, 

direct epitaxial growth of III-V semiconductors potentially provides a more 

promising way for simple, scalable and cost-effective fabrication of many 

optoelectronic devices. 
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In chapter 4, ZnO nanotube lasers grown on chemical vapor deposition 

(CVD) graphene films were studied. The graphene films allowed both fabrication 

of nanolasers on arbitrary substrates such as Si and easy transfer of nanolasers onto 

other foreign substrates that can complement the lasing performance. In this chapter, 

III-V compound semiconductor (GaN) micro- and nanostructures grown on CVD 

graphene films are investigated. Using micro-structures with larger diameters than 

ZnO nanotubes, WGM as well as FP laser emissions were studied.  

This chapter presents lasing characteristics of GaN microdisks and 

microrods grown on CVD graphene films. First, optical properties of GaN at high 

pumping density were studied in detail. Then WGM laser emissions from GaN 

microdisks grown on graphene films/SiO2/Si substrates were explored. Positon-

controlled GaN microdisks could be fabricated on patterned CVD graphene films. 

Lasing characteristics of GaN microrods were also investigated. Due to larger 

diameters of them than that of ZnO nanotubes, these one-dimensional structures 

showed both FP and WGM laser emissions. Competition between these two 

resonant modes is explained. 
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5.2. Dependence of lasing emissions from GaN on the excitation 

geometry 

GaN is a promising material for the fabrication of optical devices in UV 

spectral region. Understanding of lasing mechanism in GaN will be very helpful to 

fabricate high-performance and reliable photonic devices. Previously, optically-

pumped lasing characteristics of GaN thin films have been studied a lot. In these 

reports, most of stimulated emissions or laser emissions from GaN were on the 

lower energy side of bandgap emission, which is attributed to bandgap 

renormalization by electron-hole plasma. On the other hand, in a very few reports, 

lasing emissions appeared on the blue-shifted side of bandgap emission, which were 

attributed to band-filling effect or screening by carriers. However, there are no 

reports about the conditions that determine the blue- and red-shift of lasing 

emissions. Here, both blue- and re-shifted lasing emission from GaN thin films and 

microstructures are studied. By changing excitation conditions, both red- and blue-

shifted lasing emissions could be observed from GaN thin films. Furthermore, 

exploiting the findings, controlling the lasing emissions from GaN microstructures 

are studied. 

5.2.1. Different lasing peak positions for macro- and micro-PL set-

up 
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Figure 5.1a shows PL spectra of GaN thin films on Al2O3 using micro-PL 

measurement at room temperature. At low excitation densities, a broad and 

featureless emission centered at 368 nm was only observed. However, as increasing 

excitation density, sharp peaks emerged in the broad emission spectra and their 

intensity increased rapidly with further increase of excitation density. The sharp 

emission lines and drastic increase of emission intensity indicated the occurrence 

of lasing action in GaN thin films. Fabry-Perot (FP) resonance in the normal 

direction of the GaN thin film surface is attributed for lasing modes by the mode 

spacing. In FP resonance, the mode spacing is given by, 

)]//(1)[2/( 2  ddnnL   , where Δλ is the mode spacing, L is the cavity 

length, n is the refractive index, and dn/dλ is the first-order dispersion of refractive 

index. Substituting λ= 370 nm, L= 9.2 m, n = 2.69, and dn/dλ= -0.0038 in above 

equation gives Δλ = 1.8 nm, which is consistent with observed mode spacing. 

Figure 5.1b shows the power-dependent PL spectra of the same GaN thin 

films in macro-PL measurement geometry. As increasing the density, a new 

emission peak appeared in the longer wavelength side of spontaneous emission, and 

the peak eventually dominated the spectra. It is noted the stimulated emissions were 

broad, and no lasing modes with regular mode spacing were observed in contrast to 

micro-PL measurement, which is attributed to characteristics of macro-

measurement. When light emissions were collected using an objective in macro 

excitation set-up, lasing modes with regular spacing could be observed.  
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Interestingly, the peak positions of stimulated emission or laser emissions 

were different in macro- and micro-PL measurement though the excitation density 

was similar. In micro-PL measurement geometry, the lasing emissions appeared on 

the higher energy side of the near-band-edge emission, whereas red-shifted 

stimulated emissions were observed under macro-PL measurement. The origins for 

laser emissions in higher energy side have been attributed for band-filling or 

screening and the red-shifted stimulated emissions were attributed to bandgap 

renormalization. 
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Figure 5.1 Different peak positions of GaN thin films at high excitation 

density. (a,b) Schematic illustrations for macro- and micro-PL set-up. (c,d) 

Stimulated emission and lasing spectra of GaN thin films at macro- (a) and 

micro-PL (b) set-up. 
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5.2.2 Lasing peak positions with different focusing heights 

The differences in the micro-PL and macro-PL measurement are focal 

length of focusing lenses and incidence angles. To verify the incident angle 

dependence first, the incident angle onto the surface of GaN thin films were varied 

in micro-PL measurement by tilting the sample positions. However, the laser 

emissions were still in the blue-shifted sides. From this result, the focusing can be 

considered as the main factor determining the different peak positions. To verify 

this assumption, laser emissions from the GaN thin films were measured by 

changing the z-position of GaN thin films in micro-PL measurement. By varying 

the height of thin film, the focus of a laser beam on the sample could be changed. 

Figure 5.2 shows the lasing spectra of the thin films at different z-positions. Each 

emission was measured near the threshold. Notably, the peak position of laser 

emissions or stimulated emissions were shifted from the shorter wavelength side to 

longer wavelength side as the height of z increased from the focal points. This fact 

indicates that the beam focusing indeed affects the laser peak position of thin films. 
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Figure 5.2 Different lasing peak positions of GaN thin films at different 

focusing positions. (a) A schematic illustration for PL measurement. (b) 

PL spectra of GaN thin films at different focusing positions. 
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5.2.3 Origin for different peak positions of GaN 

To understand the dependence of the laser emissions of GaN thin films on 

the focusing, a simple model was considered. Considering the light intensity profile 

along the normal direction, more part of GaN are excited in de-focused case than 

focused case. Since the light amplification is occurred by the light oscillation in 

normal direction, more gain per length is needed when the excitation length is short. 

Therefore, more gain is needed in the excited region in a focused case than a de-

focused case since the excited length is shorter. To have more gain, more carrier 

density is required, which leads to blue-shifted laser emission by band filling. On 

the other hands, for the de-focused and macro-PL measurement case, the threshold 

carrier density for the stimulated emission is lower thus emission characteristics 

become different. In this carrier density regime, bandgap renormalization by 

electron-hole plasma leads to the red-shifted laser emissions. After reaching steady 

state, the carrier density is pinned though the input excitation pumping density is 

increased. Therefore, the carrier density become different in the focused case and 

the de-focused case though the input excitation density is the same, which results 

in different peak positions at the same excitation density.  

5.2.4 Different lasing emissions in GaN microrods 

The dependence of peak position on the excitation geometry can have 

significant importance in nanostructures characterization since the excitation 
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geometry can be largely varied by the shape of nanostructures. As an example, it is 

shown that the peak positions of laser emissions from GaN microrods can be varied 

by the laser oscillation direction. Figure 5.3 shows lasing spectra of a GaN microrod 

at different excitation positions. When the excitation position was in the center of 

the microrod, laser emissions were observed in the red-shifted side of the bandgap 

emissions. From the mode spacing, the FP oscillation along the axis of microrod 

was attributed to the resonant modes. However, when the edge of the microrod was 

excited, laser emissions were observed in the blue-shifted side. Contrary to center 

excitation, a single mode emission was observed. From the mode spacing, the 

resonant mode can be attributed to the FP in the radial direction or WGM in the 

radial plane of the microrod. Further analysis on the polarization showed that the 

emission was more polarized to the axis of the microrod, which indicated that the 

laser emission was originated from FP oscillation in the radial direction. In WGM, 

transverse magnetic (TM) polarized emissions are more frequently observed.  

The dominant laser modes are determined by the competition of existing 

resonant modes. When the edge of microrods is only excited, the probability of 

excitation of FP modes in radial direction is higher than FP in axial direction 

because FP modes requires entire excitation of the microrod along the axis. Thus 

the FP modes in the radial direction are excited. For this mode, the excitation 

condition becomes the same with the micro-PL measurement of GaN thin films. 

The oscillation direction and the excitation direction are the same. Thus the only 
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the surface of microrods are excited, which leads to blue-shifted laser emissions. 

