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Chapter 1 

Introduction 

 

 

1.1 Background 

In recent years, electronic and optical devices using III-V compound semiconductors have 

been providing the key to addressing urgent global issues such as energy resource depletion 

and global warming. In particular, light-emitting diodes (LEDs) have been widely used as 

solid-state lighting and display backlights all over the world owing to their long operating 

lifetime and low power consumption [1,2]. With visible LEDs, however, achieving high 

efficiency in the green and yellow spectral regions is challenging due to a lack of suitable 

semiconductor materials, which is referred to as the “green gap” [3,4]. 

 

Fig. 1-1 External quantum efficiency of InGaN- and AlGaInP-based light-emitting diodes as a function 

of wavelength, taken from ref [5]. 
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 Fig. 1-1 shows external quantum efficiency as a function of the wavelength [5]. The low 

efficiency in the green and yellow spectral regions lies between InGaN and AlGaInP materials. 

InGaN can cover all visible spectral regions if the alloy composition is changed, and it is 

usually used as blue and green LEDs. Although InGaN is suitable material for ultraviolet (UV) 

and blue LEDs, the quantum efficiency rapidly drops in the longer wavelength regions such as 

the green, yellow, and red spectral regions because it is difficult to fabricate InGaN with high 

crystal quality at higher In composition [6,7]. Among phosphide-based materials, GaP is used 

as green LEDs and AlGaInP is used as yellow and red LEDs. The efficiency of GaP-based 

green LEDs is enhanced by incorporating a small amount of optically active nitrogen (N) into 

GaP, and the external quantum efficiency achieves approximately 1%; however, further 

enhancement of the efficiency cannot be expected because GaP originally has an indirect band 

gap [8]. AlGaInP has a direct band gap in the range of 1.9–2.3 eV (539–652 nm), which covers 

the red, amber, yellow, and green spectral regions. However, the efficiency of (AlxGa1-x)0.5In0.5P 

rapidly drops at a wavelength less than 600 nm (yellow and green spectral regions) because the 

band structure of (AlxGa1-x)0.5In0.5P changes from direct to indirect when x>0.53 [9,10]. In both 

cases, the direct-indirect band transition limits the efficiency enhancement of GaP- and 

AlGaInP-based materials. In order to overcome this limitation and achieve high-efficiency 

LEDs in the yellow and green spectral regions, a new technology that can overcome the 

direct-indirect band transition is required. 

 

1.2 Phosphide-based III-V semiconductor nanowires 

As shown in Fig. 1-2, the conventional phosphide-based III-V semiconductors such as 

AlGaInP, GaP, and GaAsP have band gap energies in the green-red spectral regions, which are 

important spectra for the visible LEDs. Recently, band structure calculations have predicted 

that when the crystal structure of indirect-band-gap GaP is changed from stable zinc blende 

(ZB) to meta-stable wurtzite (WZ), its band gap also changes from indirect to direct with a gap 

energy of 2.18–2.25 eV [11-14]. Similarly, WZ AlP is predicted to have a direct band gap with 

a gap energy of 2.97 eV [12], in contrast to the conventional ZB AlP with an indirect band gap. 

The indirect-direct band transitions occur due to the zone folding effects, where the L point in 
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Fig. 1-2 III-V compound semiconductors and their emission spectral regions for light-emitting diodes. 

 

ZB is folded into the Γ point in WZ [11]. In addition to the theoretical calculations, 

experimental studies have confirmed by optical measurements the direct band gap transitions 

of WZ GaP [15] and WZ Al0.58In0.42P [16]. Therefore, phosphide-based III-V semiconductors 

with WZ crystal structures are considered promising materials for achieving high-efficiency 

LEDs. 

However, it is not easy to fabricate meta-stable WZ structures using phosphide-based 

III-V semiconductors, which usually have stable ZB structures in bulk forms. A mainstream 

approach to meta-stable WZ structures is the use of semiconductor nanowires (NWs), which 

have a one-dimensional structure with a nm-sized diameter. High-quality WZ InP nanowires 

[17-19] and WZ GaP nanowires [15,20] have already been reported, but since such WZ 

III-phosphide nanowires are grown only under a particular kind of growth conditions such as 

high growth temperature and low V/III ratio [18,21], fabrication methods for high-quality WZ 

structures in ternary alloy semiconductors such as WZ AlGaP and WZ AlInP have not yet been 

established. 

A key technology to fabricate high-quality WZ structures is the crystal structure transfer 

method, in which the arrangement of the crystal structure is copied from the substrate to the 

grown layer. For example, in planar structures, ZB ZnS is grown on ZB GaAs substrates 

(lattice mismatch: 4.3%) [22], ZB GaN is grown ZB GaAs substrates (lattice mismatch: 20%) 

[23], and WZ Al0.58In0.42P is grown on WZ GaN substrates (lattice mismatch: 25%) [16]. 

However, since the planar structures usually have a significant lattice mismatch effect on 

defect formation, they have a very limited selection when it comes to material combinations 
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for high-quality WZ structures. In contrast to the planar structures, nanowires are expected to 

cause less defect formation by accommodation of the lattice mismatch due to their unique 

structure and small diameter [24,25]. Furthermore, binary nanowires can be grown directly 

with a WZ structure, as mentioned in the previous paragraph, and WZ GaP and WZ InP 

nanowires can be used as a WZ substrate [26,27]. Therefore, nanowires have far more freedom 

of material combinations than planar structures. In the crystal structure transfer method using 

nanowires, the core-shell nanowire growth is usually used and the crystal structure is 

transferred in the lateral direction of the nanowires. In 2012, the year this study started, crystal 

structure transfers in InP/InAs core-shell nanowires [28] and GaP/Si core-shell nanowires [26] 

had already been reported. However, an understanding of the mechanism behind the crystal 

structure transfer in core-shell nanowires is still lacking from the viewpoint of growth direction. 

An investigation of WZ ternary III-phosphides such as WZ AlGaP and WZ AlInP is also 

missing. 

Recently, the number of reports on the crystal structure transfer in core-shell or 

core-multishell nanowires has been increasing. As of 2017, GaP/Si core-shell nanowires 

[26,29,30], GaP/Si/SiGe core-multishell nanowires [31], GaP/InGaP core-shell nanowires [32], 

GaP/AlGaP core-multishell nanowires [33], InP/GaP core-shell nanowires [27], InP/AlGaP 

core-multishell nanowires [34], InP/AlInP core-multishell nanowires [35], and InP/InGaAs 

core-multishell nanowires [36] have been reported. 

 

1.3 Objective 

Against the background described in the previous section, the broad purpose of this 

research is to develop key technology for improving the efficiency of visible light-emitting 

diodes, especially in the green and yellow spectral regions, by using phosphide-based III-V 

compound semiconductors. The main purpose of this study is to fabricate phosphide-based 

III-V compound semiconductor nanowires with high crystal quality in wurtzite structures and 

to understand their structural and optical properties. To this end, we propose a novel method 

for fabricating the wurtzite structures with high crystal quality, with a focus on the following 

points: 
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(i) To understand the growth and the structural and optical properties of ternary InGaP 

nanowires. 

(ii) To demonstrate a crystal structure transfer in InP/GaP core-shell nanowires and 

understand the transfer mechanism. 

(iii) To investigate the growth and the structural and optical properties of wurtzite 

InP/AlGaP core-multishell nanowires with AlGaP quantum well structures. 

(iv) To investigate the relation among the chemical composition and the structural and 

optical properties of wurtzite AlInP using InP/AlInP core-multishell nanowires 

with AlInP double heterostructures. 

 

1.4 Outline of this thesis 

This thesis describes a series of experiments aimed at the growth and characterization of 

phosphide-based III-V semiconductor nanowires by selective-area MOVPE. This thesis is 

divided into eight chapters. 

Chapter 2 describes the history, advantage, and growth method of semiconductor 

nanowires. In addition, the fundamental properties of phosphide-based III-V semiconductor 

nanowires are given, including the crystal structures, band structures, and basic parameters in 

wurtzite structures. One of the most effective growth techniques for wurtzite structures, which 

is known as crystal structure transfer method, is also introduced in this chapter. 

Chapter 3 introduces the principles and basic growth characteristics of selective-area 

metal organic vapor phase epitaxy, which is used in this study in order to grow semiconductor 

nanowires. The characterization methods and equipments of semiconductor nanowires are also 

explained. 

Chapter 4 discusses the growth of indium-rich InGaP nanowires formed on InP (111)A 

substrates by selective-area metal organic vapor phase epitaxy. The indium-rich InGaP 

nanowires are fabricated by adding gallium into wurtzite InP nanowires. As the gallium 

composition increased, the lateral growth is drastically enhanced, and structural transition from 
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wurtzite to zinc blende occurs. It is also found that the emission wavelength can be controlled 

by properly adjusting the diameter and pitch of the InGaP nanowires. Vertically aligned InGaP 

nanowires can be achieved by optimizing growth temperature and V/III ratio. 

Chapter 5 examines the crystal structure transfer in InP/GaP core-shell nanowires. We 

attempt the transfer of the wurtzite crystal structure from the InP core to the GaP shell by using 

pure wurtzite InP core nanowires as a template. Transmission electron microscopy reveals that 

the wurtzite GaP is grown on the sidewall of the InP core in the lateral <-211>direction, while 

zinc blende GaP is grown on the top of the InP core in the axial <111>A direction. A growth 

model for the different crystal structures of the GaP shell is proposed from the viewpoint of the 

growth direction. 

Chapter 6 investigates the growth of wurtzite InP/AlGaP core-multishell nanowires for 

the green spectral region. Wurtzite Al0.5Ga0.5P/Al0.2Ga0.8P/Al0.5Ga0.5P quantum wells are 

fabricated around InP nanowire sidewalls by changing the Al composition. Misfit location 

density in the wurtzite AlGaP shell is lower than estimated from the lattice mismatch, 

indicating that high-quality wurtzite structures with a low defect density can be fabricated by 

using small-diameter nanowires. In addition, wurtzite Al0.2Ga0.8P quantum well exhibits green 

emissions at 2.37 eV, which is the shortest wavelength among the wurtzite phosphide materials 

that has been reported so far. 

Chapter 7 demonstrates the growth of wurtzite AlInP, which has a band gap in the entire 

visible regions. Wurtzite AlyIn1-yP/AxlIn1-xP/AlyIn1-yP double heterostructures are fabricated 

around InP nanowire sidewalls by changing the Al composition (y>x). The emission 

wavelength of wurtzite AlInP can be tuned from 590 nm to 750 nm, covering the red, amber, 

yellow spectral regions. An analytical technique for simultaneous investigation of the 

composition, strain, and crystal structures of the nanowires using X-ray diffraction is also 

developed through this study. These results provide experimental evidence of the structural and 

optical properties of WZ AlInP that could be applied in visible light-emitting diodes. 

Finally, conclusions and outlook for nanowire fabrication and applications are given in 

Chapter 8. 
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Chapter 2 

Semiconductor Nanowires 

 

 

2.1 Introduction 

Semiconductor nanowires (NWs) have attracted considerable attention since the 1960s 

because of their unique structural and physical properties compared to their planar counterparts. 

This chapter reviews the research history of semiconductor nanowires, their advantages, and 

the growth method. It also describes the structural and optical properties of phosphide-based 

III-V semiconductor nanowires. In addition, recent research on the crystal structure transfer 

method, which is one of the most effective ways to fabricate high quality wurtzite structures, is 

explained in this chapter. 

 

2.1.1   History of nanowire growth 

Semiconductor nanowires have a long history and reach as far back as the 1960s. The 

“nanowire” was called as “whisker” until the late 1990s, and then it was called as “nano-pillar”, 

“nano-rods”, “nano-column” or “nano-wires”. In 1964, Wagner and Ellis at Bell Laboratory 

reported that Si whiskers were synthesized by vapor-liquid-solid (VLS) growth using gold 

catalysts [1]. In the 1990s, the Hiruma’s group at Central Research Laboratory, Hitachi Ltd., 

demonstrated the fabrication of light-emitting devices with pn junctions using GaAs whiskers 

for the first time [2]. After that, Si nanowire bipolar transistors and biosensors [3] and InP 

nanowire diodes [4] were reported by the Lieber’s group at Harvard University, ZnO nanowire 

ultraviolet lasers operating at room temperature were reported by the Yang group at University 

of California, Berkley [5], and single electron transistors using InP/InAs/InP heterostructure 
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Fig. 2-1 Number of published papers regarding nanowires. It has significantly increased since 2000 and 

reached 10000 published papers per year since 2013. Data was obtained from the Web-of-Science 

database with the following keywords, “topic = nanowire OR nanorod OR nanocolumn OR nanowhisker” 

and their plural forms. 

 

nanowires were reported by the Samuleson’s group at Lund University [6]. Although all these 

nanowires were grown by VLS growth method, the first formation of InGaAs nanowire array 

using catalyst-free selective-area metal organic vapor phase epitaxy (SA-MOVPE) was 

reported by the Fukui’s group at Hokkaido University in 2003 [7]. These works on nanowire 

growth and device applications have become one of the most active research areas among the 

nanoscience fields. Fig. 2-1 shows the number of the published papers regarding nanowires 

over the past two decades. The number of papers has rapidly increased since 2000 and has 

been still increasing in 2016. 

 

2.1.2   Advantages of nanowires 

Semiconductor nanowires are one-dimensional wire-like nanostructures with a nm-sized 

diameter. The high aspect ratio (height/diameter) of nanowires gives much larger surface areas 

than planar structures. If the nanowires have a height of 4 μm and a diameter of 100 nm with a 

pitch of 400 nm, the surface area of the nanowires is 10 times larger than that of the 

20152010200520001995

2000

4000

6000

8000

0

Year

N
u

m
b

e
r 
o

f 
p

a
p

e
rs 10000

12000

14000



  

                                                                       11 

 

 

conventional planar structures. Thanks to this geometrical property, lateral core-shell or 

core-multishell nanowires with a large area of p-n junctions are promising candidates for 

high-efficiency light-emitting diodes (LEDs). 

The small diameter also gives the effect of strain relaxation without the formation of 

defects such as misfit dislocations because nanowires have free surfaces toward both the axial 

and lateral directions. Therefore, nanowires can be grown on lattice-mismatched substrates 

with no defects or a smaller amount of defects, beyond the limit of critical thicknesses in 

planar structures. The relation between the critical nanowire diameters and the lattice mismatch 

is calculated by Glas [8], and the allowable value of lattice mismatch increases as the critical 

nanowire diameter decreases. This gives a wider selection of heteroepitaxial material 

combinations, leading to III-V integration on Si or Ge substrates. For example, the 

heteroepitaxial growth of InAs and GaAs nanowires on Si substrates (lattice mismatch: 11.6 

and 4.1%) [9,10] and InAs nanowires on Ge substrates (lattice mismatch: 6.7%) [11] are 

successfully achieved.  

Another advantage of small diameter of nanowires is a great ease in forming wurtzite 

structures. Akiyama et al. calculated the structure stability in nanowires by comparing the bulk 

cohesive energy and the surface energy of the nanowire sidewall, and the result indicated that 

wurtzite structures are more likely to form as the nanowire diameter decreases [12]. 

 

2.2 Nanowire growth method 

2.2.1 Catalyst-assisted vapor-liquid-solid growth 

As described in the previous section, Wagner and Ellis first demonstrated the growth of Si 

whiskers by vapor-liquid-solid (VLS) growth using gold catalysts in 1964 [1]. In recent years, 

VLS growth method has been one of the major approaches for the nanowire formation. Fig. 

