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Abstract 

ZnO nanotube was grown on CVD graphene substrate in controlled manner 

by combination of bottom-up MOCVD growth method and top-down selective 

growth mask etching. As-grown ZnO nanotubes were characterized using SEM, 

TEM and PL. In addition, mammalian cells were cultured on the nanotube array to 

test for biocompatibility. SEM characterization showed that it is possible to control 

the morphology of ZnO nanotubes by changing the growth parameters. This was 

done for Zinc Metal-organic source with different purity as well. Position and 

dimension of nanotubes were controlled by selective etching of growth mask. Even 

the CVD-graphene substrate was to from hollow nanotubes which was confirmed 

with SEM and TEM. In addition, nanotube array was mechanically detached from 

the original supporting substrate using appropriate binding polymer layer. In this 

way, thin flexible free-standing nanotube embedded layer was formed by simple 

mechanical lift-off process. Furthermore, it was possible to confirm that the free-

standing layer is relatively biocompatible by showing that cells could be cultured 

on the free-standing layer for extended period of time. 
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Introduction 

1 

1.1. Motivation:  

Numerous nanomaterials with various morphology have long been used for 

a wide variety of biomedical applications and amongst them, ZnO showed 

favorable properties for biomedical and catalytic applications, namely, bio-

compatibility, chemical stability, non-toxicity, electrochemical activity and fast 

electron transfer rate[1-4]. Moreover, array of ZnO nanostructure with exactly 

controlled dimension and position is desired for such applications since reliable 

device performance depends extensively on formation of well-defined interface.[5-

7] 

CVD graphene, an ideal platform for inorganic material growth, owing to 

its thermal/chemical stability and scalability, was selected as substrate for ZnO 

nanostructure.[8-12] Furthermore, CVD graphene can function as transferrable and 

flexible platform for inorganic material synthesis once detached from the 

supporting substrate, as a result of graphene’s mechanical robustness despite it 

being atomically thin.[13, 14]  

Subsequently, it is important to study growth behavior of selectively grown 
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ZnO on CVD graphene layers. Especially, growth behavior of ZnO nanotube grown 

on CVD graphene layers was of interest[15]. Exact position, diameter and height of 

ZnO nanotube was controlled by growth mask deposition on CVD graphene 

substrate and patterning or the growth mask[14, 16]. In addition, by manipulating 

growth parameters, such as reagent flow rate, temperature, reactor pressure, it was 

possible to change growth selectivity, growth rate and morphology of ZnO. 

Furthermore, patterning not only the growth mask, but also the underlying CVD 

graphene substrate, fully hollow ZnO nanotube was synthesized.   
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Literature review 

2 

2.1. Bio-applications of controlled 1-D nanomaterial 

Nanomaterials have attracted interest of many researchers which possess 

superior properties compared to conventional thin films. However, when it comes 

to biomedical device application of nanomaterials, unstable of device performance 

have limited their uses, and correspondingly there are many reports that well-

defined bio-nanomaterial interface plays a critical role in stable device 

performance.[5, 17, 18] Especially, exact position, dimension and specific 

morphology of each element affects the characteristics of the bio-nanomaterial 

interface.[7] Thus, it is important to study growth behavior nanostructures 

according to specific growth parameters, and develop methods to control the 

referred elements.   

2.2. Advantages of using CVD-graphene and ZnO for biomedical 

applications 

Recently, CVD graphene has been of interest as substrate for nanomaterial 

growth. CVD graphene, a highly scalable 2-dimensional substrate, is preferred as 

substrate for its thermal and chemical stability.[8-12] In addition, CVD graphene is 

mechanically strong but atomically thin, which allows flexibility of materials grown 
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on CVD graphene.[14] Furthermore, weak van der waals interaction between each 

CVD graphene layer also allow easy transfer.[13] These features, 

chemical/mechanical stability, flexibility, and transferability, are highly favored for 

biomedical applications which makes CVD graphene an ideal substrate for 

biomedical applications.[19-21] 
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  Experimental methods 