On the other hand, for the case of FP modes in the axial direction, the excitation 

area is much larger than that of radial direction FP modes, thus lower carrier density 

is required to reach the laser oscillation, which leads to frequently observed red-

shifted laser emissions.  

 

 

Figure 5.3 Different lasing emissions from GaN microrods. (a) A 

schematic displaying different lasing modes in a GaN microrod. The violet 

arrows show FP modes in radial direction of the microrod, and the yellow 

arrows show FP modes in the axial direction of the microrod. (b) Lasing 

spectra of the microrod with different excitation positions. 
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5.2.5. Different lasing emissions in GaN pyramids 

This kind of laser peak position change could be also observed in GaN 

micro-pyramids. Figure 5.4 shows lasing spectra of the GaN micro-pyramid with 

different excitation positions. When the flat center of the micro-pyramid was 

excited, blue-shifted laser emissions were observed, which was similar to the blue 

shifted laser emissions in the micro-PL measurement of the thin films. FP modes 

along the vertical axis of the micro-pyramid formed the laser oscillation. However, 

when the side of micro-pyramid was excited, laser emissions with narrow mode 

spacing were observed in the red-shifted sides. WGM-like oscillation along the 

circumference of the micro-pyramid were attributed to the resonant modes. Similar 

to the microrod case, more areas were excited in this kind of laser oscillations.  
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Figure 5.4 Different lasing emissions from truncated GaN pyramid. (a) 

A schematic displaying different lasing modes in GaN microrods. The violet 

arrows show FP modes in the direction of out-of-plane of the micro-pyramid, 

and the red arrows show WGM-like modes circulating in in-plane of the 

micro-pyramid. (b) Lasing spectra of the truncated GaN pyramid showing 

both FP and WGM emissions. 
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5.3. GaN microdisk lasers grown on graphene microdot arrays 

Graphene has been recently employed as a supporting substrate for the 

growth of nitride films becasue it has not only excellent thermal and mechanical 

stablity but also epitaxial relation possibly with hexagonal wurzite crystals such as 

GaN and ZnO.[45] More interestingly, van der Waals layered structure of graphene 

films makes it possible to transfer them onto arbitary substrates in an easy and 

simple manner, which opens up significant opportunities for various emerging 

optoelectronic applications.[45, 71] However, there are still huge challenge in the 

homogeneous growth of high-quality GaN films on poly-crystalline CVD graphene 

films without forming many grain boundaries and cracks. Here, to address such a 

critical issue, it is demonstrated the innovative apporach for the growth of high-

quality GaN on the patterned graphene in the form of hexagonal microcrystal arrays, 

in which probability to grow nearly single-crystalline GaN microcrystals on a single 

domain of poly-crystalline graphene films can be increased by controlling the size 

of graphene patterns comparable to or even smaller than the average grain size of 

graphene. 

Using the naturally-formed resonator structures, WGM laser emissions from 

GaN microdisks were studied. WGM lasers have promising advantages such as 

high quality (Q) factors and low thresholds. Bottom-up grown structures showing 

high Q factors by the virtue of naturally-formed flat facets have been reported in 

microdisks and microwires. However, despite of these promising properties the use 
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of self-assembled structures for viable application has been limited due to many 

challenges. One of them is the lack of position-controlled growth which is essential 

for practical integrated device applications. Here position-controlled GaN 

microdisk lasers on patterned CVD graphene films are investigated.  

5.3.1. GaN microdisk growth 

GaN microdisk arrays were grown on amorphous SiO2/Si substrates using 

micro-patterned graphene dots as a local nucleation layer. This approach is shown 

schematically in Fig. 5.5a. Graphene films, which were synthesized on Ni films by 

CVD, were transferred onto SiO2/Si substrates using a standard transfer method.[58] 

Then, the large size graphene films were patterned using e-beam lithography with 

a negative resist (Micro Resist Technology, ma-N 2401). Using the resist as an etch 

mask, the remaining parts of the graphene films were then removed by oxygen 

plasma etching for 30 s at a plasma power of 30 mA to form regular hexagonal 

arrays of 3-m-diameter microdots separated by 10 m (Fig. 5.5b). Before GaN 

growth, ZnO nanostructures were grown on the graphene micropatterns using 

metal-organic vapor-phase epitaxy (MOVPE) to enhance nucleation and 

crystallization of GaN. As shown in the SEM image in Fig. 5.5c, highly networked 

600-nm-high and 20-nm-thick ZnO nanowalls only grew inside the graphene 

micropatterns. This intermediate layer plays a critical role in heteroepitaxial growth 

of high-quality GaN films on graphene layers.[45] Finally, GaN microdisks were 

selectively overgrown on the ZnO-coated graphene microdot arrays using a two-
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step process. First, a thin GaN layer was grown at 540–600°C during 10 min in a 

nitrogen atmosphere to protect the ZnO nanowalls from degradation and reaction 

with GaN, which occurs at a higher temperature. Then, a GaN layer was 

immediately deposited at 1000–1100°C in a hydrogen atmosphere. High-purity 

trimethylgallium and ammonia were used as precursors for the MOVPE growth of 

the GaN microdisks. As shown in Fig. 5.5d, hexagonal arrays of GaN microdisks 

with a flat top surface and sidewalls were grown on the micro-patterned graphene 

films. Interestingly, the diameters of the individual hexagons expanded to 8.6 ± 0.4 

m from 3 m for the original graphene patterns. This indicates that the crystalline 

GaN microdisks were overgrown on the ZnO nanowalls in both the lateral and 

vertical directions, strongly suggesting the epitaxial lateral overgrowth (ELOG) of 

GaN. Moreover, hexagonal microdisks having flat side facets formed naturally, 

without requiring further etching, which enhances lasing characteristics by reducing 

diffraction loss.[20, 72]  
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Figure 5.5 Growth of GaN microdisks on patterned CVD graphene films. 

(a) Schematic illustration of fabrication process used to grow hexagonal 

GaN microcrodisk arrays on CVD graphene films. (b) Optical microscopic 

image of hexagonally patterned CVD graphene films. (c), (d) Plane-view 

SEM images of ZnO nanowalls grown on patterned graphene films and 

hexagonal GaN microdisks grown on ZnO-coated graphene films, 

respectively. The insets in (c) and (d) are corresponding 30°-tilted SEM 

images.  
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5.3.2 Structural properties of microdisks on CVD graphene 

microdots 

The crystal orientations of hexagonal GaN microdisk arrays grown on 

graphene films in both out-of-plane and in-plane directions were investigated by 

electron backscatter diffraction (EBSD) analysis (Fig. 5.6a). Figures 5.6b–d show 

inverse pole figure (IPF) orientation color maps in normal, transverse, and rolling 

directions, respectively, in which red, green, and blue colors represent the three 

orthogonal crystallographic orientations of the wurtzite crystal structure. The IPF 

orientation map in the normal direction, which was projected along the <001> axis, 

is colored red over the entire area, indicating that all the GaN microdisks were 

highly oriented along the c-axis direction regardless of their in-plane orientations. 

Meanwhile, the IPF orientation map in the transverse and rolling directions, 

corresponding to the <010> and <120> axes, has green- and blue-colored areas with 

several boundaries, representing the grains and grain boundaries of GaN microdisks. 

The misorientation angles across the grain boundaries are indicated by the 

differently colored lines in Fig. 5.6e. They were distributed over a wide range (up 

to 30°), whereas only low-angle grain boundaries (< 3°) were observed from 

epitaxially-grown GaN films on mechanically-exfoliated, single-crystal graphene 

layers in our previous work.[73] The distribution of misorientation angles can be 

understood by the multiple domain structure of CVD graphene films, which have 

both low- and high-angle grain boundaries, and suggests an epitaxial relationship 
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between GaN and graphene films.[74, 75] Most of the GaN microdisks were either 

single-crystalline or poly-crystalline with very few grains because the size of the 

graphene patterns was comparable to the average grain size of CVD graphene. 

