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ABSTRACT OF THE DISSERTATION 

 

A Study of InP Nanowires:  

Growth, Material Properties, and Application in Optoelectronics 

by 

Clint Joseph Novotny 

Doctor of Philosophy in Electrical Engineering (Applied Physics) 

University of California, San Diego, 2007 

Professor Paul K. L. Yu, Chair 

 

 As society continues to push for devices that are faster, cheaper, and more 

efficient, new technology must find a way to meet this demand.  Nanotechnology has 

become one of the most active fields of research to meet this growing need.  

Semiconductor nanowires have gained much attention over the course of the past decade.  

Their unique geometry leads to a large surface area to volume ratio, which has been 

exploited in many devices.  High-quality nanowires have been grown from a variety of 

materials, including III-V and II-VI alloys, silicon, nitrides, oxides, and metals.   

 The study of nanowires so far has focused on their growth, an understanding of 

their fundamental properties, as well as possible device applications.  However, as with 



 

xvi 

 

any new technology, there are still many questions that remain to be answered.  The goal 

of this thesis is to expand the basic understanding of nanowires.  A bottom up approach is 

used to accomplish this goal for the system of InP nanowires. 

 First, a detailed explanation is given on how and why these InP nanowires grow.  

Unlike most nanowire systems, this growth does not involve a deposited catalyst.  

Instead, self-assembled indium droplets act as the nanowire nucleation sites.  Optimized 

growth of this system provides samples with vertically aligned nanowires with uniform 

diameter and length.  Details of the optimization of this growth are described.   

 Second, a novel fabrication scheme is designed to measure the electrooptic 

properties of InP nanowires.  A technique is created to remove the nanowires from their 

growth substrate and transfer them to a host substrate in a polymer while retaining their 

vertical alignment.  This process allows for the measurement of their electrooptic 

coefficient.  The nanowire electrooptic coefficient values show an improvement of one to 

two orders of magnitude enhancement when compared to bulk InP.  Also, the figure of 

merit for the nanowire sample is up to a factor of twenty larger than lithium niobate, an 

industry standard electrooptic material. 

 Finally, the viability of a polymer/nanowire hybrid solar cell is discussed.  

Nanowires are grown directly onto an electrode and are coated with a conductive 

polymer.  Current-voltage measurements are carried out on this photodiode and as well as 

their response to illumination.  Photodiodes with very good rectification, low reverse 

saturation current and good ideality factors are achieved.  The response of the 

nanowire/polymer hybrid system to illumination is promising and can thus be seen as a 

possible alternative to current solar cell technology. 
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Chapter 1                                                                              

Introduction  

 

1.1 There’s Plenty of Room At the Bottom 

 

 Richard Feynman dreamed of a day where individual atoms and molecules could 

be manipulated to create devices.  In 1959, he delivered what is considered to be the first 

prediction on “nanotechnology,” where he wondered aloud how one could fit the entire 

24 volumes of the Encyclopedia Britannica on the head of a pin [1].  Today, one of the 

most active fields of research is the study of nanostructures.  Gordon Moore’s famous 

prediction that the cost and size of the transistor will halve every two years continues to 

hold true [2].  However, in the year 2011 when the current transistor size is expected to 

shrink down to 22 nm [3], fundamental issues will begin to limit this trend.  

Nanotechnology attempts to study the effects of materials at this very small scale. 

 The typical fabrication process for transistors and other devices follows a top-

down approach, which starts with a large semiconductor crystal and uses fabrication 

procedures to remove the material to create the desired structure.  Today, nanotechnology 

is attempting to turn fabrication upside down using a so-called bottom-up approach.  In 

this case, devices are created by using atoms, molecules, or nanostructures as building 

blocks.  Thus, new growth techniques, new characterization tools, and new fabrication 

techniques must be created.   
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1.2 Why Nanowires (NWs)?  

 

Figure 1.1. Scanning electron microscope image of InP NWs. 

 

 A nanowire (NW) is a structure that confines the direction of carrier transport in 

all but one direction.  NWs are very unique in their overall geometry.  Cylindrical NWs, 

such as those shown in Figure 1.1, have a thin diameter that is typically less than 100 nm, 

while the length can be several micrometers long.  The small scale of this system requires 

sophisticated microscopes to characterize the length scale of the material.  The size and 

shape of the NWs affect their overall properties, which in many cases differ from bulk 

behavior.  One of the main driving forces behind the research of this dissertation is to 

understand how NWs differ from bulk and how best to exploit their unique properties.  
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This section provides an overview of some of the literature that has examined the various 

properties of NWs.   

 

1.2.1 Quantum Confinement 

 Nanostructures are often described by their type of confinement.  The first type of 

confinement occurs when the thickness of a material is scaled down to a size that is 

comparable to the mean free electron path and is thus called a 2D-structure, as the 

electron is still free to move in two directions.  The other two systems are 1D-structures 

(quantum wire or NW) and 0D-structures (quantum dots).  As the motion of the electron 

becomes confined to certain directions, the density of states becomes affected.  Figure 1.2 

plots the various densities of states as a function of energy for each of the quantum 

confined structures as well as bulk. 

 

Figure 1.2.  Density of states of electrons for bulk, quantum wells, quantum wires, and quantum dots 
[4]. 
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Charge carrier confinement in quantum well, quantum wires, and quantum dots 

has been widely studied.  By using conventional particle-in-a-box models, the 

semiconductor band gap energy is modeled to have a linear dependence on 1/d2 (where d 

is the characteristic length) with the well, wire, and dot having slopes of 1, 1.17, and 2, as 

seen in Figure 1.3.  A closer analysis shows that for NWs, the dependency of the band 

gap on the diameter is closer to 1/d1.45 and that higher-order calculations are needed to 

properly account for the material’s band structure [5].  A study by Korgel [6] revealed 

photoluminescence by Si NWs with a large blue-shift compared to the indirect band gap 

of bulk Si (1.1 eV) due to quantum confinement effects.  NWs with <100> orientation 

have a band gap of 3.75 eV while <110> NWs exhibit three distinct peaks at 3.35, 2.9, 

and 2.55 eV.  Thus, quantum confinement in NWs can drastically change the properties 

of a semiconductor material. 

 

Figure 1.3. Predictions of a particle-in-a-box model for size dependences of the 
confinement energies of electrons and holes for quantum wells, 
quantum wires, and quantum dots [5]. 
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1.2.2 Structural and Mechanical Properties 

NW growth can yield single-crystalline material that has a much lower defect 

density than is found in bulk materials.  Because the bulk material is “stretched out” and 

the lateral dimension decreases, the number of defects per unit length will be much 

smaller.  As a result, NWs have been shown to have very high mechanical strength, 

toughness, and stiffness.  In 1997, the Lieber group developed a technique using atomic 

force microscopy (AFM) to measure the mechanical properties of individual SiC 

nanorods that were pinned at one end of the substrate [7].  This study found that the SiC 

nanorods had a Young’s modulus near the theoretical maxima, making them an excellent 

candidate for reinforcing materials in composite materials.  A study of the mechanical 

properties of ultra-high strength gold NWs found that Young’s modulus is essentially 

independent of diameter.  The yield strength, however, increases as the diameter 

decreases, showing strengths that are 100 times larger than bulk material [8]. 

 

Figure 1.4. Melting point of gold as a function of the particle’s diameter [9]. 
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1.2.3 Thermal Properties 

The size of a material can greatly affect its thermal properties.  In 1976, Buffat 

examined the effect of the diameter of a gold particle on its melting point (MP) 

temperature [9].  The bulk MP of gold is 1337 K.  As the diameter decreases down to a 

few nanometers, the MP drops dramatically to ~300 K as seen in Figure 1.4.  A study of 

Ge NWs by Peidong Yang [10] and co-workers investigated the melting point of the 

NWs by encapsulating them in a carbon sheath, or nanotube.  The NWs were melted and 

then re-crystallized, using the carbon sheaths to confine the melted Ge.  The MP was 

significantly lowered, as expected, and was found to be inversely proportional to the NW 

diameter.  A 55 nm-diameter Ge NW began to melt from the edges at 650 oC (bulk MP 

for Ge is 930 oC) and the entire wire melted at ~848 oC.  Surprisingly, the 

recrystallization of the NW occurred at 558 oC, much lower than the initial MP seen.   

The large reduction in melting point for NWs has several implications.  First, it is 

possible to perform zone-refining to purify the NWs at fairly low temperatures.  Second, 

the techniques used by Yang showed there is a capability for cutting, linking, and 

welding NWs at relatively modest temperatures that can provide possible methods for 

NW integration into functional devices.  Lastly, as the length is reduced to a nanometer 

scale, the thermal stability of devices may be limited.   

 

1.2.4 Electrical Transport Properties 

 Another unique property of low dimensional systems is ballistic transport of 

electrons.  Ballistic transport occurs when the length scale of the material is comparable 
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to the mean free electron path, in connection with the Landauer formula [11].  Unlike 

diffusive transport, ballistic transport occurs in the complete absence of scattering and 

should provide much faster and more efficient devices.  Recently, conductance 

quantization at low temperature corresponding to ballistic transport through 1D subbands 

has been demonstrated in undoped Ge/Si core/shell NW heterostructures [12,13].  The 

measured subband energy spacing is consistent with calculations for a cylindrical 

confinement potential.  These NW field-effect transistor (FET) devices showed scaled 

transconductance and on-current values that are three to four times larger than state-of-

the-art MOSFETs and thus showed that high-performance FET NW devices based on 

ballistic transport were attainable.   

 Longer devices, based on diffusive electron transport, have been widely studied.  

NW FETs have been fabricated from Si [14], ZnO [15], InP [16], GaN [17, 18], and 

In2O3 [19] to name a few.  The Lieber group has been pioneering in the study of electron 

transport devices such as crossed NW arrays and locally gated FET arrays (shown in 

Figure 1.5) [20], crossed-NW p-n junctions and light emitting diodes [17], bipolar 

transistors and invertors [21], and other logic-gate structures [22].  Studies have shown 

that it is possible to assemble semiconductor NWs in crossed-NW p-n junctions and 

junction arrays with controllable electrical characteristics with yields as high as 95% 

[23].  Researchers are continuing to investigate ways to use NWs in their bottom-up 

approach to help overcome the limitations that transistors and other thin-film-based 

devices will soon encounter.   
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Figure 1.5. (B) I-V behavior for a 4( p) by 1(n) multiple junction array. The four curves represent the 
I-V response for each of the four junctions and highlight reproducibility of assembled 
device elements. (Inset) An example of a multiple crossed NW device. Bar: 2 µµµµm. (C) 
Gate-dependent I-V characteristics of a crossed NW-FET. The NW gate voltage for each 
I-V curve is indicated (0, 1, 2, and 3 V ). ( Top left inset) The red and blue curves show I 
versus Vgate for n-NW (red) and global back (blue) gates when the bias is set at 1 V. The 
transconductance for this device was 80 and 280 nS (Vsd 5 1 V ) when using the global 
back gate and NW gate, respectively. (Bottom right inset) The measurement 
configuration [20]. 
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1.2.5 Optical Properties 

 Besides tuning the band gap using quantum confinement, there are many other 

optical properties and devices that have been investigated over the last several years.  

One of the major areas of research is NW lasing.  NWs with flat end facets can be used as 

an optical resonance cavity for use as a coherent light source.  Peidong Yang’s research 

group has been at the forefront of NW laser technology, studying systems such as ZnO 

[24, 25] and GaN [26] for laser applications.  UV lasing in these studies has been 

demonstrated in systems with epitaxial arrays, combs (see Figure 1.6), and single NWs.  

In the case of ZnO, large binding energy for excitons (~60 meV) permits lasing via 

exciton-exciton recombination, while GaN lases via electron-hole plasma.  Far-field 

imaging shows that photoluminescence (PL) and lasing are localized at the ends of the 

NWs, suggesting a very strong waveguiding behavior consistent with Fabry-Perot modes 

along the axis of the NWs.  Optical gain is typically achieved by pulsing UV illumination 

to excite a large density of carriers.  Systems with electrical injection have also been 

demonstrated by assembling n-CdS NW Fabry-Perot cavities on p-Si [27].  Further work 

is need to improve the integration schemes that will allow a variety of materials to utilize 

NW lasing.  
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Figure 1.6. SEM image of comb structure made of ZnO NWs used for lasing [25]. 
 

1.2.6 Chemical and Biological Sensing 

 Medical, environmental, and security-related applications using NWs as sensors 

are a growing field.  The large surface area to volume ratio of NWs makes them very 

sensitive to adsorbed material on their surface.  In sensor applications, materials are often 

functionalized with molecular receptors for the specific species that you are trying to 

detect. Binding of this species results in either a depletion or accumulation of carriers.  

This can then be monitored in these functionalized FETs by looking at the change in 

conductance.  When the species binds to a NW, the depletion/accumulation occurs in the 

“bulk” of the material as opposed to the surface region of a planar device.  Thus, NW 

sensors can provide increased sensitivity to the point that single-molecule detection is 

possible.  Also, because of their small size, large arrays of NW sensors could 
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theoretically be prepared.  Studies show that boron-doped Si NWs exhibit pH-dependent 

conductance over a large dynamic range and can also be used to detect biological and 

chemical species (streptavidin in this case) [28].  Sensors based on Si NWs have also 

detected sequence-specific DNA.  In this case, a change in the conductance of the Si 

NWs was produced when the “target” DNA hybridized with the “probe” DNA that is 

attached to the NW surface [29].  No conductance change was seen when non-

complimentary DNA hybridized with the probe DNA, as seen in Figure 1.7.  Thus, this 

process is highly sensitive and selective and simplifies what normally can be a very 

expensive process. 

 

Figure 1.7. Modification scheme of the Si NW surface for the DNA detector: (1) self-assembly of 3-
mercaptopropyltrimethoxysilane (MPTMS) by gas-phase reaction in Ar for 4 h; (2) 
covalent immobilization of DNA probes by exposing the previous surface to 5 µµµµM 
solution of oligonucleotide CCT AAT AAC AAT modified with acrylic phosphoramidite 
at the 5’-end for 12 h; (3) DNA detection based on hybridization between label-free 
complementary DNA target GGA TTA TTG TTA and the immobilized DNA probes on 
the SiNW surfaces. The inset is the SPV signal on a p-type Si surface at different stages 
of the modification; A, B, and C correspond to the schematic diagrams, D is with 25 pM 
solution of complementary DNA target exposed to the surface C, and E is with 25 pM 
solution of noncomplementary DNA (GGA TCA TTG TTA) exposed to the surface C 
[29]. 
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 NWs have also been shown to be a viable alternative for gas sensing.  

Photochemical NO2 sensors that operate at room temperature based on SnO2 NWs and 

nanoribbons have been demonstrated [30].  NO2 plays a large role in smog formation and 

tropospheric ozone and also acts as an electron-trapping adsorbate.  Thus, its presence 

can be detected by monitoring the electrical conductance of the material.  While most 

NO2 sensors operate at high temperatures (300 – 500 oC), the nanostructured sensors 

operate at room temperature and are very fast and sensitive to the presence of the gas.   

 

1.2.7 Phonon Properties 

 Phonon transport is expected to decrease as the diameter of the NWs decreases 

(i.e. as the diameter becomes comparable or less than the phonon mean free path).  This 

decrease in transport is due to increased boundary scattering and reduced phonon group 

velocities.  Theoretical calculations predict a decrease of over 90% in the lattice thermal 

conductivity for NWs with a diameter of tens of nanometers [31].  While size dependent 

thermal conductivity can be a hindrance to many electrical devices, thermoelectric 

devices rely on poor heat transport.  The figure of merit for thermoelectric devices is ZT, 

where Z = σS2/κ in which σ is the electrical conductivity, S is the Seebeck coefficient 

(i.e. thermoelectric power), κ is the thermal conductivity, and T is the temperature.  

Therefore, thermoelectric devices seek materials with a high electrical conductivity, but a 

low thermal conductivity.  Confined structures are predicted to increase the Seebeck 

coefficient [32] and therefore are a promising material system for use in thermoelectric 

devices.  The thermal conductivities of single Si NWs were measured over a range of 20-
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320 K [33].  It was found that the NW conductivity was more than two orders of 

magnitude lower than the bulk value.  A strong diameter dependence is found for the 

thermal conductivity.  Si/SiGe superlattice NWs were also measured and found to have a 

thermal conductivity roughly five times smaller at 300 K, or ~500 times less than the 

bulk conductivity for Si [34].  Certainly, more work needs to be done in this field to 

realize the expected potential of NW thermoelectric devices. 

 

1.2.8 Magnetic Properties 

 Magnetic properties of materials can also show size dependent behavior.  As the 

size of the structure is reduced to that of a single magnetic domain, new and possibly 

enhanced behavior may be discovered.  Size reduction may also be able to alter the 

magnetic reversal process of a system, which is a key property for applications such as 

ultrahigh-density data storage.  Homogenous NW arrays made out of Fe, Co, and Ni have 

been recently investigated [35].  Experimental results show the anisotropy of the shape of 

the NWs and the dipolar interactions among NWs dominate the magnetic behaviors.   

 Small structures are necessary for spintronics, and work on 1D spintronic devices 

is in its infancy.  A NW Ni/NiO/Co magnetic tunnel junction was recently demonstrated 

[36].  The results showed a very broad distribution of magnetoresistance after measuring 

a large number of samples.  Future work is required to fully understand magnetic 

properties in NWs and if they can be an alternative for future data store devices. 
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1.3 NW Growth and Device Fabrication 

 

 Many different types of growth systems have been used to grow NWs of various 

materials.  Nitride, III/V, oxide, and metallic NWs have been synthesized successfully 

over the last several years.  This section will discuss the various techniques for growing 

NWs as well as the equipment that is used for the growth and for the observation of the 

growth.  Finally, some NW fabrication techniques will be discussed. 