2-2 shows a schematic view of catalyst-assisted VLS procedure of nanowire growth. When gas 

source materials flow over the substrate, precursor atoms preferentially deposit on the surface 

of liquid droplets, thereby forming an alloy with a lower melting temperature. Further 
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incorporation of the precursor atoms into the liquid droplets continues until the alloy becomes 

supersaturated. Consequently, crystal growth takes place at the solid-liquid interface and 

nanowire growth begins with a diameter as large as the size of the droplet, which means that 

the nanowire diameter can be control by the size of the droplet. After nanowire growth, the 

droplet usually remains at the tip of the nanowire, which becomes a sticky problem when 

growing core-shell structures. Another problem in VLS growth method is the contamination of 

the metal catalysts. For instance, the incorporation of gold catalysts into Si nanowires leads to 

deep level defects near the mid gap of Si, which reduces the performance of the device [13].  

Altenatively, nanowires can be also grown without gold or other metal catalysts, which is 

known as “self-catalyzed growth”. In this method, one component of the nanowire materials 

acts as a catalytic droplet and nanowire growth proceeds based on VLS mechanism so that 

there are no contaminations originated from catalyst materials. For example, GaAs/AlGaAs 

core-shell [14] and InP/InAs axial heterostructures [15] have been reported using the 

self-catalyzed growth method.  

 

 

Fig. 2-2 Schematic view of VLS growth of Si nanowires using Au catalyst. (a) Au particle is deposited 

on a Si (111) substrate. (b) The Au particle is heated above a melting point and becomes a liquid alloy 

droplet. (c) Nucleation occurs at the interface between the droplet and crystal, and then the nanowire 

begins to grow in the (111) direction. 
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Fig. 2-3 Schematic view of catalyst-free SA-MOVPE growth of GaAs nanowires. (a) Thin SiO2 mask 

layer is deposited on a GaAs (111)B substrate. (b) Opening pattern on the SiO2 mask is fabricated by 

lithography and etching. (c) Nucleation occurs on the mask opening area, and then the nanowire begins 

to grow in the (111)B direction. 

 

2.2.2 Selective-area metal organic vapor phase epitaxy 

Selective-area metal organic vapor phase epitaxy (SA-MOVPE) is a template growth 

method with a combination of top-down and bottom-up approaches. This method needs no 

catalysts, which is different from VLS growth method, and enables us to fabricate nanowires 

with a precise control of the size and position by using a mask substrate as a template for 

nanowire growth, in which amorphous films such as SiO2 and SiNx are used as a mask material. 

The selective-area growth was demonstrated in 1962 by using chloride phase epitaxy of Si for 

the first time [16], and subsequently, in 1965, Tausch et al. reported the selective-area growth 

of GaAs with an SiO2 mask layer [17]. After that, in 1987, H. Asai et al. reported that the 

narrow two-dimensional electron gas channels were fabricated in a GaAs/AlGaAs sidewall 

interface [18]. Since then, SA-MOVPE has been widely used as electronic and optical device 

applications. 

The first formation of {-110} vertical facets on the (111)B-orientated substrate was 

reported by Fukui et al. in 1990 [19]. The formation of these {-110} vertical facets are of 

significant importance for the nanowire growth because the nanowire structures consist of six 

{-110} side facets and their preferential growth directions are usually <111>B or <111>A. In 

1993, Ando et al. demonstrated the growth of micro-scale hexagonal pillar structures with 

{-110} side facets vertical to the substrate, and applied these structures to the photonic crystals 

[20]. After that, Hamano et al. reported in 1997 that GaAs nanowires along the axial <111>B 

GaAs (111)B substrate

GaAs nanowire

SiO2 deposition Lithography and etching

SiO2

GaAs (111)B substrate

SiO2
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SiO2
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direction were grown on a GaAs (111)B substrate with a lithography-defined SiO2 mask layer 

[21]. Fig. 2-3 shows a schematic view of catalyst-free SA-MOVPE procedure of nanowire 

growth. These studies have been the basis for today’s nanowire growth techniques. Our group 

has focused on the growth of III-V semiconductor nanowires by SA-MOVPE over the past 

decades. Selective-area growths of InP [22-26], GaP [27], InGaP [28,29], InAs [9,11,30], GaAs 

[10,31-33], InGaAs [34-42], GaAsP [43], AlGaAs [44] nanowires have been reported so far. 

 

Fig. 2-4 Schematic views of (a) zinc blende (ZB) and (b) wurtzite (WZ) crystal structures, and stacking 

sequences of the (c) ZB and (d) WZ crystal structures. 
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2.3 Phosphide-based nanowires 

2.3.1 Wurtzite and zinc blende 

Phosphide- and arsenide-based III-V semiconductors have zinc blende (ZB) crystal 

structures in bulk forms, whereas nitride-based III-V semiconductors have wurtzite (WZ) 

crystal structures. As shown in Figs. 2-4(a) and 2-4(b), the ZB and WZ crystal structures have 

cubic and hexagonal symmetries, respectively. Figs. 2-4(c) and 2-4(d) show schematic views 

of stacking sequences of the ZB and WZ phases. The ZB phase has a three-period stacking 

sequence of “ABCABC…”, whereas the WZ phase has a two-period stacking sequence of 

“ABABAB…”. This peculiarity gives rise to unique physical properties in the WZ structures 

such as energy band structure transitions, as described in the following section. Usually, basic 

parameters of the WZ structures can be obtained by converting ZB parameters to WZ 

counterparts. Lattice constants and elastic constants of the WZ structures are converted from 

ZB parameters found in the literature [45], which are summarized in Tables 2-1, 2-2, and 2-3. 

Experimental values of WZ lattice constants of InP [46], GaP [47], InAs [48], and GaAs [49] 

are also described in Table 2-1. The WZ elastic constants are converted using the Martin 

transformation [50]. 

Preferred crystal structures in III-V semiconductors are estimated by the calculation of the 

energy difference between the WZ and ZB phases (ΔEWZ-ZB), as shown in Fig. 2-5(a) [51]. 

Among non-nitride III-V semiconductors, phosphide materials have smaller WZ-ZB energy 

differences ΔEWZ-ZB, and in particular, that of InP is a minimum. This tendency suggests that 

InP has high sensitivity to crystal structure transitions from ZB to WZ phases with respect to 

the growth conditions. In the case of InP nanowires grown by SA-MOVPE, both ZB and WZ 

structures (and also mixing of two phases) are observed [23,24], unlike GaAs or InAs 

nanoiwres. Figs. 2-5 (b) and 2-5(c) show typical ZB and WZ InP nanowires. The crystal 

structures can be controlled by properly adjusting the growth conditions such as growth 

temperature, V/III ratio, mask opening size, and nanowire pitch [23]. Usually, pure WZ 

structures are grown under the high growth temperature and low V/III ratio, whereas ZB 

structures are grown under the low growth temperature and high V/III ratio. This tendency is 

generally the same as other nanowires, for eample, GaP nanowires grown by VLS method [52].  
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Table 2-1 Lattice constants of III-V compound semiconductors in ZB and WZ structures. The ZB 

parameters are taken from ref [45], and the WZ parameters are converted from the ZB parameters using 

the relations aWZ =      aZB and cWZ =      aWZ. Experimental values are taken from refs [46-49]. 

 

 

Table 2-2 Elastic constants of III-V compound semiconductors in ZB structures [45]. 

 

 

Table 2-3 Elastic constants of III-V compound semiconductors in WZ structures. The WZ parameters 

are converted from the ZB parameters using the Martin transformation [50]. 

 

aZB (Å) aWZ (Å) cWZ (Å) aWZ (Å) cWZ (Å)

Conversion Conversion Experimental Experimental

InP 5.8697 4.1505 6.7777 4.1423 6.8013 

GaP 5.4505 3.8541 6.2937 3.8419 6.3353 

AlP 5.4672 3.8659 6.3130 - -

InAs 6.0583 4.2839 6.9955 4.2742 7.0250 

GaAs 5.6533 3.9975 6.5278 3.9975 6.5759

AlAs 5.6611 4.0030 6.5369 - -

C  (GPa) C   (GPa) C   (GPa)

InP 101.1 56.1 45.6 

GaP 140.5 62.0 70.3 

AlP 133.0 63.0 61.5 

InAs 83.3 45.3 39.6 

GaAs 122.1 56.6 60.0 

AlAs 125.0 53.4 54.2 

ZB

11

ZB

12

ZB

44

C   (GPa) C   (GPa) C   (GPa) C   (GPa) C   (GPa) C   (GPa)

InP 120.3 52.3 40.7 131.9 27.1 34.0 

GaP 167.2 56.0 41.3 181.9 46.0 55.6 

AlP 164.3 62.4 43.3 183.3 40.1 51.0 

InAs 100.3 42.2 31.7 110.7 23.0 29.1 

GaAs 145.4 51.5 38.4 158.4 38.6 47.0 

AlAs 141.6 49.1 41.1 149.5 40.4 46.3 

WZ

11

WZ

12

WZ

13

WZ

33

WZ

44

WZ

66
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Fig. 2-5 (a) Energy difference between the WZ and ZB structures, showing that the energy difference of 

InP is a minimum among non-nitride III-V compound semiconductors [51]. Typical InP nanowires in (b) 

ZB and (c) WZ structures [23]. 

 

While only InP nanowires can be grown with a WZ structure by SA-MOVPE, WZ InP [53,54], 

WZ GaP [52,55], WZ InAs [56,57], and WZ GaAs [58,59] nanowires can be grown by 

catalyst-assisted VLS method because catalysts are considered to decrease the WZ-ZB energy 

difference. 

 

2.3.2 Energy band structure 

The WZ crystal structures usually have energy band structures that are different from 

those of ZB materials. In 1994, Murayama and Nakayama at Chiba University calculated the 

band structures of semiconductors in both WZ and ZB phases using the first-principles 

pseudopotential method, and suggested that GaP in the WZ phase have a direct band gap for 

the first time [60]. The same results for WZ GaP have been recently reported by De and Pryor 

at University of Iowa [61], Belabbes et al. at Friedrich Schiller University Jena [62,63], and 

Akiyama et al. at Mie University [64]. Similarly, WZ AlP is suggested to have a direct band 

gap with a gap energy of 2.97 eV [61]. The energy band gaps for WZ and ZB structures are 

summarized Table 2-4, according to the literatures [45,61].  
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Table 2-4 Band gaps of III-V compound semiconductors in ZB and WZ structures [45,61]. 

 

 
Fig. 2-6 Brillouin zones in (a) ZB and (b) WZ. Band structures of (c) ZB GaP [65] and (d) WZ GaP [61]. 

 

Fig. 2-6 shows Brillouin zones and band structures of GaP for ZB [65] and WZ [61] 

structures. The high symmetry points in the Brillouin zones of ZB and WZ structures give rise 

to the indirect-direct band transitions, where the L point in ZB is zone-folded to the Γ point in 

WZ. The Ga- and Al-containing materials (GaP, GaAs, AlP, and AlAs) have Γ8C-Γ9V transitions, 

whereas the In-containing materials (InP and InAs) have the Γ7C-Γ9V transitions. 

Γ   (eV) X   (eV) L (eV) Γ    (eV) Γ    (eV)

InP 1.424 2.384 2.014 1.474 1.712 

GaP 2.886 2.35 2.72 2.877 2.251 

AlP 3.63 2.52 3.57 3.775 2.969 

InAs 0.417 1.433 1.133 0.481 1.222 

GaAs 1.519 1.981 1.815 1.588 1.503 

AlAs 3.099 2.24 2.46 3.153 1.971 
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Fig. 2-7 Band gap of wurtzite AlGaInP on the basis of the prediction [61]. 

 

In addition to the theoretical calculations, experimental studies have recently reported that 

the direct band gap transitions of WZ GaP [52] and WZ Al0.58In0.42P [66] have been confirmed 

by optical measurements. As a matter of fact, although some theory suggests that WZ AlP has 

an indirect band gap [64], it is at least possible to conclude that WZ AlInP with an Al 

composition below 58% has a direct band gap. Thus, phosphide-based III-V semiconductors 

with WZ crystal structures are the novel promising materials for achieving high-efficiency 

LEDs. Fig. 2-7 shows an example of WZ AlInGaP that can cover all visible spectral range 

including blue, green, yellow, and red. 

 

2.3.3 Crystal structure transfer method 

Crystal structure transfers in epitaxial growth have been observed in planar structures 

since early times [51]. For instance, Nakadaira and Tanaka reported that meta-stable ZB GaN 

planar is grown on ZB GaAs (100) substrates [67]. In this case, atomic arrangements of the ZB 

structure are copied from the GaAs substrate to the grown GaN layer. This crystal structure 

transfer technique is also adopted for nanowire structures. In 2011, Algra et al. at Eindhoven 

University (the Bakkers’s group) reported that the WZ structure and twinning superlattice with 

the ZB structures are successfully transferred from VLS-grown GaP core nanowires to Si shells 

[68]. After that, using VLS-grown WZ GaP nanowires as a template for WZ structures, WZ Si 

shells [69,70], WZ Si/Ge multishells [71], and WZ InGaP shells [72] have been demonstrated. 

Similarly, the Samuelson’s group at Lund University reported that WZ InGaAs shells are 

grown using VLS-grown WZ InP nanowires [73], and WZ AlGaP multishells are grown using 
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VLS-grown WZ GaP nanowires [74]. Our group also reported that WZ GaP shells [75], WZ 

AlGaP multishells [76], and AlInP multishells [77] are grown using selectively-grown WZ InP 

nanowires. 

Fig. 2-8 shows schematic view and TEM image of the crystal structure transfer. The key 

point of the transfer is that the growth direction should be perpendicular to the WZ stacking 

direction. This is because the stacking sequence of the WZ phase (ABAB…) is strongly fixed in 

the lateral direction of the nanowire, while the stacking sequences of the WZ phase and the ZB 

phase (ABCABC…) are geometrically variable to each other in the axial direction. The detailed 

growth model is discussed in Chapter 5. 

 

 

Fig. 2-8 (a) Schematic view of atomic arrangements in InP/GaP core-shell nanowires in the case of 

crystal structure transfer method is applied. (b) TEM image of the core-shell interface. 
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Chapter 3 

Experimental Techniques 

 

 

3.1 Introduction 

This chapter describes the nanowire fabrication and characterization methods used in this 

study. III-V semiconductor nanowires are formed by selective-area metalorganic vapor phase 

epitaxy (SA-MOVPE), which is a self-organized formation method based on pure vapor phase 

growth. A partially masked substrate is used as a template of crystal growth in SA-MOVPE. 

This growth method enables us to precisely control the position and size of the nanowires. First, 

the principles of MOVPE and the nanowire fabrication procedure by SA-MOVPE are 

described, and then the structural and optical characterization methods for the grown 

nanowires are explained (refer to the previous study [1]).  

