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ABSTRACT 

Three-dimensional nanostructures can be fabricated by the glancing angle deposition technique.  By rotating the 

substrate in both polar and azimuthal directions, one can fabricate desired nanostructures, such as nanorod arrays with 

different shapes, nanospring arrays, and even multilayer nanostructures. This method offers a fully three-dimensional 

control of the nanostructure with additional capability of self-alignment. There is almost no limitation on materials that 

can be fabricated into desired nanostructures. In this presentation, we will discuss the current status of the glancing angle 

deposition technology, its potential applications, and its future challenges. 
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1. INTRODUCTION 

One dimensional (1D) nanowires or nanorods are anisotropic nanostructures with large aspect ratio (length/diameter), 

with diameters of 1 – 200 nanometers and length up to several tens micrometers. They are nanoscale building blocks in 

nanoelectronics, photonics, and bioengineering, and have stimulated great research interest [1-5]. Many unique and 

fascinating properties have already been demonstrated, such as superior mechanical toughness [6], higher luminescence 

efficiency [7], enhancement of thermoelectric figure of merit [8] and lowered lasing threshold [9]. Homogeneous 

nanowires and nanowire networks have been previously used as chemical sensors [10], field-effect transistors and 

inverters [11], photodetectors [12], light-emitting diodes and lasers [7, 13], and logic gates [14-18]. Very recently, by 

alternating the compositions of the nanostructures during fabrication, a so-called “superlattice” nanowire has been 

demonstrated which can greatly increase the versatility and application of these building blocks in nanoscale electronic, 

photonic, and biological applications [19-23]. Possible applications, including thermoelectrics, nanobarcodes, injection 

lasers, and one-dimensional waveguides, could be implemented through these superlattice nanostructure building blocks. 

One very important issue associated with these studies is how to assemble the 1D nanostructures in an effective and 

controllable way [24 - 26]. So far, there are four general approaches that have been employed to fabricate 

nanowire/nanorod structures: nanolithography-based methods, solution-based approaches, vapor-based methods, and 

template-based methods.  

The nanolithography-based method is a widely used technique in the fabrication of 1D nanostructures  [27 - 

29]. It employs advanced lithographic techniques, such as electron beam lithography, x-ray lithography, or proximal 

probe lithography [30] with deposition and plasma etching processes. Most 1D nanostructures fabricated by 

nanolithography are planar structures. However, this procedure is slow and expensive, and the aspect ratio of the vertical 

nanorods is limited by the etching process. Currently it is not suitable for large scale fabrication of 1D nanostructures. 

The solution-based approach employs controlled wet chemical reactions to synthesis nanostructures [24, 26, 31, 

32]. One of the most popular solution-based approaches is solvothermal chemical synthesis [26, 32]. In this process, a 

mixed solvent with a certain metal precursor and a possible crystal growth regulating or template agent, such as amines, 

is placed in an autoclave at a relatively high temperature and pressure. Crystal growth and assembly will occur under the 

right reaction conditions. A drawback to this process is that it is very complicated and requires a detailed understanding 

of the chemical reaction and crystal growth mechanism. The products are usually not pure, and the monodispersity of the 

sample is far from ideal.  

Vapor-based methods generally consist of vapor transport or vapor reactions at suitable temperature and 

pressure [24, 33]. One famous vapor-based method is vapor-liquid-solid (VLS) growth, which has been applied for 

whisker growth during the 1960s [34]. This method employs a catalyst to promote the anisotropic crystal growth, and a 

large number of materials have been grown into nanowire/rod form based upon this process. In general, a specific 

catalyst must be chosen for each material, and the growth temperature is usually relatively high. 
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Template-based methods in general use anisotropic nanoporous materials, such as anodized alumina, track-

etched polycarbonate membranes, block co-polymer membranes, etc., to serve as hosts. The nanochannels in the hosts 

may be filled using solutions, sol-gel, or vapor, to generate the desired 1D nanowires/rods. The products may be released 

from the templates by selectively removing the host matrix [35-37].  

Many different materials have been fabricated into nanowire/rod form based upon the processes mentioned 

above. Most pure elements, especially metals and semiconductors, as well as some binary materials, such as compound 

semiconductors and oxides, have already been fabricated into 1D nanowire/rod structures. However, in terms of material 

varieties, and the control of fabrication, there are still many challenges that present methods (except the 

nanolithography-based method) cannot meet:  

(1) There is still no general methodology to prepare 1D nanostructures from different materials, which makes 

the fabrication of hetero-nanostructure very difficult. The success of semiconductor integrated circuits has shown that 

heterostructures with well-defined crystalline interfaces are essential in developing useful functional devices. It is 

arguable that the further development of 1D heterostructures (nanowires) is very important for future applications of 

nanoelectronics. Despite the recent excitement in heterostructure fabrication [19-23], due to the limitations of these 

methods, the variety of the materials one can access is inherently limited by the growth mechanisms of the preparation 

process.  Therefore, developing a versatile and reliable nanostructure fabrication technique that is suitable for most 

materials is essential.    