 

1.3.1 NW Growth Methods 

  The earliest NWs were grown using vapor-phase synthesis.  Back in 1921, 

Volmer and Estermann observed mercury vapor as it condensed on a glass surface that 

was cooled below the melting point of mercury [37].  By measuring the Brownian motion 

under an optical microscope, they determined these wires had a diameter of 20 nm and a 

length of up to 1 mm.  The basic process starts with vapor species that are transported and 

condensed onto the surface of the substrate at an elevated temperature.  By controlling 

the supersaturation factor of this material, NWs in rather large quantities can be achieved.  

The most widely used method for NW growth is the vapor-liquid-solid process, or VLS.  

Wagner and co-workers originally developed this idea in 1964 [38, 39] and has over the 

past several years been utilized by many other groups.  The process involves the 

dissolution of the vapor source material into a liquid metal catalyst, followed by the 

nucleation and growth of single-crystalline NWs.   This method will be discussed more in 

depth in Chapter 2.  VLS has now been used for the growth of elemental NWs (Si, Ge, 
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and B) [40-42], III/V semiconductors (InP, GaAs, InAs, GaN, GaP) [43-47], II-VI 

semiconductors (ZnS, CdS, ZnSe, CdSe) [47-49], as well as oxides (ZnO, MgO, SiO2) 

[50-52]. 

 
 

Figure 1.8. Proposed nanowire growth model. (A) Laser ablation with photons of energy hν 
of the Si1-xFex target creates a dense, hot vapor of Si and Fe species. (B) The hot 
vapor condenses into small clusters as the Si and Fe species cool through 
collisions with the buffer gas. The furnace temperature is controlled to maintain 
the Si-Fe nanocluster in a liquid (Liq) state. (C) Nanowire growth begins after 
the liquid becomes supersaturated in Si and continues as long as the Si-Fe 
nanoclusters remain in a liquid state and Si reactant is available. (D) Growth 
terminates when the nanowire passes out of the hot reaction zone (in the carrier 
gas flow) onto the cold finger and the Si-Fe nanoclusters solidify. [53]. 

 

 VLS growth can be accomplished by either physical methods or chemical 

methods.  Typical physical methods include laser ablation, thermal evaporation, and arc 

discharge.  Initial work by the Lieber group focused on the laser ablation technique for 

NW growth [53, 47], shown in Figure 1.8.  Here, laser ablation is used to generate the 

nanometer size catalyst clusters to act as the nucleation site for the NW growth.  The 

NWs then precipitate from these clusters.  Chemical methods have gained a lot more 

attention in the recent years.  Relying on chemical vapor transport and deposition, 

systems such as Chemical Vapor Deposition (CVD) [54,55] , Metalorganic Chemical 
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Vapor Deposition (MOCVD) [56,57], and chemical beam epitaxy (CBE) [58] have been 

used for the growth of NWs .  These systems offer the advantage of scalability to large 

size wafers as well as integration to industry standard device fabrication.  

 

Figure 1.9.  (b) STEM image of Si/SiGE superlattice.  Scale bare is 500 nm. (d) Line 
profile of EDS (energy-dispersive x-ray spectroscopy) signal from Si 
and Ge components along the nanowire growth axis, displaying the 
periodic modulation doping of Ge. [59]. 
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 Heterojunctions within NWs have also been demonstrated.  Axial heterojunctions 

occur when the source material is switched during the growth and blocks of material 

grow along the axis of the NW.  Thus, the choice of catalyst becomes ever more 

important so that both materials are compatible and well-defined interfaces can be 

created.  For example, single-crystalline Si/SiGe superlattices have been obtained by a 

hybrid pulsed laser ablation/chemical vapor deposition (PLA-CVD) process [59].  Si and 

Ge vapor sources are independently controlled for alternating delivery into the VLS 

system.  Figure 1.9 shows a scanning transmission electron microscopy (STEM) image of 

two Si/SiGe superlattice NWs that depicts the alternating layers of this heterojunction, as 

well as the modulation doping of Ge. 

 Radial heterojunctions have also been demonstrated.  In this case, single material 

NWs are grown (known as the core) and then coated with a second material (known as 

the shell) by optimizing the growth conditions.  Si/Ge core-shell and core-shell-shell 

structures have been demonstrated by the Lieber group [60].  Figure 1.10 depicts TEM 

images of these structures as well as elemental mapping as proof of the material 

deposition.  Core-shell structures are promising candidates for high electron mobility 

transistors.    
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Figure 1.10.  Si–Ge and Si–Ge–Si core–shell nanowires. (a) Elemental mapping cross-section 
indicating a 21-nm-diameter Si core (blue circles), 10-nm Ge shell (red circles) 
and <1 nm interface. Inset, TEM image of the corresponding Si–Ge core–shell 
nanowire. The white dashed line indicates mapping cross-section. (b) High-
resolution TEM image of a representative crystalline nanowire core and shell 
from the same synthesis as the wire in (a). Scale bar is 5 nm. Inset, two-
dimensional Fourier transform of the real-space image showing the [111] zone 
axis. The split lattice reflections perpendicular to the interface can be indexed 
to the Ge and Si lattice constants (5.657Å and 5.431 Å, respectively). (c) Cross-
sectional elemental mapping of a double-shell structure with an intrinsic 
silicon core (diameter, 20 nm), intrinsic germanium inner shell (thickness, 30 
nm), and p-type silicon outer shell (4 nm); silicon is blue circles and 
germanium is red circles [60]. 
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Figure 1.11.  Schematic diagram of a (a) TEM and (b) SEM [61]. 

 Because of the extremely small dimensions of the NWs, sophisticated equipment 

is necessary for the analysis of the NWs.  Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), whose schematics are shown in Figure 1.11, 

are very common tools for the study of NWs.   In an SEM, the electron beam is focused 

onto the sample and scans over the area of the sample by deflecting the beam with 

various electromagnetic fields.  The interaction of this electron beam and the sample 

creates different emissions, such as backscattered electrons (electrons scattered out of the 

sample) and secondary electrons (generated inside the sample).  A Phillips XL30 

Environmental Scanning Electron Microscope, operating at 20 kV, was used for the work 

in this dissertation to observe the size and shape of the NWs.  To get more detailed 

information about the structure of the NWs, TEM imaging was performed using a 

Phillips CM20 Transmission Electron Microscope (TEM), operating at 200 kV.  In this 

case, high energy electrons are transmitted through the material as well as scattered either 

(b) 
(a) 
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elastically or inelastically.  Forward scattering causes most of the signals seen in the 

TEM.  Analysis on the material composition and crystal structure can also be obtained 

using a TEM. 

 

1.3.2 NW Device Fabrication and Integration 

 

Figure 1.12. SEM images (at different magnifications) of the silver nanowire 
monolayer deposited on a silicon wafer using the Langmuir-Blodgett 
technique[68]. 

 
 While the fabrication of thin film devices is well established, the techniques 

required for nanometer sized material is certainly much less mature at this point in time.  

Many issues still remain unresolved when it comes to the fabrication of NW devices.  For 

example, there has been no method developed to reproducibly place a large number of 
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NWs in exact locations.  Experimental data for device fabrication has attempted to 

address NW integration.   

 The Yang group attempted to assemble and align NWs using microfluidic 

channels to guide NWs into parallel arrays and cross-bar junctions [65].  This technique 

is rather limited, however, for use in large density array fabrication.  Another method that 

has been attempted is the Langmuir-Blodgett technique.  Here, NWs are coated with a 

surfactant and dispersed onto the water surface of a Langmuir-Blodgett trough.  

Compression of this layer causes the NWs to align over very large areas (see Figure 

1.12).  This aligned layer can then be transferred to a solid surface, followed by 

subsequent layer depositions to create crossed-arrays or nanowire lattices [66-69].  While 

this method is useful for aligning NWs over large areas with high packing densities, it 

lacks geometric versatility as well as the ability to contact individual NWs.   

 The ability to fabricate reproducible contacts to NWs (and thus reproducible 

device performance) has also been quite difficult.  While making contacts to thin film 

devices is taken for granted, the study of contacting NWs is far from complete.  

Theoretical studies have been done on the nature of these contacts as a function of the 

diameter of the NW [62-64].  One study found that for Si NW with diameters less than 10 

nm, weak band bending prevents tunneling of the carriers to overcome the barrier at the 

metal-semiconductor interface. Therefore, the conventional strategy of heavily doping the 

semiconductor to obtain Ohmic contacts cannot be used as the NW diameter decreases 

[64].   
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 Although several techniques for contacting the NWs (including vertical wrap-

around-gate-FETs, drop casting NWs onto prepatterned electrodes, optical lithography 

[70-72]) have been used, by far the most common technique is electron beam lithography 

[73, 74].  First, the NWs are sonicated in solution and then transferred to a substrate that 

has been labeled with a type of marker.  SEM images are then taken to observe the 

orientation of NWs near the registration markers.  A specific mask is then created to 

define the contacts for each NW.  E-beam lithography is then performed to make contacts 

to the individual NWs.  While this method works very well for research purposes, it is 

very incompatible with batch processing techniques that are required for future 

integration and device mass production.  Furthermore, studies have shown that e-beam 

lithography can modify the intrinsic properties of NWs and results in Fermi-level pinning 

and Schottky contacts [75].  The ability to place a multitude of NWs in exact locations, 

with the desired contacts, and nowhere else on the sample is crucial for the future 

integration of NW devices.  Therefore, more research is required before mass production 

of NW devices can begin.   

 

1.4 Motivation 

 

 The motivation for this work is twofold: first, to develop a deeper fundamental 

understanding of NWs; second, to explore new NW applications that are an alternative to 

current e-beam lithography-based devices.  As seen in section 1.2, the properties of NWs 

are vast and varied.  Because the study of NWs is still less than a decade old, there is still 
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a lot of fundamental knowledge still to be gained about this novel system.  We have 

therefore decided to take the bottom-up approach to studying NWs.  First, an 

understanding of how and why NWs grow must be achieved.  Second, physical properties 

of the NWs are investigated to observe how NWs behave compared to bulk.  Finally, we 

would like to find a way to exploit these unique physical properties in an application.   

 The motivation behind device and application design has been driven by a 

practical point of view.  Industry will not acknowledge devices that require unique 

contact design (i.e. from electron beam lithography) because of the immense cost of 

doing so.  Thus, we would like to look at using NWs as a “bulk” material.  Here, a very 

large number of NWs are used for a single device, rather than one NW per device.  

Variations in NW dimensions, such as length and diameter, will not have as large effect 

on the response of the device as seen in single NW devices because the response of the 

“bulk” NW devices is the average response of a very large number of NWs.   

 

1.5 Scope of Dissertation 

 

 This dissertation is broken down into the three stages of the bottom up approach.  

Chapter 2 focuses on the growth of the NWs.  The growth system used for this growth is 

an MOCVD reactor and its basic principles are first described.  A detailed explanation of 

the VLS growth mechanism of the NWs is presented, followed by a discussion on the 

adaption of the VLS system to self-assembled InP NWs.  While most NW growth uses 

pre-deposited catalysts, the NW growth in this thesis is “self-catalyzed.”  The dimensions 
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of the NWs can be controlled to create uniform size NWs.  Experimental results of this 

optimized InP NW growth are examined.   

 Chapter 3 focuses on the study of the physical properties of NWs.  Specifically, 

this chapter is dedicated to the examination of the electrooptic properties of InP NWs.  A 

fabrication procedure is designed and carried out to remove the NWs from the growth 

substrate and embed them in a host polymer while retaining their vertical alignment.  

This structure is then used to measure the electrooptic coefficient of the NWs. 

 Chapter 4 looks at a possible application of these NWs.  A NW/polymer hybrid 

solar cell is explored.  By growing the NWs onto an electrode (indium tin oxide), the 

problem of contacting to the NWs has been removed.  Experiments are performed to 

explore the nature of this contact.  A NW/polymer solar cell is designed and fabricated.  

Light and dark measurements are carried out to look at the viability of using NWs in a 

hybrid solar cell.  

 Finally, Chapter 5 presents a summary of the key contributions from each of the 

previous chapters.  Ideas for future work are also presented.   
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Chapter 2                                                                              

Growth of InP Nanowires 

 

2.1 Introduction 

 

 The focus of this chapter is the growth of NWs.   The work done by this author 

was the first ever NW growth at UCSD.  Thus, a detailed understanding of the growth 

was necessary before any device could be fabricated.  First, a discussion of the growth 

system is presented.  The general growth model of the NWs is then explored.  Finally, the 

general model is adapted to the growth method used in this dissertation.  SEM images 

present the various results of this growth study.     

 

2.2  Metalorganic Chemical Vapor Deposition 

 

 The growth system used in this study is a Metalorganic Chemical Vapor 

Deposition (MOCVD) system.  MOCVD has long been used for the growth of many 

different materials [1-5].  Previously, our home-built system has been used for the growth 

of thin film structures such as multiple quantum wells [6-8].  A schematic diagram of an 

MOCVD reactor chamber is presented in Figure 2.1.  The reactor consists of a quartz 

tube and a halogen lamp below that is the heat source.  The substrate is placed onto a 

horizontal, graphite susceptor, which acts as a good thermal conductor to heat the sample.  
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First, the reactor undergoes a pump-purge cycle where the pressure increases and 

decreases to flush out moisture and air to create a nitrogen only environment.  Second, 

the source lines leading to the chamber are purged with hydrogen to remove any residual 

gas from the previous growth.  Next, the source gasses enter their respective lines to 

reach equilibrium.  For growth of III-V semiconductor materials, group III sources 

including trimethylindium, (CH3)3In, and triethylgallium, (C2H5)3Ga are typically used; 

group V sources used include arsine, AsH3, and phosphine, PH3.  After fifteen minutes, 

the gasses reach equilibrium and the growth can begin.  A gas manifold directs the 

desired gasses into the growth chamber and the set temperature is monitored by a 

temperature controller.  Hydrogen is used as the carrier gas and is kept constant at 1.2 

standard liter/minute (slm).  The chamber pressure is set manually by a pressure 

controller on the front of the system.  

 The gas switching and set temperature are all controlled by a microprocessor with 

inputs from a program run in HP Basic that allows the user to create a layer structure and 

determine the time and temperature for each layer.  This program was written by the 

author of this thesis and Justin Bickford (see Appendix). 

 

Figure 2.1.  MOCVD Reactor Schematic. 
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 Samples are typically 1 cm x 1 cm.  The goal of this study was to explore the use 

of MOCVD as a method for growing uniform NWs.  The proof of concept in this thesis 

provides the necessary fundamental understanding of MOCVD growth of NWs for future 

scaling to larger systems, such as four inch diameter wafers.   

 

2.3 Vapor-Liquid-Solid Growth Mechanism 

 

 Most NW growth occurs via the vapor-liquid-solid (VLS) mechanism, first 

proposed by Wagner and Ellis in 1964 [9].  The basic theory will be outlined in this 

section.  The InP NW growth used in this dissertation relies on the VLS mechanism, 

although under slightly different circumstances.  Further discussion will be presented in 

section 2.4.  

 

Figure 2.2.  VLS Growth Mechanism.  (1) Vapor impinges on the deposited metal 
catalyst.  (2) A liquid alloy of the catalyst and source material forms, 
with clusters nucleating inside droplet.  (3) Solid NW growth. 
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 Figure 2.2 depicts the basic growth sequence of a VLS system.  Before growth, a 

metal catalyst is deposited onto the surface of the substrate.  The desired NW materials 

enter the system via the gas phase and begin to alloy with the catalyst, forming a liquid 

droplet.  Clusters begin to then form inside the liquid droplet at the droplet/substrate 

interface.  The presence of the substrate surface has been shown to significantly reduce 

the thermodynamic barrier for the formation of these clusters [10].  Finally, a 

supersaturated solution of the NW materials in the catalyst is reached and creates a large 

homogeneous diffusion flux inside the liquid droplet.  A significant number of these 

nanoclusters are required at the liquid/substrate interface to initiate the NW growth.  The 

solid NW then precipitates out at the droplet/substrate interface.  The direction of the 

growth away from substrate decreases the free energy of the system.  If these 

nanoclusters grew “inward”, the free energy of the system would increase due to the 

resultant deformation of the droplet.  Therefore, as seen in Figure 2.2, the NW attaches to 

the substrate and the droplet “rides” along the top of the solid NW.  For a steady NW 

growth, the number of impinging gas atoms onto the liquid droplet should equal those 

transformed from the liquid to the solid NW phase [11].   

 The choice of catalyst is also important for VLS growth to achieve this 

supersaturated state.  The eutectic point of a phase diagram is the lowest temperature at 

which the two elements liquefy.  A common example is the silicon-gold system, shown in 

Figure 2.3.  The eutectic point in this system occurs at 18.5% Si concentration at 636 K.  

The origin of the arrow in Figure 2.3 represents the initial stage of the system, where the 

Au catalyst starts out at 100% Au (0% Si).  The substrate is heated to a temperature 
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above the eutectic point.  The Au and Si begin to alloy until the mixture crosses the phase 

boundary line and the mixture because a complete liquid alloy.  When the arrow reaches 

the second boundary line, solid Si begins to form.  While this phase diagram holds true 

for bulk Si-Au systems, the geometry of the droplet slightly changes this picture.  In fact, 

a liquid droplet on a substrate surface will precipitate a solid NW before the second 

boundary is reached.  The substrate induces the silicon precipitation and displaces the 

liquid-solid line towards lower Si concentrations [13]. 

 

Figure 2.3.  Phase diagram of Au-Si [12].  
 

 A direct observation of VLS NW growth was achieved by the Peidong Yang 

group [14].  By retrofitting a TEM, this group was able to make real-time observations of 

semiconductor NW growth that unambiguously demonstrates the VLS growth 

mechanism.  Ge particles were dispersed on TEM grids along with Au nanoparticles to 

Si + Liq. 

Liq. 

Au + Liq. 
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act as the catalysts.  The stage was heated resistively to 800 – 900 oC for this experiment 

and TEM images of each stage of the VLS growth were taken.   As seen in Figure 2.4, the 

volume of the Au catalyst increases as the Au and Ge begin to alloy.  The contrast also 

decreases, due to the fact that Ge is a lighter element.  The emergence of the NW is seen, 

followed by its continuous growth.  Thus, the VLS mechanism is confirmed and can be 

seen as a viable method for the growth of NWs.   