 

3.2 Principles of MOVPE 

3.2.1   Overview 

Metal organic vapor phase epitaxy (MOVPE) is one of the growth techniques to from 

single-crystal or poly-crystal thin films on substrates by using metal organic sources and gas 

sources with H2 or N2 carrier gas. Other representative growth techniques are liquid phase 

epitaxy (LPE), vapor phase epitaxy (VPE), hydride vapor phase epitaxy (HVPE), and 

molecular beam epitaxy (MBE). Among these growth techniques, MOVPE is suitable for 

high-volume production, and can produce all of the III/V materials and structures required for 

electronic and optical devices such as AlGaInP for red or yellow light-emitting diodes (LEDs), 

III−V nitrides for blue or green LEDs, and III−V highest efficiency tandem solar cells. 
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3.2.2   MOVPE growth process 

The key processes during MOVPE growth are generally four phases including (i) mass 

transport, (ii) physical processes, (iii) chemical reactions, and (iv) thermodynamics [2]. 

(i) When the carrier gas carries the source materials to the reactor, the laminar flow of the 

vapor forms a boundary layer above the substrate surface. Then, precursors diffuse 

through the boundary layer toward the substrate surface. 

(ii) While precursors diffuse at the substrate surface, adatoms adsorb into appropriate 

lattice positions at kinks and steps, or desorb into the vapor phase. Two- or 

three-dimensional nucleation can take place at the substrate surface. 

(iii) Chemical reactions strongly affect the surface reconstruction, adsorption or desorption 

processes of precursors, and density of step, kink or other defects. Thermal 

decomposition of precursors under certain growth conditions should be considered. 

(iv) Thermodynamics, which is the driving force for overall growth, dominates the grow 

rate because it defines the deviation from equilibrium. Thus, it also affects the 

incorporation of native defects or dopants and surface stoichiometry. 

 

Fig. 3-1 Schematic view of growth mechanism in the selective-area MOVPE process. 
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Fig. 3-1 shows schematic view of the mechanisms in the selective-area MOVPE process. 

The growth rate is affected by the diffusion of growth species from the SiO2 mask region and 

desorption to the outside of the boundary layer. In selective-area growth, the longer diffusion 

length of growth precursors is needed to improve the flatness of grown surfaces because the 

growth species dominantly diffuse from mask region to the opening area of the substrate 

surface. Accordingly, the selective-area growth needs higher growth temperatures than the 

conventional planar growth. In order to avoid the depositions of poly-crystals on the mask 

surfaces, the high growth temperature and low working pressure are also needed because the 

poly-crystals prefer to deposit under the conditions where the high probability of encountering 

group-III species caused by the long resident time of the precursors on the surface. 

 

3.2.3   MOVPE system 

Fig. 3-2 shows schematic view of the MOVPE system used in this study. The MOVPE 

system has three essential components: the gas delivery system, the horizontal reactor system 

with a temperature controller, and the exhaust disposal system with a low pressure pumping. 

The MOVPE system uses palladium diffused purified hydrogen (H2) as a carrier gas, 

which transports the source materials to the reactor. The source materials flow to the reactor in 

separate lines for the metal organic (MO) sources and gas sources. The gas sources are 

supplied from gas cylinders. As shown in Fig. 3-3, the MO sources are supplied from the 

bubblers, which are kept at a constant temperature to control the amount of material supply. 

The partial pressure of MO sources is controlled by mass-flow controllers (MFCs). Pressure 

control valves (PCVs) keep the pressure constant in the bubbler. 

The MOVPE reactor used in this study is a horizontal quartz (SiO2) tube. The substrate 

for nanowire growth is put on a graphite susceptor in the reactor, and the graphite susceptor is 

heated by a radio frequency (RF) coil. The substrate temperature is monitored by a 

thermocouple inserted into the susceptor. The total gas flow to the reactor is maintained at 5. 

75 standard liters per minute (SLM). The working pressure is kept constant at 0.1 atm by using 

a vacuum pumping during the growth. Since the MOVPE system uses toxic materials, the 

exhaust gases that contains non-reacted precursors are safely transported away though the 
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Fig. 3-2 Schematic view of the MOVPE system used in this study. The reactor is maintained at a 

working pressure of 0.1 atm with a total flow of 5.75 SLM. 

 

 

Fig. 3-3 Schematic view of the lines for a MO source provide by a bubbler. The red valves are opened 

and the blue valve is closed when the MO source is used. The green valve shows a pressure control 

valve, maintaining the pressure in the bubbler at 760 Torr. 
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exhaust system. The MO and gas source materials equipped in this MOVPE system are 

tertiarybutylphosphine (TBP), trimethylindium (TMIn), trimethylgallium (TMGa), 

trimethylaluminum (TMAl), diethylzinc (DEZn), 50 ppm silane (SiH4) diluted in H2, and 5% 

arsine (AsH3) diluted in H2. 

 

3.3 Nanowire fabrication by selective-area MOVPE 

In this study, semiconductor nanowires are fabricated by selective-area metalorganic 

vapor phase epitaxy (SA-MOVPE), which is a bottom-up crystal growth technique combined 

with a top-down technique for fabricating the SiO2 mask. The nanowire fabrication procedure 

is as follows. First, approximately 20-nm-thick SiO2 films are deposited by plasma sputtering 

system (Shibaura Mechatronics Corporation, CFS-4EP-LL). The thickness of SiO2 film is 

measured by ellipsometry (ULVAC, ESM-1AT). After ultrasonic cleanings in acetone, ethanol, 

and ultrapure water for 5 min in each, an EB resist (Nippon Zeon: ZEP520A-7) is coated on the 

substrate by a spin-coater. The substrates are pre-baked at 170 °C for 2 min and 90 °C for 10 

min, and then they are cooled to room temperature in order to prevent from surface cracks of 

the resist by a heat contraction. 

The EB lithography system (JEOL, JBX-6300SF) using a ZrO/W field emitter with an 

accelerating voltage of 100 kV is used for making periodical hexagonal opening patterns on the 

EB resist. The opening patterns are defined by a small EB size of about 2 nm. Afeter EB 

exposure, the substrates are developed with xylene or ZED-N50 for 90 sec, and rinsed with 

isopropyl alcohol (IPA) for 60 sec. The substrates are then post-baked at 140 °C for 10 min and 

cooled at room temperature. Next, wet chemical etching of SiO2 films is carried out using 

buffered hydrofluoric acid (BHF) solution, and the resist films are removed by 

methyl-ethyl-ketone (MEK) and 1165 remover (Rohm and Haas). Before loading samples to 

the reactor, the substrates are cleaned with organic solvents in an ultrasonic bath, and the native 

oxide on the surface of the substrates are removed by alkali solution (Furuuchi Chemical, 

Semicoclean) for 10 min in an ultrasonic bath. 
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3.4 Characterizations 

3.4.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is used for structural characterization of grown 

nanowires (Hitachi High-Tech, S-4100). The accelerating voltage of 30 kV is used in this study. 

The SEM system consists of an electron column with an electron source, condenser lenses, 

apertures, scanning coils, an objective lens and a specimen chamber. The column is kept at a 

high vacuum in order to prevent from an electrical discharge, to extend the lifetime of the 

electron gun, and to reduce undesirable collisions between electrons and air molecules.The 

spatial resolution of SEM is generally much higher than that of optical microscopy because the 

wavelength of the electrons is significantly shorter than that of visible light.  

 

3.4.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) is used for structural characterization of grown 

nanowires on an atomic scale in order to obtain more detailed information. The TEM has 

enough a high resolution to characterize not only the crystallinity and crystal structure of 

materials but also the interface quality between two materials in a heterostructure. In the TEM 

system, since electrons are transmitted and scattered through the sample, the sample in this 

study is sliced as thin as about 10 nm using a milling during focused ion beam (FIB). The 

accelerating voltage of 300 kV is used in this study.  

 

3.4.3 Photoluminescence 

Photoluminescence (PL) is used for optical characterization of the nanowires. A He–Ne 

laser (632.8 nm) in cw operation is used as an excitation source, and the laser light was focused 

to 2 μm in diameter with ×50 microscope objectives and onto samples placed in a cryostat. Fig. 

3-4 shows a schematic view of the PL measurement system used in this study. The PL 

emissions are guided into a monochromator (Acton SP-2300i; wavelength resolution of 0.1 or 
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0.4 nm) and detected with a charge-coupled-device (CCD) camera, which is also used to 

monitor images of the sample surface. The number of nanoiwres within the laser spot is 

depending on the nanoiwre pitch. 

 

3.4.4 Cathodoluminescence 

Cathodoluminescence (CL) is used for optical characterization of an individual nanowire. 

The CL measurement system used in this study consists of SEM (Hitachi High-Tech, 

S-4300SE) combined with the spectrometer and CCD detector. CL measurements are 

performed at low temperature (34-36 K) with an acceleration voltage of 7 kV. On the basis of 

the calculation by Kanaya and Okayama [3], the penetration depth of electrons is about 500 nm 

under this condition, whereas most of the electrons are generated within a fraction of the 

penetration depth. The electron beam is irradiated in the direction perpendicular to the 

nanowire sidewalls, and scanned along the nanowire axis from the top to the bottom. 

 

 

Fig. 3-4 Schematic view of PL measurement system used in this study. A He-Ne laser (632.8 nm) is used 

as an excitation source, and the laser spot size is about 2 μm. 
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3.4.5 X-ray diffraction 

X-ray diffraction (XRD) measurements are used for structural, compositional, and strain 

characterizations of the nanowire assembly (Rigaku, SmartLab). The output power of X-ray is 

9 kW with the voltage of 45 kV and current of 200 mA. The investigated sample area is about 

4 mm2, in which more than one million nanowires are usually included since the nanowire 

pitch is 1000-1600 nm. Reciprocal space mappings (RSMs) are recorded in order to 

simultaneously investigate the crystal structure, chemical composition, and strain of the 

nanowires. Fig. 3-5 shows schematic views of reciprocal spaces from the [0001]/[111] and 

[10-10]/[11-2] incidents. In this study, the area around the ZB (331) reflection is usually 

analyzed to distinguish between the WZ and ZB Bragg peaks, where the WZ (10-15) peaks 

appear at the midpoint between the ZB (331) and ZB (224) twin peaks. 

 

 

Fig. 3-5 Schematic views of reciprocal spaces from the [0001]/[111] incident in (a) wurtzite and (b) zinc 

blende crystal structures, and (c) from the [10-10]/[11-2] incident that contains both wurtzite and zinc 

blende crystal structures. 
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Chapter 4  

Growth of InGaP Nanowires on InP (111)A 

 

 

We studied the growth of indium-rich InGaP nanowires (NWs) on InP (111)A substrates 

by selective-area metal organic vapor phase epitaxy (SA-MOVPE). We obtained vertically 

aligned InGaP NWs by optimizing growth conditions, such as group III supply ratio and V/III 

ratio. We found that the height, diameter, shape, and composition of InGaP NWs depended 

significantly on the supply ratios of trimethylgallium (TMGa) and trimethylindium (TMIn). As 

the supply ratio of TMGa was increased, the lateral growth was drastically enhanced, and the 

uniformity of NWs deteriorated. Furthermore, the sidewall facets of NWs changed from 

{-211} to {-110} as the supply ratio of TMGa was increased, indicating the possibility of 

structural transition from wurtzite (WZ) to zinc blende (ZB). We propose a possible growth 

model for such lateral growth, uniformity, and structural transition. Photoluminescence (PL) 

measurements revealed that the Ga compositions ranged approximately from 0 to 15%. Our 

results show that highly uniform InGaP NWs can be grown by controlling the growth 

conditions. 

 

4.1  Introduction 

Over the past decade, semiconductor nanowires (NWs) have attracted a great deal of 

attention for the revolutionary advances that have been achieved for them in fields including 

nanotechnology-based electronics, optoelectronics, and biotechnology. Accordingly, extensive 

studies are being carried out to investigate their application in field-effect transistors [1,2], 

ultrasmall light-emitting diodes [3-5], solar cells [6-8], high-sensitivity chemical sensors [9,10], 

and other such devices. Until now, most semiconductor NWs have been fabricated by 
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catalyst-assisted vapor–liquid–solid (VLS) growth. This method entails growing NWs on 

substrates where alloys of catalyst metals, for instance, Au or Ni, and constituent atoms of the 

semiconductor are formed. As an alternative method, we have reported on the catalyst-free 

growth of III–V semiconductor NWs by selective-area metal organic vapor phase epitaxy 

(SA-MOVPE) [11]. This method has a great advantage in the controllability of the size and 

position of NWs. It is also noted that semiconductor alloys are essential for achieving various 

kinds of heterostructured NWs. Furthermore, with NWs, lattice-matching issues are expected 

to be insignificant owing to their geometrical sizes and shapes, which enhance the possibilities 

for the choice of materials and the controllability of bandgap energy.  

Among alloy semiconductors, InGaP is considered to be a suitable material for 

light-emitting diodes in the visible red region and for multi-junction solar cells because of its 

bandgap in the range from 1.35 to 2.26 eV, depending on the alloy composition. InGaP NWs 

formed by VLS growth have been reported [12-14]. However, few investigations of 

SA-MOVPE of InGaP NWs have been carried out, although much research has been carried 

out on other materials, for example, InAs [15,16], InGaAs [17-19], GaAs [11,20,21], and InP 

[22-25]. Here, we report on the growth of InGaP NWs on InP(111)A substrates by SA-MOVPE 

and discuss their structural characterization and composition measured by scanning electron 

microscopy (SEM), X-ray diffraction (XRD) analysis, and micro-photoluminescence (μ-PL) 

analysis. 

 

4.2  Experimental procedure 

The fabrication of NWs consisted of first preparing patterned InP (111)A substrates 

partially covered with a SiO2 mask. A 25-nm-thick SiO2 film was deposited on InP(111)A by 

plasma sputtering, and hexagonal-opening patterns were defined by electron beam (EB) 

lithography and wet chemical etching based on buffered hydrofluoric acid (BHF). The SiO2 

patterns were designed to be a periodic array of openings with the diameter d0 in the range 

from 30 to 200 nm and the pitch a in the range from 0.5 to 5.0 μm. The SA-MOVPE of NWs 

was carried out in a horizontal-low-pressure MOVPE system, in which trimethylgallium 
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(TMGa), trimethylindium (TMIn), and tertiarybutylphosphine (TBP) were used as source 

materials. The total of the partial pressures of TMGa, [TMGa], and TMIn, [TMIn], remained 

constant at 2.86×10-6 atm. The TMGa partial pressure ratio, Gasupply = 

[TMGa]/([TMGa]+[TMIn]), was changed to 0, 5, or 10%. The partial pressures of TBP, [TBP], 

ranged from 0.16 to 2.40×10-4 atm, and the V/III ratio was changed to 5.6, 28, and 84 with a 

constant group III supply. The typical condition for InP NWs with wurtzite structures was 

Gasupply = 0% and V/III ratio = 28. The growth temperature (Tg) and growth time were 650 °C 

and 20 min, respectively. 

XRD measurements were carried out using Cu Kα1 radiation (λ = 1.54059 Å) with a 

Ge(400) double-crystal monochromator. μ-PL was measured at 4.2 K. The excitation light 

from a He-Ne laser with a wavelength of 632.8 nm was focused on the NW arrays using the 

×50 microscope objectives with a 0.42 numerical aperture, which were also used to collect the 

PL from the NWs. The excitation power density was 1.0 kW/cm2, and the laser spot was less 

than 2 μm in diameter.  

 

4.3  Group III supply ratio dependence 

Fig. 4-1 shows 45° tilted SEM images of InP and InGaP NWs with various Gasupply values. 

The mask opening d0 and the pattern pitch a are 100 nm and 1.0 μm, respectively. For Gasupply 

= 0% [Fig. 4-1(a)], uniform hexagonal pillar structures were formed in the mask openings. The 

sidewalls of the hexagonal structures are {-211} facets vertical to the InP (111)A substrate. 