3 

Techniques employed in this thesis is described in this chapter. First, metal-

organic chemical-vapor system (MOCVD) used to grow ZnO on CVD graphene 

substrate is described. In particular, reagents, carrier gas and the way how these 

were used is described in detail along with the heating system. In addition, optical 

measurement set-up for photoluminescence and scanning electron microscope 

(SEM) is also described.  
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3.1 Metal-organic chemical-vapor deposition system for ZnO 

nanotube growth 

In this research, MOCVD described in figure, was employed in to 

synthesize ZnO nanosturctures. Diethylzinc and Oxygen gas was used as reactant 

for growth of ZnO. Argon carrier gas to deliver the metalorganic source from 

bubbler to the chamber. Argon also served as environmental gas for the growth 

system. Reactants brought to the quartz reactor chemically reacted to from ZnO on 

surface of the Silicon-carbide coated graphite susceptor heated by induction heating 

method. Temperature of the susceptor was measured and controlled with 

thermocouple. Pressure of the reacting chamber was maintained with rotary pump 

and throttle valve. Flow rate of both carrier and environmental gas was controlled 

using MFC system. Valves were controlled using pneumatically controlled 

diaphragm valve, while controlling pressure of gas line using bellows sealed 

metering valve. 

Argon(99.999%) gas was chosen as carrier and environmental gas for ZnO 

growth. Oxygen(99.995%) gas and electronic grade diethylzinc(DEZn) were used 

as reactants. Supply of DEZn is dependent on source temperature, pressure, and 

carrier gas flow rate. Temperature of DEZn source was controlled by placing 

bubbler containing liquid phase DEZn in a refrigerated and heating bath. 

Temperature of the bath was kept at -10℃. Pressure of the bubbler and gas line was 
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controlled with bellows sealed metering valve, while carrier gas supply was 

manipulated with MFC. 
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 Figure 3.1 Gas delivery system of ZnO MOCVD.  
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3.2. Characterization tools  

For the 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, diameter, and morphology of nanotubes could be 

controlled. 

3.2.1. Field emission scanning electron microscopy 

Morphology of grown ZnO nanostructure was observed with TESCAN 

field-emission SEM (FE-SEM). Acceleration voltage and magnification were 7-

30kV and 20-100,000, respectively.  

3.2.1. Photoluminescence spectroscopy 

Optical properties of ZnO was examined using photoluminescence (PL) 

spectroscopy system, as described in figure 3.2. Continuous He-De laser (325nm) 

was used as optical excitation source. PL emission was analyzed with charge 

coupled device (CCD, Andor Inc. DUO401A) attached to monochromater 

(Dongwoo Optron Co. DM320i) controlled by computer program (Andor iDus). 

Cryostat and helium displex cooling system (EBARA technologies Inc., 531-120) 

was used to study temperature dependent PL spectroscopy. Temperature controller 

(Lake Shore Instruments Inc., No.331s) manipulated the temperature between the 

ranges of 12-300K. 



xxii 

 

 

 Figure 3.2 Schematic of the PL measurement system.  
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Lasing characteristics of one-dimensional ZnO 

nanostructures 

4 

4.1. Growth methods and general morphology  

ZnO nano-wall can be uniformly grown on layered CVD graphene substrate 

by employing MOCVD technique. By using amorphous SiO2 layer deposited by 

PECVD method as growth mask, it is possible to control the area where ZnO nano-

walls are grown. SiO2 growth mask on top of CVD graphene layers was selectively 

removed by utilizing e-beam lithography and dry/wet etching process. ZnO nano-

walls were selectively grown on places where CVD graphene was revealed by 

supplying DEZn and Oxygen at 650℃. When the exposed area is relatively large, 

bundle of ZnO nano-wall grew with high uniformity. However, as exposed area 

decreased, ZnO nano-walls around the edges of SiO2 growth mask dominated the 

whole bundle and takes the form of a tube.  
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Figure 4.1 General morphology of ZnO selectively grown on CVD-