These EBSD results support the hypothesis that high-quality GaN microcrystal 

arrays can be grown epitaxially on patterned graphene films, even though CVD 

graphene has many grains and grain boundaries. Moreover, the quality and 

homogeneity of GaN microcrystalline arrays could be even further improved by 

using CVD graphene films having larger grains. Such films have recently become 

available.[76] 
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Figure 5.6 Crystallographic orientation of GaN microdisk arrays grown 

on graphene films. (a) Schematic of EBSD measurement. Three 

orthonormal crystallographic orientations of the wurtzite crystal, <001>, 

<010>, and <120>, are represented by red, green, and blue colors, 

respectively. The EBSD IPF orientation color maps in normal direction (ND) 

(b) and in transverse direction (TD) (c) and in rolling direction (RD) (d). (e) 

Misorientation angles across grain boundaries. They are indicated by solid 

lines with different colors.  
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Crystallinity and microstructural defects, such as threading dislocations, 

were investigated using cross-sectional transmission electron microscopy (TEM) 

analysis. Cross-sectional TEM specimens were obtained from two different 

positions of the GaN microdisks (Fig. 5.7a). In Figures 5.7b and c, threading 

dislocations appear as white lines in the scanning TEM image, exhibiting their 

direction of propagation in the GaN microdisk. Most of the threading dislocations 

generated on the graphene propagated vertically to the top surface, while some of 

them bent and propagated in the lateral direction in the ELOG region (Fig. 5.7b). 

These lateral threading dislocations were more clearly observed in a cross-sectional 

TEM specimen that was obtained from an off-center region of the microdisk (Fig. 

5.7c). Accordingly, the density of the threading dislocations was lower in the ELOG 

region, which is expected to be a great advantage for many device applications. The 

reduction in dislocation density by several orders of magnitude for an ELOG GaN 

film has been reported previously.[77] The high-resolution TEM image of the ELOG 

GaN revealed a well-ordered crystal lattice array with only a few extended crystal 

defects (Fig. 5.7d). The c-oriented growth of single-crystal GaN microdisks was 

also confirmed from the electron diffraction pattern, which had regularly-spaced 

spots. Despite some spatial variation, the TEM results strongly indicated that high-

quality GaN microdisks, having only a small number of dislocations, were grown 

on the patterned graphene films by means of epitaxial lateral growth.     
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Figure 5.7 Microstructures characteristics of the ELOG GaN 

microcrodisk. (a) Schematic representation of cross-sectional TEM 

specimens. STEM images obtained from the centered cross-section (b) and 

off-centered cross-section (c). The center GaN and the ELOG GaN regions 

are indicated by solid and dashed lines, respectively. (d) High-resolution 

TEM image and the selected-area electron diffraction pattern of the ELOG 

GaN region. 
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5.3.3. Spatially-resolved optical properties of the GaN microdisk 

Cathodoluminescence (CL) spectroscopy was used to investigate the 

spatially-resolved optical characteristics of the GaN microdisk grown on graphene 

dots. Figure 5.8a shows representative CL spectra obtained from the two different 

locations indicated by blue and red circles in the inset SEM image of the hexagonal 

GaN microdisk. Both CL spectra exhibited the dominant peak at 364 nm and a weak, 

broad emission around 560 nm, corresponding to near-band-edge (NBE) and deep-

level emissions, respectively. However, the intensity ratio of the two emission 

peaks (INBE/ID) for the ELOG region was 30, much higher than 9 for the center of a 

GaN microdisk. This difference was more clearly shown in spatially-resolved 

monochromatic CL images at the fixed wavelengths of 364 and 560 nm. As shown 

in Fig. 5.8b, the strong NBE emission at 364 nm was observed mainly from the 

ELOG GaN region, while the deep-level emission at 560 nm was mostly from the 

center region and the pits at the boundaries. These position-dependent optical 

characteristics indicated that the density of defect states associated with the 

nonradiative recombination process and the deep-level emission are much lower in 

the ELOG region than that in the center of GaN microdisks, consistent with the 

structural analysis by TEM. 
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Figure 5.8 Cathodoluminescence spectroscopy on GaN microdisk on 

graphene films. (a) Representative CL spectra at the center GaN (blue 

solid line) and the ELOG GaN (red solid line) regions. The inset shows the 

SEM image of the hexagonal GaN microcrodisk, in which local excitation 

spots are indicated by red (○) and blue circles (○) and original pattern of 

graphene films is indicated by black dotted line. (b) Monochromatic CL 

images at the fixed wavelengths of 364 and 560 nm. The relative intensity 

scale is presented gradually from black to white color.   
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5.3.4. Lasing characteristics of GaN microdisks on CVD graphene 

microdots 

Lasing characteristics of the GaN hexagonal microdisks grown on graphene 

films were investigated using -PL spectroscopy. Figure 5.9a shows room 

temperature -PL spectra of the GaN microdisk measured at various excitation 

densities of 90–450 kW/cm2. The broad emission centered at 366 nm had no 

remarkable features at excitation densities below 260 kW/cm2. However, at 260 

kW/cm2, sharp peaks with a regular spacing of 1.5 nm appeared at 370.4, 371.9, 

373.3, and 374.9 nm. Furthermore, the peak intensities increased rapidly with 

further increase of the excitation density. The sharp, regularly-spaced PL emissions 

and the nonlinear increase of PL intensities with excitation density indicate lasing 

action in the GaN microdisk. A plot of integrated intensity as a function of 

excitation density shown in Fig. 5.9b shows that the lasing threshold was 250 

kW/cm2, which is comparable to that of GaN hexagonal microdisks selectively 

grown on SiO2-masked GaN substrates.[24] The excellent microstructural and 

optical quality of hexagonal ELOG GaN microdisks grown on graphene films 

warrant their application in high-performance microcavity lasers to take advantage 

of, for example, the low threshold for lasing emission. 
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Figure 5.9 Lasing emissions from GaN microdisk. (a) Representative 

power-dependent PL spectra of the GaN microcrodisk. (b) The plot of 

integrated PL intensity as a function of excitation density, exhibiting the 

lasing threshold at 250 kW/cm2. 
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The observed lasing emission was attributed to WGM or quasi-WGM 

resonance. In our GaN microdisk with a hexagonal cross-section, light can travel 

around the resonator with little loss by total internal reflection, as depicted in the 

inset of Fig. 5.10a. However, if the lasing action occurs from the FP mode, only 

21% of the incident light is reflected at the interface of air and GaN according to 

the Fresnel equation. Thus, the WGM rather than the FP mode must be dominant 

in the GaN hexagonal microdisks. The WGM characteristics of the lasing action 

were further confirmed by a simple calculation, as discussed below. Using a plane 

wave approximation, the resonant wavelength in a dielectric hexagonal cavity is 

given by 

         ))43(tan
6

(
33

21 21   nN
nD


   

(1) 

where N is the mode number, n is the refractive index, D is the diameter of the circle 

circumscribing the hexagon, and β is the polarization-dependent factor, which is n–

1 for a transverse magnetic (TM) mode and n for a transverse electric (TE) mode.[78] 

For a microdisk having a diameter of 8.7 m, the experimentally-obtained mode 

spacing () is in good agreement with the 1.4–1.5 nm calculated using Equation 

(1) as shown in Fig. 5.10.[79] 

Further analysis about the Q factor of the microcavity laser was performed. 

According to the definition of Q = /, with  of 370.4 nm and  of 0.3 nm, the 

Q-factor was estimated to be 1200. This value is higher than the previously reported 
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value of 740 for WGM lasing of a 4-m-diameter GaN microdisk grown on a SiO2-

masked GaN substrate.[24] The high Q-factor suggested that the observed lasing 

emissions resulted from WGM or quasi-WGM resonance in a hexagonal dielectric 

resonator rather than from the FP mode. For WGM in an m-faceted polygonal 

cavity, the Q-factor is given by 
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(2) 

where m is the number of facets, n is the refractive index of the dielectric material, 

D is the diameter of the circle circumscribing the polygon, and R is the reflectivity 

of the facet mirrors.[80] Using Equation (2), the reflectivity, R, was calculated as 

87% for both WGM and quasi-WGM; these reflectivities are quite reasonable for 

WGM or quasi-WGM resonance. A much smaller reflectivity and Q-factor would 

be expected for the F-P mode, which is not consistent with the experimental results. 
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Figure 5.10 WGM laser emission from GaN microdisk. (a) Calculated 

wavelengths (○) by plane wave approximation using referenced refractive 

index (red solid line). (b) Plot of PL spectrum of the hexagonal GaN 

microdisk. The diameter of the microcrodisk was 8.7 m for this particular 

data. 
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5.4. Lasing characteristics of GaN microrods grown CVD graphene 

films 

One dimensional semiconductor micro/nanostructures comprise a 

promising micro/nanoscale system for fulfilling this role.[3, 18] Reports of lasing in 

a wide-variety of material systems have been made through the micro/nanostructure 

geometry.[11, 13, 14, 81] In most cases, lasing was observed in the form of FP modes, 

where light rebounding between the end facets of the nanorod determines the lasing 

characteristics.[34, 82] Another promising candidate for the lasing element is the 

microdisk, whose diameter is usually larger or comparable to its axial length.[65, 83, 