However, as Gasupply increased [Figs. 4-1(b) and 4-1(c)], the lateral growth was drastically 

enhanced, and the uniformity and surface flatness of NWs deteriorated. Furthermore, the 

sidewall facets of NWs changed from {-211} to {-110} as Gasupply increased, as shown in the 

insets of Figs. 4-1(a)-4-1(c). The average heights and diameters of NWs as a function of 

Gasupply are plotted in Fig. 4-2. NW height decreased and NW diameter increased with 

increasing Gasupply. These tendencies are almost the same as those observed in InP NWs when 

Tg decreases. That is, the increase in Gasupply can cause the reduction in apparent Tg. 
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Fig. 4-1 SEM images of InP and InGaP NWs for Gasupply = (a) 0%, (b) 5%, and (c) 10% with a V/III 

ratio of 28. Each inset shows a top view of the NWs, showing the difference in orientation of hexagonal 

side facets. The mask opening d0 and pattern pitch a were 100 nm and 1.0 μm, respectively. 

 

 

Fig. 4-2 Dependence of NW height and diameter on Gasupply. All error bars denote standard deviations. 
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With InGaP NWs, the lateral growth was enhanced as Gasupply increased, as shown in Fig. 

4-2, which agreed with InGaAs NWs reported by Sato et al. [17] The optimum growth 

temperature (Top) empirically has a relationship with the melting temperature (Tm) for III–V 

NW growth by SA-MOVPE. According to the melting temperature difference [Tm(InP) = 1330 

K, and Tm(GaP) = 1750 K] [26], the Top required to obtain vertical pillar growth also increases 

as Gasupply increases. The present Tg is much more preferable for the growth of {-110} surfaces 

owing to its being lower than the Top for GaP NWs without any lateral growth. Thus, as Gasupply 

increases, the Top for InGaP NWs increased; that is, the Tg decreased to a value below Top. 

Hence, lateral growth was enhanced owing to the increase in P coverage. Under this high P 

coverage condition, the P trimers are formed on the (111)A surface [27,28], which prevents the 

group III atoms from adsorbing onto the (111)A growth interface, thereby suppressing the 

vertical growth. 

Next, we discuss the change in the sidewall facets from {-211} to {-110}. Our previous 

study [23] revealed that two types of InP NW can be grown by controlling the growth 

conditions. One is the WZ structure with {-211} sidewall facets under high Tg and low V/III 

ratio (low P coverage) conditions, and the other is the ZB structure with {-110} sidewall facets 

under low Tg and high V/III ratio (high P coverage) conditions. Also, since the density of 

dangling bonds, or surface energy, is different between {-211} and {-110} facets, WZ 

nanowires with {-211} facets and ZB nanowires with {-110} facets are more stable and are 

more likely to be formed.  

As a result of growing InGaP NWs, Top tended to increase with increasing Ga composition, 

and the growth condition was shifted relatively to the lower temperature, that is, a high P 

coverage condition, as we mentioned in the previous paragraph. Hence, the increase in Ga 

composition contributes to the condition under which the crystal structures of InGaP NWs are 

more likely to be ZB structures because of the increased P coverage. Therefore, we consider 

that the change in the sidewall facets from {-211} to {-110} occurred owing to the structural 

transition from WZ to ZB. 

In addition to the influence of P coverage, we describe a possible reason for the structural 

transition from the viewpoint of ionicity. The ionicity of InP (0.421) is larger than that of GaP 

(0.327) [29]. Therefore, with the second nearest pair of groups III and V atoms in WZ stacking, 
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the Coulomb interaction of In-P pairs is much larger than that of Ga-P pairs. This indicates that 

In-P pairs favor WZ stacking, whereas Ga-P pairs have less preference for WZ stacking. Hence, 

even under the same growth conditions, InGaP NWs can be shifted to have ZB structures with 

a small amount of Ga. 

 

4.4 V/III ratio dependence 

Fig. 4-3 shows SEM images of InGaP NWs for Gasupply = 10% at various V/III ratios. At a 

low V/III ratio, tetrahedron-like structures are formed in the mask openings [Fig. 4-3(a)]. In 

contrast, at a high V/III ratio, hexagonal structures with clear {-110} sidewall facets are formed, 

and their uniformity is improved as compared with those produced at a V/III ratio of 28 [Fig. 

4-1(c)]. This result indicates that a higher V/III ratio contributes to the growth of hexagonal 

structures with clear {-110} sidewall facets. In addition, InGaP NWs grown at a V/III ratio of 

28 are thought to be ZB mixed with a small number of WZ crystal phases. This instability of 

the crystal structures results in nonuniform NWs. In contrast, InGaP NWs grown at a V/III 

ratio of 84 are considered to be a result of the condition under which the ZB crystal structure is 

stably formed because of a higher P coverage obtained by increasing the V/III ratio, as 

mentioned in the previous section, thereby improving the uniformity. 

 

 

Fig. 4-3 SEM images of InGaP NWs for Gasupply = 10% with V/III ratios of (a) 5.6, (b) 28, and (c) 84. 

The mask opening d0 and pattern pitch a were 100 nm and 1.0 μm, respectively. 
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Fig. 4-4 Dependence of NW height and diameter on pitch. All error bars denote standard deviations. 

 
 

For InGaP NWs grown at a V/III ratio of 84 [Fig. 4-3(c)], the dependence of the average 

height and diameter of NWs on pattern pitch is plotted in Fig. 4-4. As pitch increases, NW 

height increased and tended to saturate at approximately 3 μm. NW diameter linearly increases 

with increasing pitch. These results agree very well with those of the ZB InP NWs reported by 

Kitauchi et al. [23] The increase in both height and diameter can be explained by the diffusion 

of growth species in the gas phase and on the surface. If the supply of source materials per unit 

area is constant, the amount of materials to be incorporated into both the top and sidewall of a 

single NW increases as pitch increases, resulting in the increase in both NW height and 

diameter. 

 

4.5 Compositional characterization 

In order to estimate the Ga composition of InGaP, XRD measurements were carried out 

with reference InGaP planar layers on InP(001) substrates, which were grown simultaneously 

with InGaP NWs for each Gasupply. The calculated Ga compositions of the planar layers for 
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Fig. 4-5 (a) PL spectra of InP and InGaP NWs for various Gasupply. (b) PL spectra of InGaP NWs with 

various d0. The base of each spectrum is shifted along the vertical direction for clarity. 

 

 

Table 4-1 Ga composition of InGaP planar and NWs. 
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4-5(b) shows plot of the PL spectra of InGaP NWs with various d0 values. The observed PL 

peak energy shifted slightly to a higher energy region as d0 decreased from 200 to 30 nm, 

indicating that the Ga composition increased by approximately 5%. This phenomenon can be 

explained by the difference in desorption rate between Ga and In precursors on the mask 

surface. The desorption rate of Ga is lower than that of In. [17,18] Therefore, the decrease in d0, 

which is equivalent to the increase in the mask surface area, leads to the increase in Ga 

composition. 

The estimated Ga compositions of InGaP NWs with d0 = 100 nm and a = 1.0 μm are 

summarized in Table I. We think that the Ga compositions of InGaP NWs are slightly higher 

than those of the planar layers because selective-area growth enhances the adsorption of Ga 

atoms owing to the difference in desorption rate between Ga and In, as mentioned in the 

previous paragraph. Also, the Ga compositions estimated from the PL spectra of the NWs are 

higher than those determined by XRD analysis of the planar layers. This is probably due to the 

effect of ZB and WZ phase mixing. [24] We require more detailed analysis of the correlation 

between the crystal phase and PL peak energy in order to clarify the mixing ratio of ZB and 

WZ. 

 

4.6  Conclusions 

We fabricated InGaP NWs on InP(111)A substrates by SA-MOVPE under various Gasupply 

and V/III ratio conditions. The lateral growth was drastically enhanced, and the uniformity of 

NWs deteriorated as Gasupply increased. Furthermore, the sidewall facets of NWs changed from 

{-211} to {-110} with increasing Gasupply, indicating the possibility of a structural transition 

from WZ to ZB. In addition, we successfully improved the uniformity of NWs by increasing 

the V/III ratio. We also estimated the compositions of the InGaP NWs from XRD and PL 

measurements. The Ga compositions ranged approximately from 0 to 15% and increased with 

increasing Gasupply and decreasing mask opening diameter. These results indicate that the height, 

diameter, shape, uniformity, and composition of InGaP NWs depend on V/III ratio as well as 

Gasupply. Further studies are needed to obtain InGaP NWs over the entire composition range. 



  

44    Chapter 4  Growth of InGaP Nanowires on InP(111)A 

 

 

Bibliography 

[1] K. Tomioka, M. Yoshimura, and T. Fukui: Nature 488 (2012) 189. 

[2] H.T. Ng, J. Han, T. Yamada, P. Nguyen, Y.P. Chen, and M. Meyyappan: Nano Lett. 4 (2004) 
1247. 

[3] H. Sekiguchi, K. Kishino, and A. Kikuchi: Appl. Phys. Lett. 96 (2010) 231104. 

[4] L.K. van Vugt, S. Rühle, and D. Vanmaekelbergh: Nano Lett. 6 (2006) 2707. 

[5] K. Tomioka, J. Motohisa, S. Hara, K. Hiruma, and T. Fukui: Nano Lett. 10 (2010) 1639. 

[6] M. Law, L.E. Greene, J.C. Johnson, R. Saykally, and P. Yang: Nat. Mater. 4 (2005) 455. 

[7] E. Garnett and P. Yang: Nano Lett. 10 (2010) 1082. 

[8] H. Goto, K. Nosaki, K. Tomioka, S. Hara, K. Hiruma, J. Motohisa, and T. Fukui: Appl. Phys. 
Express 2 (2009) 035004. 

[9] C. Li, D. Zhang, X. Liu, S. Han, T. Tang, J. Han, and C. Zhou: Appl. Phys. Lett. 82 (2003) 
1613. 

[10] Z. Fan, D. Wang, P.-C. Chang, W.-Y. Tseng, and J.G. Lu: Appl. Phys. Lett. 85 (2004) 5923. 

[11] J. Noborisaka, J. Motohisa, and T. Fukui: Appl. Phys. Lett. 86 (2005) 213102. 

[12] D. Jacobsson, J.M. Persson, D. Kriegner, T. Etzelstorfer, J. Wallentin, J.B. Wagner, J. Stangl, 
L. Samuelson, K. Deppert, and M.T. Borgström: Nanotechnology 23 (2012) 245601. 

[13] A Fakhr, Y.M. Haddara, and R.R. Lapierre: Nanotechnology 21 (2010) 165601. 

[14] C.P.T. Svensson, T. Mårtensson, J. Trägårdh, C. Larsson, M. Rask, D. Hessman, L. 
Samuelson, and J. Ohlsson: Nanotechnology 19 (2008) 305201. 

[15] K. Tomioka, P. Mohan, J. Noborisaka, S. Hara, J. Motohisa, and T. Fukui: J. Cryst. Growth 
298 (2007) 644. 

[16] K. Tomioka, J. Motohisa, S. Hara, and T. Fukui: Nano Lett. 8 (2008) 3475. 

[17] T. Sato, J. Motohisa, J. Noborisaka, S. Hara, and T. Fukui: J. Cryst. Growth 310 (2008) 
2359. 

[18] M. Yoshimura, K. Tomioka, K. Hiruma, S. Hara, J. Motohisa, and T. Fukui: Jpn. J. Appl. 
Phys. 49 (2010) 04DH08. 



  

                                                                       45 

 

 

[19] Y. Kohashi, T. Sato, K. Ikejiri, K. Tomioka, S. Hara, and J. Motohisa: J. Cryst. Growth 338 
(2012) 47. 

[20] K. Ikejiri, J. Noborisaka, S. Hara, J. Motohisa, and T. Fukui: J. Cryst. Growth 298 (2007) 
616. 

[21] H. Yoshida, K. Ikejiri, T. Sato, S. Hara, K. Hiruma, J. Motohisa, and T. Fukui: J. Cryst. 
Growth 312 (2009) 3592. 

[22] P. Mohan, J. Motohisa, and T. Fukui: Nanotechnology 16 (2005) 2903. 

[23] Y. Kitauchi, Y. Kobayashi, K. Tomioka, S. Hara, K. Hiruma, T. Fukui, and J. Motohisa: 
Nano Lett. 10 (2010) 1699. 

[24] K. Ikejiri, Y. Kitauchi, K. Tomioka, J. Motohisa, and T. Fukui: Nano Lett. 11 (2011) 4314. 

[25] K. Ikejiri, F. Ishizaka, K. Tomioka, and T. Fukui: Nano Lett. 12 (2012) 4770. 

[26] V. Kumar, V. Jha, and A. K. Shrivastava: Cryst. Res. Technol. 45 (2010) 920. 

[27] C. H. Li, Y. Sun, D. C. Law, S. B. Visbeck, and R. F. Hicks: Phys. Rev. B 68 (2003) 085320. 

[28] T. Akiyama, T. Kondo, H. Tatematsu, K. Nakamura, and T. Ito: Phys. Rev. B 78 (2008) 
205318. 

[29] N. Christensen, S. Satpathy, and Z. Pawlowska: Phys. Rev. B 36 (1987) 1032. 

 

 

 

 

 

 

 

 

 



  

46    Chapter 4  Growth of InGaP Nanowires on InP(111)A 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 5 

Crystal Structure Transfer in InP/GaP Core-Shell 

Nanowires 

 

 

A GaP nanowire is promising from the viewpoint of device applications because when its 

crystal phase is changed from zinc blende (ZB) to wurtzite (WZ), its band gap changes from 

indirect to direct. GaP in the WZ phase is theoretically and experimentally shown to have the 

possibility of “green” emission. Here we report on the growth of WZ GaP in InP/GaP 

core-shell nanowires by selective-area metal-organic vapor-phase epitaxy (SA-MOVPE). WZ 

InP nanowires were used as a template for transferring the WZ structure to GaP. Transmission 

electron microscopy revealed that WZ GaP was grown on the sidewalls of the InP core in the 

lateral <-211> direction and that ZB GaP was grown on the top of the InP core in the axial 

<111>A direction. A growth model for the different crystal structures of the GaP shell is 

proposed from the viewpoint of the growth direction. The WZ structure is “transferred” from 

the InP core to the GaP shell only when GaP grows in the direction perpendicular to the WZ 

stacking direction of the InP core. This so-called “crystal structure transfer” can also be applied 

to p- and n-doped GaP and is therefore promising for fabricating WZ-GaP-based light-emitting 

diodes. 

 

5.1  Introduction 

Semiconductor nanowires (NWs) have attracted considerable interest in recent years 

because of their potential applications in devices such as field-effect transistors [1,2], 

light-emitting diodes [3-6], and solar cells [7,8]. The most-surprising feature of nanowires is 
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that they can be grown with a wurtzite (WZ) crystal structure by appropriately adjusting the 

growth conditions such as growth temperature, V/III ratio, and doping amount [9-16], even 

though they are stable in the zinc blende (ZB) phase of the bulk crystal. This crystal structure 

engineering opens up a new possibility for the device applications of nanowires because the 

crystal structure has a significant effect on the physical properties of semiconductor materials. 