 

 

Figure 2.4. In situ TEM images recorded during the process of nanowire growth. (a) 
Au nanoclusters in solid state at 500 °C; (b) alloying initiates at 800 
°C, at this stage Au exists in mostly solid state; (c) liquid Au/Ge alloy; 
(d) the nucleation of Ge nanocrystal on the alloy surface; (e) Ge 
nanocrystal elongates with further Ge condensation and eventually a 
wire forms (f). (g) Several other examples of Ge nanowire nucleation, 
(h,i) TEM images showing two nucleation events on single alloy 
droplet [14]. 
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2.4 Self-Assembly of InP NWs 

 

2.4.1. Adaptation to General VLS Theory 

 While most NW growth follows the general VLS theory, the work done in this 

dissertation is slightly different.  The metal catalyst is the typical nucleation site for NWs 

under the VLS growth mechanism, which can result in their unintentional incorporation 

into the otherwise pure crystalline NWs.  In the work presented in this thesis, no metal 

catalyst is deposited onto the surface.  Instead, indium droplets are created on the surface 

that will act as nucleation sites for the NWs.  So called self-catalytic growth, or self-

assembly, has been seen in several material systems [15-17].  This section will focus on 

the differences between the general VLS theory and self-assembly as well as how to 

optimize this type of growth for InP NWs. 

 

2.4.2.  Indium Droplet Formation 

 Because the indium droplets act as the nucleation site for the NWs, it is important 

to understand why and how they form.  The appearance of the indium excess liquid phase 

can be attributed to several factors.  First, at the growth temperature of 350-450 oC, 

indium is a liquid, as its melting point is ~157 oC.  Second, the decomposition, also 

known as cracking or pyrolysis, of the precursors is not equal and contributes to the 

excess phase formation.  Finally, the surface that the gas molecules impinge upon is an 

indium-rich surface.  When combined, these factors lead to the formation of liquid 
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indium droplets on the surface.   This section will examine these factors as they relate to 

this growth system. 

 

Figure 2.5. Percent TMIn decomposition versus temperature in H2 (circle) and N2 (square) [18]. 
 
  
In order to achieve the formation of liquid droplets, a large amount of indium 

compared to phosphine needs to be available.  The precursors used in this growth are 

TMIn and PH3.  Figures 2.5 and 2.6 depict their percentage of decomposition as a 

function of temperature [18, 19].  In the growth range of 350 – 450 oC, TMIn is 100% 

decomposed.  On the other hand, very little PH3 breaks down at these temperatures.  Both 

of these studies were a mass spectrometric study of the pyrolysis of the gas.  The addition 

of the other source material, the coating of the tube, and the presence of a surface (InP 

substrate) will slightly alter the decomposition of the precursors.  However, the trends 
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will remain the same and provide a guideline for this study.  Therefore, optimizing the 

growth temperatures with the pyrolysis profile of the precursor is a driving force for the 

formation of the excess liquid. 

 
Figure 2.6. Percent PH3 decomposition versus temperature in (a) 60 cm2 silica 

coating with N2 (open square), D2 (open circle), and He (open 
diamond); (b) 300 cm2 silica coating with D2; (c) 60 cm2 InP coated tube 
with D2 [19]. 

 
 Second, the surface of the substrate plays a role in the formation of the indium 

droplets and the growth of the NWs.  While bulk semiconductors have a uniform, 

repeating lattice structure, the surface presents a problem.  The atoms have nothing to 

bond to and create dangling bonds.  In order to minimize the surface energy, these 

dangling bonds rearrange themselves in a structure that is different from the bulk lattice.  

This formation is known as a surface reconstruction.  For a material with lattice constant 

a, the bulk has a unit cell of area a•a, or (1x1).  At the surface, atoms can rearrange 

themselves to any arrangement such as one with area 2a•a, or (2x1).  This surface 
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reconstruction is also temperature dependent.  Thus, annealing the surface will change the 

bond arrangements and therefore the overall surface unit cell.   

 
Figure 2.7. Diagram depicting the [111] orientation of the zincblende structure of 

InP.  Black spheres delineate P atoms, while white spheres delineate In 
atoms [20]. 

 
 The crystal orientation will play a role in the growth of the InP NWs.  The usual 

notation system adopted to describe this orientation is based on Miller indices.  Lattice 

planes are described by the three integers h, k, and l that represent the reciprocals of the 

fractional intercepts which the plane makes with the crystallographic axes.  For example, 

the (101) plane intercepts the x-axis at one unit length and also the z-axis at one unit 

length while never intercepting the y-axis.  InP is a zincblende structure, which is a 

combination of two interpenetrating face-centered-cubic structures.  The <111> axes are 

polar axes, such that the layers formed from In atoms and P atoms do not follow each 
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other with equal separation.  For InP, (111)A is (111)In and (111)B is (111)P.  A diagram 

of this structure is seen in Figure 2.7. 

 Studies on InP(001) show that the surface changes from a P-rich (2x1) 

reconstruction to an In-rich δ(2x4) reconstruction with increasing annealing temperature 

[21].  Similarly, on InP(111)A, the surface transforms from a (3 x 3 )R30o P-rich 

surface to a (2x2) In-rich surface upon heating [22].  These results are summarized in 

Table 2.1.   

Table 2.1. Surface Reconstructions for InP(100) and InP(111)A [22]. 
 

 
To the best of our knowledge, there have been no investigations made on the 

InP(111)B surface.  However, we have used these trends to understand our observed 

results.  The initial stage of the NW growth in this dissertation involves heating the 

substrate to 600 oC for 10 minutes before NW growth commences (see Section 2.4.3 for 

further details).  To look at the effect of surface reconstruction, samples were grown 

under identical conditions with and without the pre-growth anneal.  On the InP(100) 

substrate without the anneal, almost zero wire growth was observed.  Repeating the 

experiment with annealing led to a high density of self-catalyzed NWs on the entire 
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surface of the substrate.  Similarly, an InP(111)B substrate was used without annealing 

and again no wires were visible.  With annealing, a high density of vertically aligned, 

self-catalyzed wires formed.  Further scanning tunneling microscopy (STM) or x-ray 

photoelectron spectroscopy (XPS) studies are required to study the effects of annealing 

InP(111)B under a flow of PH3 to exactly determine the exact type of reconstruction that 

occurs under these conditions.   

 By combining the two above conditions, the growth conditions are ideal for the 

formation of indium droplets.  As the impinging TMIn decomposes on this In-rich 

surface, an excess of In adatoms is created due to the lack of available P dangling bonds. 

The large amount of In adatoms dwarfs the amount of P adatoms produced, due to PH3’s 

low decomposition at these growth temperatures.  This overall excess causes a liquid 

phase separation, thus providing the droplets needed for nucleation of the wires.   

 
2.4.3 NW Growth: Detailed Analysis 

 With this understanding of how the nucleation sites (indium droplets) are created, 

a detailed analysis of the how the NWs grow can now begin.  For this discussion, the 

growth substrate is taken to be InP(111)B.  The sample is placed onto the graphite 

susceptor in the reactor and the system undergoes the typical pre-growth routine outlined 

in section 2.2.  The first step in the NW growth is an anneal at 600 oC for ten minutes 

under a constant flow of PH3.  The temperature is then lowered to the desired growth 

temperature, typically 350-450 oC, while continuing the flow of PH3.  Once this 

temperature is reached, TMIn begins to flow along with PH3.  H2 is used as the carrier 

gas in this system and the chamber pressure for all experiments is kept constant at 100 
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torr.  The input V/III ratio is defined as the concentration of the group V element to the 

concentration of the group III element.  TMIn and PH3 flow for the desired growth time.  

The heater is then turned off and the PH3 continues to flow in the growth chamber for 

two minutes following the growth.  This is to ensure that P atoms are not stripped from 

the InP surface as the chamber cools down.   

 

  

Figure 2.8.  SEM images of samples after 10 min anneal at 600 oC (a) with TMIn and (b) 
with TMIn and PH 3.  

 
 While the importance of the indium droplet has been discussed, the role of the 

PH3 must now be addressed.  SEM images in Figure 2.8 depict two samples that 

underwent the initial 600 oC anneal for ten minutes.  The growth temperature is then 

lowered to 400 oC.  In Figure 2.8a, only TMIn flowed during the “growth.”  Here, large 

indium droplets form on the surface with varying sizes.  In Figure 2.8b, both TMIn and 

PH3 flowed during the growth.  It can be seen that the inclusion of PH3 creates millions of 

NWs on the surface.  Thus, it is evident that this growth does create indium droplets and 

that with the right amount of PH3, NWs can grow. 

(a) (b) 
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Figure 2.9.  Phase diagram of In – P binary system [23]. 

 
 Because this growth does not utilize a pre-deposited metal catalyst, the balance of 

the TMIn and PH3 must be optimized to create uniform NWs.  Figure 2.9 shows the 

phase diagram of the In-P system.  At the growth temperatures, liquid indium easily 

forms and solid InP soon follows.  The supersaturation of indium with phosphorous is the 

first step of the NW growth.  Once precipitation begins, the VLS theory states there 

should be a balanced flow into and out of the NW.  However, by definition, a catalyst 

does not take place in the reaction.  Thus, in the previous example, Si flows into and out 

of the Au particle via the solid NW precipitation.  In the case of the indium droplet, both 

indium and phosphorous flow into and out of the droplet.  The difference in this case is 

that the droplet does take place in the reaction.  Thus, the wording “self-catalyzed” is 
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slightly misleading as the indium droplet does not follow the definition of a catalyst.  

There is no saturation limit of indium into an indium droplet.  A balance of indium to 

phosphorous must therefore be maintained for proper NW growth. 

 

 

Figure 2.10. (a) Low P:In ratio (b) Balanced P:In ratio (c) High P:In ratio 
 

The three cases of P:In ratios are presented in Figure 2.10.  A low P:In ratio is 

achieved by using either a low input V/III or a low growth temperature, due to the low 

decomposition of PH3 at low temperatures.  In this case, there is a large amount of indium 

being supplied to the droplet, but not much phosphorous.  Thus, the droplet will grow 

larger and create a new supersaturation condition.  The NW diameter will thus continue 

to grow as the diameter of the droplet grows.  For a uniform NW, the amount of P 

supplied to the droplet must therefore be high enough to maintain the initial 

supersaturation condition.  Figure 2.10b depicts NW growth where the diameter remains 

constant and the tapering of the NW is minimal.  These conditions can be met by raising 

the input V/III or raising the growth temperature.  The final case is depicted in Figure 

2.10c.  Here, indium droplets do not form and thus only island growth or thin film growth 

ensues.  If the input V/III ratio or growth temperature is too high, there is enough 

(a) (c) (b) 
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phosphorous in the system to prevent the excess phase formation of indium from 

appearing.   

 

Figure 2.11. SEM images taken at a 45o tilt of samples with growth conditions (a) 
V/III ~ 2, T g: 350 oC (b) V/III ~ 125, Tg: 350 oC (c) V/III ~ 125, Tg: 450 
oC. 

 
 Experiments were performed to examine the effect of the input V/III ratio and 

growth temperature on the NW growth.  The SEM images in Figure 2.11 depict the three 

stages previously discussed.  For a low input V/III ratio of 2 and a growth temperature of 

350 oC, NWs are extremely tapered.  At the base, the diameter is tens of nanometers 

while near the indium droplet, the diameter can be hundreds of nanometers.  Previously 

published works on NWs grown with MOCVD have shown a different type of tapering 

due to epitaxial growth along the side walls of the NWs [24, 25] where the wire is thinner 

at the top and wider near the substrate.  In the case of self-assembly, the wires show the 

opposite trend, due to the use of an In droplet and not a foreign material.  By increasing 

the input V/III ratio from 2 to 125, this tapering can be eliminated, as seen in Figure 

2.11b.  Here, the diameter of the NW from the droplet to the substrate is very similar and 

is accomplished by providing more P to the system.  Lastly, if the input V/III ratio is kept 

the same but the growth temperature is increased to 450 oC, droplets cannot form.  

Instead, islands form, as seen in Figure 2.11c.   
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Figure 2.12. SEM image taken at a 45o tilt of a sample with V/III ~ 25, Tg: 450 oC. 
 

 

Figure 2.13. SEM cross-section taken at a 90o tilt of a sample with V/III ~ 25, Tg: 450 oC. 
 

The dimensions of the NWs are thus very dependent on the V/III ratio as well as 

the growth temperature and annealing conditions.  Wires grown at a V/III of 25 at 450 oC 
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show a high density of approximately 109 wires/cm2, as shown in Figure 2.12.  A cross 

sectional view of the sample, seen in Figure 2.13, shows that the wires are very uniform 

in length.  Here, the average diameter of the wire was 37 nm with an average length of 

1.9 µm.  The diameters range from 20-50 nm, as seen in Figure 2.14.  In comparison, 

previously grown vertically aligned InP NWs using MOCVD and Au catalysts of 20 nm 

had a range of 5-60 nm [26].  Understanding the conditions that lead to catalyst-free 

growth is therefore very important when attempting to grow metal-catalyzed NWs only. 

 

 

 

 

 

  

 

Figure 2.14. Diameter measurement of a sample with V/III ~ 25, Tg: 450 oC, shown 
in Figures 2.12, 2. 13. 

 
In general, we see that for increasing V/III, the diameter decreases and the length 

of the wires increases, as seen in Figure 2.15.  These trends are explained by the 

consumption of material by the In droplet.  If the P flux is too low (i.e. low V/III), the 

droplet will grow in size and thus the diameter increases.  Likewise, the growth rate of 

the wires will be affected by the amount of P.  If the volume of the droplet increases, 

more P is required to supersaturate the droplet.  Thus, the growth rate slows as the droplet 

size increases. 

0

5

10

15

20

25

20-25 25-30 30-35 35-40 40-45 45-50

Diameter (nm)

W
ir

es
 C

o
u

n
te

d



48 

 

 

 

Figure 2.15. Diameter measurement of a sample with V/III ~ 25, Tg: 450 oC, shown 
in Figures 2.12, 2. 13. 

 
 

 

Figure 2.16. High resolution TEM image of NW. 
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Figure 2.17. TEM image of NW, with a scale bar of 100 nm, and its diffraction 
pattern, indicating growth along the [111]B direction. 

 

 TEM studies were carried out to perform structural analysis of the NWs, shown in 

Figures 2.16-2.18.  High-resolution TEM imaging shows that the NWs are single 

crystalline, as seen in Figure 2.16.  The vertical growth of the wires off the substrate 

implies that the NWs grow epitaxially from the substrate in the [111]B direction, as seen 

in Figure 2.13.  TEM analysis on the wires from Figure 2.11b further confirms this 

growth direction, as seen in the inset of Figure 2.17.  Energy dispersive x-ray (EDX) 

analysis was also carried out on both the “catalyst” and the NWs, shown in Figure 2.18.  

As expected, the “catalyst” is completely indium.  At the end of the growth, any 
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remaining P in the droplet will precipitate out until the supersaturation condition no 

longer holds.  EDX on the body of the NW shows a P:In ratio of 51:49 (by atomic %).   

 

 
 

 
 

Figure 2.18. Energy Dispersive X-Ray Analysis of (a) the catalyst and (b) the NW. 
 
 

(a) 

(b) 
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2.5 Conclusion 

 

 In conclusion, we have shown that single crystalline InP NWs can grow without 

the use of metal catalysts.  The use of an initial annealing step causes a surface 

reconstruction necessary for the formation of indium droplets for VLS growth.  Vertically 

aligned, non-tapered NWs with a small distribution in diameter and length can be 

achieved.  The absence of a metal catalyst ensures a pure NW free from unintentional 

incorporation of a metal catalyst.  We believe that by taking advantage of their vertical 

alignment, these NWs will be very useful for fundamental research of the NW properties 

as well as for integrated nanoscale devices. 
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Chapter 3                                                                              

Electrooptic Properties of InP Nanowires 

 

3.1 Introduction 

 Once an understanding of the NW growth is achieved, the next step in the bottom 

up approach is to develop a deeper understanding of some of the fundamental material 

properties of the NWs and how they compare to bulk material.  While many 

optoelectronic devices have been fabricated, there has been no study to investigate some 

of the basic electrooptic properties of NWs.  The goal of this chapter is to devise an 

experiment that can directly measure the electrooptic coefficient of InP NWs.  Vertically 

aligned InP NWs are transferred from their growth substrate to an ITO-coated glass 

substrate using a host polymer, while still retaining the alignment of the NWs.  Once they 

are in the host polymer, the electrooptic coefficient of the NWs can be measured.  Bulk 

InP has a fairly small electrooptic coefficient and is not typically used in electrooptic 

devices.  By examining the electrooptic response of InP NWs, we can determine their 

viability for use in devices such as electrooptic modulators.  First, the method used to 

measure the linear electrooptic coefficient is discussed.  Second, a novel fabrication 

method for the testing of the NW electrooptic coefficient is presented.  While this method 

was used to measure the linear electrooptic effect, it can also be used for future 

measurements of the quadratic electrooptic coefficient. Finally, the results from the 

experiment are examined. 
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3.2 Motivation 

 

 There are two main motivations for this study of the electrooptic properties of 

NWs.  First, to the best of our knowledge, there has been no study performed that directly 

measures the electrooptic properties of NWs.  One study examined the performance of 

NW waveguide electrooptic modulators [1].  Electric field modulation of single CdS and 

GaN NW lasers caused a modulation of the laser emission intensity with no detectable 

change in wavelength.  However, all calculations performed in this study assumed that 

the NWs behaved exactly like bulk material.  By measuring the electrooptic coefficient of 

the NWs directly, we can better predict how the material will behave in devices and allow 

for more accurate calculations.   