  (2) None of the above techniques is sophisticated enough to manipulate the diameters, orientations, and 

positions of the grown nanowires/rods. The controls of growth are critical for future large-scale nanodevices and 

interconnect applications. Recently, a great deal of research has been devoted in this direction [4, 5]. Although a number 

of novel nanodevices based on 1D nanostructures have been realized and studied, the fabrication processes involved are 

usually either very complicated, or successful largely due to luck. The yields are low, and the properties of devices 

fabricated by the same method are not guaranteed to be identical. So far, there is no general or reliable method for 

fabricating large-scale nanodevices. 

Recently, it has been shown that, by combining oblique angle deposition and substrate positional control, a 

technique called glancing angle deposition (GLAD), one can produce different nano-sized columnar films with 

controlled porosity and shapes [38-54]. GLAD is a physical vapor deposition process where the deposition flux is 

incident onto a substrate with a large angle with respect to the surface normal and the substrate is rotating. GLAD 

produces columnar structures through the effect of shadowing during film growth, while the substrate rotation controls 

the shape of the columns. During GLAD, the deposition rate not only has a vertical component (with respect to the 

substrate surface), but also has a lateral component. The lateral growth rate contributes to the shadowing effect, which 

gives rise to two major advantages for GLAD: the self-alignment effect and the lateral sculpturing effect. In this 

technique, there are three parameters that determine the morphology of the columns: the incident angle, the growth rate, 

and the substrate rotational speed. By changing the angle of incidence, the columns can be sculptured into a C-shape, S-

shape, and zigzag shape, while by changing the ratio of the deposition rate to the rotational rate (which is defined as the 

pitch, p), the column morphology can be varied between matchstick, helical, and vertical columns [44, 45]. Since GLAD 

is a physical vapor deposition technique, it has many advantages in terms of controlling the growth of nanostructured 

thin films: 1. It can form nano-column array naturally. 2. The porosity of the film can be controlled by simply changing 

the incident angle. 3. There is almost no restriction on materials since the growth process is a thermal evaporation. 4. 

The shape and in-plane alignment of columns can be easily modified. 5. It has the advantage of self-alignment due to the 

shadowing effect. 6. It can also generate three-dimensional nanostructures. These advantages make the GLAD technique 

very promising for nanostructure fabrications. In the following, we will give a brief review on the GLAD technique.  

2. NANOSTRUCTURE FABRICATION 

2.1 Oblique angle deposition of columnar structured thin films 

The glancing angle deposition (GLAD) technique is the extension of the commonly used oblique angle 

deposition (OAD) in thin film deposition community which has been practiced for many years. Most of its fundamental 

growth mechanisms are similar to the oblique angle deposition, although deviation may be expected. In this section we 

review the oblique angle deposition. 

The experimental setup for oblique angle deposition is very simple, shown in Fig.1(a). The collimated 

evaporation beam (in ideal case) has a large incident angle  with respect to the substrate surface normal. Therefore, we 
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can treat the incoming vapor flux as a vector F as shown in Fig. 1(b). The flux has two components, a vertical 

component F  = F cos   and a lateral component (a vector) F||, with |F||| = F sin . The substrate will receive the vapor 

flux from both the vertical and lateral directions. During the deposition of thin film onto a flat substrate, initially the 

impinging atoms will randomly form islands on the substrate as shown in Fig. 2(a). As deposition proceeds, the initial 

nucleated islands will act as shadowing centers, and all the tallest islands will receive more impinging atoms as 

compared to the shorter ones (shadowing effect). This competition process will only leave the tallest islands grow into 

columns, and a nanocolumnar film will be formed. Clearly, the lateral component F is the source for the shadowing 

effect. For the oblique angle deposition, since F|| remains constant during deposition, a columnar film with tilt angle 

will be formed. Figure 3 shows the cross-sectional SEM pictures of Si thin films deposited at different incident angles: at 

 = 0o, a continuous and uniform thin film is formed; at  = 30o, small columns began to grow; at  = 60o, the columnar 

structure becomes more obvious; at  = 80o, the obvious columnar structures are formed in the film. In general, the 

column tilt angle  is less than the vapor incident angle , and follows the empirical tangent rule, tan  = 1/2 tan for

small  [55, 56], or the cosine rule, )
2

cos1
arcsin( [57]. 