Interestingly, band-structure calculations suggest that GaP in the WZ phase has a direct band 

gap [17-21], although that in the ZB phase has an indirect band gap. Recently, this suggestion 

has been experimentally confirmed by using WZ GaP nanowires fabricated by 

vapor-liquid-solid (VLS) growth, suggesting the direct-band-gap transition at 2.09 eV [14]. 

This direct-band-gap WZ GaP may increase the efficiency of green light-emitting diodes and 

close the “green gap” issue. 

We have grown III–V compound semiconductor nanowires by selective-area 

metal-organic vapor-phase epitaxy (SA-MOVPE) [1,4,8-11,22-26]. The crystal structures of 

InP nanowires can be controlled by adjusting the growth conditions of SA-MOVPE, and pure 

WZ InP nanowires can be obtained at high growth temperature and low V/III ratio [9,10]. 

However, this type of control is not yet possible with other III–V compounds, such as GaP, 

GaAs, and InAs. To promote the crystal-phase change of those compounds, it is necessary to 

transfer the WZ structure from the core to the shell. We have already reported pure WZ InAs 

nanotubes based on InP/InAs core-shell nanowires, in which the WZ structure of the InP core 

is transferred to the InAs shell [22]. In this study, we demonstrate the growth of WZ GaP by 

using WZ InP nanowires as a template for transferring the WZ structure to GaP, and propose a 

possible growth model for the crystal structure transfer. InP was chosen as a template because 

the WZ structures can be easily obtained. From the calculation, the energy difference between 

the WZ and ZB structures of InP is a minimum in the case of typical III-V compounds 

including aluminum, gallium, and indium as group-III elements and phosphorus, arsenic, and 

antimony as group-V elements [27]. 

5.2  Experimental procedure 

As for the process for fabricating the nanowires, a 25-nm-thick SiO2 film was first 

deposited on an InP (111)A substrate by plasma sputtering, and hexagonal-opening patterns 
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were defined by electron-beam (EB) lithography and wet chemical etching using buffered 

hydrofluoric acid (BHF). The SiO2 patterns were designed to be a periodic array of openings 

with a diameter of 90 nm and a pitch of 400 nm. The SA-MOVPE of nanowires was carried 

out in a horizontal low-pressure MOVPE system using trimethylgallium (TMGa), 

trimethylindium (TMIn), and tertiarybutylphosphine (TBP) as source materials. The partial 

pressures of TMIn and TBP were respectively 2.7×10-6 and 4.9×10-5 atm for InP core growth, 

and the partial pressures of TMGa and TBP were respectively 4.8×10-7 and 3.1×10-4 for GaP 

shell growth. Prior to the growth, the native oxide on the openings was removed by thermal 

cleaning at 600°C under a hydrogen and TBP ambient. WZ InP nanowires were grown for 20 

min at 660°C with a V/III ratio of 18, which is the typical condition for growing WZ structures 

[9,10]. GaP shells were then grown for 3 min at 600°C with a V/III ratio of 646. This 

low-temperature and high-V/III-ratio condition was chosen to promote lateral growth of the 

shell [23,28]. The grown structures were characterized by scanning electron microscope (SEM) 

and transmission electron microscope (TEM). As for the TEM characterization, the 

electron-beam projection was parallel to the <-110> direction. 

 

5.3  Growth of InP/GaP core-shell nanowires 

Fig. 5-1 shows a 15°-tilted SEM image of the grown InP/GaP core-shell nanowires, which 

have hexagonal {10-10} vertical sidewall facets with average diameter and height of 100 nm 

and 1.6 μm, respectively. Sidewalls of InP nanowires with WZ structures are typically {10-10} 

facets (which correspond to {-211} facets in cubic ZB notation), but those with ZB structures 

are {-110} facets. SEM studies revealed that growth of the GaP shell was always non-uniform 

and that three-dimensional growth was partially observed, probably due to the large lattice 

mismatch of the InP/GaP material system (7.1%). In the case of InP/InAs core-shell nanowires 

(with lattice mismatch of 3.2%) [22], a uniform InAs shell can be obtained at low growth 

temperature and a small supply of group-III precursors. Accordingly, to improve the uniformity 

of the shell, it is necessary to further optimize the growth condition and/or the buffer layer 

between the core and shell. 
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Fig. 5-1 15°-tilted SEM image of InP/GaP core-shell nanowires, which have {10-10} side facets. The 

inset shows a magnified image of one nanowire. 

 

 

The crystal structure of core-shell nanowires was clarified by high-resolution TEM. Fig. 

5-2(a) shows a TEM image of the InP/GaP interface at the sidewall of a core-shell nanowire. 

As shown in Figs. 5-2(b) and 5-2(c), the TEM image of the InP core and the corresponding 

fast-Fourier-transform (FFT) image revealed that the template InP nanowires had a WZ 

structure with a few stacking faults per micrometer. From the magnified TEM image and the 

corresponding FFT image in Figs. 5-2(d) and 5-2(e), it is confirmed that WZ GaP was grown 

laterally on the sidewalls of the WZ InP nanowires. The thickness of the GaP shell was about 5 

nm. The spot splitting in the FFT image was caused by two different lattice spacings, which 

indicates the existence of the GaP shell. The GaP shell was also confirmed by 

energy-dispersive X-ray spectroscopy (EDX) line scans along the lateral direction of an 

InP/GaP core-shell nanowire, with a corresponding high-angle annular dark-field (HAADF) 

image, as shown in Fig. 5-2(f). Misfit dislocations are also observed in Figs. 5-2(a) and 5-2(d). 

The correlation between misfit dislocations and strain at the InP/GaP interface was investigated. 

Under the assumption of complete relaxation of the InP/GaP core-shell nanowires, the spacing 

between misfit dislocations is calculated from its lattice mismatch of 7.1% to be 4.4 nm by 

using the ZB lattice parameters of InP and GaP. The measured average spacing was 10.6 nm, 

which differs from the calculated value. This result means that 40% of interface stress was 

accommodated by misfit dislocations and the rest was maintained in the InP/GaP interface. 

500 nm

(a)

100 nm

{10-10}

(b)
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Fig. 5-2 Crystal structures at the side of an InP/GaP core-shell nanowire. (a) TEM image of the InP/GaP 

interface. (b) and (c) Magnified TEM image of InP core and the corresponding FFT image, showing a 

pure WZ structure. (d) and (e) Magnified TEM image at the InP/GaP interface and the corresponding 

FFT image, showing the existence of WZ GaP. (f) EDX line scans along the lateral direction of a 

core-shell nanowire and corresponding HAADF image. Black arrows in (a) and (d) indicate the positions 

of misfit dislocations. 

 

Fig. 5-3(a) shows a high-resolution TEM image of the top of an InP/GaP core-shell 

nanowire. The EDX line scans of the GaP top shell in Fig. 5-3(b) shows that indium at a 

composition of 20% was incorporated into GaP, probably due to surface segregation of indium 

during growth of GaP. Magnified TEM and FFT images of GaP grown on the top of an InP 

nanowire are shown in Figs. 5-3(c) and 5-3(d), which indicate that GaP has a ZB structure. A 

magnified TEM image of the interface of WZ InP and ZB GaP is shown in Fig. 5-3(e). The 

crystal structures of nanowires completely changed from WZ to ZB after growth of a 

monolayer of GaP, and stacking faults and twins did not appear near the interface except for 

the phase transition boundary. In other words, when GaP growth started in the <111>A 

direction, the growth mode immediately changed to the same situation as the selective-area 

growth of GaP on a planar (111)A substrate. In growth of GaP by SA-MOVPE on GaP(111)A 
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and B substrates [25], although hexagonal nanowires are grown in the <111>B direction, 

tetrahedral structures with (111)B facets are formed in the <111>A direction. In addition, these 

tetrahedral GaP structures formed on the (111)A plane are thought to have ZB phase because 

the corners of all tetrahedrons are pointed in one direction [24]. In the present study, 

tetrahedral-like GaP structures, in which (111)B facets partially appeared, were formed on the 

top of InP nanowires and had ZB phase. Note that the InP nanowires, as well as the GaP top 

shell, were grown in the <111>A direction. The present result is consistent with our previous 

study on growth of GaP by SA-MOVPE. 

 

 

Fig. 5-3 Crystal structures at the top of an InP/GaP core-shell nanowire. (a) Overall TEM image at the 

top of the core-shell nanowire. (b) EDX line scans of the GaP top shell along the lateral direction and 

corresponding HAADF image. (c) and (d) Magnified TEM image of GaP top shell and the 

corresponding FFT image, showing a pure ZB structure. (e) Magnified TEM image at the interface of 

WZ and ZB phases. 
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5.4 Crystal structure transfer in core-shell nanowires 

Crystal structures of InP/GaP core-shell nanowires are summarized schematically in Fig. 

5-4(a). The reason that different crystal structures were grown on the top and side of the InP 

nanowires is discussed in the following from the viewpoint of the stacking direction of a WZ 

InP template. Atomistic models for structural transition in InP/GaP core-shell nanowires are 

shown in Fig. 5-4(b). In the axial <111>A direction, the stacking sequences of the WZ phase 

(ABAB…) and the ZB phase (ABCABC…) are geometrically variable to each other without 

introducing mis-coordinated atoms because the growth direction of the top shell is the same as 

the WZ stacking direction. The crystal structure of the GaP top shell can therefore be changed 

in accordance with the materials of the shell and growth conditions. In our previous study on 

InGaP nanowires on InP(111)A substrates [26], the crystal phase transition from WZ to ZB 

occurred when a small amount of gallium was added to WZ InP nanowires, indicating that GaP 

has a strong tendency to form ZB phase. In addition, in this study, the GaP shell was grown 

under the condition of low growth temperature and high V/III ratio, at which ZB structures are 

likely to form [13,28]. Hence, ZB GaP was formed on the top of the InP nanowires. 

 

Fig. 5-4 (a) Schematic illustration of grown crystal structures of InP/GaP core-shell nanowires. (b) 

Atomistic models for structural transition of the GaP shell. The stacking sequence of the WZ phase of 

“ABAB…” is strongly fixed in the <-211>A direction (fixed stacking axis), while both WZ and ZB 

phases are geometrically possible in the <111>A direction (variable stacking axis). 
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In the lateral <-211> direction, however, the WZ stacking sequence “ABAB…” is 

strongly fixed because the growth direction of the shell is perpendicular to the WZ stacking 

direction. In this situation, crystal structures can be transferred in accordance with the energy 

balance for the core and shell materials. Major factors affecting this balance are the 

defect-formation energy and the energy difference between the WZ and ZB structures, which 

was calculated by Yeh et al. [27] When the WZ–ZB energy difference is larger than the 

defect-formation energy, ZB structures are formed by introducing many misfit dislocations 

between core and shell layers. When the WZ–ZB energy difference is small enough, however, 

WZ structures are maintained during shell growth. In this study, according to the TEM image 

in Fig. 5-2(d), the GaP side shell was grown coherently with a few monolayers before the 

misfit dislocations were introduced, and this coherent growth of the shell indicates a relatively 

large defect-formation energy. The WZ–ZB energy difference was therefore probably much 

smaller than the defect-formation energy, resulting in the sequence “ABAB…” being 

transferred from the InP core to the GaP shell regardless of the growth conditions. The key 

requirements concerning this technique for transferring the crystal structure are the twofold: 

first, growth direction is perpendicular to the WZ stacking direction; second, the WZ–ZB 

energy difference is smaller than the defect-formation energy. 

 

5.5  Conclusions 

We demonstrated the growth of WZ GaP in InP/GaP core-shell nanowires by SA-MOVPE, 

in which the WZ InP nanowires were used as a template for transferring the WZ structure to 

the GaP shell. TEM and FFT analyses revealed that WZ GaP was grown on the sidewalls of the 

InP core in the lateral <-211> direction and that ZB GaP was also grown on the top of the InP 

core in the axial <111>A direction. Next, we showed a growth model for the different crystal 

structures of GaP. The “ABAB…” stacking sequence of WZ phase is strongly fixed in the 

<-211> direction, while both the WZ and ZB phases are geometrically possible in the <111>A 

direction. A WZ structure is transferred from the InP core to the GaP shell in the <-211> 

direction because the WZ–ZB energy difference is relatively small. This crystal structure 

transfer can be applied to p- and n-doped GaP and is therefore promising for fabricating 

WZ-GaP-based light-emitting diodes. 
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Chapter 6 

Growth of Wurtzite InP/AlGaP Core-Multishell 

Nanowires 

 

 

We report on the selective-area growth and characterization of wurtzite (WZ) InP/AlGaP 

core-multishell nanowires. Quantum well (QW) structures were fabricated in AlGaP 

multishells by changing the alloy composition. Transmission electron microscopy revealed that 

the AlGaP multishells were grown with a WZ structure on the side of the WZ InP core. The 

lattice constants of the WZ InP core and WZ AlGaP shell were determined by X-ray diffraction. 

Cathodoluminescence studies showed that the WZ AlGaP QW with an Al composition of 20% 

exhibited green emissions at 2.37 eV. These results open the possibility of fabricating green 

light-emitting diodes using WZ AlGaP-based materials. 

 

6.1  Introduction 

Color-mixed red-green-blue (RGB) light-emitting diodes (LEDs) are promising 

candidates for future solid-state lighting and display technology owing to their potential 

advantages in terms of energy conversion efficiency and color rendering index (CRI) [1,2]. 

However, achieving high-efficiency LEDs in the green region is challenging owing to a lack of 

suitable semiconductor materials; this region is known as the “green gap” [3,4]. Non-nitride 

III-V materials having wurtzite (WZ) structures have recently provided a new approach to 

overcoming this problem. Some theories predict that GaP and AlP in WZ structures have direct 

band gaps in contrast to conventional zinc blende (ZB) structures that have indirect band gaps 

[5-7]. Although this new approach has been experimentally demonstrated in WZ GaP [8,9] and 
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WZ AlInP [10],
)
 such WZ materials with the quantum well (QW) structures required for LED 

applications have not been reported so far. In nanowire (NW) structures, radial core-multishell 

(CMS) NWs with QW structures are suitable for LED applications [11,12]. In this study, we 

report the growth and characterization of WZ InP/AlGaP CMS NWs with QW structures for 

the green spectral region. The WZ AlGaP with an Al composition of approximately 20% is 

expected to have a band gap energy in the green spectral region on the basis of the calculations 

of their band structures [6,7]. 

 

6.2  Experimental procedure 

CMS NWs were synthesized by selective-area metal organic vapor phase epitaxy 

(SA-MOVPE). In SA-MOVPE, InP NWs can be grown with a pure WZ structure by properly 

adjusting the growth conditions [13-15]. The crystal structure transfer method [16-18] was 

applied to these WZ InP NWs for radial multishell growth. First, a 20-nm-thick SiO2 layer was 

deposited on an InP (111)A substrate by plasma sputtering, and the SiO2 layer was partially 

removed by electron-beam (EB) lithography and wet chemical etching. SiO2 patterns were 

designed to be a periodic array of openings with a diameter of 130 nm. SA-MOVPE was 

performed in a low-pressure MOVPE reactor using trimethylaluminum (TMAl), 

trimethylgallium (TMGa), trimethylindium (TMIn), and tertiarybutylphosphine (TBP) as 

source materials. Prior to the growth, the native oxide on the openings was removed by thermal 

cleaning for 5 min at 600 °C in hydrogen and TBP ambient. After thermal cleaning, WZ InP 

NWs were grown for 15 min at 660 °C with a V/III ratio of 18, which is the typical condition 

for growing WZ structures [13]. The partial pressures of TMIn and TBP were 2.7×10-6 and 

4.9×10-5 atm, respectively. Low-temperature (LT) AlGaP shells were then grown for 7 min at 

600 °C with a V/III ratio of 650 to prevent P desorption from InP NWs. The respective partial 

pressures of TMAl, TMGa, and TBP were 2.4×10-7, 2.4×10-7, and 3.1×10-4 atm, which 

correspond to the TMAl supply ratio, [TMAl]/([TMAl]+[TMGa]), of 0.50 in the vapor phase. 