graphene. (a) A 30° tilted view FESEM image of bundle of ZnO nano-wall 

grown on CVD-graphene substrate. (b) 30° tilted view FESEM image of 

ZnO nano-wall grown on same substrate, but on smaller CVD-graphene 

opening, starting to take morphology of a tube. (c) 30° tilted view FESEM 

image of ZnO nanotube grown on same substrate, but on CVD-graphene 

opening of 300nm. 

 

  



xxv 

 

4.2. Effect of growth temperature, reagent glow rate, and growth 

pressur on ZnO nanotube morphology 

Morphology of selectively grown ZnO on CVD graphene is affected by 

various different growth parameters. Effect of growth temperature, reagent supply 

and chamber pressure on morphology of ZnO nanosturcture was studied.  
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4.2.1. Effect of growth temperature on ZnO nanotube morphology 

It is well known that growth temperature has significant effect on 

morphology of ZnO nanostructure. To investigate into the effect of growth 

temperature on morphology of ZnO nanotube on CVD graphene, growth 

temperature was studied. At low growth temperature of 620℃, ZnO nanostructures 

grown on selectively revealed CVD graphene layers takes the morphology of a 

needle rather than a tube. In addition, the morphology of  undesirable ZnO residue 

on SiO2 growth mask layer shows a mixture of island with diameter of 

approximately 1μm and needle-line structures with random size. As growth 

temperature increases to 650℃ and 680℃, morphology of ZnO nanostructures 

grown on CVD graphene gradually transforms form needle to a tube, possibly due 

to thinning of ZnO nano-walls as growth temperature increases. Needle shaped 

residual ZnO structure on SiO2 growth mask dominates at growth temperature of 

650℃. Residual ZnO needles on SiO2 growth mask starts decrease significantly 

both in diameter and density as growth temperature further increase to 680℃.. 
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Figure 4.2 FE-SEM images of ZnO nanotube formed under different 

growth temperature. (a), (b) 30° tilted view FE-SEM image ZnO nanotube 

grown at 620°C at different magnifications. (c), (d) 30° tilted view FE-SEM 

image ZnO nanotube grown at 650°C at different magnifications. (e), (f) 30° 

tilted view FE-SEM image ZnO nanotube grown at 680°C at different 

magnifications. 
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4.2.2. Effect of reagne flow rate on ZnO nanotube morphology 

 Morphology of ZnO grown on selectively revealed CVD graphene layers 

was examined according to reagent flow rate. Flow rate of Argon, which was used 

as carrier gas for DEZn, was varied by 5, 15, and 30 sccm and Oxygen gas flow 

rate by 40, 70, and 100 sccm. ZnO grown on CVD graphene layers shifted its 

morphology from a tube to a needle and then into an island form as Oxygen flow 

rate increased. On the other hand, as DEZn carrier gas flow rate increased, its 

morphology changed from an needle to a tube. In conclusion, ZnO formed on 

selectively exposed CVD graphene layers tended to grown in the form of a tube 

under DEZn rich and Oxygen poor environment. Whereas, ZnO nanotubes 

gradually developed into a needle and then to a island, as DEZn supply decreased 

and Oxygen flow rate increased.  
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Figure 4.3 General morphology of ZnO nanotube grown on CVD-

graphene substrate with different reagent supply.  
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4.2.3. Effect of growth pressure on ZnO nanotube morphology 

 Growth tendency of selectively grown ZnO nanotube according to chamber 

pressure was investigated. Chamber pressure was maintained at 9, 5 Torr and base 

which corresponded to approximately at 2.7 Torr. Morphology of ZnO did not shift 

significantly from a tube, but its vertical growth rate gradually increased along with 

the growth pressure.  
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 Figure 4.4 FE-SEM images of ZnO nanotube formed under different 

pressure. (a), (b) 30° tilted view FE-SEM image ZnO nanotube grown at 

base pressure. (c), (d) 30° tilted view FE-SEM image ZnO nanotube grown 

at reactor pressure of 5 Torr. (e), (f) 30° tilted view FE-SEM image ZnO 

nanotube grown at reactor pressure of 9 Torr.  
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4.3. Growth rate study of ZnO nanotube using low purity source 

. 