84] Similar to the nanorod laser, the microdisk laser has also been demonstrated 

through various material systems.[20, 24, 72] For this configuration, WGMs, 

characterized by standing waves of light formed by internal reflections off the inner 

sidewalls, determine the lasing characteristics. Whereas each type of lasing 

mechanism has been studied in detail by many groups, there have not yet been 

studies on the observation of both types of lasing mechanisms in a single system 

and the ability to switch between them. Here, I highlight such aspects in a micron-

sized diameter GaN microrod prepared on a CVD graphene films. While FP-type 

lasing is generally dominant in thin nanorods and WGM-type lasing is dominant in 

microdisks, both types of lasing can be detected in the form of nano or microrods 

exhibiting diameters intermediate between these two extremes.[85, 86] Because this 

size regime represents a practical and important range for both photonic and 
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electronic applications, it is critical that proper distinction between the types of 

mechanism be made in order to be able to fully optimize the performance of the 

laser. Furthermore, since the two lasing mechanisms result in different orthogonal 

emission directions, and different numbers of lasing modes within the gain 

bandwidth, the ability to select between the two types of lasing mechanism could 

invite novel designs for on-chip switchable lasers. 

5.4.1. GaN microrods growth 

Figure 5.11a shows schematic of GaN microrods on graphene films. For the 

growth of the microrods, CVD grown graphene films synthesized on copper foil 

were first transferred onto a SiO2/Si substrate. Thin GaN/ZnO layers were then 

coated on graphene films before the growth of the microrods in order to improve 

their vertical alignment. GaN microrods were grown using catalyst-free metal-

organic vapor-phase epitaxy. Details of growth of GaN microrods are reported 

elsewhere.[87] The improved vertical alignment through the use of graphene films 

can be confirmed in Fig. 5.11b. Figure 5.11b shows a 30°-tilt-view FE-SEM image 

of GaN microrods grown on and off (inset of Fig. 5.11b) graphene films. A high 

degree of vertical alignment is achieved for GaN microrods grown on CVD 

graphene films while random alignment is shown to result from those grown on 

bare SiO2. The perfect vertical alignment of microrods on graphene demonstrates 

the critical role of graphene films in the growth of materials on arbitrary substrates. 

The average diameter of GaN microrods on graphene films were 1000 nm with a 
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standard deviation of  300 nm, while the average length was 7.5 m with a 

standard deviation of  1.0 m.  

 

 

Figure 5.11 GaN microrods on CVD graphene films. (a) Schematic 

illustration of GaN microrods grown on CVD graphene films. (b) FE-SEM 

image of GaN microrods grown on CVD graphene film. The inset shows FE-

SEM image of microrods grown on SiO2. 
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5.4.2. Fabry-Perot lasing characteristics of GaN microrods 

First, the detection of FP-type lasing modes in a single GaN microrod is 

studied. Figure 5.12a shows representative -PL spectra of a 1.1-m-diameter and 

7-m-long GaN microrod at various excitation densities of 50600 kW/cm2. 

Below excitation densities of 150 kW/cm2, a broad and featureless emission 

centered at 368 nm was observed. For increased excitation power, sharp peaks 

emerged in the broad emission spectra. The intensity of the peaks increased rapidly 

with further increase of excitation density, indicative of lasing action. The plot of 

output emission intensity versus input excitation density (i.e. light-light plot) in Fig. 

5.12b shows a lasing threshold of 200 kW/cm2, which is comparable to high-quality 

GaN micro- and nanostructures grown on single crystal Al2O3 substrates.[88-90]  

Lasing spectra shown in Fig. 5.12a are quite complex with lasing peaks 

characterized by irregular mode spacing and intensity ratios. This is due to the 

existence of multiple waveguide modes. Since the diameter of the microrod greatly 

exceeds the single-mode diameter, a large number of waveguide modes can be 

supported simultaneously.[19] Each waveguide mode undergoes FP oscillations, 

giving rise to a number of resonance peaks in the lasing spectrum. Competition and 

overlap between multiple peaks originating from different waveguide modes can 

result in an unevenly spaced, complex lasing spectrum. Such characteristics have 

been also reported in lasing spectra of nanowires with diameters above 400 nm.[91, 

92] 
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Despite the complexity associated with the large number of lasing peaks, 

peaks exhibiting regular FP mode spacing could be found, as presented in Fig. 5.12c. 

In such cases, a single or collection of waveguide modes with similar effective 

indices and dominantly Q factors can support the stimulated emission. From such 

lasing spectra, the dependence of longitudinal mode spacing (i.e., lasing peak-to-

peak separation) on the length of the microrod was found. The mode spacing for FP 

resonances is given by )]//(1)[2/( 2  ddnnL  , where Δλ is the mode 

spacing, L is the cavity length, n is the effective refractive index, and dn/dλ is the 

first-order dispersion of effective refractive index.[93] Figure 5.12d shows a plot of 

mode spacing versus inverse of cavity length. As the length of microrod decreases, 

the mode spacing of lasing spectra increases with an inverse linear dependence on 

the length of microrods, confirming the origin of the lasing as that from FP 

resonances.  
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Figure 5.12 FP lasing emissions from GaN microrods. (a) Power-

dependent PL spectra of GaN microrods. The inset shows FE-SEM image 

of the measured microrod with a scale bar of 2 m. (b) Plot of input excitation 

density versus output PL intensity. The inset shows light ray for FP modes 

in a microrod. (c) PL spectra of microrods having different lengths and their 

corresponding FE-SEM images. The scale bar is 2 m. (d) Plot of mode 

spacing (Δλ) as a function of the inverse length (1/L) of the microrod.  
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5.4.3. Whispering-gallery mode lasing characteristics of GaN 

microrods 

The clearest distinction between FP-type modes and WGM-type modes is 

the mode spacing. WGM-type resonances generally support wider mode spacing 

due to a smaller resonator volume. Figure 5.13c shows lasing spectra of microrods 

with a diameter range of 1–2 m and length of 7.9–8.8 m, illustrating wider mode 

spacing than those observed for the case of FP-type resonances in Fig. 5.13c. Two-

dimensional FDTD calculations of microrods displaced on SiO2/Si showed that a 

quasi-WGM, characterized by a standing wave formed from light reflecting off 

three opposing facets (see inset of Fig. 5.13b), is dominantly excited rather than 

higher order WGMs due to reduced loss from the substrate.  

In order to verify the WGM-type origin of the experimentally determined 

lasing spectra, I calculated mode spacing for each diameter as shown in Fig. 5.13d. 

Mode spacing calculated from pairs of consecutive modes using equation (1) are 

displayed as discrete gray lines. Figure 5.13d shows that indeed the experimentally 

observed trend for mode spacing follows the calculation, confirming the lasing 

mechanism as that of WGMs. It is noted that FP modes in the radial direction 

formed by light traversing between opposite sidewalls can also show similar mode 

spacing, but were excluded as the dominant mechanism due to their low Q factors 

and polarization characteristics. 
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Compared to the mode spacing obtained in Fig. 5.13d, the WGM-type mode 

spacing is an order of magnitude greater than the FP-type mode spacing for 

microrods of similar diameters. This can enable single-mode-like lasing as 

demonstrated by a 1.5-m-diameter 3.7-m-length microrod shown in Fig. 5.13a. 