Clearly, thin films deposited by oblique angle deposition have the following characteristics: The films are in 

general porous, possessing nano-columnar structures. The nanocolumns are tilting away from the surface normal to the 

incident evaporation beam direction. The size and density of the nanocolumns change as function of the incident angle .

Fig. 2 The shadowing effect during oblique 

angle deposition: (a) initial nucleation to form 

shadowing centers; and (b) columnar 

structures formed due to the shadowing effect. 

0o 30o

60o 80o

Fig. 3 SEM cross section view of Si films fabricated at different 

incident angles. The scale bar is 100 nm. 

Substrate

Deposition source 

F|| 

F

Substrate

(a) (b)

Fig. 1 (a) Experimental setup for oblique angle deposition; (b) The incident flux F can be decomposed into two 

different components, F  is the flux perpendicular to substrate, and F|| is the flux parallel to the substrate.  

F
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2.2 Glancing angle deposition (GLAD) 

Although the nanocolumnar films generated by the oblique 

angle deposition can be treated as one kind of nanostructures, the 

structures are not easy to control during the growth. The preferred 

tilting columnar angle  introduces anisotropy in the films, which, in 

most cases, are not desirable.  In order to better control the orientation 

as well as the structure of the nanocolumns, the glancing angle 

deposition technique is developed based on the oblique angle 

deposition, as shown in Fig. 4. The basic deposition setup is exactly the 

same as that of the oblique angle deposition, the only difference is that 

the substrate is manipulated by two stepper motors, one motor controls 

the incident angle , another motor controls the azimuthal rotation of 

the substrate with respect to substrate surface normal. During the 

deposition, the substrate can rotate azimuthally at a fixed incident 

angle, or rotate back and force changing the incident angle, or rotate azimuthally and polarly simultaneously. The 

movements of the two motors are controlled by a computer. By changing the speed and phase of the azimuthal rotation, 

polar rotation, the combination of the two rotations, as well as the deposition rate, the nanocolumns can be sculptured 

into a C-shape, S-shape, and zigzag shape, or matchstick, helical, and vertical columns [38-54]. The following sections 

will give examples of various Si nanostructures fabricated in such a way. The general experimental conditions are the 

following: the experiments 

were performed in a high 

vacuum chamber with a 

background pressure of 

2 10-4 Pa. The Si 

(99.9995%, from Alfa 

Aeser) was evaporated by 

an electron beam 

bombardment method or the 

e-beam evaporation method. 

The pressure during 

deposition was less than 

1 10-3 Pa, and the growth 

rate was monitored by a 

quartz crystal microbalance. 

The stepper motor was attached to a water-cooled stand and the circulating 

chilling water was held at 4oC. The chilling water prevents the warming up of 

the sample. The distance between the evaporation source and the substrate 

was about 30 cm. During the deposition, the deposition rate was fixed, while 

the rotation speed was controlled by a computer. 

2.3 Growth of vertically aligned nanorod arrays 

The simplest aligned nanostructures GLAD can produce are the 

vertical aligned nanorod structures. By fixing the incident angle at relatively 

glancing (> 75o), and continuously rotating the substrate azimuthally with a 

suitable constant speed, vertically aligned nanocolumns can be formed. 

Figures 5 (a) and (b) show an example of the nanocolumnar structure 

deposited with a rotation speed of 0.0019 rev/s, and total 100 substrate 

revolutions. The incident angle of Si vapor flux with respect to the rotating 

substrate surface normal was fixed at 85o. The growth rate R was 0.2 nm/s. 

The nanocolumns are all aligned vertically respect to the substrate, and the 

location of the columns are random as revealed by the top view and side view of SEM images (Fig. 5). 

Deposition source

Substrate

Motor

Fig. 4 Experimental setup for GLAD. 

(a) (b)

Fig. 5 Vertically aligned nanocolumnar structures: (a) SEM top view; and (b) SEM 

cross-sectional view. The scale bar is 200 nm.

Fig. 6 Cancellation of the F|| term 

due to the rotation. Effectively, only 

F contributes effectively to the 

increasing height of the 

nanocolumns. 
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The formations of the vertical aligned nanocolumns are 

expected if we consider the direction of the flux as shown in Fig. 1(b). 