4.3.1. Effect of growth temperature on ZnO nanotube growth 

To prepare ZnO nanotube template with sufficient height, low purity DEZn 

source with 99.9% purity was used. Former growth results showed declined 

selectivity, but ZnO still grew vertically at designated places. In order to maximize 

growth rate and selectivity at the same time, growth temperature study was be 

conducted. Selectivity was enhanced as growth temperature increased, but growth 

rate did not show clear tendency. 
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Figure 4.7 FE-SEM images of ZnO nanotube formed under different 

growth temperature using low purity DEZn source. (a), (b) 30° tilted view 

FE-SEM image ZnO nanotube grown at 650°C at different magnifications. 

(c), (d) 30° tilted view FE-SEM image ZnO nanotube grown at 680°C at 

different magnifications. (e), (f) 30° tilted view FE-SEM image ZnO nanotube 

grown at 710°C at different magnifications. (g), (h) 30° tilted view FE-SEM 

image ZnO nanotube grown at 740°C at different magnifications. 
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4.3.2. Effect of reagent flow rate ZnO nanotubes growth 

Temperature was fixed at 770℃, while modulating DEZn and Oxygen 

supply. ZnO did not nucleate when Oxygen flow rate was insufficient. However, 

when Oxygen flow rate was excess, morphology of ZnO grown on CVD graphene 

opening changed drastically. Needle line ZnO grew on sides of the vertical ZnO 

formed selectively on CVD graphene layers. ZnO grew with good vertical 

alignment and selectivity only when Oxygen flow rate was 100 sccm. Vertical 

growth rate of ZnO increased proportionately as DEZn carrier gas flow rate 

increased.  
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Figure 4.8 General morphology of ZnO nanotube grown with low purity 

DEZn on CVD-graphene substrate with different reagent supply. 
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4.3.3. Effect of source line pressure on ZnO nanotubes growth 

Lowering the source line pressure is known to be equivalent to increasing 

DEZn source flow. To investigate into this parameter, DEZn source line pressure 

was gradually decreased from approximately 313 Torr to 218 Torr. Growth rate of 

ZnO increased, but at the cost of decrease in selectivity and ZnO morphology. 
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Figure 4.9 FE-SEM images of ZnO nanotube formed under different 

DEZn source line pressure using low purity DEZn source. (a), (b) 30° 

tilted view FE-SEM image ZnO nanotube grown at DEZn source line 

pressure or 218Torr at different magnifications. (c), (d) 30° tilted view FE-

SEM image ZnO nanotube grown at DEZn source line pressure or 268Torr 

at different magnifications. (e), (f) 30° tilted view FE-SEM image ZnO 

nanotube grown at 710°C at DEZn source line pressure or 313Torr at 

different magnifications. 
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4.3.4. Effect of growth pressure ZnO nanotube growth 

Like the other growth parameters modulated in previous chapters, vertical 

growth rate of ZnO nanotube on CVD-graphene was systematically studied 

according to reactor pressure. Pressure was changed from 3 Torr to 9 Torr by steps 

of 1.5 Torr. Growth rate did not increase drastically according to pressure, which is 

contradictory to initial expectations. Rather, growth morphology and selectivity 

changed abruptly according to pressure increase. 
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Figure 4.10 FE-SEM images of ZnO nanotube formed under different 

pressure using low purity DEZn source. (a), (b) 30° tilted view FE-SEM 

image ZnO nanotube grown at base pressure. (c), (d) 30° tilted view FE-

SEM image ZnO nanotube grown at reactor pressure of 4.5 Torr. (e), (f) 30° 

tilted view FE-SEM image ZnO nanotube grown at reactor pressure of 7 

Torr. (g), (h) 30° tilted view FE-SEM image ZnO nanotube grown at reactor 

pressure of 9.5 Torr.  
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4.3.5. PL measurement of ZnO grown with low purity source 