Whereas multiple FP-type resonances may be centered near the peak of the GaN 

gain region, only one or two WGM-resonance peaks are located in this region due 

to the wide mode spacing. In the particular case where a single WGM resonance 

peak resides close to the center of the gain region, it can undergo strong stimulated 

emission resulting in single-mode lasing. 
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Figure 5.13 WGM lasing emissions from GaN microrods. (a) Power-

dependent PL spectra of GaN microrods showing WGM-type lasing 

emissions. The inset shows FE-SEM image of the measured microrod with 

a scale bar of 2 m. (b) Plot of input excitation density versus output PL 

intensity. The inset shows light ray and electric field energy profile for quasi-

WGM in a 1.76-m-diameter hexagonal GaN microrod. (c) Lasing spectra 

of GaN microrods having different diameters and their corresponding FE-

SEM images. The scale bar is 2 m. (d) Plot of mode spacing (Δλ) as a 

function of the diameter of the microrod. Calculated mode spacings by a 

plane wave approximation are also displayed as discrete gray lines.  
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5.4.4. Diameter dependence for dominant resonance in GaN 

microrods 

To understand the competition between lasing mechanisms as a function of 

diameter, we calculated the Q factors originating from FP-type and WGM-type 

resonances using FDTD simulations. GaN microrods with varying diameters were 

modeled on top of a SiO2 substrate. To obtain the WGM-type Q factors, the time 

evolution of the electric fields inside the microrod cavity was monitored and then 

Fourier transformed. Meanwhile, Q factors for FP-type resonances were calculated 

using the relation,[94] 𝑄 =
2𝜋𝑛𝐿

𝜆 ln (1/𝑅)
, where L = 7 m is the cavity length, and R is 

the reflectivity in end facets. The reflectivity R for the first 60 waveguide modes 

along the microrod axis was obtained by evaluating the fraction of power from each 

mode reflected off the end facet into itself. Although higher order waveguide modes 

also exist for larger diameters, they were not considered because the mode profiles 

become increasingly complex with spatial frequencies higher than those 

characterizing the nonuniformities of the actual end facets. Figure 5.14a displays 

the highest Q factor obtained from each FP mode and WGM. One can observe that 

for small diameters, FP-type Q factors dominate. For larger diameters, WGM-type 

Q factors dominate because the FP-type Q factor converges to values predicted by 

the Fresnel equation while the WGM-type Q factors increase without bound. I 

verified this trend by measuring the instances of WGM-type lasing emission in 77 

microrods of various diameters, shown in Figure 5.14b. Indeed, 13 microrods with 
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diameters less than 800 nm showed no WGM-type lasing, while 7 out of 8 

microrods with diameters larger than 1800 nm exhibited dominant WGM-type 

lasing, consistent with the predicted rise in Q factors for increasing diameters. 

 

 

Figure 5.14 Diameter dependence on dominant lasing modes in 

microrods. (a) Plot of calculated Q factors for FP and WGM versus the 

diameter of the microrod. (b) Observation ratio for WGM lasing emissions 

as a function of the diameter of the microrod.   
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5.4.5. Simultaneous FP and WGM lasing emissions in GaN microrods 

Since the mode spacings for FP and WGM resonances are different and 

exhibit distinct polarization characteristics, the ability to select the lasing mode in 

a single structure would lead to promising functional components in an integrated 

optical circuit. For microrods exhibiting diameters in which the Q factor for the FP 

resonance exceeds or is equal to the Q factor for the WGM resonance, such a 

concept is possible by controlling the spatial coupling between excitation beam and 

gain volume. As a demonstration, the excitation position was varied along the axis 

of an 850-m-diameter microrod at a fixed power. As shown in Fig. 5.15a, when 

the excitation laser beam was focused near the tip of the microrod, WGM lasing 

emission was dominant, and when the middle of microrod was excited, FP-type 

lasing emission was dominant. For FP modes to undergo strong gain, the microrod 

would need to be excited across its entire length, necessitating the excitation beam 

to be positioned in the center of the microrod axis. WGM modes, on the other hand, 

can sustain lasing as long as the radial oscillations experience gain. Therefore, the 

excitation probability of WGM-type lasing is more spatially localized than FP-type 

lasing, and will favor WGM-type lasing rather than FP-type lasing for decreased 

excitation area. As a result, WGM-type lasing dominates when the tip of the 

microrod is excited.  

Mode switching in a single microrod is only possible when the probability 

for exciting FP resonances exceeds that for WGM resonances. It can be verified by 
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measuring the lasing threshold for both types of resonances at their respective 

excitation positions. As shown in the light-light plots of Fig. 5.15b, the 200 kW/cm2 

threshold for FP-type lasing was lower than the 280 kW/cm2 threshold for WGM 

lasing, satisfying the condition for mode switching. Furthermore, it is noteworthy 

that this condition is not satisfied in microrods having diameters larger than 1.5 m 

where the Q factors of WGMs are larger than those of FP modes as presented in 

Fig. 5.14a. For this reason, the excitation position-dependent mode switching was 

mainly observed in microrods with diameters less than 1.5 m.  

 

  



 135 

 

Figure 5.15 Position-dependent lasing modes. (a) Lasing spectra of the 

GaN microrods with different excitation positions. (b) Plots of output PL 

intensity versus input excitation density for FP-type and WGM-type lasing 

in a single microrod. 
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In excitation positions where both types of lasing emissions are generated, 

the relative intensity between the two types of emission can be controlled through 

their distinct polarization characteristics. For WGM-type lasing, the laser emission 

is TM polarized (�⃗�  // 𝑐 ) due to higher optical confinement than with the TE 

polarization (�⃗�    𝑐 ). On the other hand, higher-order FP modes can exhibit a 

mixture of both TE and TM polarized light. In order to excite both FP and WGM 

laser emissions simultaneously, the excitation position was moved to halfway 

between the end and middle of the nanorod. Then using a linear polarizer, the 

relative intensity of the two modes was monitored as a function of polarizer angle. 

Figure 5.16 shows lasing spectra of the microrod after passing through the linear 

polarizer fixed at different angular orientations. When the direction of polarizer is 

parallel to the axis of the microrod, the WGM-type emission intensity at 364.4 nm 

is 7.5 times higher than that from FP-type laser emissions. On the other hand, when 

the polarizer direction is perpendicular to the axis of the microrod FP-type laser 

emission is 3 times higher than that from WGM-type laser emissions. When the 

polarizer orientation is 45° to the axis of the microrod, the laser emissions from 

both modes show similar intensities. 
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Figure 5.16 Polarization characteristics of laser emission in microrods. 

(a) Polarization-resolved lasing spectra of the microrod monitored at an 

excitation position where both FP and WGM are observed simultaneously. 

Lasing spectra were measured with the polarizer oriented at 0°, 45°, and 90° 

relative to the axis of microrod. 
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5.5. Summary 

Controlled ELOG of GaN on graphene films by MOVPE opens up 

significant opportunities for the fabrication of sophisticated devices including 

WGM microdisk lasers. CVD graphene films transferred to SiO2/Si substrates and 

patterned to microdots played a critical role in the nucleation and crystallization of 

ZnO nanostructures, which could be used as an intermediate layer for GaN growth. 

ELOG of GaN enhanced the material quality, formed crystalline microdisks having 

hexagonal facets, and demonstrated WGM behavior with a Q-factor of 1200 at 

room temperature.  

In GaN microrods, the competition between FP type lasing and WGM type 

lasing was elucidated and controlled. For larger diameters, WGM-type lasing 

became dominant because its Q factor was unbounded while that of the FP-type 

resonance converged to the Fresnel limit. For microrods with intermediate 

dimensions exhibiting higher Q factors for FP resonances than for WGM 

resonances, mode selectivity could be experimentally achieved by choosing the 

excitation location along the microrod axis. Furthermore, in excitation positions 

generating simultaneous FP-type and WGM-type laser emission the relative 

intensities between the two types of emissions could be controlled by exploiting 

their polarization characteristics.  
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Nanostructure waveguide arrays for local optical 

excitation on biological cells  

6 

6.1. Introduction  

One-dimensional nanostructures have attracted a great deal of attentions as 

promising materials for studying biological science.[25, 27, 95-100] The nano-sized 

diameters of them enable probing cells with high spatial resolution and minimal 

invasiveness. Furthermore, the high aspect ratio of them allows electrical, optical, 

and mechanical interaction of cell interior with exterior environment by using the 

nanostructures as connectors. These promising features of one-dimensional 

nanostructures can create new methodologies such as intracellular electrical 

probing arrays,[16, 27] material transport into cell interior,[28] optical endoscopy,[10] 

and so on. Particularly, optical interaction between mammalian cells and one-

dimensional nanostructures can offer novel and revolutionary approach for studying 

cellular events.[8, 10, 101, 102] Exploiting the small footprint of the nanostructures, the 

spatial resolution of optical illumination on cells can be enhanced. Accordingly, 

optical stimulation process on cells for optogenetics,[5] photolysis,[103] photothermal 

therapy,[7] and sensors can be achieved in subcellular resolution without using 

complex and bulky optical systems. Previously, nanopillar arrays on quartz and 

nanowires attached to optical fibers have been used for local optical excitation on 
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mammalian cells.[8, 10] However, for the investigation of large numbers of cells 

simultaneously, scalable one-dimensional nanostructure arrays are required. 