Since the substrate rotates azimuthally, each part of the surface has an 

equal chance to receive the same amount of particles from the F||

component. After a complete revolution, the average F|| is zero due to 

the cancellation of F|| at opposite directions, which means there is no 

preferred orientation of the nanocolumn as shown in Fig. 6. Effectively 

there is only vertical growth and the vertically aligned columns are 

formed. The effective F|| is zero, while the effective F  is a constant. 

Clearly the purpose of the azimuthal rotation is to constantly adjust the 

column tilting direction to make them straight.  

2.4 Growth of helical nanostructures

If the substrate rotation speed is intentionally slow down 

compared to the deposition rate, since at each rotation interval, there will 

be enough amount of particles deposited onto the substrate to form a 

preferred orientated column, the result of this slow continuous rotation 

gives a continuous formation of nanocolumns along different direction. 

Thus, helical nanorod will be formed in such a way. By controlling the 

time interval between each rotation step, as well as the incident angle, 

one can control the length, diameter of the pitch, the diameter of the rod, 

and the number of turns of the helical nanorod structure. The following 

gives a special example of fabricating spiral square nanocolumns. 

To fabricate square spiral posts (or square spirals) with a 

circumference of L for one pitch, we fix the flux incident angle at 85o and 

program the stepper motor with the following sequence: 1. Grow a layer 

with thickness of L/8 without rotating the substrate. 2. Rotate 90o at a fast 

rotation rate (0.05 rev/s). 3. Repeat steps 1 and 2. 4. Grow a layer with 

thickness of L/4 without rotating the substrate. 5. Rotate 90o at a fast 

rotation rate (0.05 rev/s). 6. Repeat steps 4 and 5 to the desired pitch 

number for the square spirals. The expected square spiral structure is 

shown in Fig. 7. 

The fabricated 

square spiral arrays on 

bare Si substrates are 

shown in Fig. 8. Both the 

top-view and cross-

sectional SEM images 

show that the spirals are 

uniformly distributed 

across the whole surface 

with almost the same 

length. However, each 

spiral is closely packed to 

the adjacent spiral, which 

means that the whole film 

should act as a spiral bed 

instead of individual 

spirals. The spiral 

structure of the spiral is 

described by the arrows in Fig. 8b. From the substrate to the top of the spiral, the arrow changes direction 10 times: the 

first two direction changes are small, which correspond to the L/8 arms, and the remaining eight turns correspond to the 

L/4 

L/8 

Fig. 7 The sequence for fabricating a 2-

turn square spiral. At the fixed flux 

incident angle, the stepper motor is 

programmed with the following 

sequence: 1. Grow a layer with thickness 

of L/8 without rotating the substrate. 2. 

Rotate 90o at a fast rotation rate. 3. 

Repeat steps 1 and 2. 4. Grow a layer 

with thickness of L/4 without rotating the 

substrate. 5. Rotate 90o at a fast rotation 

rate. 6. Repeat steps 4 and 5 to the 

desired pitch number for the square 

spirals. In this case, the total number of 

pitch is 2. 

(a) (b)

Fig. 8 SEM images of 2-turn square Si spirals. (a): top-view and (b): cross-section of Si 

spirals on a bare Si substrate. The arrows on (b) indicate the growth sequence in a spiral, 

which is similar to what we expect in Fig. 7. The spirals are uniformly distributed across 

the whole surface with almost the same length, and each spiral is closely packed to the 

adjacent spiral with the diameter of the Si arm about 50 nm.
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8 L/4 arms, which represent two complete turns of the square spiral.  

This structure is similar to what we expect in Fig. 7. The diameter of 

the Si arm is about 50 nm, and the diameter of the spiral is about 200 – 

500 nm. The twist angle of the spiral is determined by the incident flux 

angle since the fabrication process is mostly under a fixed angle 

deposition. The resulting tilt angle (similar to the experiment shown in 

Fig. 3) was determined to be 55o  2o.

By adjusting the parameter of L, smaller sized spiral 

nanostructure can be formed. Figure 9 shows a 10-turn spiral film. The 

deposition conditions are almost exactly as the previous one except L

= 200 nm.   

2.5 Integration of multilayered nanorod structures

Since different 

azimuthal rotation speed 

(or direction) gives 

different topography of 

the nanocolumns, by 

programming the stepper 

motor with different 

speeds (or directions) in 

different growth periods, 

we can build a 

multilayered 

nanostructure with 

different topography. 