PL spectrum of ZnO grown using both low purity and high purity DEZn 

source was measured. PL spectrum was acquired at different temperatures, from 

12K to 70K. All other growth conditions were kept the same expect for the DEZn 

source. FE-SEM images of grown ZnO nanostructure and its corresponding PL 

spectrum is shown in Figure 4.11. Clear shift in both morphology of the grown ZnO 

nanostructure and its PL spectrum is observed. However, further study is required 

as to whether the shift of morphology and PL spectrum originates from DEZn 

source purity. 

 

 

  



xli 

 

 

Figure 4.11 FE-SEM images of ZnO nanotube grown using different 

DEZn source and their PL spectrum. (a), (b) 30° tilted view FE-SEM 

image ZnO nanotube grown with 6N purity source and (c) its corresponding 

PL spectrum. (d), (e) 30° tilted view FE-SEM image ZnO nanotube grown 

with 3N purity source and (f) its corresponding PL spectrum.. 
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Growth of hollow ZnO nanotube array on CVD 

graphene layers 

5 

5.1. Hollow ZnO nanotube on patterned CVD graphene substrate 

Wide variety of fully hollow tube-shaped nanomaterials were exploited starting 

from carbon nanotubes to aluminum oxide or titanium oxide[3, 22]. However, to 

achieve fully hollow nanotube array, majority of previous approaches required 

substrate etching or coaxial hetero-structure synthesis and selective core 

etching[23]. By taking advantage of CVD graphene substrate, fully hollow ZnO 

nanotube was directly grown on CVD graphene layers and easily detached from the 

original supporting substrate. 
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5.1.1. Growth method of hollow ZnO nanotube on CVD graphene 

substrate 

 Schematics of growth procedure for of fully hollow ZnO nanotube on CVD 

graphene is presented in figure 5.1.(a). CVD graphene was first prepared on Cupper 

foil and transferred to Silicon substrate by standard procedures. 5~15nm thick SiO2 

growth mask was deposited on top of transferred CVD graphene layers by plasma 

enhanced CVD method. After growth mask deposition, both SiO2 growth mask and 

underlying CVD graphene was etched using conventional e-beam lithography and 

plasma etching method. Once both CVD graphene and SiO2 growth mask was 

successfully patterned, SiO2 growth mask was selectively removed by chemical wet 

etching with BOE solution. This exposed ring shaped graphene inside circular 

openings on SiO2 layer. ZnO nano-wall was selectively grown on graphene by 

MOVPE method, which resulted fully hollow ZnO nanotube on CVD graphene. 

Figure 5.1.(c) shows top view image of hollow ZnO nanotube on graphene imaged 

with field-emission scanning electron microscopy (FE-SEM). Figure 5.1.(d) and 

5.1.(e) are tilted images of fully hollow ZnO nanotubes also taken by FE-SEM. 

Images show no walls at the bottom of the nanotubes, implying that graphene at the 

floor was patterned in ring-like shape and in turn ZnO nanotubes grown from ring-

shaped graphene is hollow all the way down to the bottom. 

 This can be better understood in comparison with previously reported ZnO 

nanotube on CVD graphene[14]. Figure 5.1.(b) shows schematics of previously 
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reported ZnO nanotube on CVD graphene where only the SiO2 mask was removed, 

while leaving the graphene substrate intact. Array of holes was patterned on SiO2 

mask, where graphene filled each openings. ZnO nano-wall was grown using same 

method. Top view and tilted view FE-SEM image is presented in Fig 5.1.(f) and 

Figure 5.1.(g) respectively. ZnO nano-walls were seen to grow at the bottom of the 

nanotubes as presented in the images, indicating that graphene is present at the 

bottom of the nanotubes and the bottom of the nanotube is blocked. 