Furthermore, since the interaction between nanostructures and cells can highly 

affect the cell behavior, well controlled fabrication of nanostructures is also of great 

importance.[26, 61] In this chapter, ZnO nanotube arrays grown on graphene films are 

demonstrated as scalable, controllable, and transferable nano-waveguide arrays for 

optical excitation on biological cells. 

 

6.2. Nanotube waveguide arrays for local optical excitation 

ZnO nanotube arrays can be fabricated in a controlled manner on chemical 

vapor deposition (CVD) graphene films. Based on conventional lithography, the 

size, shape, and spacing of nanotubes can be controlled accurately.[47] Furthermore, 

the higher refractive index of ZnO can guide light better than SiO2 and polymer 

based nanostructures. Additionally, since the nanotubes on graphene films are 

transferable onto various systems and mechanically flexible,[45, 49] these 

nanostructures on graphene films have possibility to provide a new class of 

platforms for further applications including in-vivo optical illumination. Herein, we 

demonstrate the nanotubes on graphene films can provide versatile platform for the 

study of biological cell.  

6.2.1. Metal-coated nanotube waveguide fabrication 
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Figure 6.1a shows schematic illustrations for the fabrication process of ZnO 

nanotube waveguide arrays on CVD graphene films. First, position-controlled and 

vertically aligned ZnO nanotube arrays were grown on CVD graphene films. The 

corresponding field-emission scanning electron microscopy (FESEM) image is 

shown in Fig 6.1b. The typical diameter of nanotube was 200–300 nm at the base, 

and the length was 7–8 m. The thickness of nanotubes was as thin as 20 nm. Since 

the thickness was too thin to support light propagation, additional lateral growth 

was performed in a lower temperature and higher reactor pressure. After the lateral 

growth, the outer radius of nanotubes was increased from 200 nm to 460 nm as 

shown in Fig. 6.1c. Then 30-nm-thick Al2O3 layer was coated on ZnO nanotubes 

using atomic layer deposition to protect ZnO from chemical reactions and to 

enhance mechanic stability of them during subsequent process. After the 

preparation for nanotube arrays, deposition of metal layers and their selective 

etching were followed to allow light transmission only through nanotubes. To block 

light transmission through interspace between nanotubes, Ti/Au (20/140 nm) 

bilayers were deposited on the entire sample surface. Subsequently, polyimide was 

spun and etched using oxygen plasma ashing until the upper part of the metal-coated 

nanotubes were exposed as shown in Fig. 6.1d. The exposed Au layer was removed 

using wet chemical etching so that light can transmit through the nanotubes. Finally, 

the ZnO nanotube waveguide arrays on graphene films were mechanically lifted-
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off using tape and transferred onto transparent glass substrates for backside light 

illumination. 

 

 

Figure 6.1 Fabrication process for ZnO nanotube waveguide arrays. (a) 

Schematic illustrations of fabrication process for ZnO nanotube waveguide 

arrays on graphene films. (b-d) FESEM images of ZnO nanotubes grown 

on CVD graphene films after vertical growth (b), after lateral growth (c), and 

after polyimide coating and oxygen plasma ashing (d). FESEM images were 

obtained at a tilt angle of 30°.   
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6.2.2. Light transmission through nanotubes 

Light transmission through nanotube waveguide arrays were explored using 

a white LED lamp as a backside illumination source. Figure 6.2a,c shows optical 

microscope images of transmitted light through metal-deposited nanotube arrays 

with different spacings; the capability to control the position of nanotubes by a 

conventional lithography enabled the fabrication of nanotube arrays with different 

spacings simply. Light transmitted only through nanotubes in both nanotube arrays. 

The magnified images in insets clearly display that the light transmission area is 

tightly confined in nanotubes. Furthermore, diffraction rings could be observed 

around each nanotube due to the small size of nanotubes. The light intensity plots 

along the lines in microscope image (p-p’ and q-q’) showed uniform light 

transmission through nanotubes indicating that nanotube waveguides were 

fabricated evenly.   
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Figure 6.2 Light transmission through ZnO nanotube waveguide 

arrays. (a) An optical microscope image for transmitted light through metal-

deposited nanotube arrays in a hexagonal pattern. Plot of light intensity 

along the line in (a). (c,d) An optical microscope image (c) and plot of light 

intensity along the line in (c) (d) for nanotube arrays in a hexagonal pattern 

with erased row alternatively.  
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6.2.3. FDTD simulation 

Three-dimensional finite-difference time-domain (FDTD) simulations were 

conducted to investigate light propagation through nanotube waveguides. A 

vertically standing ZnO nanotube on metal coated glass in the circumstance cell 

interior was considered. We modeled the ZnO nanotube as a circular tube having a 

200-nm-thick solid disk at the tip of it to simulate the hollow nanotube with a closed 

tip. The inner radius of the nanotube was set to 100 nm and outer radii were varied 

from 150 to 500 nm to verify the thickness dependence. The height of nanotube was 

set to 2 m. To simulate a light illumination, a continuous plane wave light source 

with the center wavelength of 470 nm was placed below the surface of the glass 

substrate.  

Figure 6.3a shows calculated optical power distribution in a ZnO nanotube 

waveguide with an outer radius of 300 nm. Light propagated through the nanotube 

and spread out at the tip of it by diffraction. Interestingly, the light was focused to 

the center line of the nanotube after propagation in spite of the hollow structure. In 

terms of optical power propagation efficiency, which was calculated by dividing 

the power transmission through the nanotube with an area portion of the nanotube, 

nanotubes having outer radii above 300 nm showed efficiency more than 10% while 

a nanotube with an outer radius of 150 nm showed as low as 0.26% due to thin 

thickness as displayed in Fig. 6.3b. Additionally, optical power intensity along the 

axial and radial direction of the nanotube were obtained to assess light spreading at 
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the tip of nanotubes, and therefore to calculate illumination volumes by the 

nanotube waveguides. Figure 6.3c,d show plots of optical power as a function of 

distance in axial and radial direction from the brightest point after the light 

propagation through nanotubes, respectively. For a better comparison, the optical 

powers were normalized to the value in the brightest point for each nanotube. As 

the thickness of the nanotube decreased, the optical power distribution was more 

localized by the effect of reduced physical dimensions of nanotubes. Exceptionally, 

radial profile for a nanotube with an outer radius of 400 nm showed smaller light 

spreading than the 300-nm-one. Combination of diffraction and size effect of 

nanotubes might simultaneously affect these results. For a nanotube with an outer 

radius of 300 nm, which were usually used in following experiment, the size of 

illumination area was 400 nm in radial direction and 500 nm in axial direction, 

respectively. These values were comparable to those of conventional focal volume 

by an objective indicating that the nanotube waveguide can provide a highly 

localized excitation volume. Additionally, the ZnO nanotubes showed better light 

propagation and localization compared to SiO2 nanorod having the same outer 

radius. The higher refractive index of ZnO than that of SiO2 enabled better light 

confinement despite of hollow structures, which appealed the benefits of using 

compound semiconductor nanostructures as waveguides.  
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Figure 6.3 FDTD simulation. (a) Optical power distribution for a nanotube 

with an outer radius of 300 nm. (b) Optical power propagation efficiency 

through nanotube having different radii. The inset shows the plot in 

logarithmic scale. (c,d) The plot of normalized optical power as a function of 

distance from the brightest spot after propagation in axial (c) and radial (c) 

directions.   
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6.2.4. Cells grown on nanotube arrays 

Mammalian cells (HeLa and U2OS) were cultured on nanotube waveguide 

arrays for optical illumination through them. Before the plating of cells, fibronectin 

was coated on nanotubes for better attachment of cells on the surface of nanotubes. 

Cells cultured on nanotube arrays divided and migrated regularly implying the cell 

viability in the circumstance of nanotube arrays. Figure 6.4a,b show FESEM 

images of HeLa cells cultured on nanotube waveguide arrays. Cells spread on the 

nanotube arrays wrapping them, and the cell bodies protruded on the site of 

nanotubes displaying the tight adhesion of cell membranes to nanotubes. As shown 

in Fig. 6.4b, there was a space between cell membrane and underlying substrate, 

which meant cells were mainly attached to the upper parts of nanotubes. 