Figure 10 shows one 

example of the multilayer 

square spiral/straight 

nanocolumns. To 

fabricate the multilayer square spiral/straight nanocolumns, we first 

fabricated the spiral arrays to a preset pitch, then continuously rotate 

the substrate in a faster speed to build up the thickness of straight 

nanocolumns to be the same as the spiral. We then repeat the whole 

process again. For the film deposited in Fig. 10, the growth conditions 

are, R = 0.32 nm/s, L = 120 nm, and the rotational speed for the 

column is 0.0019 rev/s. 

There are two layers of 6-turn spirals and two layers of 300-

nm long columns. The two spiral sections and two column sections 

are almost the same. Unlike the spirals shown in Fig. 8(b), it appears 

that the initial square spirals are separated and each rod is sitting on an 

individual spiral. The fine structure of the multilayer columns is 

investigated by TEM as shown in Fig. 11. This sample was taken from 

the same Si substrate, and the arrow indicates the column growth 

direction. Unlike the SEM image shown in Fig. 10(b), the TEM image 

shows a dramatic difference between the two spiral sections. For the 

initial grown spiral section, it consists of a large number of fine spirals 

overlapping with each other. During the first section of column 

growth, the nearest neighbor spirals seem to group together and form 

nucleation sites for column growth. However, the second spiral 

section has individual spirals with large rod diameter. This is because 

after the first section of column growth, the grown columns act as the 

Fig. 9 SEM cross-sectional image of 10-

turn square Si spirals. 

200 nm

Fig. 10 SEM (a) top-view and (b) cross-section images of multilayer Si spiral/straight 

nancolumns grown on a bare Si(100) substrate. There are two layers of 6-turn spirals 

and two layers of 300-nm long columns.  

(a) (b)

Fig. 11 TEM image of 

a bundle of multilayer 

spiral/column rods 

grown on a Si 

substrate. The arrow 

on the image shows 

the growth direction. A 

dramatic difference 

between the two spiral 

sections can be seen. 

For the initial grown 

spiral section, it 

consists of a large 

number of fine spirals 

overlapping with each 

other, while the second 

spiral section has 

individual spirals with 

much larger rod 

diameter.  

64     Proc. of SPIE Vol. 5219



nucleation centers for the second spiral growth. Those nucleation centers are similar to the colloid substrate case we have 

discussed, and the diameter of the column and the incident angle of the flux determine the diameter of the Si rod for the 

spiral. Thus, the TEM shows that the rod diameters of the second spirals follow the diameters of the Si rods underneath.  

Clearly by changing the computer program in a similar manner, other kinds of multilayered nanostructures can 

be fabricated. 

2.6 Phase modulation: controlling the shape of the nanorods 

For above mentioned nanostructure fabrication, we have only utilized one parameter of the rotation, i.e., the 

speed of the rotation. However, another very important parameter for a rotation is the phase. For the rotation with only 

one speed, the phase almost has no effect of the nanostructure formation. However, if we introduce two different rotation 

speeds during one evolution, then the relative phase difference between these two rotation speeds becomes very 

important, and can be used to tune topology of the nanostructures (in fact, the fabrication of the square spirals can be 

also treated as one of this case). One obvious way to incorporate the phase factor is to introduce symmetric rotation with 

two different rotation speeds.  

In order to do so, we divided each revolution during deposition into 2N sectors, where N represents the 

symmetry of the desired shape of the columns. The motor speed was alternatively changed between Rl = 0.00187 rev/s 

and Rh = 0.05 rev/s for adjacent sectors. Since Rh is almost 30 times higher than Rl, the pitch ph is almost 30 times lower 

than pl. Therefore, within the sector with rotational speed Rh, the sample will receive almost 30 times less amount of Si 

vapor per radian than that with Rl. In our experiments, the sectors were not evenly divided. In fact, the angular sector size 

for Rl was fixed at 22.5o, while the sector size for Rh changed with the desired symmetry of the columns. For example, if 

a two-fold symmetric column is desired, the angular section size for Rh is 67.5o, while for a four-fold symmetric column, 

the Rh section size is 22.5o, and so on. 