 The second motivation for this study is to determine if there is a way to use the 

NWs on a macroscopic scale.  If a waveguide of many NWs is created on a substrate, will 

it provide enhanced performance when compared to a waveguide of bulk material of the 

same dimensions, as illustrated in Figure 3.1?  Here, rather than one NW, a very large 

number of NWs are used in the device and thus the NWs can be measured and utilized on 

a macroscopic scale.  By directly examining the electrooptic properties of the NWs, this 

question can be answered. 
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Figure 3.1.  A waveguide of NWs (yellow) embedded in a host polymer (blue) on top 
of an InP substrate is shown on the left, while a mesa of bulk InP 
(brown) is extended from the substrate on the right. 

 
 

3.3 Electrooptic Coefficient Measurement 

 

3.3.1 Electrooptic Coefficients 

 Optical properties can be characterized by the refractive index tensor (1/n2)ij 

whose eigenvalues will determine how a light wave will propagate in the material.  An 

electric field, E, will induce a change in refractive index.  Because this will be a small 

change, one can expand the tensor in powers of E, keeping only the lowest terms [2]: 

( ) lkijklkijkij EEsErn +=∆ 21      (3.1) 

The linear electrooptic coefficient tensor, r ijk, determines the so-called Pockel’s effect, 

while the quadratic electrooptic coefficient tensor, sijkl, determines the Kerr effect.  

Because of the symmetry condition (1/n2)ij= (1/n2)ji, a second-rank 6x3 matrix rmk is 

typically used to represent the r ijk tensor while a 6x6 matrix sij is used to represent the sijkl 

tensor.  This study will only focus on the linear electrooptic effect.  For the case of a 

poled polymer, the electric field is typically applied along the z-axis of the polymer [3, 4] 
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and has an infinite-fold axial symmetry, leading to a linear electrooptic coefficient tensor 

[5]: 
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3.3.2 Measurement Setup 

 One of the most common methods for measuring the electrooptic coefficient of a 

polymer is based on an ellipsometric (reflection) technique, developed by Teng and Man 

in 1990 [6].  The measurement setup is shown in Figure 3.2.  Here, the polymer is 

deposited onto an indium tin oxide (ITO)-coated glass substrate.  A reflective electrode, 

gold in this case, is then deposited on top of the polymer.  Incoming light passes through 

the glass substrate and ITO layer, interacts with the polymer layer, and then reflects off 

the gold electrode.  The exiting light passes through a Soleil-Babinet compensator that is 

used to control the relative retardation between the perpendicular (s wave) and parallel (p 

wave) components of the optical field from 0 to 2π.  After the compensator, the beam 

passes through an analyzer crossed against the incoming polarization and then to the 

detector.   
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Figure 3.2. Optical configuration of the reflection measurement technique proposed by Teng and 
Man [6]. 

 
 The continuous wave (cw) intensity of the reflected beam at the detector is [6]: 








Ψ=
2

sin2
max

sp

II      (3.3) 

where Imax is the maximum intensity (Imax=2Ic in Figure 3.3) and Ψ sp is the phase 

retardation between the s and p waves, as seen in Figure 3.3.  When a modulating voltage 

(~1 kHz), V=Vmsin (ωmt), is applied to the ITO and Au contacts, a change in the phase 

angle of the s and p waves is induced by the change in refractive index due to the 

electrooptic effect.  The modulated intensity, Im, should increase linearly with the applied 

voltage, Vm, due to the linear electrooptic effect. 
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Figure 3.3. Output laser intensity as a function of the phase retardation between the s and p waves 
[6]. 

 

 

 

Figure 3.4.  Experimental setup for electrooptic coefficient measurement. 
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 The measurement of the electrooptic coefficient in this study is based on Teng 

and Man [6] by using the setup depicted in Figure 3.4.  A laser with wavelength 1.31 µm 

is incident on the backside of the glass/ITO substrate at an angle of θ = 45o with its 

polarization at 45o to the incident plane.  The light passes through the polymer/NW 

matrix and reflects off a reflective electrode (Au).  The light then exits the sample and 

passes through a Babinet-Soleil compensator that is used to control the relative 

retardation between the s and p waves of the optical field from 0 to 2π.  In this 

experiment, the compensator is set to either π/2 or 3π/2 (i.e. points A or B in Figure 3.3.)  

After the compensator, the beam passes through an analyzer crossed against the incoming 

polarization (perpendicular) and then to the detector.   

 

3.3.3 Measurement Analysis 

 The refractive index ellipsoid will be altered by the presence of an electric field.  

Writing equation (3.1) in expanded notation for the linear electrooptic effect gives the 

result: 
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Thus, in the presence of an electric field, the refractive index ellipsoid can be written as: 
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When the electric field is equal to zero, the refractive index ellipsoid is a sphere: 
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where no and ne are the ordinary and extraordinary indices of refraction, respectively, and 

x, y, and z are parallel to the crystallographic axes [100], [010], and [001] respectively.  

When an electric field is applied to the material, a birefringence is induced and the index 

ellipsoid is altered from its spherical form to include mixed terms.  An example of this 

deformation will be discussed in section 3.3.5 for the case of InP NWs. 

 

3.3.4 Measurement Adaptation for NWs 

 In order to accurately measure the electrooptic coefficient tensor components, one 

must therefore be able to relate the application of an electric field to the material’s crystal 

lattice.  To use the technique outlined by Teng and Man for the measurement on NWs, 

there are several requirements that must be met.  First, there must be one transparent and 

one reflective electrode to apply the electric field to the NWs.  Second, the NWs must 

have a single crystal alignment such that the electric field is applied to the same direction 

for all NWs.  In order to achieve this, the proposed measurement setup involves the 
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suspension of NWs in a host polymer for mechanical stability.  Two possible 

experimental structures are presented in Figure 3.5.   In Figure 3.5a, the NWs are 

randomly oriented inside the polymer matrix.  Some NWs in this configuration may be in 

contact with one or two of the electrodes.  The problem with this configuration is that the 

electric field applied across the sample will be along various crystal directions.  In this 

case, it is impossible to accurately model the refractive index ellipsoid.  Figure 3.5b 

shows the ideal case for the measurement of the electrooptic coefficient of the NWs.  

Here, the NWs have a single crystal orientation, are embedded in a non-electrooptic 

polymer, and are not in contact with the electrodes.  The single crystal orientation ensures 

that the electric field is dropped along the same direction in all NWs and therefore the 

refractive index ellipsoid can be determined.  By embedding the NWs in a material with 

zero electrooptic response, there is no need to decouple the polymer’s response from the 

measured signal.   

 

 

        

Figure 3.5.  (a) Polymer/NW structure with randomly oriented NWs.  (b) 
Polymer/NW structure with one orientation for the NWs. 

 

 

Glass 

Au 
Polymer/

NWs 
ITO 

(a) (b) 
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3.3.5 Analysis for InP NWs 

 III-V semiconductors, such as InP, belong to the cubic zincblende group with 

crystal symmetry 43m [7].  The electrooptic tensor for this group is [8]: 
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When an electric field, E, is applied, a birefringence is induced and the initially spherical 

index ellipsoid distorts to [8]:  
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where n is the static index of refraction for InP.  The nanowires in this study have a 

growth direction of [111] and therefore the electric field in this configuration will be 

applied in the [111] direction (i.e. along the axis of the NW, as seen in Figure 3.5b).  

Equation (3.8) then becomes 
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In order to remove these cross-terms, a coordinate transformation must be performed in 

order to get back to the form: 
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The new coordinate system (xʹ, yʹ, ź ) is defined such that the z-axis now lies in the [111] 

direction: 
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This transformation leads to the following indices of refraction: 
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 The next step in the analysis for InP NWs is to relate these new indices to the 

phase retardation of the Teng and Man setup (i.e. experimentally measurable quantities).  

The phase retardation between the s and p waves is given by [9]: 

( )[ ]ooeee
sp nn
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where θe,o refers to the internal angle in the slab of the extraordinary and ordinary waves, 

respectively, λ is the wavelength of the incident laser light, and d is the thickness of the 

slab of material.  These angles can be related to the angle of incidence θ (which can be 

measured experimentally) by Snell’s law: 
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These terms can then be substituted into equation (3.13), where no=nx’=n y’  and ne=nz’  

from equation (3.12).  This expression is then differentiated with respect to the voltage V 

(where Eo=V/d): 
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where neff is the effective index of refraction for the polymer/NW hybrid.  Differentiating 

equation (3.3) and normalizing by Imax, we have  
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When the measurement is taken at points A and B in Figure 3.3, sin(Ψcomp) =1 and 

dImod/dV can be approximated by Im/Vm (experimentally measured intensity at the applied 

voltage).  Thus, the final equation for the linear electrooptic coefficient of the 

NW/polymer hybrid system is: 
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The effective index of refraction is derived by extending the Maxwell-Garnett theory for 

the case of cylindrical particles [10]: 
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where the fill factor, FF, is defined as the ratio of the volume of the InP NWs to the 

volume of the polymer layer: 
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where D is the NW density/area, L is the NW length, d is the NW diameter, A is the area 

of the layer, and h is the polymer layer thickness.  It is important to note that the raw data 

will provide the coefficient for the composite system.  The NW electrooptic coefficient is 

determined by dividing equation (3.17) by each sample’s fill factor. 

 

3.4 Test Structure Fabrication 

 

 Besides consistent vertical alignment of the NWs, another requirement for the 

electrooptic coefficient measurement is the removal of the NWs from their host InP 

substrate.  Because the substrate and NWs are the same material, they have the same 

crystal orientation with respect to the electric field as well as the same index of refraction.  

It would therefore be difficult to differentiate between the effects of the substrate and 

NWs on the value of the coefficient.  To remove any ambiguity, a fabrication scheme has 

been devised that removes the NWs from their growth substrate and embed them in 

PMMA while retaining their necessary vertical alignment. 
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 The InP NWs are grown on InP(111)B substrates in a horizontal MOCVD reactor 

at a pressure of 100 torr.  Trimethylindium (TMIn) and phosphine (PH3) are used as the 

Group III and V sources, respectively, with hydrogen as the carrier gas.  The substrates 

are annealed at 600oC under PH3 for 10 minutes, then cooled down to the growth 

temperature of 425oC.  The input V/III ratio for all samples is 190, while the growth time 

varies from sample to sample.  NW characterization was carried out using a Phillips 

XL30 Environmental Scanning Electron Microscope (SEM), operating at 20 kV.  The 

polymer used in this experiment is polymethyl methacrylate (PMMA).  PMMA is 

typically used in polymer-based systems as a passive, host material due to its excellent 

optical properties, reasonably high thermal stability, and good processability; it has a 

negligible electrooptic coefficient [11, 12]. 

 

 

 

Figure 3.6. Host glass substrate preparation.  (1) Sputter 50 nm ITO onto glass 
substrate (2) Deposit 165 nm of SiO2 via PECVD.  (3) Spin HMDS onto 
surface. (4) Spin ~110nm of PMMA onto SiO2. 

 

 

Glass Slide 

ITO SiO2 

PMMA 
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Figure 3.7. Test structure fabrication process.  (1) Coat host glass substrate as 
described in Figure 3.6.  Coat NW sample with PMMA and remove 
edge beads.  (2) Bond two substrates together.  (3) Etch off InP 
substrate in HCl.  (4) Open ITO window by etching PMMA and ITO.  
Cover bonded layer with SiO2 and Au. 

 

 The entire fabrication process is depicted in Figures 3.6 and 3.7.  50 nm of ITO is 

sputtered onto a glass substrate using a Denton Discovery 18 Sputter System.  The 

resistivity of this ITO layer is 6.8*10-4 Ω-cm, as determined by four point probe 

measurements.  A 165 nm layer of SiO2 is then deposited at 350 oC using an Oxford 

Plasmalab PECVD.  Finally, an adhesion promoter, hexamethyldisilazane (HMDS), is 

spun-cast onto the SiO2, followed by a deposition of 110 nm of PMMA.  This process 

provides protection for the ITO during etching.  Small pinholes in the PMMA layer allow 
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some acid to seep through to the underlying layer.  Without the SiO2 layer, the ITO 

electrode layer would be removed.  Experiments also showed that a layer of SiO2 

produced by sputtering had too many pinholes and did not provide adequate protection to 

the ITO layer.  The combination of the PECVD SiO2 layer and the PMMA layer, 

however, does prevent the ITO from being etched away. 

 Multiple spins of PMMA diluted in anisole (~100 nm/spin) are cast onto the NW 

sample until the desired thickness is achieved.  This dilution is necessary because neat 

PMMA is too viscous and shear causes the NWs to flatten and lose their vertical 

alignment during spin-casting, as shown in Figure 3.8.  Thicknesses of ~100 nm/spin 

retain the necessary vertical alignment of the NWs.  Typically the PMMA thickness is 

~200 nm taller than the maximum height seen on each NW sample to ensure full 

encapsulation of the NWs.   The next step is to remove the large edge beads present after 

spin-casting.  Because the edge beads are typically ten times the thickness of the layer, 

the samples will only bond at the edges, missing all the NWs in the middle of the sample.  

Edge-bead removal is accomplished by oxygen plasma etching using a Trion RIE/ICP 

Dry Etcher.  After the edge-bead removal, the samples are ready to be bonded. 
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Figure 3.8.  SEM images showing the results of spin-casting undiluted PMMA onto a NW sample. 
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 The NW sample and glass substrate are brought together on a hot plate at 190 oC.  

After ten minutes, pressure is then applied to the samples to facilitate PMMA to PMMA 

bonding.  The hot plate temperature is then lowered to 150 oC for one hour to allow for 

reflow and enhancement of acid resistance of the bond layer.  The samples are placed into 

undiluted hydrochloric acid (HCl) heated to approximately 80 oC.  In this step, the etch 

chemistry of InP plays an important role.  HCl will strongly etch the (100), (110), and 

(111)B surfaces of InP.  However, the (111)A surface etches at a much slower rate.  

Unlike the (111)B surface which has two spare electrons per atom, the (111)A surface 

has no spare electrons and is therefore much less reactive than (111)B [13].  Studies have 

shown that the (111)A surface etches 30 times slower in HCl than the (111)B surface 

[14].  In our own experiments, an InP sample with orientation (111)B was placed upside 

down, thus exposing the (111)A to the HCl.  The sides were coated with acid-resistant 

wax.  After 30 minutes in undiluted HCl, there was no measurable change in the 

thickness of the sample.  However, the same process on a (111)B face resulted in the 

removal of almost the entire substrate. 

  In this setup, the [111]B direction points downwards towards the glass substrate 

with the [111]A direction exposed to the acid.  Thus, the substrate is etched from the 

edges of the substrate due to the extremely slow etch rate of the (111)A surface.  Once 

the substrate is removed, the acid only accesses the [111]A surface of the NWs and 

therefore will not etch the NWs.  Figure 3.9 displays SEM images of a sample after the 

substrate has been removed and the host PMMA has been etched.  Some of the PMMA is 

not removed in the O2 dry etch and thus allows for an examination of how the NWs are 
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transferred.  These images are proof that this process not only does not etch the NWs, but 

also that the NWs retain their crucial vertical alignment. 

 

 

Figure 3.9. SEM images taken at a 45o tilt of NW/PMMA sample after substrate 
removal and O2 etch.  (a) Remnants of NWs that were once embedded 
in PMMA are seen on the bottom of the substrate.  (b)  NWs sticking 
out of the PMMA, confirming they do not etch during the process and 
remain vertical in the PMMA layer.  

(a) 

(b) 
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 Once the substrate is etched, a thin layer (30 nm) of SiO2 is sputtered onto the 

bonded NW layer to prevent the Au contact from touching the NWs.  Next, a window is 

opened to access the ITO electrode.  This is accomplished by covering most of the 

sample with a glass slide while exposing only a small section of it to dry etching.  The 

PMMA layer is dry etched in O2 and the SiO2 layer is dry etched in SF6.  Our 

experiments showed that SF6 does not etch the ITO layer or alter its resistivity.  The final 

step in the process is to deposit a gold layer on top of the structure that acts as both an 

electrode as well as a reflective surface for the incoming light.  The final structure is 

shown in Figure 3.10. 

 

 

Figure 3.10.  Final test structure for measurement of the NW electrooptic coefficient. 

 

 



74 

 

 

3.5 NW Electrooptic Coefficient Measurement Results 

3.5.1 Measurement Results 

 Five NW samples as well as one PMMA-only control sample were fabricated and 

measured.  These samples differed in NW diameter as well as fill factor, FF.  The 

average and standard deviation values of the NW dimensions for each sample used in this 

experiment can be found in Table 3.1.  These samples were chosen to observe the effect 

of the NW diameter as well as the total surface area on the electrooptic coefficient. 

Table 3.1. Summary of PMMA thickness and average length, diameter, and density 
values of NW samples with their standard deviation values.  Fill factor is 
defined as the ratio of the volume of NWs to the volume of the PMMA 
layer. 

 
 
  

 

 
 
 
 
 
 
 

Sample  
PMMA h  

(nm)  
Length 
(nm)  

Diameter 
(nm)  

Density 

(NWs/cm
2
)  Fill Factor  

InP610a 880 553 ± 118 26.7 ± 1.9 2.7*10
9 ± 8.0*10

8 0.83% 

InP610b 880 559 ± 123 24.0 ± 1.8 3.4*10
9 
± 8.6*10

8 0.85% 

InP613b 1320 878 ± 153 32.0 ± 2.6 4.2*10
9 
± 6.1*10

8 2.11% 

InP611b 1320 886 ± 178 43.9 ± 2.1 3.6*10
9 
± 9.3*10

8 3.47% 

InP611a 1100 700 ± 165 50.9 ± 2.4 3.8*10
9 
± 4.8*10

8 4.50% 

Ref1 1320 - - - 0% 
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Figure 3.11. Measurement results showing the response of each sample to the applied modulating 
voltage. 

 

 The response of each sample to the applied modulating voltage is shown in Figure 

3.11.  As expected, the control PMMA sample (labeled Ref1) has no measurable increase 

with the applied voltage.  The NW samples, on the other hand, show a pronounced linear 

electrooptic effect from the applied voltage.  This experimental data, along with equation 

(3.17) and the fill factor for each sample are used to determine the electrooptic coefficient 

for each NW sample.  The refractive index values, used to calculate the effective index 

for each sample, for InP [15] and PMMA [16] are 3.2 and 1.5 at a wavelength of 1.31 

µm, respectively. Table 3.2 summarizes the results of this analysis for all samples along 

with a comparison to bulk InP and LiNbO3.   