Furthermore, extension of cells stretched to the site of nanotubes showing the 

affinity between cells and nanotubes.  

The interaction between cells and nanotubes could guide the spreading of 

cells. Figure 6.4c,d show low magnification FESEM images of cells grown on 

nanotube arrays with different patterns. The nanotubes in Fig. 6.4c were arranged 

in a hexagonal pattern with a spacing of 4 m and the ones in Fig. 6.4d was the 

same hexagonal arrays with erased rows alternatively. Distinct cell morphology was 

observed for cells grown on these two patterns. Cells culture on isotropic pattern 

showed no preferred direction as shown in Fig. 6.4b, however, for cells on nanotube 

arrays with directionality, they spread along the nanotube array direction 

preferentially. Fluorescence images also showed similar cell morphology 

dependence on the pattern of nanotube arrays. Figure 6.4e,f are fluorescence images 
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of HeLa cells (green color) grown on nanotube waveguide arrays using calcein AM. 

For visualization of nanotube arrays on which cells were grown, a light transmission 

image through nanotubes (blue color) were merged with the fluorescence images. 

The dependence of cell morphology on the pattern of nanotube arrays suggests 

potential possibility of the nanostructure based platform in bio-technology by both 

controlling cell behavior and probing cell interior simultaneously.[29]  
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Figure 6.4 Cells grown on nanotubes. (a,b) FESEM images of cells grown 

on nanotube arrays. (c,d) Low magnification FESEM images for cells grown 

on different pattern of nanotube arrays. The nanotubes in (c) was arranged 

in a hexagonal pattern and in (d) was arranged in a hexagonal pattern with 

erased rows alternatively. (e,f) Epi-fluorescence images of cells grown on 

different pattern of nanotube arrays. Light transmission images through 

nanotubes were merged for better visualization.   
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6.2.5. Fluorescence excitation using nanotube waveguide arrays 

As a demonstration of using nanotube waveguide arrays for local optical 

illumination in biological cells, fluorescent dyes (calcein AM) in cells were excited 

using nanotube illumination. Figure 6.5a shows a schematic illustration for 

fluorescence excitation in cells using nanotube waveguide arrays. Laser beam was 

illuminated from the backside of nanotube arrays for local fluorescence excitation. 

The laser light transmitted through nanotubes was expected to excite fluorescence. 

Figure 6.5b shows transmitted laser light through nanotube waveguides. Light 

transmission only through nanotubes could be observed. Before the fluorescence 

excitation using nanotube waveguides, epi-fluorescence image was obtained for 

comparison. A LED lamp light was used as an excitation light source from the 

bottom side as shown schematically in Fig. 6.5a. In this epi-fluorescence image, the 

sites of nanotubes were shown as darker spots. This is probably due to reduced dye 

contents by the presence of the nanotube and lower reflectance from the backside. 

For regions without nanotube, Au layers can reflect fluorescence signal better. For 

better visualization of cells grown on nanotube arrays, a merged epi-fluorescence 

image (Fig. 6.5c) with the light transmission images (Fig. 6.5b) is also shown in 

Fig. 6.5d. Finally, the fluorescence image excited by the nanotube waveguide 

illumination is shown in Fig.6.5e. Localized fluorescence signal in vicinity of 

nanotubes could be observed. Mostly, cells grown on nanotubes showed localized 

fluorescence emissions whereas no emission were observed for cells grown outside 
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the nanotube arrays indicating that the localized fluorescence emissions are excited 

by the light transmitted though nanotube waveguides. Meanwhile, for some cells 

existing outside the nanotube arrays, they showed fluorescence signal, which is 

considered due to scattered light. 
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Figure 6.5 Fluorescence excitation using nanotube waveguides. (a) A 

schematic illustration for fluorescence excitation using nanotube 

illumination. (b) Laser light transmitted through nanotube arrays. (c) A epi-

fluorescence image for HeLa cells cultured on nanotube arrays. (d) A 

merged image of (b) and (c). (e) A fluorescence image excited by light 

transmitted though nanotubes.  
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6.2.6. Fluorescence excitation using a single nanotube illumination 

Fluorescence excitation by a single nanotube was also possible using a 

focused laser beam. Figure 6.6a shows a merged epi-fluorescence image of U2OS 

cells (gray color) grown on nanotube arrays with the light transmission image 

through nanotubes (cyan hot color). Figure 6.6b-d shows fluorescence images 

excited by a nanotube illumination changing the position of focused laser beam. To 

show the position of fluorescence emitting spot clearly, the fluorescence images 

were merged with the epi-fluorescence image. Fluorescence emission from single 

points could be observed. By a combination of physical interaction between cells 

and nanotube arrays, this approach is expected to enable selective local optical 

excitation on a specific part of cells such as neurites.  
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Figure 6.6 Localized fluorescence excitation using single nanotubes. 

(a) A epi-fluorescence image of U2OS cells cultured on nanotubes. For 

better visualization, a light transmission image was merged together. (b-d) 

Fluorescence images excited by a nanotube illumination changing the 

position of focused laser beam. 
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6.2.7. Nanotube waveguide arrays on LED pixel arrays 

Since the nanotube waveguide arrays were formed on CVD graphene films, 

which is weakly bonded to underneath substrates by van der Waals force, they could 

be readily lifted off the original substrates and transferred onto foreign substrates. 

This enables combination of nanotube waveguides with various light sources. To 

demonstrate the possibility, they were transferred onto LED pixel arrays. Figure 6.7 

shows photograph of LED light transmitted though nanotube waveguides. Different 

region of nanotubes could be illuminated using the LED pixel arrays providing the 

possibility of simultaneous and site-controllable light control through nanotubes. 
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Figure 6.7 Nanotube arrays on LED pixel arrays. Photograph of light 

transmission images through metal-coated nanotubes with different LED 

pixels are on. 
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6.3. Summary  

Optical probes based on ZnO nanotube waveguide arrays fabricated on 

graphene films were demonstrated. Position-controlled ZnO nanotubes were grown 

on graphene films and Au layers were deposited interspace of nanotubes to allow 

light transmission only through nanotubes. The fabricated nanotube waveguide 

arrays could provide well-localized optical illumination as confirmed by FDTD 

simulation. Mammalian cells were cultured on the nanotube waveguide arrays with 

tight interaction with them. The nanotube waveguide locally excited fluorescence 

dyes in cells. Furthermore, using a focused laser beam, the optical illumination 

could be done by single nanotubes. With the guidance role of nanotube arrays in 

cell spreading, the nanotube waveguide optical probe will offer a multifunctional 

platform to investigate and manipulate cells behavior. Furthermore, the small foot-

print and mechanical flexibility of nanotubes on graphene films will facilitate the 

fabrication of in-vivo nanodevices. 
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Conclusion and outlook 

7 

7.1. Summary  

In this thesis, the potential of semiconductor micro- and nanostructures on 

graphene films for optical devices and biological application was investigated 

mainly focused on lasing characterization of them. Specifically, wide band gap 

materials, ZnO and GaN, were grown on graphene films, and their lasing 

characteristics were studied. The graphene intermediate layer enabled both the 

direct growth of micro- and nanolasers on various substrates and transfer of them 

onto foreign substrates. Furthermore, these micro- and nanostructures were used for 

optical excitation on mammalian cells. Followings are detailed experiment results. 

Position-controlled and vertically aligned ZnO nanotube lasers on graphene 

films were demonstrated. The nanotube/graphene system could be transferred onto 

foreign substrates to enhance the lasing performance. ZnO nanotubes grown on 

graphene/Si had a low lasing threshold, indicating that the nanotubes were of high 

optical quality. Additionally, the lasing performance of the nanotubes on 

graphene/Si was superior to their performance on conventional GaN/Al2O3 

substrates, due to the improved reflectivity at the nanolaser–substrate interface. 

Even higher enhancements in reflectivity, and hence lasing performance, could be 
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achieved by lifting off the nanotube/graphene system and depositing a layer of Ag 

underneath the graphene film. In this case, the graphene films enabled easy and 

clean detachment of the nanotubes from the Si growth substrate. With this 

modification, a two-fold enhancement in the Q factor of a nanotube on Ag 

compared with one on an Si substrate was observed, as analyzed using FDTD 

simulations. Additionally, the control of the lasing wavelength by the alloying with 

MgO could be possible. By offering the freedom to choose substrates with enhanced 

optical properties or additional functions, growing nanotube lasers on graphene is 

a practical and promising strategy for realizing high-performance and 

multifunctional nanolasers.  