Figure 12 shows the scanning electron microscopy (SEM) top-view images of the samples (sample numbers are 

the same as figure labels). Column I contains the SEM images of the samples deposited on bare Si(100) substrates while 

Column II contains the images from those of the colloid substrates. Column III contains the polar plots of the pitch 

number (pl > ph, only for illustration purpose) for each revolution, which also reveals the symmetry of the desired 

columns. Under all these conditions, vertical columns (as shown in Figure 13) are formed despite the different rotation 

schemes. The diameter of the columns is less than 80 nm. For films deposited on bare Si(100) substrates (column I), 

Sample (A) has conventional circular columns with a single rotation rate Rl. There is no preferred direction of alignment 

for the columns, and the columns seem to aggregate together (Fig. 13 (A)). Sample (B) has a two-fold symmetry, and 

each individual column has an elliptical shape (see the white oval in Fig. 12 (IB)). All the columns seem to align along 

one principal direction (the white arrow in Fig. 12 (IB)), and they tend to aggregate like walls along one direction (Fig. 

13 (B)). Sample (C) has three-fold symmetry, and the column tends to form triangular shape. Although the columns 

seem to build up randomly, they are more or less aligned along three principal axes as highlighted by the white arrows in  

Fig. 12 (IC). From the cross-sections it appears that the columns of sample (C) distribute more evenly than (A) and (B) 

(Fig. 13(C)).  The four-fold symmetric sample (D) forms rectangular shaped columns, and the columns are aligned along 

two principal axes. The cross-section of the columns in sample (D) looks similar to that of sample (C) (Fig. 13(D)). 

However, for the five-fold symmetric sample (E), one can barely find any columns with a five-fold symmetry. Also, the 

principal axes of alignment are not very clear.  Figure 12 (IE) is very similar to Fig. 12 (IA). One possible reason is that 

for the five-fold symmetry, the angular sector size for Rh is only 13.5o, which is much smaller than 22.5o for Rl. Also, as 

the symmetry becomes higher, the column shape becomes closer to the circular shape. However, we will demonstrate 

later that by changing the size of the initial nucleation center, we can still fabricate five-fold symmetry columns.  

 If one examines Fig. 12 (IB) to Fig. 12 (ID) more carefully, one finds that some columns have flower-like 

patterns. For example, the elliptical column has two petals, the triangular column has three petals, and the rectangular 

column has four petals. A zoomed-in atomic force microscope (AFM) image of the four-fold symmetric column is 

shown in Fig. 14. Each petal is about 100 nm in size. These nano-sized flowers and the aligned random column arrays 

demonstrate the ability of GLAD for lateral nanoscale engineering. We also notice from Fig. 12 that not every column 

has the same flower-like pattern. For example, Fig. 12(ID) shows that some columns only have three petals, and some 

have two. These imperfect shapes are due to the random nucleation during growth. Since the columnar films are 

deposited on flat Si(100) substrates, the initial nucleation happens randomly on the substrate surface. If the adjacent 

nucleation centers are far from each other, the further growth of columns onto these adjacent nucleation sites will not 

affect each other. However, if the adjacent nucleation sites are close, one site may affect (shadow) another site at specific  

= 0° 
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(a)

A

B

C

D

E

I                II                    III 

100 100 nm

100 nm 100 nm

100 100 nm

100 nm 100

100 nm 100

Fig. 12  SEM top view images of ten different GLAD samples with different rotational symmetries. Column I lists 

films deposited on bare Si(100) substrates, Column II lists films deposited on the colloid substrates which have point 

defects, while Column III illustrates the rotational symmetries. Sample A is obtained under a constant rotation speed. 

Sample B, Sample C, Sample D, and Sample E have two-fold, three-fold, four-fold, and five-fold symmetries, 

respectively, obtained from different rotational symmetries shown in III.
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directions and columns 

with missing petals result. 

Therefore, if one can 

control the position of 

initial nucleation sites, 

giving them with sufficient 

separation, one can 

fabricate perfect nano-

flower arrays. 

 The size of the 

nano-columns depends on 

the original size of the 

initial nucleation center. If 

there are larger nucleation 

centers on the substrate, 

they can form perfectly 

shaped columns. Figure 15 

shows SEM images of 

films deposited on a 

colloid substrate. The 90 

nm Polystyrene colloids 

tend to form a monolayer 

which consists of domains 

and depletion regions. 