 The measured electrooptic coefficient of the PMMA/NW hybrid system ranges 

from 0.8 – 4.4 pm/V.  A slab of bulk InP has an electrooptic coefficient of 1.5 pm/V [17].  

By replacing 1% of the host polymer’s volume (which by itself has no response to the 

modulating voltage) with InP NWs, the hybrid material now has almost the same 
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response as an entire slab of InP.  The extracted NW electrooptic coefficient values range 

from 31 – 147 pm/V and therefore show a one to two order of magnitude enhancement 

over bulk InP.  It is important to note that unlike most polymer systems, no poling 

voltage is required to achieve these large values for the electrooptic coefficient and the 

NW alignment should not degrade over time, as is often the case for poled polymers. 

 
Table 3.2. The electrooptic coefficient of the hybrid system, reff, is given along with 

the calculated values for the NW electrooptic coefficient, rNW, and the 
figure of merit, n3r.  A comparison to bulk InP [17] and LiNbO3[18, 19] 
is provided. 

Sample 
d   

(nm) 
Fill 

Factor 
reff 

(pm/V) 
rNW 

(pm/V) n3rNW (pm/V) 

Ref1 - 0% 0 - - 

InP610a 27 0.83% 1.2 147 4817 

InP610b 24 0.85% 1.1 131 4279 

InP611a 51 4.50% 4.4 97 3175 

InP611b 44 3.47% 1.1 31 1010 

InP613b 32 2.11% 0.8 37 1227 

Bulk InP - - - 1.5 50 

LiNbO3 - - - 
r33 = 34.1 
r13 = 10.3 

ne
3r33 - no

3r13 

= 222 
 
 

 In order to compare these values with other material systems, it is insightful to 

look at a figure of merit that includes both the electrooptic coefficient as well as the 

material’s index of refraction.  A figure of merit typically used for electrooptic materials 

is the product of the cube of the index of refraction and the electrooptic coefficient, n3r.  

A useful material for comparison is an industry standard electrooptic material, lithium 
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niobate, with n3r ≈ 222 pm/V [18, 19].  The calculated range of NW values is n3r ~ 1010 

– 4817 pm/V.  Therefore, InP NWs provide a figure of merit between 5 – 20 times larger 

than that of one of the highest electrooptic materials used in industry.   

 

3.5.2 Measurement Analysis 

 For any nanostructured material, as the material dimensions decrease the two 

most important effects that influence the material’s properties are quantum confinement 

effects and the interfacial/surface effects.  In this electrooptic experiment, both the 

diameter of the NWs as well as the surface play an important role in the results.   

 First, there is weak confinement in the NW structures.  As the NW diameter 

decreases towards the Bohr radius (~10 nm for InP), excitons are confined to a smaller 

area.  Thus, the electron and hole wavefunctions have more overlap, leading to an 

increase in oscillator strength [20, 21].  This will enhance the electrooptic effect in the 

NW material.  Studies performed on quantum dots have shown an increase of one to two 

orders of magnitude in the linear electrooptic coefficient when compared to bulk material 

due to the quantum confinement effect [22, 23].  The largest values obtained in this study 

for the NW electrooptic coefficient occurred for samples with the smallest diameter.  

Because of some growth limitations, however, it was not possible to achieve samples 

with diameters at or below the Bohr radius consistently.  Further experimentation is 

needed to provide a more complete picture of the quantum effect on NWs with diameters 

of 10 nm and smaller. 
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 Second, the NWs have a very large surface area to volume ratio.  They are 

surrounded by a material (PMMA) with a much lower dielectric constant in this 

experiment.  This combination results in a strong electric charge interaction between the 

two materials, resulting in an electric dipole layer at the surface that is sometimes 

referred to as the dielectric confinement effect, or surface polarization.  Studies have 

shown that this effect can accelerate the separation of excited charges and thus enhances 

the electric field inside the nanomaterial [24].  Furthermore, previous studies have also 

shown that the photoluminescence intensity for InP NWs is very anisotropic [25].  

Therefore, when an electric field is applied to these NWs, the surface dipole will be 

extremely polarizable and very responsive to the application of that field.   Because of the 

large surface area to volume ratio, this effect can dominate the behavior of the NW 

response and lead to a large enhancement of the electrooptic effect when compared to 

bulk.  In this experiment, the effects of the fill factor (and hence the surface area) and 

NW diameter could not be decoupled due to growth limitations.  Future experiments are 

needed to isolate each effect.  First, NW samples with one diameter and varying fill 

factors will provide insight as to how the overall surface area affects the electrooptic 

properties.  The highest fill factor achieved in this study was 4.5%.  It would be insightful 

to include higher fill factors to observe any screening effects that may occur at high NW 

concentrations.  Second, samples with a single fill factor and varying diameters would 

provide insight into the extent of quantum confinement effects.   
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3.6 Conclusion 

 

 In conclusion, we have designed and fabricated a unique structure to measure the 

electrooptic coefficient of InP NWs.  The bonding technique presented in this study can 

be used to transfer aligned NWs from their growth substrate to a new host substrate.  

They can then be monolithically integrated with many different types of devices.  

Calculated values for the electrooptic coefficient of InP NWs show an increase of one to 

two orders of magnitude compared to bulk InP.  The highest figure of merit, n3r, for InP 

NWs is a factor of 20 larger than LiNbO3.  We therefore believe this material to be an 

excellent candidate for electrooptic devices such as EO modulators.   
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Chapter 4                                                                              

InP Nanowire/Polymer Hybrid Solar Cells 

 
4.1 Introduction 

 

 The final step to the bottom approach is to explore possible applications that 

exploit the unique properties of NWs.  Most NW devices presented in the literature 

require a lengthy, expensive, and time consuming fabrication process.  In most cases, 

NWs are removed from their growth substrate (typically via sonication) and then 

deposited onto a second substrate that has been patterned.  E-beam lithography is 

required to write individual masks for each device, depending on the location of the 

deposited NWs [1-3].  The work done in this thesis strives to find an alternative to e-

beam writing.  The goal is to use a very large number of NWs in a single device, as 

opposed to one NW per device.  All of the fabrication processes are easily scalable for 

future large scale manufacturing of the devices, which is not the case for e-beam 

lithography.  This chapter discusses two important studies: the growth of NWs directly 

onto an electrode (ITO in this case), and the incorporation of NWs into polymer hybrid 

devices.  First, the motivation for using NWs in a solar cell is discussed.  Next, a 

description of the growth of NWs onto ITO is explored.  Finally, the experimental results 

of the hybrid solar cell are examined.   
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4.2  Background and Motivation 

 

 

 

     
         Va 
          

 

 

Figure 4.1.  p-n diode solar cell. 

4.2.1 Solar Cell: Theory 

Photovoltaic (PV) devices convert light directly into electricity.  The term solar 

cell specifically relates to devices that convert the solar spectrum into electricity.  The 

most common type of solar cell consists of a large p-n diode, as seen in Figure 4.1.  

Conversion of light into electricity can be broken down into several steps: 

1) Photon absorption. The absorption of the incoming light is dependent on the 

energy band gap of the material.  Photons with energy higher than this 

band gap will be absorbed; the rest will pass through the material.  This 

absorbed energy creates electron-hole pairs, or excitons.  Loss 

mechanisms for this process include reflection of the incoming photons, 

low-energy photon transmission, and absorption saturation due to internal 

quantum efficiency less than 1. 

p 

n 

Anode 

Cathode 
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2) Exciton migration.  In most semiconductors, excitons are split into electrons 

and holes upon creation.  If the exciton binding energy of a material is 

greater than the thermal energy of the system, however, the migration of 

the electron and hole is coupled.  Those excitons that do not reach a 

junction/interface are lost to recombination.   

3) Exciton dissociation.  The excitons that reach an interface separate into free 

carriers either by phonon- or field-assisted dissociation.  If the difference 

in ionization potentials or electron affinities in the two materials is small, 

the exciton may not split apart but rather transfer to the material with the 

lower band gap without dissociating.  Eventually it will be lost to 

recombination.   

4) Charge transport to the electrodes.  Carriers must then move from the 

interface towards the electrodes via drift or diffusion.  Loss mechanisms in 

this step are dominated by carrier mobility.  Materials with low mobility 

result in a large loss of carriers that recombine before they can reach the 

electrode. 

5) Charge collection at the electrodes.  Proper choice of electrodes is required 

to limit barriers that carriers must overcome in order to be collected.   

Typically ohmic contacts are chosen to avoid Schottky barriers. 
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Figure 4.2.  Current density vs voltage measurement of a solar cell.  The shaded 
area corresponds to the maximum power the solar cell can supply.  

 
 Characterization of solar cells is carried out by performing current-voltage (I-V) 

measurements in the dark and under illumination.  A typical measurement is shown in 

Figure 4.2.  Here, a positive voltage, V, corresponds to positive biasing of the anode.   

The current density under illumination at zero bias is known as the short circuit current 

density, Jsc.  The maximum voltage that the solar cell can supply (i.e. where the current 

density is equal to zero), is called the open circuit voltage, Voc.  A typical figure of merit 

is called the fill factor, FF, which is defined as [4]: 

ocsc

mm

VJ

VJ
FF =       (4.1) 

(It is important to note that this fill factor is not related to the term of the same name in 

Chapter 3.)  Thus, the fill factor relates the maximum power that the device can achieve 

to the open circuit voltage and short circuit current density.  JmVm is the maximum power 

point, labeled Pmax in Figure 4.2.  The power conversion efficiency of the cell is defined 

as [4]: 

I

ocsc

P

FFVJ •
=η      (4.2) 
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where PI  is the power of the incident light on the solar cell. 

 Under dark conditions, a solar cell shows typical diode behavior as given by the 

ideal diode equation [5]: 

( )1/
0 −= nkTqVeII      (4.3) 

where I0 is the reverse saturation current, n is the ideality factor,  and kT/q is the thermal 

voltage with value of ~26 mV at room temperature.  In the presence of illumination, a 

photogenerated current, IL, shifts the curves downwards and can be described as: 

( ) L
nkTqV IeII −−= 1/

0     (4.4) 

Thus, as the intensity of the illumination increases, so does the short circuit current. 

 

4.2.2. Current State of Solar Cell Technology 

The majority of commercial solar cells are large-area p-n diodes made using 

silicon.  The cost of using silicon, however, has made solar cell technology too expensive 

to be used as a viable alternative to fossil fuels.  A typical figure of merit used for solar 

cells is price per kilowatt-hour ($/kWh).  In order for solar technology to become a 

competitive technology, it has to not only have a high power conversion efficiency, but 

also be cost effective.   

The highest efficiency attained at the time of this writing is 42.8%, achieved by 

using a highly sophisticated concentrator system that increases the intensity of the 

incoming light and then splits the light into three components – high, medium, and low 

energy light – which is directed to different materials [6].  While concentrators have 

allowed the increase in overall efficiency, attention must be placed on the materials used 
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in the solar cell to effectively balance the cost of the cell with the conversion efficiency.  

To this end, researchers have focused on the use of conjugated polymers for possible 

solar cell applications.  Substrates, such as glass and plastic, can be used and are much 

cheaper compared to silicon and III-V materials.  Also, polymers are a solution-based 

process and can easily scale to large-area devices.   

Work on conjugated organic polymers began in 1977 when Heeger, MacDiarmid, 

and Shirakawa increased the conductivity of the polymer polyacetylene by seven orders 

of magnitude through oxidation with iodine [7, 8], for which they received the Nobel 

Prize in Chemistry in 2000.  Conjugated polymers consist of alternating single and 

double carbon bonds which results in a general delocalization where electrons belong to a 

group, not a single atom.  The polymer becomes electrically conductive by removing or 

inserting electrons into the material, through oxidation or reduction.   

Organic photovoltaic cell configurations differ from inorganic cells due to their 

difference in physical properties.  Inorganic semiconductors in general have a low 

exciton binding energy and thus at room temperature, photogenerated excitons can easily 

split into electrons and holes.  Because of the high mobility of most inorganic materials, 

these carriers are easily transported to the electrodes.  In the case of organic polymers, 

however, dissociation of the excitons does not occur at room temperature due to large 

exciton binding energies.  Thus the electrons and holes are bound and their motion is 

coupled through the material.  These excitons must dissociate at an interface to produce 

electrons and holes [9].  Devices created from a single material are therefore strongly 

dependent on the nature of the electrodes and are highly inefficient [10].   
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In order to overcome this problem, most organic solar cells have two materials, 

where the photoinduced electron transfer is from the p-type material, or electron donor 

(D), to the n-type material, or electron acceptor (A).  A simple approach is a back-to-back 

structure of two different polymers, known as a bilayer structure [11, 12].  The low 

mobility in polymers leads to a very small diffusion length, typically on the order of tens 

of nanometers.  Thus, only the excitons near the junction of these two layers contribute to 

the overall current.  The rest are lost to recombination.  This also restricts the thickness of 

these devices to be rather small, thus allowing most of the photons to pass freely.  In 

order to overcome this deficiency, two polymers are blended together to create junctions 

throughout the material.  Known as bulk heterojunction solar cells, this blending method 

has become the most widely used photoactive layer for polymer solar cells [13, 14].  To 

further increase the conductivity and performance of these devices, nanorods [15], 

nanoparticles [16,17], and carbon nanotubes [18, 19] have been dispersed in conjugated 

polymer hybrid solar cells.  While the inclusion of these nanostructures has shown 

promise, one of the problems that many of these devices face is still poor carrier transport 

[20].  In the case of nanorods or nanoparticles embedded in a polymer, carriers must hop 

from one site to the next as they are transported through the host material.  This random 

pathway leads to an increase in the probability of recombination and thus a decrease in 

the overall photoconversion efficiency.   
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4.2.3. Proposed NW/Polymer Hybrid Structure 

The goal of this study is to find a way to improve current polymer technology by 

focusing on both the carrier transport as well as the photoresponse to the solar spectrum.  

Most conjugated polymers have a band gap of approximately 2 eV and therefore only 

absorb a very small amount of the solar spectrum.  Due to their extremely low mobility 

(10-5 - 10-4 cm2/Vs) in the direction perpendicular to the substrate [21], very small exciton 

diffusion lengths in the polymer limit the capture of excitons to within tens of nanometers 

of a junction.  The design proposed in this thesis, shown in Figure 4.3, attempts to 

address both of these issues.   

 

 

Figure 4.3. Nanowire-polymer hybrid solar cell device schematic. 
 

The NWs in this study are n-InP and have a band gap of 1.35 eV.  Polymers can 

absorb only a very small fraction of the solar spectrum because of their small band gap.  

Figure 4.4 shows the solar spectrum at air mass 1.5 global (AM 1.5G) [22], defined as the 

direct radiation from the sun as well the diffuse radiation from the atmosphere.  Seventy 

percent of the solar flux comes from light with wavelengths 400-1000 nm.  As seen in 

Figure 4.4, a large amount of this solar flux is wasted by polymer-based devices.  The 

inclusion of InP, however, leads to a large increase in the absorption of the majority of 

the solar flux.  The ideal band gap for terrestrial solar cells has been calculated [23] to be 

Au 

n-InP NW/P3HT 

 

ITO-coated Glass 
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~1.4 eV and thus InP is an excellent choice to optimize the absorption of the solar 

spectrum.  This device also takes advantage of the large surface area of NWs to absorb as 

much light as possible.  It is important to note that the NWs only occupy about 5% of the 

volume of this device.  Thus, most of the photoinduced current will come from the 

polymer.  The key concept here is that the NWs not only provide a second source of 

electron-hole pairs, but also to direct carriers that are created in the polymer to the 

electrodes and improve the overall carrier transport.   

 

Figure 4.4. AM 1.5G solar spectrum.  The blue line at 500 nm represents the band 
gap of a typical polymer, which will only absorb wavelengths lower than 
this value.  The red line at 920 nm delineates the band gap of InP. 

 
 Second, we address the issue of poor carrier transport and collection at the 

electrodes by growing the NWs directly onto the electrode.  Efficient carrier collection in 

a solar cell requires the photoinduced excitons to dissociate into free carriers that are then 

transported to their respective electrodes.  In our device, there are a very large number of 
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junctions throughout the entire polymer matrix provided by the penetrating NWs, thus 

enhancing the probability of excitons dissociating at an interface.  Compared to bulk 

heterojunction cells, NWs provide a much larger surface area for the carriers to separate.  

Carriers created in the NWs have a direct pathway to the electrode and thus have an 

efficient and defined pathway for carrier collection.  Because the mobility in the 

semiconductor material is several orders of magnitude higher than that of the polymer, 

carrier transport will be much more efficient.  Direct growth of NWs onto the electrode 

will thus improve device performance, reduce the problem of reproducibility of contacts 

to NWs, and provide a method of NW growth that does not use expensive substrates such 

as Si or InP.  This growth could also be useful for applications such as nano sensors. 

 

4.3 NW Growth on ITO 

 

4.3.1 Motivation 

 To improve carrier collection in polymer devices, several conditions need to be 

met.  First, there needs to be an efficient pathway to the electrode that minimizes free 

carrier recombination.  Second, there should be no barrier that the carrier must overcome 

to reach the electrode.  Finally, the electrodes should be chosen such that a large built-in 

field is created between the two electrodes to further drive the carriers to their respective 

electrodes.   

To that end, we propose a structure where InP NWs grow directly onto one of the 

electrodes.  To the best of our knowledge, this is the first demonstration of InP NW 
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growth directly onto an electrode.  There is a lot of difficulty in the reproducibility of 

making contacts to individual NWs [24, 25].  The approach used here allows for a huge 

number of NWs to grow directly onto the electrode, thus improving the reproducibility of 

our device and offering an alternative to electron beam lithography.   

   

Figure 4.5.  Device schematic for (a) growth of InP NWs on the transparent 
electrode (i.e. ITO) and (b) growth of InP NWs on a reflective 
electrode (i.e. Al, Au, etc).  