After LT AlGaP shell growth, three AlGaP shell layers were grown to fabricate QW structures 

by changing the TMAl supply ratios. The inner barrier layer was grown for 20 min at 750 °C 

with a V/III ratio of 320. The respective partial pressures of TMAl, TMGa, and TBP were 
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4.8×10
-7

, 4.8×10
-7

, and 3.1×10
-4

 atm, which correspond to the TMAl supply ratio of 0.50 in the 

vapor phase. The QW layer was grown for 3 min at 700 °C with a V/III ratio of 320. The 

respective partial pressures of TMAl, TMGa, and TBP were 1.9×10-7, 7.7×10-7, and 3.1×10-4 

atm, which correspond to the TMAl supply ratio of 0.20 in the vapor phase. The outer barrier 

layer was grown for 10 min at 700 °C with a V/III ratio of 320. The partial pressures of TMAl, 

TMIn, and TBP were the same as those of the inner barrier layer. Finally, the GaP shell was 

grown for 1 min at 700 °C with a V/III ratio of 650 as a capping layer to prevent oxidation of 

AlGaP. The partial pressures of TMGa and TBP were 9.6×10-7 and 6.2×10-4 atm, respectively. 

The morphology, crystal structures, and compositions of CMS NWs were characterized 

by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy 

dispersive X-ray spectroscopy (EDX) combined with scanning transmission electron 

microscopy (STEM). The electron-beam projection was parallel to the <-110> direction. X-ray 

diffraction (XRD) measurements were carried out to investigate the crystal structures of the 

NW assembly. The NW pitch was 1600 nm and the investigated sample area was about 4 mm2, 

in which more than one million NWs were included. Cathodoluminescence (CL) 

measurements were performed at 34 K on a single CMS NW with an acceleration voltage of 7 

kV. On the basis of the calculation by Kanaya and Okayama [19], the penetration depth of 

electrons was about 500 nm under this condition, whereas most of the electrons were generated 

within a fraction of the penetration depth. 

 

Fig. 6-1 (a) 30°-tilted view SEM image of InP/AlGaP CMS NWs. (b) Schematic illustration of grown 

layers of the CMS NW. 
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6.3  Nanowire growth and quantum well structure 

An SEM image and a schematic illustration of InP/AlGaP CMS NWs with QW structures 

are shown in Fig. 6-1. The NWs resembled hexagonal pillars with {-110} side facets. The NW 

pitch was 600 nm. The average height and total diameter of the CMS NWs were 2.6 μm and 

240 nm, respectively. A slightly larger diameter was found at the tip of the NWs, which 

corresponds to the AlGaP shell grown on top of the InP core. From the SEM image, no 

tapering or bending of the NWs were observed, while polycrystal deposition on SiO2 films was 

observed. The deposition began to appear when the AlGaP shell growth time was 20 min or 

more. 

To confirm QW structures fabricated in the AlGaP shell, we investigated the compositions 

of the CMS NWs by EDX measurements. A high-angle annular dark-field (HAADF) STEM 

image of a NW cross section of the middle part and corresponding EDX mappings are shown 

in Fig. 6-2. From these images, the diameter of the InP core and the thickness of the AlGaP 

shell were determined to be approximately 125 and 50 nm, respectively. The QW thickness 

was about 3 nm. The two barrier layers had different thicknesses because the growth time of 

the outer barrier layer was shorter than that of the inner barrier layer. This is also because the 

growth rate of the outer AlGaP shell decreased as the growth time increased probably owing to 

the increasing amount of polycrystals deposited on the SiO2 mask area.  

 

Fig. 6-2 Cross-sectional HAADF STEM image of a CMS NW and corresponding EDX mappings of (b) 

In, (c) P, (d) Al, and (e) Ga, showing the existence of a QW structure. 
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Fig. 6-2(a) shows two types of black contrast. The black contrast around the InP core 

resulted from the low crystal quality of the LT AlGaP shell layer. The other black contrast 

along the <-211> radial directions was due to aluminum segregation, which commonly appears 

in aluminum-containing shell layers, such as GaAs/AlInP core-shell NWs [20]. Aluminum 

segregation was also found in EDX mappings in Figs. 6-2(d) and 6-2(e). In addition to 

aluminum segregation, indium diffusion appeared in the AlGaP shell, which can be seen in 

both the EDX mapping and the line scan in Fig. 6-2(b) and Fig. 6-3, respectively. The reason 

for this indium diffusion is that the growth temperature of the AlGaP shell is higher than that of 

the InP core. From Fig. 6-3, the aluminum and gallium compositions in the barrier layers were 

almost the same, excluding the effect of indium diffusion, which is equal to the supply ratio of 

TMAl and TMGa. Therefore, the aluminum and gallium compositions in the QW layer were 

estimated to be 20 and 80%, respectively. 

 

 

Fig. 6-3 EDX line scan of a CMS NW along the lateral direction and corresponding HAADF STEM 

image (inset). 
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Fig. 6-4 Cross-sectional TEM images of an InP/AlGaP CMS NW. The incident of the electron beam was 

parallel to the <-110> direction of the substrate. (a) Overall TEM image of the NW. (b) and (c) Enlarged 

TEM images at the top and side of the NW shown in (a). (d)–(i) High-resolution TEM images and 

corresponding FFT images of the top AlGaP shell, side AlGaP shell, and InP core. 

 

6.4 Structural characterization 

To confirm the crystal structures of a CMS NW, we performed TEM and 

fast-Fourier-transform (FFT) analyses of a NW, and the results are shown in Fig. 6-4. Three 

parts of the NW were investigated. First, the InP core had a WZ structure with a few stacking 

faults per micrometer. Second, the AlGaP shell on top of the InP core had a ZB structure with 

stacking faults. In Fig. 6-4(a), the diameter of the top part of the NW was larger than that of the 

middle part. This is another piece of evidence showing that the AlGaP shell on the top consists 

of ZB structures because stacking faults and lateral growth continuously occur until stable 

{-110} facets are formed in the case of selective-area growth of NWs with ZB structures  
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Fig. 6-5 Schematic illustration of the formation of stacking faults at the InP/AlGaP core-shell interface. 

[14,21]. Third, the AlGaP shell on the side of the InP core mainly had a WZ structure, but it 

partly had a ZB structure resulting from stacking faults. The appearance ratio of WZ segments 

in the AlGaP shell was calculated to be 84% by statistical analysis [22]. We consider that the 

stacking faults and ZB segments appeared at the interface of the InP core and AlGaP shell for 

the following reasons. For planar layers, the critical thickness is calculated to be less than 1 nm 

from the lattice mismatch of 7.0% between InP and Al0.5Ga0.5P. When the AlGaP shell is grown 

on the InP core, it can be coherently grown on the InP core until it reaches a critical thickness, 

and then misfit dislocations appear in the AlGaP shell. As a result, additional layers are 

introduced in WZ layers of the AlGaP shell that has a smaller lattice constant, resulting in ZB 

segments such as “ABABCBCB…” and “ABACABAB...”, as shown in Fig. 6-5. 

Fig. 6-6 shows an XRD reciprocal space mapping (RSM) around the ZB (331) reflection 

of the InP (111)A substrate. The WZ (10-15) and ZB (331) peaks were observed for the InP 

core and substrate, and the WZ (10-15), ZB (224) twin, and faint ZB (331) peaks were 

observed for the AlGaP shell. The strong intensity of the WZ InP (10-15) peak indicates that 

the InP core has a high crystal quality in the WZ structure. In contrast, the intensity of the WZ 

AlGaP (10-15) peak was relatively low and broad owing to the low crystal quality resulting 

from stacking faults. The ZB (224) twin peak and faint spot of ZB (331) for AlGaP were 

attributed to the ZB AlGaP shell with rotational twins grown on the top of the InP core, 

because no ZB (224) twin peak was observed for both the InP core and substrate. These results 

are in good agreement with those of TEM analysis. 
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Fig. 6-6 XRD RSM of InP/AlGaP CMS NWs recorded around the ZB (331) reflection of the InP (111)A 

substrate. 

 

 

Table 6-1 WZ lattice constants of the InP core and AlGaP shell. 
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Next, we measured the axial and radial lattice constants, cWZ and aWZ, of the WZ InP core 

and WZ AlGaP shell from the peak positions of WZ (10-15) reflections, and compared the 

measured values with relaxed WZ lattice constants geometrically converted from ZB lattice 

constants. For the conversion, the relations aWZ =      aZB and cWZ =      aWZ were used, 

and Vegard’s law was applied to the calculations of AlGaP lattice constants. The calculation 

results are summarized in Table 6-1. For WZ InP, both the measured aWZ and cWZ values were 

almost the same as the converted aWZ and cWZ values. Kriegner et al. have reported that 

free-standing WZ InP is elongated in the c-axis direction and compressed in the a-axis 

direction as compared with the converted values [23]. These tendencies were also found in 

other III-V NWs [24,25]. However, in this study, no such tendency was found probably 

because the WZ InP core was surrounded by an AlGaP shell that has a smaller lattice constant 

and was therefore subject to compressive strain in the c-axis direction. For WZ AlGaP, both the 

measured aWZ and cWZ values were substantially larger than the converted aWZ and cWZ values. 

This implies the incorporation of InP, which has a larger lattice constant. The measured lattice 

constants of WZ AlGaP correspond to those of WZ AlGaInP with about 10% indium when they 

are geometrically converted using Vegard’s law. This result is consistent with the EDX analysis 

results shown in Fig. 6-3. 

 

6.5 Optical characterization 

To understand the effects of WZ and ZB structures on optical properties, we carried out 

CL measurements of a single NW at 34 K. The electron beam was scanned along the NW axis 

with 16 measured points at intervals of about 150 nm, as shown in Fig. 6-7(a). The obtained 

CL spectra are shown in Fig. 6-7(b). For clarity of CL peak energies, representative CL spectra 

of the top and middle of the NW are shown in Fig. 6-7(c) in a logarithmic scale. The peaks at 

1.42 and 1.62 eV correspond to emissions from the ZB InP substrate and WZ InP core NW. 

The peaks at 1.36–1.38 eV, observed at beam positions #15 and #16 in Fig. 6-7(b), correspond 

to bound exciton and donor-acceptor emissions of the InP substrate [26]. The peak energy for 

ZB InP is equivalent to the known value, whereas the peak energy for WZ InP is slightly 

higher than those previously reported [13]. The theoretical band gap energy of WZ InP is 1.502 
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eV, and the band gap energy of previously reported WZ InP NWs is 1.54 eV. In this study, the 

WZ InP core has compressive strain arising from the AlGaP shell, which can lead to an 

increase in band gap energy. If the band gap energy of the WZ InP NWs is the same as that 

previously reported, the effect of compressive strain will lead to an energy shift of 80 meV.  

Regarding the AlGaP multishell, CL emissions were observed at 2.18 and 2.37 eV. From 

the electron beam spot, the former can be attributed to ZB AlGaP at the top of the InP core, and 

the latter can be attributed to WZ AlGaP on the side. We consider that these two emissions 

originated from the AlGaP QWs because we found in a similar material combination that 

simple core-shell NWs without QW structures exhibited no CL emissions from the shells. 

Although the origin of the peak at 2.30 eV observed at beam positions #3–#5 in Fig. 6-7(b) 

was unclear, it was probably related to WZ/ZB type II junctions at the interface of WZ and ZB 

AlGaP shells. The reason for the low emission intensity was that the generated electron-hole 

pairs were easily moved from the AlGaP shell to the InP core. The results indicate that green 

emissions at 2.37 eV (523 nm) were evident from the WZ AlGaP QW, which had a shorter 

wavelength than reported ones [8,10]. 

 

 

Fig. 6-7 CL spectra of a single InP/AlGaP CMS NW measured at 34 K. The electron beam was scanned 

along the NW axis. (a) Measured points and (b) corresponding CL spectra of the NW. (c) Representative 

CL spectra at the top and middle of the NW shown in a logarithmic scale. 
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The band gap of WZ Al0.2Ga0.8P is estimated to be 2.394 eV by linear approximation from 

the values found in the literature [6,27]. WZ Al0.5Ga0.5P/Al0.2Ga0.8P/Al0.5Ga0.5P QW is predicted 

to show type I band alignment with the conduction and valence band offsets of 93 and 112 

meV, and the quantum-confinement effect of 3-nm-thick QW leads to an energy blue shift of 

111 meV. In addition, the effect of incorporating 10% indium, which was suggested from XRD 

and EDX measurements, leads to an energy red shift of 92 meV. Therefore, the emission 

energy of our WZ QW is estimated to be 2.413 eV. This estimation is consistent with the 

experimental result. Calculation based on a ZB QW gave similar confinement energy and red 

shift owing to indium incorporation; thus, this ZB QW is less likely. However, the analysis of 

the nature of these emissions in greater detail is difficult at present and strain effects and the 

variations in the composition and the QW thickness should be considered to achieve more 

accurate assessment. In this regard, other optical investigations, such as time-resolved 

measurements, are required to clarify whether WZ AlGaP QWs have direct band gaps. 

 

6.6  Conclusions 

We investigated the growth morphology, composition, and structural and optical 

properties of WZ InP/AlGaP CMS NWs grown by the crystal structure transfer method. 

Cross-sectional STEM and EDX images showed that the QW structures were formed in the 

AlGaP multishell. TEM analysis revealed that the InP core had a WZ structure with very few 

stacking faults and that the AlGaP multishell was grown with a WZ structure on the side of the 

InP core, whereas it was grown with a ZB structure at the top. From XRD measurements, the 

measured lattice constants of WZ InP were found to be almost the same as the calculated 

values, while those of WZ AlGaP were larger owing to indium outdiffusion. Finally, we 

observed green emissions at 2.37 eV from the WZ AlGaP QW and showed that a difference in 

crystal structure affects the CL emission energy in AlGaP QWs. Our results demonstrate a 

pathway for preparing green LEDs using WZ AlGaP-based materials. 
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Chapter 7 

Growth of Wurtzite InP/AlInP Core-Multishell 

Nanowires 

 

 

We demonstrated a formation of all wurtzite (WZ) InP/AlInP core-multishell (CMS) 

nanowires (NWs) by selective-area growth with the crystal structure transfer method. The 

CMS NWs consisting of AlInP-based double heterostructure showed that the crystal structure 

of the multi-shell succeeded to the WZ phase from the WZ InP NW by the crystal structure 

transfer method. Transmission electron microscopy revealed that the core-shell interface had a 

few stacking faults due to lattice mismatch. In addition, lattice constants of WZ AlInP with a 

variation of Al content were determined by X-ray diffraction reciprocal space mappings, and 

the WZ AlInP shell had tensile strain along the c-axis. The WZ AlInP shells (Al content: 

25–54%) showed cathode luminescence emissions at 1.6–2.1 eV, possibly related to In-rich 

domains due to composition fluctuation in the WZ AlInP shell. 