In addition to ZnO nanolaser, lasing characteristics of GaN micro- and 

nanostructures were also investigated. By means of ELOG, hexagonal arrays of 

nearly single-crystalline GaN microcrystals were grown on the patterned graphene 

films. In particular, the ELOG GaN microcrystals had a small number of threading 

dislocation and exhibited the excellent optical characteristics compared to the GaN 

film directly grown on graphene. Furthermore, a room-temperature WGM 

microcavity laser with high Q factor of 1200 was demonstrated, supporting 

outstanding material and optical quality of hexagonal GaN microcrystal arrays.  

For GaN microrods, the competition between FP type lasing and WGM type 

lasing was explained and controlled. For larger diameters, WGM-type lasing 

became dominant because its Q factor was unbounded while that of the FP-type 
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resonance converged to the Fresnel limit. Moreover, due to the small resonator 

volume, the WGM-type lasing could produce single-mode-like behavior. For 

microrods with intermediate dimensions, mode selectivity could be experimentally 

achieved by choosing the excitation location along the microrod axis. Since the size 

of the gain volume for FP resonances spans the entire length of the microrod while 

it can be localized for WGM resonances, excitation near the tip of the microrod can 

favor WGM-type lasing over FP-type lasing. 

ZnO nanotube arrays fabricated on graphene films were used as waveguides 

for local optical excitation on cells. The spacing between nanotube arrays were 

deposited with Au layers to block light transmission thus allowing light propagation 

through only nanotubes. Mammalian cells were cultured on these nanotube arrays, 

and fluorescence excitation through nanotube waveguide was performed as a 

demonstration of nanostructures as local optical excitation tools in biological 

science.  

 

7.2. Future works and outlook  

(1) Electrically-pumped lasers 

The research in this thesis proved the feasibility of semiconductor micro- 

and nanostructures fabricated on graphene films for lasers. By optical pumping, 



 162 

semiconductor lasers with good lasing characteristics could be verified. However, 

for viable application, such as lasers integrated with Si-based electronics and in-

vivo implantable laser arrays, electrically-pumped laser devices are highly desirable. 

The realization of electrically pumped laser is quite challenging since it requires a 

lot of things to be fulfilled; excellent material quality, reliable p-n junction, high 

quality resonator, good heat dissipation are needed. Though much efforts are needed 

for this goal, the material system suggested in this research, semiconductor micro- 

and nanostructures grown on graphene films by MOCVD, can present a new 

strategy to make it by offering high-quality materials and expanding the substrate 

choice.  

(2) Addressable nano-light-source arrays for intracellular excitation        

The feasibility of nanostructures on graphene films for biological 

investigation was investigated by using nanotubes as waveguides. Based on this 

preliminary result, in-vivo implantable light sources can be considered. Control of 

light from individual nanostructures by either combination with addressable light 

source arrays or fabrication of light sources in which micro- and nanostructure 

themselves act as active materials would lead to such devices. By merging the new 

nanomaterial systems on graphene films and biological science, unprecedented 

approach can be tried.    

(3) Intracellular micro- and nanostructure lasers 
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The semiconductor micro- and nanostructures could be internalized into cell 

interior by endocytosis. It means that the cells can be tagged with the micro- and 

nanostructure lasers. This optically pumped micro- and nanolasers have higher 

emission intensity and shorter spectral width compared to conventionally used 

fluorescence dyes. Therefore, the intracellular micro- and nanostructure lasers can 

provide elaborate tools to track cells and give better signal intensity.   
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Summary in Korean 

국문 요약문 

반도체 마이크로/나노소재는 크기가 아주 작고 우수한 물성을 가지고 있어서 고집적, 

고해상도 광소자를 제조함에 있어서 많은 각광을 받아왔다. 특히, 이들 소재는 그 크기가 10 

nm–10 m 로 정도로 바이오 물질과 비슷하기 때문에 생명현상을 정밀하게 연구하는데 좋은 

도구가 될 수 있다. 이와 같은 반도체 마이크로/나노소재의 가능성을 실제로 구현하기 

위해서는 이들 소재를 대면적으로 제조할 수 있어야 하며, 그 위치 및 크기, 형상 등을 정밀히 

제어할 수 있어야 한다. 또한, 3차원 입체 구조의 생명 물질과 잘 결합되기 위해서 

물리적으로도 휠 수 있어야 한다. 하지만, 기존의 방법에서는 단결정 기판과 같이 특정 기판 

위에서만 고품질의 반도체 소재의 성장이 가능하였기 때문에 위의 조건을 만족시키는 소재 및 

소자를 쉬이 구현하기가 어려웠다. 본 논문에서는 그래핀을 반도체 마이크로/나노소재의 

성장층으로 사용함으로써 위의 조건들을 만족시킬 수 있는 나노광원어레이를 제조할 수 있음을 

보이고자 하였다. 화합물 반도체와 그래핀 사이의 에티탁시 관계를 이용하여 고품질의 반도체 

소재를 그래핀층 위에 정교하여 제어하여 제조할 수 있었다. 또한, 그래핀층이 하부 기판과 

반데르 발스 힘으로 약하게 결합되어 있기 때문에 쉽게 전사가 가능하다는 점을 이용하여 

반도체 마이크로/나노소재를 다양한 기판 위에 전사하여 다가능성 및 고성능 소자의 제조 

가능성을 확인하였다. 특히, 이들 반도체 마이크로/나노소재의 광소자 응용을 위하여 광학적 

특성 측정 및 광소자 제조를 중점적으로 수행하였으며, 그 중에서도 레이징 특성에 관하여 

심도 있게 연구하였다. 또한, 이들 소재를 실제 바이오 연구에 응용하여 그 가능성을 

증명하고자 하였다.  
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세부적으로는, 우선 위치가 조절되고 수직으로 성장된 그래핀 위의 ZnO 나노튜브의 

레이징 특성에 관하여 연구를 하였다. 그래핀을 중간층으로 하여 Si 기판 위에 고품질의 ZnO 

나노튜브를 성장하였고, 이의 레이징 특성을 측정하였다. 레이징 문턱값이 낮음을 확인할 수 

있었고 이로부터 고품질의 ZnO 나노튜브가 성장되었음을 보일 수 있었다. 또한, 그래핀이 하부 

기판과의 결합력이 약해서 쉽게 전사가 가능하다는 점을 이용하여 ZnO 나노튜브 레이저를 

반사도가 좋은 은(Ag)과 결합하여 레이징 특성을 더욱 향상 시킬 수 있었다. 그리고 이러한 

결과를 FDTD 시뮬레이션을 이용해서 정량적으로 분석하였다. ZnO 뿐만 아니라 또다른 유명 

wide bandgap 물질인 GaN 마이크로 및 나노구조에서의 레이징 특성에 관하여도 연구를 

수행하였다. 에피탁시하게 옆으로 성장시키는 방법 (epitaxial lateral overgrowth)을 이용해서 

패터닝된 그래핀층 위에 육각형 형태의 GaN 마이크로디스크를 제조할 수 있었고, 이로부터 

whispering gallery 모드 레이징을 측정하였다. GaN 마이크로막대에서는 Fabry-Perot 모드와 

whispering gallery 모드 사이의 경쟁 및 마이크로막대의 직경에 따른 그 변화에 대해서 연구를 

하였다. 직경이 큰 막대에서는 whispering gallery 모드가, 직경이 작은 막대에서는 Fabry-Perot 

모드가 주요한 모드가 됨을 시뮬레이션 및 다수의 샘플을 측정함으로써 정량적, 통계적으로 

확인하였다. 그리고 펌핑레이저의 위치를 달리 함에 따라서 주요 레이징 모드를 조절할 수 

있음을 보였다. 마지막으로, 그래핀 위에서 제조된 반도체 나노소재를 waveguide로 사용하여 

세포에 광자극을 가하는 실험을 수행하였다. 나노구조물 위에 세포를 배양한 뒤에 이들 

구조물을 통해서 세포에 국소적으로 광자극을 줄 수 있었다. 또한, 나노구조물의 배열에 따라서 

그 위에 배양되는 세포의 모습이 달라지는 것을 확인하였으며, 이로부터 향후 세포의 성장 

행태를 조절하는 동시에 국소적인 광자극도 줄 수 있는 새로운 형태의 플랫폼을 제안할 수 

있었다.  
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