 
There are two options for this type of growth, depicted in Figure 4.5.  First, the 

NWs could be grown directly onto the transparent electrode, such as ITO.  Second, the 

NWs could be grown on the reflective electrode, such as Au or Al.  The first type of InP 

NW growth done at UCSD was on Sapphire, so growth on indium oxide should not be 

much different.  Growth on reflective electrodes, however, is a bit more difficult.  For the 

growth of self-assembled InP NWs, indium droplets must form on the substrate to create 

a nucleation site for the process.  In most metals, the impinging indium will alloy and 

therefore cannot form a liquid droplet.  The only two metals that will not form alloys at 

this temperature are aluminum and vanadium.  In both these cases, it is likely that growth 

will occur on a native oxide.  A thin aluminum oxide layer will always form when 

exposed to air and heating it at these growth temperatures will not remove the oxide 

layer.  Thus a built-in barrier will exist for carriers to overcome.  For growth on ITO, 

there is no inherent barrier or oxide layer since ITO is itself an oxide.  Another difference 

ITO Au 

Al-Coated Glass ITO-Coated Glass 

(a) (b) 
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in these growths is the subsequent illumination of the device from the solar spectrum.  In 

Figure 4.5a, illumination occurs from below and both the NWs and the polymer are 

illuminated immediately.  In the case of growth on the reflective metal electrode, light 

must travel through just the polymer for a specified length until it reaches the 

semiconductor.  Thus, some of the light has already been absorbed and inefficient 

migration of photoinduced excitons can decrease the overall device performance for thick 

devices.  The chosen orientation for the devices in this study is NW growth on ITO. 

 

4.3.2 Optimization of NW growth on ITO 

The ITO-glass substrate itself greatly affects device performance and thus 

requires optimization.  Figure 4.5a depicts a glass substrate that is completely surrounded 

by an ITO layer.  This structure is achieved by performing two ITO sputter coatings of 

the glass substrate.  Because sputtering is very isotropic, sidewalls are easily coated.  The 

continuous layer around the glass provides a method to probe the NW-ITO interface 

without damaging the NWs.  The growth process of n-InP NWs onto ITO is very similar 

to the self-assembled growth outlined in Chapter 2.  The growth temperature was 425oC 

with an input V/III ratio of 100.  n-type NWs were doped using a disilane source (25 ppm 

in hydrogen).  Figure 4.6 is an SEM image, taken at a tile of 45o, of the growth of n-InP 

NWs grown on ITO.  The diameter of these NWs ranges from 40-80 nm and the length 

ranges from 1-3 µm.  Because of the mismatch of the substrate and NW material, there is 

no single growth direction on the ITO.  The NWs do grow away from the substrate, thus 

providing a structure that can penetrate several µms into the polymer matrix.   



94 

 

 

 

Figure 4.6. SEM image of n-InP NW growth on ITO taken at a 45o tilt with scale 
bar of 500 nm. 

 
 
Table 4.1. Resistance measured when probing samples with varying ITO thickness.  

“Growth” refers to the top-side of the sample. 
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Figure 4.7. Resistivity determined by four point probe of ITO layers as a function of 

deposition temperature, performed at 150 W and a sputtering pressure 
of 3.4 mtorr. 

 
 While the growth of the NWs was not affected by the ITO thickness, overall 

device performance showed a very distinct dependence.  Samples with ITO thickness 

ranging from 50 – 300 nm were examined by probing the ITO, as shown in Table 4.1.    

ITO-coated glass samples measured before NW growth had various resistances (labeled 

“Bare” in Table 4.1).  Placing two probes next to each other on one side of the sample 

showed a resistance of ~500 - 600 Ω for samples with ITO thickness of 50 nm.  This 

resistance decreased as the thickness of the ITO increased.  When these samples undergo 

the typical anneal cycle that is performed just before the NWs begin to grow (labeled 

“Bare Anneal”), the resistance changes dramatically.  For a 50 nm thick sample, the 

resistance of the ITO increases several orders of magnitude to 10-300 kΩ.  A 200 nm 

sample, however, only increases from 65 – 100 Ω to 100 – 150Ω.  When NWs are grown 

on a 50 nm ITO layer and the sample is probed from the front and backside, the 
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resistance increases to ~109 Ω.  This enormous resistance will obviously prevent any 

device from operating properly. 

 The drastic changes seen from annealing these samples are due to the structure of 

ITO.  X-ray diffraction studies show that ITO is amorphous under annealing conditions 

up to 250 oC [26].  Rapid crystallization occurs as the annealing temperature is increased.  

At 280 oC, the layer is completely crystalline.  The annealing also activates the Sn doping 

as well as creates oxygen vacancies, leading to a lower resistivity value [26-28].  

Experimental data on our samples showed this trend as well, as seen in Figure 4.7.  The 

sputtering of the ITO layer for the NW/P3HT devices is performed at 150 oC at 150 W 

with a sputter pressure of ~0.5 mtorr (Figure 4.7 was performed at 3.4 mtorr).  A lower 

sputter pressure improves the quality of the film and thus lower conductivities can be 

achieved.  As deposited, the ITO layers are amorphous.  The growth of the NWs, 

however, occurs at much higher temperatures.  The result of this anneal on a 200 nm ITO 

layer can be seen in Figure 4.8.  Here, an ITO layer undergoes a 10 minute, 600 oC anneal 

and then is cooled to room temperature.  SEM imaging shows varying grains along the 

entire surface of the material.  These domains provide various scattering sites and barriers 

for electrons to flow from one side of the material to the other.  The effects of these 

domains are evident in the extremely large resistance values in Table 4.1.  For ITO layers 

of thickness 50-200 nm, the fracturing of its surface transforms this “electrode” into an 

insulator.  However, samples with a thickness of 300 nm appear to be thick enough to 

overcome this problem.  Resistance values after the anneal and growth are the same or 

even less than as-deposited.  Thus, it appears these domains do not penetrate the entire 
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layer and a continuous, non-fractured layer of ITO remains.  Resistance measurements 

also confirm that the ITO layer is continuous from the top side of the sample to the 

backside, ensuring that probing the backside of the sample is in fact the same as probing 

the ITO/NW interface.  Therefore, all NW samples were grown on 300 nm ITO double-

coated glass substrates.   

 

Figure 4.8. SEM of 200 nm thick layer of ITO after anneal of 600o C for 10 min. 
 

4.3.3 NW-ITO Interface 

 In order to test the ITO-NW interface, I-V measurements were conducted to look 

at the type of contact that is achieved.  Figure 4.9a shows the device schematic for this 

test structure.  200 nm of benzocyclobutene (BCB) is spun onto the NW/ITO sample.  A 

short oxygen plasma etch is then performed to remove residual BCB from the sides of the 

NWs.  BCB has excellent reflow and planarization properties.  After a one hour anneal at 
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250 oC, BCB becomes very planar with very few pinholes.  A layer of titanium followed 

by gold is sputtered onto this sample and then undergoes rapid thermal annealing (RTA) 

for 1 minute at 400o C.  This anneal allows for the contact to alloy with the NWs.  An 

SEM cross section of the final test structure is shown in Figure 4.9b, showing that the 

BCB layer provides a continuous barrier between the Ti/Au and ITO electrodes.  

 

 

 
Figure 4.9. (a) Device schematic for NW/ITO intereface test.  n-InP NWs are grown 

on ITO.  A Ti/Au contact is then deposited on top of an insulating 
BCB layer to carry out electrical measurements. (b) SEM image take 
at 90o tilt of the cross section of the NW/ITO test structure.  The 
yellow dotted line delineates the ITO layer interface. 

 

 The I-V measurement is carried out by probing the ITO/NW interface and the 

Au/Ti/NW interface.  As seen in Figure 4.10, BCB is very insulating and a measurement 

done on a control sample without NWs provides no current through the BCB layer 

(measured curve is similar to an open circuit measurement).  However, the inclusion of 
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NWs leads to shorting between the ITO and Ti/Au contacts.  No rectification is seen in 

this measurement.  Without any observed Schottky barrier, we thus conclude that the 

growth of NWs to the ITO electrode leads to an ohmic contact which will allow for 

efficient carrier collection at this electrode.  While an individual NW will have a large 

resistance due to their small footprint, the resistance of a large number of NWs will add 

in parallel and thus produce a much smaller overall device resistance.   

 

Figure 4.10. I-V results of sample without NWs (red) and with NWs (blue) 

 
 

4.4 The Role of Poly(3-hexylthiophene) 

 

4.4.1 Background Information 

 When choosing a conjugated polymer to pair with the NWs, it is important to 

identify the properties that best compliment those of the NWs.  As grown, InP is n-type.  
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Doping with disilane increases the n-doping.  Therefore, the conjugated polymer should 

be an efficient hole transport layer to provide p-n diode behavior.  One of the highest hole 

mobility polymers used in solar cell technology today is poly(3-hexylthiophene), or 

P3HT.  As deposited, this polymer creates a backbone that lies parallel to the substrate 

with its side chains (C6H13) perpendicular.  Figure 4.11 shows the different structures that 

can be formed with this conjugated polymer.  Regiorandom P3HT consists of head-to-tail 

and head-to-head configurations randomly mixed along the backbone.  Regioregular 

refers to a uniform head-to-tail structure.   

 

Figure 4.11. Structure of poly(3-hexylthiophene) [29]. 
   

 The ordering of P3HT has a pronounced effect on its performance.  X-ray 

diffraction has shown that regiorandom P3HT is completely amorphous, while 

regioregular P3HT showed strong first-, second-, and third-order reflections of a well-

organized lamellar structure [30].  As P3HT increases its regioregularity, the mobility 

also increases [31].  The band gap of P3HT also decreases as the regularity increases due 

to the higher degree of planarity of the backbone [30, 32].   
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 As received, P3HT comes in powder form.  The choice of solvents thus plays a 

role in the overall performance of the materials.  Table 4.2 [33] presents the results of a 

study of the mobility of P3HT as a function of the boiling point (BP) of the solvent.  

Lower BP solvents, such as chloroform (BP = 60.5 – 61.5 oC), dry very quickly and thus 

do not provide much time for the polymer to crystallize.  Trichlorobenzene (BP = 218 – 

219 oC) on the other hand takes much longer to dry and thus allows the material time to 

self-organize.  X-ray diffraction shows a much higher degree of crystallinity in TCB-

based P3HT compared to lower BP solvents.  As seen in Table 4.2, the mobility increases 

as the boiling point of the solvent increases due to increased crystallinity.  While 

cyclohexylbenzene (CHB) has a higher BP than TCB, P3HT is less soluble in CHB than 

TCB and thus lowers the overall performance.   

Table 4.2.  Transistor parameters measured using different solvents with varying boiling points [33]. 
 

 

 One challenge in working with P3HT is its instability.  Exposure to oxygen leads 

to an increase in carrier concentration, increased conductivity, and decreased carrier 

mobility [34-36].  This oxygen doping, however, is completely reversible by placing the 

sample in a vacuum.  Care must therefore be taken during the handling of this material so 

that it is not exposed to oxygen needlessly.  Post-processing can also help to stabilize the 

P3HT.  As processed transistors made of P3HT have shown an increase of one order of 
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magnitude for the off current after only 10 minutes of exposure to air [37].  A post-

processing, 90 minute anneal at 100 oC allowed for two hours of device stability.  

Another study on P3HT-based solar cells showed an increase in power conversion 

efficiency by a factor of 5 simply by annealing the P3HT layer at 150 oC for 30 minutes 

[38].  

 

4.4.2 Fabrication Details 

By using the knowledge of these previous studies, a strategy for fabricating the 

P3HT and the subsequent solar cell device can be devised.  The P3HT used in this 

experiment was obtained from Plextronics with >99% head-to-tail regioregularity.  The 

layers should therefore provide the best hole mobility that is possible with P3HT.  The 

solvent used is 1,2,4-trichlorobenzene with dilutions ranging from 1-10 mg/mL.  P3HT is 

very soluble in this solvent and the high boiling point should maximize the mobility in 

the device.  All solutions where heated at 70 oC for 45 minutes before being filtered 

through a 0.45 µm pore size membrane syringe filter.  P3HT was drop cast onto the 

NW/ITO/Glass samples and allowed to dry overnight in a desiccator under vacuum.  

Drop casting allows an increase in drying time as compared to spin casting.  Typical 

drying times were >8 hours.  Thus, the layers should have a very long time to crystallize 

and therefore have a high mobility.  Care was used to keep P3HT samples in a desiccator 

or N2-only environments to prevent oxygen doping.  The samples were then annealed at 

120 oC for ~90 minutes under vacuum (<10-6 torr).  This anneal accomplishes two things.  

First, the high vacuum will reverse oxygen doping created during the processing of the 
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device.  Second, the elevated temperature should increase the stability of the device as 

well as possibly improve the efficiency due to enhanced polymer crystallization and thus 

mobility. 

 
Figure 4.12. SEM cross section of a P3HT layer used for thickness measurement. 

 

The thickness of the deposited P3HT layers was measured using two techniques.  

First, after the layer had dried over night, a thin layer of metal was deposited onto half of 

the sample.  The P3HT layer was then etched by oxygen plasma at 50 W until it was 

completely removed.  A Dektek profilometer was used to measure the thickness at 

various points across the sample.  Second, the layer was also measured using SEM.  After 

drying, samples were cleaved and the cross section was analyzed, as depicted in Figure 

4.12.  Because the material is drop cast, the thickness can vary by up to a micron 

depending on where the measurement is done, as seen in Figure 4.13.  While this polymer 
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deposition method provides complete coverage of the NWs, the variation in thickness 

will cause problems with uniformity from sample to sample. 

 

Figure 4.13. SEM cross section of a P3HT layer showing the thickness variation across the sample. 
 

4.5 NW-P3HT Solar Cell Device 

 

4.5.1 Fabrication and Measurement Details 

The final device fabrication process is summarized in Figure 4.14.  In order to 

ensure low resistance, a 300 nm thick layer of ITO is sputtered on both top and bottom 

sides of the glass substrate.  Self-assembled n-InP NWs grow on the top surface, followed 

by the deposition of P3HT.  After drying and annealing the film at high vacuum, a gold 

electrode is deposited on top of the polymer.  For I-V measurements, the sample is placed 
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“face down” onto a conducting chuck, as shown in Figure 4.15.  The chuck is then 

probed and the backside of the ITO-coated sample is probed.  I-V measurements were 

carried out using an HP4156 Parameter Analyzer.  An Oriel 66902 Solar simulator with 

AM 1.5 filter was used to illuminate the devices. 

 

 

 

 
Figure 4.14. Fabrication process for InP NW/P3HT hybrid solar cell. 

 

4.5.2 I-V Measurement Results 

 The first analysis done on these devices occurs under dark conditions.  I-V 

measurements were performed to analyze the effects of the inclusion of NWs to the 

conjugated polymer.  Control samples consist of a 4-6 µm thick layer of P3HT 

sandwiched between the ITO and Au contacts.  The structure of the NW/P3HT samples is 

1) Sputter ~300 nm of ITO on 
front AND back side of glass 
substrate.  

3) n-InP NW growth at 425 
oC with input V/III ~ 100. 

 

3) - Drop cast P3HT on sample.    
- Dry overnight in dessicator.    
- Anneal at 120 oC for 1.5 hr.   

2) Sputter ~200 nm of Au 
onto P3HT. 
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shown in Figure 4.15.  Figure 4.16 depicts dark measurements performed on both a 

control, P3HT only sample and a hybrid NW/P3HT sample.  For the control sample, very 

little current (on the order of pA) passes through the polymer layer between the ITO and 

Au electrodes.  This result is to be expected, as the thickness of the layer is on average 4-

6 µm and carriers will have a difficult time passing through such a large, semi-crystalline 

material.  However, the inclusion of NWs greatly enhances the current through the 

device.  The NW/P3HT sample has a current density of 110 µA/cm2 at 3 V and a very 

low current in the negative voltage regime.  This inclusion of the NWs improves the 

current flow by six to seven orders of magnitude.  The observed p-n junction behavior 

originates from the interface between the n-NWs and the high hole mobility conjugated 

polymer.  Here, the semiconducting NWs have a much higher mobility and thus current 

flows much easier through the device.  Carriers only have to travel from the tips of the 

NWs to the Au electrode, thus greatly decreasing the thickness in the low mobility 

material and improving the overall current in the device.  Care was taken to ensure the 

polymer completely embedded the NWs such that they did not short the two electrodes.  

Thus, only P3HT was in contact to the Au electrode.  While the eventual goal of this 

study is to examine the use of NW/P3HT devices as possible solar cells, a more accurate 

description of the device at this time is a photodiode. 
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Figure 4.15. Device setup for I-V measurement.  Forward bias occurs when a 
positive voltage is applied to probe 2, with probe 1 as the ground.  
Illumination occurs from above using the solar simulator. 

 

 
Figure 4.16.  Dark measurement of samples with (red) and without (blue) NWs 

 
 

 The performance of two NW/polymer photodiodes is plotted in Figure 4.17 on a 

semilog scale.  The first sample, labeled “untreated”, has the same layer structure from 

Figure 4.15 of Glass/ITO/NW/P3HT/Au.  The second sample, labeled “treated”, 

underwent an Ammonium Sulfide dip after the growth of the NWs.  By passivating the 
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InP surface with sulfur, unwanted nonradiative recombination at the surface of the NWs 

can be reduced [39-41].  Layers of P3HT and then Au were deposited on the sulfur-

treated NW sample following the same procedures as the untreated sample.   

 
Figure 4.17. Semilog plot of dark J-V measurement of untreated (red) and 

treated(blue) samples that underwent an Ammonium Sulfide dip. 
 

 The response of these diodes to an applied voltage can be modeled using equation 

(4.3).  This equation is used to describe behavior due to a single p-n junction.  In the case 

of the NW/polymer devices, there are many p-n junctions throughout the device and thus 

the overall I-V measurement will be a sum of these characteristics.  The ideality factor is 

a figure of merit that describes the recombination behavior of the device.  A device 

governed purely by diffusion current will have n=1 (ideal diode), while a device 

dominated by recombination will have n=2.  Recombination occurs at interfaces where 

opposing charge carriers can meet.  Thus, the ideality factor is a manifestation of the 

density of interfaces in hybrid devices [42, 43]. Bulk heterojunction solar cells that rely 
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on interfaces due to blended polymers show that the use of different solvents alters the 

morphology of the interfaces and is usually reflected in the differing ideality factors [44].  