 

7.1  Introduction 

Semiconductor nanowires (NWs) have attracted considerable attention because of their 

potential applications such as field-effect transistors [1,2], light-emitting diodes (LEDs) [3-6], 

and solar cells [7,8]. In contrast, the unique phenomenon of NW material in terms of 

crystallography is that they can be grown with a pure wurtzite (WZ) structure by properly 

controlling supersaturations with the growth temperature, V/III ratio, and doping amount 

[9-16], even though their stable phase in bulk forms has a zincblende (ZB) structure. This 

crystal phase engineering enables fabrication of novel device applications of NWs due to 
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significant effect on the physical properties of semiconductor materials. It has been 

theoretically predicted that when the crystal phases of indirect band gap materials such as GaP 

and AlP are changed from ZB to WZ, their band gaps also change from indirect to direct due to 

zone folding effects [17,18]. These predictions have been experimentally proven by WZ 

AlxGa1-xP NWs with 0≤x≤0.46, and the efficiency of LEDs can be increased by the crystal 

phase transiton [19]. 

In visible LEDs, the low efficiency in the green and yellow regions, known as the green 

gap, is an important issue. Although nitride materials have been extensively studied to achieve 

high-efficiency green LEDs, there are still no good candidates for high-efficiency yellow LEDs, 

which could be used as the fourth LED to realize four-color (red, yellow, green, and blue) 

white LEDs with a high color rendering index (CRI) [20]. Phosphide materials having the band 

gap in the yellow region, such as AlGaInP and AlInP, have a significant decrease in emission 

efficiency in the conventional ZB structure due to the transition from direct to indirect when 

increasing Al compositions. However, since phosphide materials (InP, GaP, and AlP) in the WZ 

structure have direct band gaps according to the calculation of their band structure [17], their 

ternary and quaternary alloys, such as AlInP, AlGaP, InGaP, and AlInGaP, are expect to have 

direct band gaps in the entire compositional range. Among these WZ materials, band gap of 

WZ AlInP can vary from 1.47 to 2.97 eV by changing the alloy composition and therefore can 

cover all visible regions. In addition, planar WZ Al0.58In0.42P, which is higher than that of the 

crossover point in ZB structure (Al composition of 40%), has recently been suggested to have 

a direct band gap transition in the green spectral region [21]. Thus, WZ AlInP opens up a new 

possibility of fabricating high-efficiency LEDs in the red, yellow, and green regions. In 

particular, WZ phosphide materials are more suitable for the yellow region than nitride 

materials that have a great difficulty in making high crystal quality at longer wavelength region. 

In NW structures, GaAs/AlInP core-shell NWs with a mixture of WZ and ZB structures have 

exhibited an emission of 1.9–2.1 eV from the Al0.5In0.5P shell [22]. However, both in NW and 

planar structures, relationships among the structural and optical properties and chemical 

composition of the WZ AlInP system have not been thoroughly investigated until now. 

Furthermore, understanding these relationships is of great importance to fabricate WZ AlInP or 

WZ AlGaInP based LEDs. In this study, we demonstrate the growth of WZ InP/AlInP 

core-multishell (CMS) NWs in which double heterostructures were fabricated in the AlInP 
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shell by changing the Al compositions and discuss their growth morphology, composition, and 

structural and optical properties. 

Regarding fabrication methods, although WZ structures are obtained through NW growth 

under a particular set of conditions, another approach, known as the crystal structure transfer 

method, has been created for core-shell NW systems in which the crystal structure is 

transferred from the template core to the shell. For example, WZ Si shells were grown on WZ 

GaP NWs [23,24], and WZ InGaAs shells were grown on WZ InP NWs [25]. In case of 

selective-area metal-organic vapor-phase epitaxy (SA-MOVPE) [11], InP NWs can easily form 

WZ structures because of the small energy difference between the WZ and ZB structures [26]. 

In a previous study, we also grew WZ InP/GaP core-shell NWs using SA-MOVPE in which 

WZ InP NWs were used as a template for the WZ GaP shell [27]. The same approach was 

performed in this study. 

7.2 Experimental procedure 

The process for fabricating the NWs is as follows. SiO2 layer with a thickness of 20 nm 

was deposited on an InP (111)A substrate by RF plasma sputtering, and hexagonal-opening 

patterns were defined by electron-beam lithography and wet chemical etching. The SiO2 

patterns were designed to be a periodic array of openings with diameters of approximately 200 

nm and pitches of 1.0 μm. The SA-MOVPE of the NWs was carried out in a low-pressure 

MOVPE system using trimethylaluminum (TMAl), trimethylindium (TMIn), and 

tertiarybutylphosphine (TBP) as the source materials. Grown layers of the CMS NWs are 

shown in Fig. 7-1(a). For InP core growth, the growth temperature and growth time were 

660°C and 15 min with a V/III ratio of 18. The partial pressures of TMIn and TBP were 

2.7×10-6 and 4.9×10-5 atm, respectively. For AlInP shell growth, the active layer was grown at 

600°C for 30 min, and the thin barrier layers were grown on both sides of the active layer at 

600°C for 5 min for each layer. The Al content in vapor for the active layers, XTMAl = 

[TMAl]/([TMAl]+[TMIn]), was changed to 0.20–0.57, and those for the barrier layers, YTMAl, 

was 0.40–0.75. The sum of the group III partial pressures was 1.5×10-6 atm, and the partial 

pressure of TBP was 3.1×10-4 atm. The grown structures were characterized using a scanning 

electron microscope (SEM) and transmission electron microscope (TEM). X-ray diffraction 
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(XRD) measurements were performed on an approximate 4 mm
2
 area, where more than one 

million NWs were included. Cathode luminescence (CL) measurements were carried out at 36 

K for a single NW. 

 

7.3  Nanowire growth 

 Schematic views of InP/AlInP CMS NWs are shown in Fig. 7-1. The InP core NW was 

used as a template for making WZ phase AlInP shell. The first AlInP barrier layer was to avoid 

electron-hole recombination inside the lower-bandgap InP. The InP cap layer was grown to 

suppress oxidation of the AlInP shell in ambient. Fig. 7-2 shows SEM images of InP/AlInP 

CMS NWs. The average height and total diameter of the CMS NWs were ranged from 2.5–2.8 

μm and 390–440 nm.  

 

Fig. 7-1 Schematic views from the (a) side and (b) top of the CMS NW. 

 

 

Fig. 7-2 30°-Tilted SEM images of the CMS NWs for XTMAl = 0.20–0.57. The insets show top-view SEM 

images, indicating the {-110} side facets. 
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In VLS growth using gold catalysts [6,25], the nanowire sample needs to be put out from 

the reactor and the gold catalysts are removed by wet chemical etching before the lateral shell 

growth because the gold catalysts enhance the axial growth. In contrast, such procedure is not 

required for selective-area growth, and growth direction can be switched from axial to lateral 

by changing only the growth conditions such as growth temperature and V/III ratio. As 

schematically shown in Fig. 7-1(b), the side facets of the AlInP shell were {-110} (equivalent 

to {11-20} in WZ notation) and 30° rotated from those of the InP core possessing {11-2} 

(equivalent to {10-10} in WZ notation) facets. The difference in facet orientation can be 

attributed to growth rates of {-110} and {11-2}. The {11-2} side facets become stable when 

vertical growth takes place without lateral growth, while {-110} become stable surface when 

lateral growth likely occurs. Therefore, the side facets of the CMS NWs were changed from 

{11-2} to {-110}. Similar facet rotations were also reported in GaP/AlGaP core-shell [19] and 

InP/InP core-shell [28] NWs. 

 

7.4 Structural characterization 

Fig. 7-3 shows high-resolution TEM images and selected area electron diffraction 

(SAED) patterns of a CMS NW for XTMAl = 0.30. Both the template InP core and the AlInP 

shell had WZ structures, while the AlInP shell on top of the InP NW had a ZB structure with 

rotational twins around the <111> axis. The difference indicates that the WZ structure can be 

transferred in the radial <11-2> direction but was changed to a more stable ZB structure in the 

axial <111>A direction. The difference in Al compositions between the barrier and active 

layers were clearly observed in the TEM image and energy-dispersive X-ray (EDX) line scans, 

as shown in Figs. 7-3(b) and 7-3(f). The thicknesses of the AlInP barrier and active layers in 

Figs. 7-3(b) and 7-3(f) were approximately 13 nm and 74 nm. In Fig.7-3(f), Al composition in 

the AlInP active layer was 0.29 on average, and inhomogeneous Al composition was possibly 

due to phase segregation [22]. In Fig. 7-3(d), a misfit dislocation due to lattice mismatch was 

observed at the interface of the InP core and AlInP barrier layer, indicating that lattice 

relaxation occurred across the core-shell interface. The misfit dislocation also leads to the 

introduction of an additional layer in the WZ AlInP shell, resulting in a stacking fault such as a 
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sequence of “ABCAB…”, because the lattice constant of AlInP is smaller than that of InP. It is 

noted that the stacking faults in the AlInP shell were originated from the core-shell interface 

and were not transferred from the InP core NW because it had virtually no stacking faults. 

 

 

Fig. 7-3 Cross-sectional TEM images of an InP/AlInP CMS NW for XTMAl = 0.30. The incident of the 

electron beam was parallel to the <-110> direction of the substrate. (a) Overall TEM image of the CMS 

NW. (b) High-resolution TEM image of the AlInP shell on the side of the InP NW, which was obtained 

from the area marked in a yellow rectangle in (a). The interfaces of InP, the AlInP barrier, and the AlInP 

active layers can be clearly observed. (c, d) Enlarged TEM images of the orange and pink rectangles in 

(b), showing the WZ structures. Misfit dislocation was observed at the core-shell interface, as indicated 

by a red arrow in (d). (e) High-resolution TEM image of the AlInP shell on top of the InP NW marked in 

a green rectangle in (a), showing a ZB structure. The insets in (c) and (e) show the SAED patterns of 

each area. (f) EDX line scan along the lateral direction of the NW with a HAADF-STEM image, 

showing the Al-rich AlInP barrier layers around the InP core NW. 
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To characterize crystallinity of the CMS NWs, we characterized reciprocal space 

mappings (RSMs) of the CMS NWs from XRD measurements. The area around the ZB (331) 

reflection of the InP (111)A substrate was analyzed to distinguish between the WZ and ZB 

Bragg peaks. In this RSM, the WZ (10-15) peaks appear at the midpoint between the ZB (331) 

and ZB (224) twin peaks. Fig. 7-4 shows the RSMs of the InP/AlInP CMS NWs with different 

XTMAl values. The WZ (10-15) and ZB (331) peaks were observed for the InP core NW and 

substrate, and the WZ (10-15) and ZB (224) twin peaks were observed for the AlInP shell. The 

strong WZ InP (10-15) peak indicates that the InP core NW has high crystal quality in the WZ 

structure, while the WZ AlInP (10-15) peak was slightly broader along the c-axis, implying 

that the WZ AlInP shell has a few stacking faults due to the lattice mismatch because the WZ 

AlInP (10-15) peaks become broader as XTMAl becomes larger. The ZB (224) twin peak for 

AlInP was attributed to the ZB AlInP shell with twins grown on top of the InP core NW 

because the ZB (224) twin peak was not observed for either the InP core NW or substrate. 

 

 

Fig. 7-4 XRD RSMs of the InP/AlInP CMS NWs with different XTMAl values, which were recorded 

around the ZB (331) reflection of the InP (111)A substrate. In this area, the Bragg peaks between WZ 

and ZB as well as between InP and AlInP can be distinguished. The WZ AlInP (10-15) peaks become 

broader along c-axis as XTMAl becomes larger. 
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7.5 Composition and strain characterization 

Next, we investigated the strain and composition of the WZ AlInP shell using Vegard’s 

law and anisotropic elastic theory [25]. In the case of a uniaxial strain parallel to the c-axis, the 

strain tensor ε and stress tensor σ are given by 

        
    
  

                                                                           

    
    
  

                                                                                        

                                                                    

where   and   are the strained lattice constants,    and    are the relaxed lattice constants, 

and    ,    , and     are elastic constants. Here, the z-axis is taken along the c-axis, and the 

x-axis normal to the shell layer. The strained lattice constants of WZ AlInP were determined 

from the maximum peak positions of the WZ (10-15) reflection in the RSMs, where we 

considered that the peaks from the AlInP active layers were dominant because the volume of 

the active layers was larger than that of the barrier layers. The relaxed lattice constants of WZ 

InP and AlP were geometrically converted from the lattice constants of ZB InP and AlP [29] 

using the relations aWZ =      aZB and cWZ =      aWZ. Then the relaxed lattice constants of 

WZ AlInP were calculated from the lattice constants of WZ InP and AlP using Vegard’s law: 

  
           

             
                            (4) 

  
           

             
                             (5) 

When the WZ lattice is subjected to the uniaxial strain parallel to the c-axis,         

  holds and Eq. (3) gives the relation           with the Poisson ratio: 

  
   

       
                                                                              

It is noted that the assumption for uniaxial strain ignores lattice matching conditions for 

the y-direction (the direction parallel to the shell layer and vertical to the c-axis) and freely 

strained in the x and y-directions so that Poisson effect is satisfied. 
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Table 7-1 Al compositions, lattice constants and strain calculated from XRD measurements. XTMAl is the 

Al composition in the vapor phase. XAl-planar and XAl-NW are the Al compositions calculated from the 

AlInP planar on the InP (001) and AlInP shells, respectively. a and c are the radial and axial lattice 

constants calculated from the maximum peak positions of the (10-15) reflections in the RSMs. εxx and εzz 

are the radial and axial strain of the AlInP shells calculated using Vegard’s law and elastic theory. 

 

 

The elastic constants of WZ InP and AlP can be converted from the elastic constants of 

ZB InP and AlP [32] using the Martin transformation [30,31]: 

 

 
 
 
 

   
  

   
  

   
  

   
  

   
  

   
   

 
 
 
 

 
 

 

 

  
 

   
    
 
 
 
 

 
 
  
  

  
 
 
  

  
 
 

   
  

   
  

   
  

  

 

 
 
 
 

     
    

      
    

 
 

     
    

     
     

 
 
 
 

                            

where          
      

       
     and    

    was a pure rotation obtained by omitting 

the second term on the right-hand side. Then the elastic constants of WZ AlInP were 

approximated using Vegard’s law: 

   
            

              
                           (8) 

Consequently, strain and composition can be numerically calculated and the results are 

summarized in Table 7-1. The measured Al compositions were 0.25, 0.28, 0.34, and 0.54 for 

XTMAl = 0.20, 0.30, 0.40, and 0.57, respectively. The value for XTMAl = 0.30 is consistent with 

the Al composition (0.29) obtained from EDX measurements. Fig. 7-5 shows the c-axis and 

a-axis lattice constants as a function of the Al composition in the AlInP active layers. The 

AlInP shells had tensile strain along the c-axis over a range of 1.00–1.36% and compressive 

strain along the a-axis over a range of 0.18–0.30%. 

Sample XTMAl XAl-planar XAl-NW a (Å) c (Å) c/a εxx εzz

#1 0.20 0.16 0.25 4.064 6.746 1.660 -0.299% 1.355%

#2 0.30 0.27 0.28 4.056 6.712 1.665 -0.280% 1.064%

#3 0.40 0.37 0.34 4.042 6.678 1.652 -0.183% 0.995%

#4 0.57 0.57 0.54 3.981 6.591 1.656 -0.239% 1.150%
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Fig. 7-5 (a) Schematic view of grown crystal structures. c and a indicate the axial and radial directions 

of the NW. (b,c) c-axis and a-axis lattice constants of the WZ InP core NW and AlInP shell calculated 

from the maximum peak positions of the (10-15) reflections. Blue and red solid lines represent the WZ 

lattice constants of relaxed InP and AlInP calculated from their ZB lattice constants when they were 

converted from ZB structures to ideal WZ structures. 