 . 
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Figure 5.1 Schematics of growth procedure. (a,b) Schematic illustrations 

for hollow and non-hollow ZnO nanotubes respectively. (c) Top-view FE-

SEM image of hollow ZnO nanotube. (d,e) 30° Tilt FE-SEM image of hollow 

ZnO nanotube. (f) Top-view FE-SEM image of non-hollow ZnO nanotube. 

(g,h) 30° Tilt FE-SEM image of non-hollow ZnO nanotube. 
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5.1.2 Back-side comparison between hollow nanotube and 

previously reported nanotubes 

 For comparison, backside of both fully hollow nanotube and nanotubes 

prepared by previously reported method was imaged with FE-SEM. Polyimide was 

spin coated on the nanotube array which functioned as the binding layer. Then the 

nanotube array was mechanically detached using conventional kaptone tape. 

Nanotube array was easily exfoliated, attributing to graphene substrate’s weak 

interaction with the supporting substrate via van der waals force ZnO nanotubes 

that were hollow to start with showed hollow bottom, while the other did not. This 

could be explained by the difference in initial growth process. In the previously 

reported method, ZnO first grew in a bundle of nano-walls, but later progressed to 

nanotube due difference in ZnO source flux between the outer most nano-walls and 

the nano-walls grown at the center. Intermittent voids are observed on the backside 

of nanotube prepared by former method supports such hypothesis. On the contrary, 

backside FE-SEM image of fully hollow nanotube indicates that the nanotubes were 

likely to be hollow from the start, and does not require additional backside etch, 

which is an advantage over previously reported ZnO nanotube on CVD graphene. 
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Figure 5.2 Back-side FE-SEM images of hollow and non-hollow ZnO 

nanotube. (a,b) 30° Tilt FE-SEM image of hollow ZnO nanotube array’s 

backside. (c) 30° Tilt FE-SEM image of non-hollow ZnO nanotube array’s 

backside. 
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 5.1.3 Confirming hollowness using TEM 

 To further confirm that the nanotube is hollow at the bottom, cross-sectional 

image of prepared nanotube was analyzed with transmission electron microscopy 

(TEM). Figure 2(a) is cross-sectional STEM MAADF image of fully hollow ZnO 

nanotube on CVD graphene. Elemental mapping of area enclosed by yellow line 

was conducted by energy-dispersive X-ray spectroscopy. Figure 2(b) is the 

elemental mapping result for Zinc K alpha peak. To see if the bottom of the 

nanotube, enclosed with pink line, is as hollow as the relatively upper parts of the 

nanotube, enclosed by blue line, relative intensity of Zinc K alpha peak was 

investigated. Relative intensity of Zinc K alpha peak was plotted in figure 2(c). 

There was clear difference between the center of the nanotube and at the side-walls 

of the nanotubes for both at the bottom and at the area slightly higher than the 

bottom. The peak ratio between the center and the sides was similar for the bottom 

of the nanotube and slightly above. This suggest that the bottom of the nanotube is 

as hollow as the area slightly above the bottom.  
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Figure 5.3 Cross-sectional TEM image, EDS mapping results. (a) Cross-

sectional TEM image. (b) EDS mapping result of bottom of hollow ZnO 

nanotube. (c) Plot of EDS signal intensity at the bottom of the hollow 

nanotube. 
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5.1.4 Position and dimension control of hollow nanotubes 

 Diameter was easily modified by changing the e-beam lithography pattern. 

Presented figure is top-view FE-SEM image of nanotube array with same inter-tube 

pitch but with different diameter. Diameter of the nanotube for each image was 250, 

300, and 350nm for each image, increasing from left to right. 