The second component governing the behavior of the diode is the reverse saturation 

current density, which measures how many carriers can overcome the energetic barrier 

created by the p-n junction in the reverse bias direction.  It represents the minority carrier 

density near the interface and depends on the minority carrier diffusion lengths, 

coefficients, and concentrations as well as the surface recombination velocities and 

junction design [45].  Optimized diodes will try to minimize the reverse saturation current 

to improve overall rectification of the device. 

 By taking the natural log of equation (4.3), we can approximate the linear region 

of the forward bias in Figure 4.17 as: 

satIV
nkT

q
I ln

1
ln +=       (4.5) 

Thus, the slope and intercept of the fitted line to this region provide the values of n and 

Isat, respectively.  The ideality factor for untreated and treated samples was 1.31 and 1.37, 

respectively.  The small variations seen in these values can be attributed to the variation 

in NW density and dimensions from the different growths.  The reverse saturation current 

density (Jsat=I sat / Area), however, showed a decrease by almost a factor of five from 

3.9E-9 A/cm2 to 8.5E-10 A/cm2 for the untreated and treated samples, respectively.   

 The rectification ratio of a device is defined as the current at forward bias + Va 

(where the curve is linear) to the current at reverse bias –Va.  In an ideal diode, there 

should be zero reverse current.  However, in real world devices, there are leakage 

pathways that allow current to flow in the reverse direction.  In this study, the 
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rectification ratio increased by almost a factor of 2 from 81 to 155 for the untreated and 

treated samples, respectively.  Therefore, by passivating the surface, leakage pathways 

can be reduced in this system and achieve a rectification of over two orders of magnitude.  

This high degree of rectification and lowered reverse saturation current will improve 

carrier transport in the device by eliminating some of the leakage sources that are often 

seen in polymer hybrid solar cells.  Finally, the turn-on voltages were estimated to be 

0.32 V and 0.38 V for the untreated and treated samples, respectively, showing that these 

devices will have fairly low power consumption.  The summary of these values can be 

found in Table 4.3.   

 

Table 4.3. J-V results for untreated and Ammonium Sulfide treated samples.  Diode 
figures of merit: ideality factor (n), reverse saturation current density 
(Jsat), rectification ratio (RR), turn-on voltage (Von).  Solar cell figures of 
merit: short circuit current density (J sc), open circuit voltage (Voc), and 
fill factor (FF). 

 Untreated  Treated  

n  1.31  1.37  

Jsat (A/cm2)  3.9E-09  8.5E-10  

RR  81  155  

V
on

 (V)  0.32  0.38  

J
sc 

(A/cm
2
)  3.3E-06  2.2E-06  

V
oc

 (V)  0.20  0.18  

FF  0.41  0.44  
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Figure 4.18.  Comparison of light (dash) and dark (solid) measurement for 

untreated (red) and treated samples (blue) 
 
Figure 4.18 compares the response of the devices to dark and light conditions.  

The curves from the dark measurement are pushed down and are thus indicative of the 

photogenerated current described in equation (4.4).  This photoresponse is necessary for 

any possible photovoltaic application of this NW growth.  The values of the short circuit 

current density (Jsc), open circuit voltage (Voc), and fill factor (FF) are summarized in 

Table 4.3.  The short circuit density for the treated and untreated samples was 2.2 µA/cm2 

and 3.3 µA/cm2, respectively.  The open circuit voltages for treated and untreated were 

0.18 and 0.20 V, respectively, with fill factors of 0.44 and 0.41, respectively.   

For most polymer solar cells, the thickness of the polymer layer must be kept to a 

few hundred nanometers due to the poor mobility in these materials.  As the layer 

thickness decreases, however, the absorption of the incoming light also decreases.  In this 
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work, the thickness of the P3HT varied between 4-6 µm.  As seen in Figure 4.16, this 

thickness is too large for carriers to survive in P3HT only.  However, the inclusion of the 

NWs allows for improved conduction and thus removes the requirement of a thin layer.  

Therefore, hybrid NW/polymer devices can have an improved absorption due to the 

mobility of carriers in the InP NWs.  

 

4.5.3 Future Improvements 

 The low values of the short circuit current will limit the overall efficiency of these 

first generation devices and require further improvements.  Because the P3HT is drop 

cast, the thickness of this polymer varies across the sample, as seen in Figure 4.13.  In 

some areas, there is a large gap between the tips of the nanowires and the gold electrode.  

Because of the low mobility in the polymer, many of the carriers are lost to 

recombination.  This leads to a reduction in the overall short circuit current.  The 

interface between the NWs and the polymer is also a leakage source.  As seen by the 

enhanced rectification after sulfur passivation, the bonding between the surface states of 

the NWs and the side chains of the polymer can have a large effect on the overall device 

performance and is crucial to the optimization of this device.  Further work needs to be 

done to improve this interface and thus the overall charge transfer between the two 

materials.   
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4.6  Conclusion 

 

 In conclusion, we have shown that NW/polymer hybrid solar cells are a promising 

alternative to current technology.  InP NW growth directly onto an ITO electrode 

provides an ohmic contact for efficient carrier collection.  The inclusion of NWs to P3HT 

increases current through the solar cell and provides efficient pathways for the carriers.  

High rectification ratios, very good ideality factors, and low reverse saturation current 

were achieved as well as a photoresponse from the NW/P3HT hybrid cell.  By optimizing 

the thickness of the polymer between the tips of the NWs to the Au electrode as well as 

the interface between the NW surface states and the polymer side chains, we can improve 

the short circuit current and thus the overall efficiency of the device.  We believe this 

system shows great promise for the development of a new type of hybrid solar cell 

system.  
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Chapter 5                                                                              

Conclusion and Future Work 

 

5.1 Summary 

 

 The primary motivation behind this thesis was to answer the question, “If we can 

control the growth of NWs, can we design devices that will exploit these unique 

properties and improve upon current technology?”  As with any new technology, the first 

step is to point out what are the unique advantages to this system and then second, 

develop a method to exploit these differences.  In order to establish nanowire technology, 

the ability to reliably reproduce devices will be essential for any engineering design to be 

realized.  A bottom up approach was used in this thesis to work towards these goals. 

 First, the growth of self-catalyzed, InP NWs was investigated.  Vertically-aligned 

InP nanowires were grown by MOCVD without the use of a deposited metal catalyst.  

The absence of a metal catalyst ensures a pure NW free from unintentional incorporation 

of the catalyst.  A surface reconstruction induces indium droplets to form on the surface 

and thus act as nucleation sites for nanowire growth.  Vertical growth from the InP(111)B 

substrate along with TEM analysis indicate epitaxial growth from the substrate in the 

[111] direction.  A uniform cross section along the longitudinal axis can be achieved by 

optimizing the input V/III ratio and growth temperature.  Small variations in the diameter 

and length are seen under optimal growth conditions and thus provide a uniform material 
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system for the analysis of NW physical properties as well as for several applications.  It is 

important when attempting NW growth to be mindful of self-catalyzed growth if the goal 

is to produce specific diameter NWs from a metal catalyst.  Optimization of the V/III 

ratio and growth temperature would thus be required. 

 Second, the electrooptic properties of NWs were studied.  A fabrication scheme is 

devised to remove vertically aligned, self-catalyzed InP nanowires from their host 

substrate and to bond them to a different substrate using a host polymer.  In this case, 

PMMA was used as the host polymer for mechanical stability as well as for its lack of 

electrooptic response.  The linear electrooptic coefficient of the InP nanowires exhibited 

a one to two order of magnitude enhancement over bulk InP and ranged from 31 -147 

pm/V.  The figure of merit, n3r, exhibited a factor of 20 enhancement over lithium 

niobate and ranged from 1010 - 4817 pm/V.  Therefore, InP NWs are a viable option for 

future devices such as electrooptic modulators. 

 Third, the use of NWs in a solar cell configuration was examined.  A 

NW/polymer hybrid solar cell was designed, fabricated, and tested.  The goal behind this 

application was to find a way to use the additive effect of a very large number of NWs for 

a single device.  To overcome the difficulty of making contacts to NWs, the NWs were 

directly grown onto an ITO electrode.  I-V measurements showed that an ohmic contact 

is formed between the NWs and ITO and will therefore allow efficient carrier collection 

at the electrode.  P3HT was used as the hole mobility material in combination with the n-

InP NWs.  The addition of the NWs to the polymer resulted in an increase in current of 

six to seven orders of magnitude.  The results showed excellent rectification of over two 
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orders of magnitude when passivating the surface with sulfur, as well as very good 

ideality factors and low reverse saturation current.  The hybrid solar cells also showed a 

photoresponse with fill factor in the 40-45% range.  This first generation device shows 

that there is a lot of promise for the incorporation of NWs into solar cell technology.   

 

5.2 Future Work 

 

5.2.1 NW Growth 

 While many growth systems have been demonstrated, the growth of NWs is 

certainly not as understood as thin film growth.  Ternary and quaternary thin films are 

frequently and reliably grown in MOCVD systems.  Future optimization and 

understanding of NW growth is required to reach a similar level.  By using TEM 

analysis, it is possible to analyze the growth of complex layer structures.  High resolution 

TEM imaging is required to examine the lattice structure.  Energy dispersive x-ray 

analysis used in conjunction with the TEM can determine the composition of each layer.  

For example, a core-shell structure involving InAs and InP can be used to create a thin 

layer for a high mobility FET.  Quantum dots can also be grown along the axis of the NW 

to create quantum confined structure within the NW.   
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Figure 5.1.  Self-catalyzed InP NWs grown on Al/Glass substrates. (a) SEM image 
taken at 0o tilt.  (b) SEM image of cleaved sample taken at a 90o tilt. 
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 NW growth on various electrodes also provides an alternative for NW 

applications.  Growth on both Al and ITO has been achieved by our group.  SEM images 

of NW growth on ITO have been presented in Chapter 4.  Figure 5.1 is an example of 

NW growth on Al.  A very high density is achieved on Al, with typical lengths of several 

micrometers.  Only Al and vanadium can support self-catalyzed growth, as most metals 

will alloy with indium and prevent the formation of indium droplets.  However, the 

inclusion of metal catalysts on different surfaces may allow different growth systems to 

form directly on the electrode.  Au(111) substrates can be purchased and this texture may 

improve the alignment of NW growth. 

 

5.2.2 Utilizing EO Effect 

 The results from Chapter 3 on the electrooptic effect in NWs are very promising.  

The large electrooptic effect increase compared to bulk material allows for the possibility 

of electrooptic applications.  A possible application is an electrooptic modulator, shown 

in Figure 5.2.  Here, InP NWs are grown on an InP substrate.  A host polymer embeds the 

NWs.  The polymer is then etched into the desired waveguide structure, such as a strip 

waveguide or Mach-Zehnder structure.  The remaining NWs are then etched off while 

those in the polymer are protected.  Other devices can also be created using top-down 

techniques on the same InP wafer for monolithic integration.  Further work is needed to 

develop a complete picture of the linear and quadratic response of the NWs to applied 

voltage to optimize their use in electrooptic devices.  For example, a high quadratic 



122 

 

 

response would be useful for signal processing applications such as wavelength 

conversion. 

  

 

Figure 5.2.  Waveguide structure for NW electrooptic modulator.   

 

5.2.3 Utilizing Photovoltaic Effect 

 While the first generation hybrid NW solar cell showed promise, there are 

certainly many improvements that can be made to the devices.  First, the thickness of the 

polymer layer needs to be optimized.  If the polymer layer is too thick above the NWs, 

carriers must travel through a thick layer and will recombine readily instead of 

contributing to the overall current.  A better fabrication technique is required for the 

polymer.  Because the polymer turns into a gel after a few weeks, large batches cannot be 

produced.  Therefore, a reproducible method needs to be developed for the creation of the 
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polymer.  Typically, the polymer comes in a powder form and is diluted by measuring its 

weight to solvent ratio.  The difficulty in measuring the polymer comes from its highly 

electrostatic behavior.  When placed into the beaker for measuring, the powder tends to 

climb up the sides of the beaker and out and is therefore difficult to create accurate 

dilutions.  Attempts to decrease the amount of static charge were made, but some of the 

polymer that was weighed does not actually get used in the solution.  Thus, a more 

accurate and reproducible method is needed. 

 While drop casting provides a useful method for completely covering the NWs, it 

does not provide a uniform layer thickness.  An alternative method is dipping the 

substrate in the polymer and then slowly removing it.  This method has shown to improve 

layer uniformity.  Optimization of this technique would be required to ensure that the 

NWs are completely coated.  Because the polymer would also be on the backside of the 

sample, a new method to contact the ITO contact would also have to be developed.   

 A unique method of optimizing the thickness would be to first deposit a layer of 

the polymer onto the NW sample that is smaller than the NW length.  Then, the sample 

could be etched to remove the NWs that are sticking out of the polymer.  Etch rates into a 

small pore are much slower than that above the pore.   A thin layer of the polymer could 

then be spun on top to create a specific distance between the tips of the NWs and the 

electrode.  The difficulty with this process would be in protecting the ITO layer, as it also 

etches in almost anything that etches InP, as well as ensuring the etch does not affect the 

polymer.   
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Figure 5.3.  Ideal hybrid solar cell configuration. 

 

 The ideal case of the hybrid solar cell is shown in Figure 5.3.  Here, the NWs are 

vertically aligned off the electrode.  The spacing of the NWs is two exciton diffusion 

lengths to ensure optimum exciton dissociation.  With such a small area to fill, it is 

possible the backbone of the polymer will align itself perpendicular to the substrate and 

will thus increase the mobility of the holes to the Au electrode and increase the overall 

device performance.  The lengths of the NWs would be uniform and would be a very 

short distance away from the Au contact.  Growth on ITO is still very new and the NW 

length, diameter, and direction are not controlled yet.  It may also be possible to transfer 

aligned NWs using the process outlined in Chapter 3.  Here, the bonding would be 

between two conducting polymers.   

 To further increase the efficiency of the device, alterations to the polymer layer 

may also improve device conditions.  A blend of polymers can be used to create a bulk 

heterojunction solar cell around the NWs.  Here, excitons created in the polymer would 

be disassociated in the polymer and the NWs would assist in the carrier collection and 

transport.  Excitons created in the NWs would still contribute to the overall device 

current.  Colloidal quantum dots (QDs) may also be a viable candidate for a polymer 
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blend.  QDs would provide the necessary interface for carrier separation, as well as 

provide an additional band gap to increase the absorption of the solar spectrum.  

Optimization of the QD/polymer solution would be required to prevent the QDs from 

becoming one large clump inside the polymer.   

 

5.2.4 Other Applications 

 

 

Figure 5.4.  Field emission display schematic. 

 

 Another application that can take advantage of the additive effects of NWs is a 

field emission display.  A diagram of the application is shown in Figure 5.4.  The NWs 

are grown on an n+-InP(111)B substrate.  The contact would be made to the backside of 

the substrate, which can easily be done.  The second contact in a field emission setup is 
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one that hovers over the NWs.  Therefore, no direct contacting to the NWs is required.  

An etching process “files down” the NWs to produce a very sharp tip of only a few 

nanometers in diameter.  Entire NWs can be removed via etching to create “pixels” of 

NWs.  An example of this etching process is shown in Figures 5.5 and 5.6.  We 

developed an ICP/RIE dry etch routine of CH4/H2 to produce a very anisotropic etch to 

give the NWs the characteristic tip required for efficient field emission.  Care is needed to 

ensure enough spacing between the NW tips to prevent field screening effects.  Not much 

work has been done in terms studying the field emission properties of NWs.  A basic 

study of this property would greatly assist in the further development of any field 

emission device. 

 

 

Figure 5.5. Etching of NWs to produce sharp tips.  SEM image taken at 45o tilt. 
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Figure 5.6 Etching of NWs to produce sharp tips.  SEM image taken at 90o tilt. 