There are colloid defects in 

the depletion regions as 

shown in Fig. 15(A). The sizes of 

the colloid defects vary, from one 

single colloid particle to aggregates 

of several particles. These defects serve as nucleation centers during GLAD. As shown in Fig. 15(B), for GLAD of Si 

with five-fold symmetry, due to the strong shadowing effect, pentagon shaped columns formed at those nucleation 

centers. Clearly the shape of the column is independent of the size of the initial nucleation center, while the size of the 

column does depend on the initial size of the nucleation center. The size appears to be proportional to the size of the 

nucleation center. In this case, the size of the nucleation center (> 90 nm) is larger than that of the column size (~ 80 nm) 

on a flat, defect free substrate. Similar phenomena have been observed (not shown) for all the rotation schemes shown in 

Fig. 12 (II). For the continuous rotation, the column shape is a circle (Fig. 12 (IIA). For a two-fold symmetry, three-fold 

symmetry, and four-fold symmetry, it is an oval (Fig. 12 (IIB)), a triangle (Fig. 12 (IIC)), and a rectangle (Fig. 12 (IID)) 

(A) (B)

(C) (D)

100 nm 100 nm 

100 nm 100 nm 

Fig. 13 Cross-sectional SEM images of Samples A to D. All deposited films consist 

of columns, and the size of the columns is less than 80 nm. 

0                0.2             0.4 m

Fig. 14  A four-fold symmetric 

nano-flower imaged by AFM. 

1 m

(A)

1 m

(B)

Fig. 15 The effect of initial nucleation center. (A) The SEM top-view of a 

colloid substrate. The surface has colloid occupied region and non-occupied 

region. In the non-occupied region, there are colloid defects with various 

sizes indicated by white arrows.  (B) The SEM top-view of the Si film with a 

five-fold symmetry grown on a colloid substrate. At the nucleation centers, 

pentagonal columns are formed with different sizes proportional to the size 

of the initial nucleation centers. 
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structure, respectively. Clearly, both the shape of the column, and the shadows induced by the growth, reflect the 

symmetry of the deposition. Therefore by controlling the size of the nucleation center, one can either fabricate flower-

like column, or columns with different shapes.  

2.7 Phase modulation: controlling the orientation of the nanorods 

The next immediate question is, if the phase sectors are not divided symmetrically, what will happen to the 

nanocolumar structures? One simplest case is to divide one revolution into two different phase sectors as shown in Fig. 

16. In Sector I, the substrate rotates at speed Rl for an angular range of , and in Sector II, the substrate rotates at speed 

Rh for an angular range of 2 - . We set Rl  Rh. Since the asymmetry in the is intentionally introduced, there will 

be a net F|| after a complete revolution, and will result in an effective vapor incident angle   different from .

According to Fig. 16, the apparent lateral flux F’|| will be changed according to the sizes of sectors and the ratio of the 

rotational speeds: 
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Since the experimental incident angle  is fixed, the density of the 

column should be a constant; while the effective incident angle  is 

changed with  and Rh/Rl, we expect the tilt angle  will change. A 

special case is if the substrate is rotated uniformly, 2/ 1 = 1, then 

tan The deposited columns have no preferential deposition angle, 

and the columns stand up along the normal of a substrate.  

We have used this method to grow Co films on Si(100) 

substrates. Cobalt slugs (99.95%, from Alfa Aeser) placed in an Al2O3

crucible were thermally evaporated by a current passing tungsten basket 

and the incident angle  was fixed to be 65° and 75° in each run.  The 

angular range  of the phase sector was set to be either 45o, 90o, 135o,

180o, or 225o, and the rotational speed Rl is fixed at 0.0015 rev/s and Rh

to be 0.0045 rev/s. Figure 17 shows the cross-sectional views of cobalt 

films for  = 45o, 90o, 135o, and 180o, at  = 65° and Rh/Rl = 

0.0045/0.0015 = 3. The column tilt angle  increases and then decreases 

when  changes from 45o to 135o and then to 180o.  Figure 18 

summarizes the tilt angle  as a function of angular sector  for two 

incident angles,  = 65o and 75o, at a fixed ratio of rotational speeds 

2/ 1 = 3. It is seen that even for a fixed incident angle, one can achieve 

a wide range of column tilt angle using this rotation scheme. The solid curves are the calculated effective incident angle 

 as a function of angular sector  at  = 65o and 75o. Although we do not expect that the calculated effective incident 

angle  predicted by Eq. (3) can be used to fit the data, the trends of measured  versus  are consistent with the trend of 

predicted . Note that the measured is always less than the calculated , just like is always less than in the case of 

fixed angle deposition without rotation. The tilt angle  increases to a maximum at a critical angular sector c around 

135° and then decreases. This is consistent with Eq. (3) in which the c satisfies the equation,  

Fig. 16 Substrate rotational pace in 

one revolution. The first angular sector 

 rotates at speed 1 and the rest 

sector with speed 2.

R
h

III
Rl
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Fig. 17 SEM cross-sectional images of Co films deposited at  = 65° and Rh/Rl = 3. The 

columns tilt to different angles  for different angular sectors . The white lines highlight the 

measured tilt angles. The scale bar in each image represents 100 nm.  
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Numerically c value is determined to be around 141°, which is consistent with the experimental result.  