 Density and exact position of each nanotube was also controlled by altering 

the e-beam lithography pattern. Provided figure is array of nanotubes with different 

inter-tube distance, increasing from left to right. Inter-tube distance was fixed at 3, 

4, and 5μm respectively. 

 Height of nanotube array was changed by controlling the growth duration. 

Though, height of each nanotube was uncontrollable, average height of the 

nanotube array was successfully controlled as presented in the figure. Presented 

images corresponds to 10, 20, and 40 minutes of growth interval from left to right. 

 .  
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Figure 5.4 Dimension and position control result of hollow nanotube 

array. (a,b,c) Top-view FE-SEM images of hollow nanotube with different 

diameters. (d,e,f) 30° Tilt FE-SEM image of hollow ZnO nanotube arrays 

with different density. (g,h,i) 30° Tilt FE-SEM image of hollow ZnO nanotube 

arrays with different height. 
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5.2. Mechanical detachment of hollow nanotube array 

One major advantage of growing 1-D nanostructure on CVD graphene 

layers is that the nanostructures can be easily made into a free-standing form, 

possibly owing to the weak van der waals interaction between each layer of CVD 

graphene. To detach the nanotube array from the original supporting substrate and 

make it into a free-standing layer, hollow ZnO nanotube array grown on CVD 

graphene layers was first spin coated with 3μm thick poly-imide layer which is to 

function as binding layer. Poly-imide was soft baked using hot plate at temperatures 

between 100 ~ 120 ℃ for 60 ~ 90 seconds. Following the binding layer coating, 

tips of the nanotube array, which was covered with thin layer of poly-imide during 

spin coating process, was revealed using oxygen plasma to etch away the poly-

imide layer. Then the nanotubes array was mechanically detached from the original 

supporting substrate, using commercial kaptone tape as adhesive. The free-standing 

nanotube array was transferred to other substrates, including porous substrates, by 

re-using the kaptone tape layer that was used to detach the nanotube array. 

Morphology of nanotube array of after transfer maintained its original shape and 

vertical alignment when observed with FE-SEM. 
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Figure 5.5 Morphology of hollow nanotube array after transfer 

process. (a) 30° Tilt FE-SEM image of hollow ZnO nanotube array after 

ALD Al2O3 protective layer coating. (b) 30° Tilt FE-SEM image of hollow ZnO 

nanotube array after PI layer coating and Oxygen plasma ashing to reveal 

the tips of nanotubes. (c) 30° Tilt FE-SEM image of hollow ZnO nanotube 

array after mechanical transfer. 
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5.3. Cell culture and biocompatibility confirm on hollow ZnO 

nanotube array 

For practical application of free-standing hollow nanotube embedded layer, 

it is important to confirm biocompatibility of the nanomaterial system. HeLa cells, 

a representative mammalian cell chosen in this thesis, were cultured on the free-

standing layer. Prior to cell seeding, surface modification conducted with oxygen 

plasma, which is known to induce surface charge and makes the surface more 

favorable to cell culture. HeLa cells were cultured in Modified Eagle’s Medium 

with 10% fetal bovine serum, 1% Glutamax, and 1% Pen-strup at 37℃ with 5% 

CO2. The cells were seeded on already immersed free-standing layer of nanotube 

arrays (0.2mL; 106 cells/mL). Cells were observed regularly with phase contrast 

optical microscope to confirm that the seeded cells. Regular phase contrast optical 

microscope images indicate that the cells are alive and indicate that the prepared 

free-standing layer is biocompatible in in-vitro level. 
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Figure 5.6 Phase contrast optical microscope images of HeLa cells 

cultured on free-standing layer with hollow nanotube array embedded. 