 

7.6 Optical characterization 

To understand the optical properties of WZ AlInP, we carried out position-dependent CL 

measurements for a single NW at 36 K, where the electron beam was scanned along the NW 

axis. Fig. 7-6(a) shows the average CL spectrum obtained from the WZ part of an InP/AlInP 

CMS NW for XTMAl = 0.57. The emission peaks for the WZ InP core were 1.53 and 1.49 eV, 

which correspond to the WZ InP band edge emission and staggered type II junctions between 

the WZ and ZB phases, respectively [12]. The multiple emission peaks for the WZ AlInP shell 

appeared at approximately 1.8–2.1 eV. Each original spectrum of the average CL spectrum in 

Fig. 7-6(a) is shown in Fig. 7-6(b). It seems that the linewidth of the CL spectrum originated 

from AlInP shell increases from the root to the tip regions of the WZ part. This may be related 

to the different irradiation position of the electron beam, because the generated electrons were 

diffused to the InP substrate at the root region of the WZ part, whereas they were diffused 

within the NW at the tip region of WZ part. The shift of the CL peak energy was not observed, 

thus, the composition of AlInP shell was macroscopically constant along the axial direction of 

the NW.  
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Fig. 7-6 (a) Average CL spectrum and (b) original CL spectra obtained from the WZ part of a single 

InP/AlInP CMS NW for XTMAl = 0.57. The average spectrum of spectra in (b) was used in (a). The 

electron beam was scanned along the NW axis. 

 

Fig. 7-7(a) shows the average CL spectra of the WZ AlInP shells for all samples. The 

emission peaks were located at 1.6–1.8, 1.6–1.8, and 1.7–1.9 eV for WZ AlInP with Al 

compositions of 0.25, 0.28, and 0.34, respectively. These values are plotted as a function of Al 

composition in Fig. 7-7(b) and estimated to be approximately 300 meV lower than the 

theoretical band gaps of WZ AlInP using a linear approximation from WZ InP and AlP [17]. 

However, the emission energy for WZ Al0.54In0.46P ranged in the red-amber spectral region and 

could therefore potentially be applied in visible LEDs. 

Three possible reasons can be considered for this energy difference between experimental 

and theoretical values. First, the WZ AlInP shells have tensile strain along the c-axis at a strain 

level of 1.00–1.36%, which was suggested from XRD measurements. This strain effect can 

decrease a band gap energy of 56–75 meV calculated using ZB parameters of hydrostatic 

deformation potential and elastic constants [29]. In a similar case of tensile strain along the 

c-axis, Greil et al. reported that uniaxial tensile strain in WZ GaP NWs leads to an energy shift 

of 250 meV toward lower energies at a strain level of 6% [32]. The strain effect on band gap 

energy is considered to be on the same order as our case. Second and most importantly, Sköld 
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Fig. 7-7 (a) Average CL spectra of the WZ AlInP shells of all samples, together with the calculated Al 

compositions. The emission peaks of the InP core NW were omitted for clarity. (b) Energy gap for WZ 

AlInP shells as a function of the Al composition. Experimental values obtained from panel (a) are 

plotted as green dots. Vertical and horizontal error bars denote energy gaps at the emission maxima and 

minima and Al composition fluctuation estimated from EDX, respectively. Red and blue solid lines 

represent calculated energy gaps for WZ AlInP at the Γ7C–Γ9V and Γ8C–Γ9V transitions, respectively, in 

which the parameters are taken from ref [17]. 

 

et al. reported that AlInP shells have local band gap potential minima in In-rich domains due to 

Al composition fluctuation, resulting in multiple emission peaks [22]. They also argued that 

alloy ordering of the AlInP shells decreased the band gap energy of approximately 200 meV. 

Such band gap reductions related to the composition fluctuation and alloy ordering were also 

observed in GaAs/InGaP cores-shell [33] and GaAs/AlGaAs core-shell [34] NWs. We believe 

the same phenomenon also occurs in our WZ AlInP shells. The multiple emission peaks were 

caused by the Al fluctuation in the WZ AlInP shells, which resulted in the broad peaks with 

approximately 300 meV. This tendency of broad peaks in AlInP is also observed in the planar 

structures [21]. The discrepancy between the experimental and theoretical band gap was 

mainly due to the alloy ordering. The alloy ordering of AlInP is commonly observed [35,36] 

and the theoretical band gap reduction is 270 meV at a maximum [37]. Third, stacking faults in 

the WZ AlInP shell may lead to a deep electron trap level because WZ/ZB heterojunctions 

have type II band lineup in which both the conduction band energy and valence band energy in 
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the ZB phase are lower than those in the WZ phase. The conduction band offset ranges from 

183 meV (x=0, InP) to 271 meV (x=1, AlP) for AlxIn1-xP.18 This effect can be enhanced with 

increasing Al composition due to the increasing amount of stacking faults. Although it is 

difficult to distinguish precisely between the effects of Al fluctuation and stacking faults, these 

three effects could be major factors for the unexpected lower transition energies. 

 

7.7  Conclusions 

We investigated the composition and structural and optical properties of WZ InP/AlInP 

CMS NWs grown using the crystal structure transfer method. TEM and EDX studies showed 

that the WZ structure was transferred from InP core NW to the AlInP multishell and double 

heterostructures were formed in the AlInP multishell by changing Al compositions. The crystal 

structures and lattice constants of CMS NWs were analyzed by XRD RSMs, indicating that the 

WZ AlInP shells had tensile strain along c-axis within a range of 1.00–1.36%, depending on 

the Al composition. The WZ Al0.54In0.46P shell had a CL emission at 1.8–2.1 eV, located in the 

red-amber spectral region. Our study provides experimental evidence of the structural and 

optical properties of WZ AlxIn1-xP that could be applied in visible LEDs. 
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Chapter 8 

Conclusion 

 

 

8.1  Summary 

The purpose of this study is to fabricate phosphide-based III-V compound semiconductor 

nanowires with the high crystal quality in wurtzite structures, and characterize their structural 

and optical properties. Summary and conclusions are the following. 

In Chapter 4, we fabricated InGaP NWs on InP(111)A substrates by SA-MOVPE under 

various Gasupply and V/III ratio conditions. The lateral growth was drastically enhanced, and the 

uniformity of NWs deteriorated as Gasupply increased. Furthermore, the sidewall facets of NWs 

changed from {-211} to {-110} with increasing Gasupply, indicating the possibility of a 

structural transition from WZ to ZB. In addition, we successfully improved the uniformity of 

NWs by increasing the V/III ratio. We also estimated the compositions of the InGaP NWs from 

XRD and PL measurements. The Ga compositions ranged approximately from 0 to 15% and 

increased with increasing Gasupply and decreasing mask opening diameter. These results indicate 

that the height, diameter, shape, uniformity, and composition of InGaP NWs depend on V/III 

ratio as well as Gasupply. 

In Chapter 5, we demonstrated the growth of WZ GaP in InP/GaP core-shell nanowires by 

SA-MOVPE, in which the WZ InP nanowires were used as a template for transferring the WZ 

structure to the GaP shell. TEM and FFT analyses revealed that WZ GaP was grown on the 

sidewalls of the InP core in the lateral <-211> direction and that ZB GaP was also grown on the 

top of the InP core in the axial <111>A direction. Next, we showed a growth model for the 

different crystal structures of GaP. The “ABAB…” stacking sequence of WZ phase is strongly 

fixed in the <-211> direction, while both the WZ and ZB phases are geometrically possible in 
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the <111>A direction. A WZ structure is transferred from the InP core to the GaP shell in the 

<-211> direction because the WZ–ZB energy difference is relatively small. This crystal 

structure transfer can be applied to p- and n-doped GaP and is therefore promising for 

fabricating WZ-GaP-based LEDs. 

In Chapter 6, we investigated the growth morphology, composition, and structural and 

optical properties of WZ InP/AlGaP core-multishell nanwires grown by the crystal structure 

transfer method. Cross-sectional STEM and EDX images showed that the QW structures were 

formed in the AlGaP multishell. TEM analysis revealed that the InP core had a WZ structure 

with very few stacking faults and that the AlGaP multishell was grown with a WZ structure on 

the side of the InP core, whereas it was grown with a ZB structure at the top. From XRD 

measurements, the measured lattice constants of WZ InP were found to be almost the same as 

the calculated values, while those of WZ AlGaP were larger owing to indium outdiffusion. 

Finally, we observed green emissions at 2.37 eV from the WZ AlGaP QW and showed that a 

difference in crystal structure affects the CL emission energy in AlGaP QWs. These results 

demonstrate a pathway for preparing green LEDs using WZ AlGaP-based materials. 

In Chapter 7, we investigated the composition and structural and optical properties of WZ 

InP/AlInP core-multishell nanwires grown using the crystal structure transfer method. TEM 

and EDX studies showed that the WZ structure was transferred from InP core NW to the AlInP 

multishell and double heterostructures were formed in the AlInP multishell by changing Al 

compositions. The crystal structures and lattice constants of core-multishell nanwires were 

analyzed by XRD RSMs, indicating that the WZ AlInP shells had tensile strain along c-axis 

within a range of 1.00–1.36%, depending on the Al composition. The WZ Al0.54In0.46P shell had 

a CL emission at 1.8–2.1 eV, located in the red-amber spectral region. This result provides 

experimental evidence of the structural and optical properties of WZ AlxIn1-xP that could be 

applied in visible LEDs. 
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8.2  Outlook for nanowire fabrication and application 

In the past few years, the number of reports on non-nitride III-V semiconductor nanowires 

with wurtzite crystal structures has been increasing. Understanding the physical, structural, and 

optical properties is an important issue facing such wurtzite III-V nanowires. Although binary 

alloy wurtzite nanowires such as GaP, InP, GaAs, and InAs have been extensively investigated 

so far, ternary alloy wurtzite nanowires such as AlGaP, AlInP, and InGaP have been less 

studied. The ternary wurtzite nanowires, which can tune wavelengths, are necessary for 

light-emitting device applications in the visible region. In light of this situation, this study 

provides useful insights into the growth and basic properties of ternary wurtzite nanowires. The 

next step is to demonstrate visible light-emitting diodes by combining the growth technique for 

phosphide-based wurtzite nanowires and the device fabrication technique for core-shell 

nanowire structures. It is hoped that the research on phosphide-based wurtzite nanowires 

makes continuous progress toward light-emitting device applications. 
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Appendix 

Nanowire Device Fabrication 

 

 

This appendix describes preliminary results of device fabrication toward light-emitting 

diodes (LEDs) using phosphide-based wurtzite nanowires developed in this study. 

Nanowire Growth. The p-InP/p-AlInP/i-AlInP/n-AlInP/n-InP core-multishell nanowires 

were grown on p-type InP (111)A substrates partially covered with a thin SiO2 mask. The SiO2 

patterns were designed to be a periodic array of openings with a pitch of 800 nm. The 

selective-area growth was carried out in a horizontal low-pressure MOVPE system using 

trimethylaluminum (TMAl), trimethylindium (TMIn), and tertiarybutylphosphine (TBP), 

diethylzinc (DEZn), and monosilane (SiH4) as the source materials. The DEZn and SiH4 were 

used as the p- and n-type dopants, respectively. Fig. A-1(a) shows grown layers of the 

core-multishell nanowires. For p-type InP core growth, the growth temperature and growth 

time were 660°C and 10 min. The partial pressures of TMIn, TBP, and DEZn were 2.7×10-6, 

4.9×10-5, and 8.6×10-8 atm, respectively. For p- and n-type AlInP barrier layers, the growth 

 

Fig. A-1 (a) Schematic illustration of grown layers of the core-multishell nanowire. (b) 30°-Tilted SEM 

image of the as-grown core-multishell nanowires. 

SiO2

p-InP (111)A substrate

i-Al0.33In0.67P (well)

p-Al0.57In0.43P (barrier)

p-InP

n-InP (cap)

n-Al0.57In0.43P (barrier)
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Fig. A-2 Schematic illustration of fabrication procedure for nanowire LEDs. 

 

temperature and growth time were 600°C and 20 min for each layer. The partial pressures of 

TMAl, TMIn, and TBP were 1.2×10-6, 9.1×10-7, and 3.1×10-4 atm, respectively. The partial 

pressures of DEZn and SiH4 were 8.6×10-8 and 2.5×10-8 atm for the p- and n-type layers, 

respectively. For non-doped AlInP well layer, the growth temperature and growth time were 

600°C and 1 min. The partial pressures of TMAl, TMIn, and TBP were 6.0×10-7, 1.2×10-6, and 

3.1×10-4 atm, respectively. For n-type InP cap layer, the growth temperature and growth time 

were 600°C and 1 min. The partial pressures of TMIn, TBP, and SiH4 were 1.5×10-6, 3.1×10-4, 

and 2.5×10-8 atm, respectively. The Al contents in vapor, [TMAl]/([TMAl]+[TMIn]), were 0.33 

and 0.57 for the active and barrier layers, respectively. Fig. A-1(b) shows a 30°-tilted view of 

the grown core-multishell nanowires. The average height and diameter of the core-multishell 

nanowires are 1.6 μm and 420 nm, respectively. 

Device Fabrication Procedure. Fig. A-2 shows a schematic illustration of fabrication 

procedure for nanowire LEDs. After the nanowire growth, the space between nanowires was 

filled by spin coating with polymer resin (benzocyclobutene, BCB) as a transparent electrical 

insulator. The overlaid excess resin was removed by reactive ion etching (RIE) using CF4 and 

O2 gases in order to expose the nanowire tips. Next, a transparent indium tin oxide (ITO) 

electrode was sputtered onto nanowire arrays. Then, the nanowire array was isolated by 

3. RIE

4. ITO deposition

p-InP (111)A substrate

Back electrode(AuZn)

n-type

p-type

SiO2

ITO

6. AuZn deposition

BCB

1. SA-MOVPE

n-type

p-type

p-InP (111)A substrate

2. BCB coating

BCB

5. Photolithography

& wet etching

ITO

SiO2

(a) (b) (c)

(d) (e) (f)
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Fig. A-3 Current-voltage (I-V) characteristics of an InP/AlInP core-multishell nanowire LED in (a) 

linear and (b) logarithmic scales. 

 

photolithography and wet etching based on HCl. Finally, the backside electrode was formed by 

alloying Au-Zn. The whole sample was then annealed in N2 ambient for 15 min at 400 °C. 

I-V Characteristics. Fig. A-3 shows a result of the current-voltage (I-V) characteristics 

of the fabricated nanowire LED. The I-V curve exhibited clear rectifying behavior with small 

forward and reverse bias leakage. Thus, p-n junction was thought to be formed within the 

core-multishell nanowires. However, the turn-on voltage was about 1.4 V, which is somewhat 

different from the expected band gap of the non-doped Al0.33In0.67P well layer (about 1.7 eV). 

The current was 0.25 μA at a bias voltage of 2 V, which is smaller than that of the typical 

nanowire LEDs by several orders of magnitude. To improve the performance, the growth 

condition and device fabrication process need to be optimized. 
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