2.8 Formation of regular array of nanorods by templates 

Almost all the nanocolumnar films shown above (except for Fig. 15) are deposited onto flat bare Si substrates, 

in which cases the random nucleation is the deterministic mechanism for the lateral distribution of the nanocolumns. 

However, if we can use one of the major growth mechanisms of GLAD, the shadowing effect, properly, we can grow 

high aspect ratio regular array of nanocolumns. To achieve this goal, we can use a substrate with proper two-dimensional 

nano-template. The features on the template will act as shadowing centers, and the deposition particles will only 

accumulate onto the shadowing centers under the proper geometric deposition condition. For examples, Fig. 19 shows 

 = 45
o

 = 90
o

 = 135
o

 = 180
o
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the nanocolumns grown on colloid 

substrates with particle size of 89 nm.  

The monolayer of Polystyrene colloid 

substrate was prepared on a Si(100) 

substrate by the method suggested by 

Micheletto et. al. [58]. Figure 19(a) 

shows the colloid substrate, which 

possesses a close-packed hexagonal 

structure. Figure 19(b) shows the cross-

section of the nanocolumns grown onto 

the colloid substrate. The growth 

conditions were exactly the same as that 

of Section 2.3. The cross-sectional view 

shows that almost each nanocolumn sits 

on a colloid particle, which means that 

the colloid particles have successfully 

served as nucleation centers.  

We can also use other 

technique to prepare template, for 

example, microfabrication process or 

other nanolithography methods such as 

e-beam lithography, SPM lithography, 

etc. Figure 20 shows an example of 

regular helical Si spring grown onto regular W plugs fabricated by photolithography method. Clearly, the use of template 

provides a lateral control of the nanocolumn growth. 

2.9 Control film porosity  

All above fabrication methods only concentrates on one degree of freedom of the substrate manipulation: 

azimuthal rotation. In fact, there are two other rotation degrees of freedom one can utilize: the polar rotation to change 

the particle incident angle , and the nutation to rotate the substrate to facing different phase of the incident flux. The 

polar rotation has been demonstrated to change the size and density of the nanocolumns as shown in Fig. 3, while the 

nutation has not been used for nanocolumn fabrication. 

In principle, one can control all the three degrees of freedom for rotation to fabricate desired nanostructures. 

Fig. 19 (a) Top-view SEM images of colloid substrates with colloid particle diameter of 89 nm; (b) cross-

section of Si nanocolumns on 89 nm colloid substrate. The columns form a certain regular pattern on the 

surface and almost each nano-column (with size ~ 40 nm – 70 nm) sits exactly on a colloid particle. 
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Fig. 18 Measured tilt angle  vs angular sector  for Rh/Rl = 3 and =

65° ( ) and  = 75°( ). The solid curves are the effective incident 

angles  predicted by Eq. (3) for the same growth conditions. 
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Figure 21 shows an example of a porous Si thin film fabricated by combining azimuthal rotation and polar rotation. To 

fabricate this film, the sequence of the deposition is the following: (1) Open shutter; (2) set  = 85º, and deposit for  

200s; (3) change to 75º, and deposit for 100s; (4) change angle  to 20 º , and deposit for 100s; (5) Close shutter; (6) 

change angle  from 20º to 85º; (7) repeat 1-6 steps for another 6 times (7 layers). During the deposition, the azimuthal 

rotation was preceded with a rotation speed of 0.5 rev/s, and the deposition rate was 0.5 nm/s. 

3. CONCLUSIONS 

We use above examples to demonstrate that the GLAD technique has the following advantages in terms of 

fabricating nanostructures: (1) It can form vertical aligned nanorod array naturally. This is superior to most of the 

conventional CVD or VLS methods, where a great deal of effort has been made to fabricate aligned nanowires. (2) The 

size and density of the nanorods can be controlled by the vapor incident angle. (3) There is virtually no materials limit. 

As long as the material can be evaporated, it can form vertical aligned nanorod structures. (4) The shape, alignment, and 

orientation of the nanorods can be easily changed by programming the rotation procedures. (5) The shadowing effect 

introduces a self-alignment effect, where templates can be used to mediate the size and orientation of nanorods; (6) 

Three-dimensional shaped nanorod structures can be sculptured by computer programming. In fact, the most intriguing 

fact of GLAD is that the structures of the nanorods can be well-designed in such a way. This cannot be achieved by any 

other nanostructure fabrication techniques. 
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