Cells were initially seeded on 21:00 2016/01/13 and imaged regularly 

to confirm whether the cultured cells are alive.  
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Conclusion and outlook 

6 

6.1. Summary 

In this thesis, by employing MOCVD system and manipulating various 

growth parameters, their effect on growth tendency was studied, especially in terms 

of morphology. Morphology of grown ZnO was observed mainly with SEM. TEM 

and PL was also used when necessary. Specifically, growth temperature, pressure 

and reagent supply was varied to see their effect on growth morphology and 

selectivity. When growth temperature was raised above optimized temperature, 

ZnO started to grow in rod-like morphology, while for the case of lower 

temperature, the ZnO grew in needle-like morphology with degraded selectivity. 

For reagents, growth selectivity decreased when ratio of reagents, DEZn and 

oxygen gas, was deviated from optimized value. Especially for excessive oxygen 

supply, ZnO started take form of a needle rather than a tube. When both DEZn and 

Oxygen gas supply was increased, vertical growth rate increased. Growth pressure 

was also found to affect vertical growth rate of ZnO nanotube grown on CVD 

graphene layers. Similar study was also conducted with DEZn with low purity. 

Growth trend was overall quite similar for low purity sources. Selectivity increased 

as temperature increased, while decreased as reagents, both DEZn and Oxygen, 
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supply was increased. Abrupt change in growth morphology was observed when 

growth condition was deviated from optimized conditions. Hollow ZnO nanotubes 

were also grown by patterning not only the growth mask, but also the underlying 

CVD-grphene substrate as well. This was possible by using CVD-graphene as 

substrate, which is atomically thin, but still mechanically strong, 

chemically/thermally stable. Whether the prepared nanotubes are indeed hollow 

was confirmed with SEM and TEM. Also, the nanotube array was detached from 

the original supporting substrate by using polyimide binding layer. This free-

standing layer was found to be flexible. Furthermore, in-vitro cell culture was 

carried out and the cultured cells were observed for extended period of time 

supporting that the nanotube embedded free-standing layer is biocompatible. 

Recently CVD-graphene and ZnO have attracted attention of many 

researchers as element for fabricating devices for biomedical devices. In this thesis, 

ZnO was combined with CVD-graphene substrate by using utilizing MOCVD 

method. Growth behavior was controlled not only by controlling the growth 

parameters and patterning of the substrate or the growth mask. It was possible to 

grow ZnO nanotube in controlled manner, mainly in terms of growth morphology. 

Also, biocompatibility was verified in in-vitro level. Further research may include 

specific device application using the hybrid nanomaterial system devised in this 

thesis. 
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Summary in Korean 

국문 요약문 

CVD graphene 기판 위에 bottom-up MCOVD 방법과 top-down 방식의 성장 마스크의 선택적 

식각을 동시에 활용하여 산화아연 나노튜브를 통제하면서 성장할 수 있었다. 성장된 산화아연 

나노튜브는 SEM, TEM, 그리고 PL등을 활용하여 그 물성을 특징지을 수 있었다. 또한 제조된 나

노튜브 위에 동물세포를 배양하여 생체적합성을 확인하는 연구를 진행하였다. SEM을 통해 성장 

조건을 달리함에 따라 산화아연 나노튜브의 형상을 바꿀 수 있다는 사실을 확인할 수 있었다. 

유사한 연구를 보다 낮은 순도의 아연 유기금속 소스에 대해서도 진행되었다. 산화아연 나노튜

브의 크기 및 위치는 성장 마스크의 선택적 식각을 통해 조절이 가능하였다. 더 나아가 CVD 

graphene 기판 역시 식각하여 완전히 속이 빈 나노튜브의 성장 역시 연구하였다. 제조된 나노

튜브 어레이는 적절한 고분자층을 이용하여 물리적으로 기존 기판으로부터 분리할 수 있었으

며, 이를 통해 나노튜브가 박혀있으며 유연한 막을 만들 수 있었다. 또한 이 위에 동물 세포를 

배양하여 동물세포가 장기간 배양될 수 있다는 사실을 통해 만들어진 나노구조물의 생체적합성

을 확인할 수 있었다. 
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