 

 

5.3 Conclusion 

 

 There are certainly many promising areas of NW research that remain in their 

infancy.  By continuing to study the basic properties of NWs, optimized devices can be 

designed and fabricated.  Improved integration methods, such as efficient and 

reproducible contacts and the ability to place NWs at an exact location, are needed to 

make the use of NWs more practical.  I believe this continued research will soon make 

NW technology a viable and thriving alternative. 
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Appendix 

 

HP Basic program written by Clint Novotny and Justin Bickford for the control of the 

MOCVD reactors at UCSD: 

 

10    ! sections4 
20    ! * * * This program will grow anything in the reactor (including SiH4) 
30    ! materials allowed include: In1 In2 Ga1 Ga2 Ga3 As1 As2 As3 P H Si 
40    ! 
50    PRINTER IS 1 ! this sets the CRT as the location to PRINT to 
60    DIM Sv$[70] 
70    DIM Homedir$[46] 
80    Homedir$="C:\Program Files\HTBwin\programs\new_programs\" 
90    ! 
100   ! *******This opens the connection to the IEEE 488/80 controller******* 
110   CLEAR 705 
120   CLEAR 708 
130   CLEAR 709 
140   REMOTE 705 
150   REMOTE 708 
160   REMOTE 709 
170   OUTPUT 708;"C5P0I0X" ! Channel:0 all ports selected as HIGH TRUE logic 
180   OUTPUT 709;"C5P0I16X" ! Channel:1 all ports selected as LOW TRUE logic 
190   OUTPUT 708;"S0X" ! Channel:0 configuration is saved 
200   OUTPUT 709;"S0X" ! Channel:1 configuration is saved 
210   OUTPUT 709;"A8X" ! this flows N2 through the reactor 
220   ! 
230   ! 
240   ! *******This sets up the Softkey Menu******* 
250   ON KEY 1 LABEL "Shutdown MOCVD" GOTO Theend 
260   ON KEY 2 LABEL "Pause" GOSUB Pausing 
270   ON KEY 3 LABEL "Next    Step" GOTO Skips 
280   ON KEY 4 LABEL "Next    Section" GOTO Skipsection 
290   ON KEY 5 GOSUB Unusedkey 
300   ON KEY 6 GOSUB Unusedkey 
310   ON KEY 7 GOSUB Unusedkey 
320   ON KEY 8 GOSUB Unusedkey 
330   ! 
340   ! 
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350   DIM Descr$[400] 
360   INTEGER Counter    ! counter for steps in program 
370   INTEGER Totaln 
380   DIM Total(20,12)   ! this creates the matrix for time, temperature, and materials 
390   MAT Total=(0)     ! this sets all values to be 0 
400   DIM Maxperiod(20) 
410   MAT Maxperiod=(0) 
420   DIM Maxlayer(20) 
430   MAT Maxlayer=(0) 
440   DIM Beglayer(20) 
450   MAT Beglayer=(0) 
460   Counter=0 
470   ! 
480   ! 
490   ! *******This is the startup menu******* 
500   CLEAR SCREEN 
510   INPUT "Would you like to use a previously saved structure? (Y/N)",Y$ 
520   IF UPC$(Y$)="N" THEN GOTO Per 
530 Getfile:   ! 
540   INPUT "What filename do you want?",Sv$ 
550   Sv$=Homedir$&Sv$&".dat" 
560   ASSIGN @Data TO Sv$;FORMAT ON,RETURN E ! this assigns @Data to the 
file in ASCII mode 
570   IF E=56 THEN 
580    PRINT "This file does not exist.  Try again." 
590    GOTO Getfile 
600   END IF 
610   ENTER @Data;Totaln,Descr$,Total(*),Maxperiod(*),Maxlayer(*),Beglayer(*) 
620   GOTO Dontsave 
630   ! 
640 Per:  ! 
650   ! 
660   INPUT "Please enter a description of the growth.",Descr$ 
670   INPUT "How many sections do you want?",Totaln 
680   Z=0  ! counter for Total Matrix, Currentlayer 
690   ! 
700   FOR I=0 TO (Totaln-1)  ! cycles through each section 
710     PRINT 
720     PRINT "Section";I+1;":" 
730     PRINT 
740     INPUT "Is this a previously used section? (y/n)",Z$ 
750     IF UPC$(Z$)="Y" THEN 
760       INPUT "Which section do you want to repeat here?",Prev 
770       Copys=Prev-1 
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780       Maxperiod(I)=Maxperiod(Copys) 
790       Maxlayer(I)=Maxlayer(Copys) 
800       Newz=Beglayer(Copys) 
810       Beglayer(I)=Z 
820       FOR Cc=1 TO Maxlayer(I) 
830         IF Cc<>1 THEN 
840           Newz=Newz+1 
850         END IF 
860         FOR A=0 TO 11 
870           Total(Z,A)=Total(Newz,A) 
880         NEXT A 
890         Z=Z+1 
900       NEXT Cc 
910       GOTO 1020 
920     END IF 
930     INPUT "How many periods would you like?",Maxperiod(I) 
940     INPUT "How many layers would you like?",Maxlayer(I) 
950     ! 
960     FOR J=1 TO Maxlayer(I)  ! cycles through each layer 
970       IF J=1 THEN Beglayer(I)=Z 
980       PRINT "Please enter the time, temperature, and materials for layer";J;"." 
990       GOSUB Totalchoose 
1000      Z=Z+1 
1010    NEXT J 
1020  NEXT I 
1030  ! 
1040  CLEAR SCREEN 
1050 Savestructure: ! 
1060  INPUT "Would you like to save this structure? (Y/N)",Y$ 
1070  IF UPC$(Y$)="N" THEN GOTO Dontsave 
1080 Filename: ! 
1090  INPUT "What file name would you like to save the structure as?",Sv$ 
1100  Sv$=Homedir$&Sv$&".dat" 
1110  ASSIGN @Data TO Sv$;FORMAT ON,RETURN E ! this assigns @Data to the 
file in ASCII mode 
1120  SELECT 1 
1130  CASE E=56 
1140   CREATE Sv$,512 ! this creates the DOS readable file 
1150   ASSIGN @Data TO Sv$;FORMAT ON 
1160  CASE E=0 
1170   INPUT "File already exists, overwrite? (Y/N)",Y$ 
1180   IF UPC$(Y$)="Y" THEN GOTO Sav 
1190   GOTO Filename 
1200  CASE (E<>0 AND (E<>54 OR E<>56)) 
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1210   CAUSE ERROR E ! lets the error occur 
1220   GOTO Filename 
1230  END SELECT 
1240 Sav: ! 
1250  OUTPUT @Data;Totaln,Descr$,Total(*),Maxperiod(*),Maxlayer(*),Beglayer(*)  ! 
this places objects into the file 
1260  ASSIGN @Data TO * 
1270  PRINT "...Saved" 
1280 Dontsave:  ! 
1290  ! 
1300  ! 
1310  PRINT 
1320  PRINT "Here is the structure I'm about to grow:" 
1330  PRINT 
1340  !PRINT 
1350  PRINT "Description: ";Descr$ 
1360  PRINT 
1370  !PRINT "Number of sections:",Totaln 
1380  FOR K=0 TO Totaln-1 
1390    PRINT "  Section:",K+1 
1400    PRINT "    Number of periods:";Maxperiod(K) 
1410    !PRINT "     Number of layers:";Maxlayer(K) 
1420    PRINT "     Layers: "; 
1430    FOR L=Beglayer(K) TO Beglayer(K)+Maxlayer(K)-1 
1440      PRINT L+1; 
1450    NEXT L 
1460    PRINT 
1470  NEXT K 
1480  PRINT 
1490  ! 
1500  Totallayers=0 
1510  FOR T=0 TO Totaln-1 
1520    Totallayers=Totallayers+Maxlayer(T) 
1530  NEXT T 
1540  PRINT " Layer#   Time   Temp   Material(s)" 
1550  FOR X=O TO Totallayers-1 
1560    PRINT X+1;":    "; 
1570    Q=X 
1580    GOSUB Displaylayer 
1590  NEXT X 
1600  ! 
1610  INPUT "Would you like to change any of the layers? (y/n)",C$ 
1620  IF UPC$(C$)="Y" THEN 
1630    INPUT "Which layer would you like to change?",Cs 
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1640    Z=Cs-1 
1650    FOR B=0 TO 11 
1660      Total(Z,B)=0  ! resets all values of this layer to zero 
1670    NEXT B 
1680    ! 
1690    CLEAR SCREEN 
1700    PRINT "Please enter the time, temperature, and materials for layer";Cs;"." 
1710    GOSUB Totalchoose 
1720    GOTO Savestructure  ! gives you the option to resave structure 
1730  END IF 
1740  ! 
1750  ! 
1760  PRINT 
1770  PRINT "Press any key when you're ready to start the run." 
1780  ON KBD GOTO Rdy 
1790 Tst: ! 
1800  GOTO Tst 
1810 Rdy: ! 
1820  OFF KBD 
1830  ! 
1840  St=TIMEDATE 
1850  Startt=TIMEDATE 
1860  ! 
1870 H2on:  ! 
1880  ! *******This turns the gasses ON******* 
1890  Counter=0 
1900  OUTPUT 709;"B8X" ! shuts N2 off 
1910  OUTPUT 709;"A10X" ! flows H2 through the reactor 
1920  CLEAR SCREEN 
1930  PRINT "I'm flowing H2 through the reactor now for 120 seconds." 
1940  PRINT "Next Step: Turn on source gasses for 300 seconds." 
1950  ON DELAY 120 GOTO Sources 
1960  St=TIMEDATE 
1970  GOTO Loop 
1980 Sources: ! 
1990  Counter=1 
2000  MAT SEARCH Total(*,2),# LOC (1);In1y 
2010  MAT SEARCH Total(*,3),# LOC (1);In2y 
2020  MAT SEARCH Total(*,4),# LOC (1);Ga1y 
2030  MAT SEARCH Total(*,5),# LOC (1);Ga2y 
2040  MAT SEARCH Total(*,6),# LOC (1);Ga3y 
2050  MAT SEARCH Total(*,7),# LOC (1);As1y 
2060  MAT SEARCH Total(*,8),# LOC (1);As2y 
2070  MAT SEARCH Total(*,9),# LOC (1);As3y 
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2080  MAT SEARCH Total(*,10),# LOC (1);Py 
2090  MAT SEARCH Total(*,11),# LOC (1);Hy 
2100  MAT SEARCH Total(*,12),# LOC (1);Siy 
2110  ! 
2120  CLEAR SCREEN 
2130  IF In1y<>0 THEN 
2140   OUTPUT 709;"A13X" ! turns on TMI-1 OUT 
2150   PRINT "TMI-1 Out: ON" 
2160  END IF 
2170  IF In2y<>0 THEN 
2180   OUTPUT 709;"A27X" ! turns on TMI-2 OUT 
2190   PRINT "TMI-2 Out: ON" 
2200  END IF 
2210  IF Ga1y<>0 THEN 
2220   OUTPUT 709;"A11X" ! turns on TEG-1 OUT 
2230   PRINT "TEG-1 Out: ON" 
2240  END IF 
2250  IF Ga2y<>0 THEN 
2260   OUTPUT 709;"A7X" ! turns on TEG-2 OUT 
2270   PRINT "TEG-2 Out: ON" 
2280  END IF 
2290  IF Ga3y<>0 THEN 
2300   OUTPUT 709;"A19X" ! turns on TEG-3 OUT 
2310   PRINT "TEG-3 Out: ON" 
2320  END IF 
2330  IF As1y<>0 THEN 
2340   OUTPUT 709;"A1X" ! turns on As-1 OUT 
2350   PRINT "As-1 Out: ON" 
2360  END IF 
2370  IF As2y<>0 THEN 
2380   OUTPUT 709;"A15X" ! turns on As-2 OUT 
2390   PRINT "As-2 Out: ON" 
2400  END IF 
2410  IF As3y<>0 THEN 
2420   OUTPUT 709;"A26X" ! turns on As-3 OUT 
2430   PRINT "As-3 Out: ON" 
2440  END IF 
2450  IF Py<>0 THEN 
2460   OUTPUT 709;"A3X" ! turns on PH3 OUT 
2470   PRINT "PH3 Out: ON" 
2480  END IF 
2490  IF Hy<>0 THEN 
2500    OUTPUT 709;"A24X"  ! uses H2 via CCl4 V/R 
2510    PRINT "H Out: ON" 
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2520  END IF 
2530  IF Siy<>0 THEN 
2540   OUTPUT 709;"A6X" ! turns on SiH3 OUT 
2550   PRINT "SiH4 Out: ON" 
2560  END IF 
2570  ON DELAY 300 GOTO Bubbler 
2580  PRINT "Source gasses have been turned on.  Please wait 300 seconds." 
2590  PRINT "Next step:  Turn on bubblers for 900 seconds." 
2600  St=TIMEDATE 
2610  GOTO Loop 
2620  ! 
2630  !**************Bubbler Section***** 
2640 Bubbler:  ! 
2650  Counter=2 
2660  CLEAR SCREEN 
2670  IF (In1y<>0 OR In2y<>0) THEN 
2680   OUTPUT 708;"A14X" ! turns on TMI Bubbler 
2690   PRINT "TMI Bubbler: ON" 
2700  END IF 
2710  IF Ga1y<>0 THEN 
2720   OUTPUT 708;"A12X" ! turns on TEG-1 Bubbler 
2730   PRINT "TEG-1 Bubbler: ON" 
2740  END IF 
2750  IF (Ga2y<>0 OR Ga3y<>0) THEN 
2760    OUTPUT 708;"A8X" ! turns on TEG-2,3 Bubbler 
2770    PRINT "TEG-2,3 Bubbler: ON" 
2780  END IF 
2790  IF As1y<>0 THEN 
2800   OUTPUT 709;"A2X" ! turns on As IN 
2810   PRINT "As In: ON" 
2820  END IF 
2830  IF As2y<>0 THEN 
2840   OUTPUT 709;"A2X" ! turns on As IN 
2850   PRINT "As In: ON" 
2860  END IF 
2870  IF As3y<>0 THEN 
2880   OUTPUT 709;"A2X" ! turns on As IN 
2890   PRINT "As In: ON" 
2900  END IF 
2910  IF Py<>0 THEN 
2920   OUTPUT 709;"A4X" ! turns on P IN 
2930   PRINT "P In: ON" 
2940  END IF 
2950  IF Siy<>0 THEN 
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2960   OUTPUT 709;"A25X" ! turns on SiH4 
2970   PRINT "SiH4: ON" 
2980  END IF 
2990  ! 
3000  ON DELAY 900 GOTO Heater 
3010  PRINT "Set all bubbler flows and concentration levels." 
3020  PRINT "You have 15 minutes." 
3030  PRINT "Next step:  Heater on." 
3040  St=TIMEDATE 
3050  GOTO Loop 
3060  ! 
3070  !********* Turn on Heater ****** 
3080 Heater: ! 
3090  ! 
3100  Counter=3 
3110  CLEAR SCREEN 
3120  OUTPUT 709;"A12X"   ! sends N2 to the vent manifold 
3130  Setpt=700           ! 700 C for deoxidation 
3140  Volts=Setpt/175+5/7 
3150  OUTPUT 705;"C0 P2 A1 V"&VAL$(Volts)&"X" 
3160  OUTPUT 709;"A40X"   ! turns heater on 
3170  ! 
3180  PRINT "Heater is increasing to 700 C for 600 seconds." 
3190  PRINT 
3200  PRINT "The appropriate group 5 gas is also turned on..." 
3210  PRINT "Adjust N2 vent line to equalize vent/run pressures (typically ~500 
SCCM)." 
3220  ! 
3230   IF Total(0,7)=1 THEN  ! runs group V of the buffer layer during heating 
3240     OUTPUT 708;"A1X"  ! As-1 RUN on 
3250   END IF 
3260   IF Total(0,8)=1 THEN  ! runs group V of the buffer layer during heating 
3270     OUTPUT 708;"A15X"  ! As-2 RUN on 
3280   END IF 
3290   IF Total(0,9)=1 THEN  ! runs group V of the buffer layer during heating 
3300     OUTPUT 708;"A22X"  ! As-3 RUN on 
3310   END IF 
3320   IF Total(0,10)=1 THEN  ! runs group V of the buffer layer during heating 
3330     OUTPUT 708;"A3X"  ! PH3 RUN off 
3340   END IF 
3350  ! 
3360  ON DELAY 600 GOTO Temperatureset 
3370  St=TIMEDATE 
3380  GOTO Loop 
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3390  ! 
3400 Temperatureset:  ! 
3410  Counter=4 
3420  Voltage=Total(0,1)/175+5/7 
3430  OUTPUT 705;"C0 P2 A1 V"&VAL$(Voltage)&"X" 
3440  PRINT 
3450  PRINT 
3460  PRINT "Setting temperature to";Total(0,1);"C for 180 seconds." 
3470  ON DELAY 180 GOTO Mainprogram 
3480  St=TIMEDATE 
3490  GOTO Loop 
3500  ! 
3510 Mainprogram:  ! 
3520  ! *******This is the main program FOR loop******* 
3530  Counter=5 
3540  St=TIMEDATE 
3550  Currentlayer=0  ! this is the counter for the current layer in Total(*) 
3560  ! 
3570  FOR L=0 TO Totaln 
3580    ! 
3590 Sectionskipper: ! see Skipsection 
3600    IF L=Totaln THEN  ! run gassesreactor after structure is done to clear RUN lines 
3610      GOSUB Gassesreactor 
3620    END IF 
3630    ! 
3640    FOR M=0 TO Maxperiod(L)-1 
3650      ! 
3660      Currentlayer=Beglayer(L) ! helps to recycle back to first layer of period 
3670      ! 
3680      FOR N=0 TO Maxlayer(L)-1 
3690        ! 
3700        GOSUB Gassesreactor 
3710        ON TIME (St+Total(Currentlayer,0)) MOD 86400 GOTO Nxt 
 
3720        Voltage=Total(Currentlayer,1)/175+5/7 
3730        OUTPUT 705;"C0 P2 A1 V"&VAL$(Voltage)&"X" 
3740        !PRINT "Temperature set to:";Total(Currentlayer,1);"C." 
3750 Display:       ! 
3760        PRINT 
3770        PRINT "Section:";L+1;" of ";Totaln 
3780        PRINT " Period:";M+1;" of ";Maxperiod(L) 
3790        PRINT "  Layer:";N+1;" of ";Maxlayer(L) 
3800  ! 
3810 Loop: ! 
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3820        S=INT(TIMEDATE-St) 
3830        DISP S,"Seconds so far" 
3840        GOTO Loop 
3850  ! 
3860 Nxt: ! 
3870        St=TIMEDATE 
3880        Currentlayer=Currentlayer+1 
3890      NEXT N 
3900    NEXT M 
3910  NEXT L 
3920  CLEAR SCREEN 
3930  ! 
3940 Endgrowth:  ! 
3950  Counter=6 
3960  PRINT "Heater is turning off." 
3970  PRINT "Bubblers are turning off." 
 
3980  PRINT "As:In is turning off." 
3990  PRINT "Dopant lines are being flushed with H2." 
4000  PRINT "H2 is now flowing into the reactor." 
4010  ! 
4020  OUTPUT 709;"B40X"     ! turns heater off 
4030  OUTPUT 709;"A10X"     ! H2 to reactor on 
4040  OUTPUT 708;"B12X"     ! turns TEG-1 bubbler off 
4050  OUTPUT 708;"B8X"      ! turns TEG-2,3 bubbler off 
4060  OUTPUT 708;"B14X"     ! turns TMI-1 bubbler off 
4070  OUTPUT 709;"B25X"     ! flushes SiH4 line with H2 
4080  ! 
4090  PRINT "Waiting 5 minutes before closing out lines..." 
4100  ON DELAY 100 GOTO Asoff 
4110  St=TIMEDATE 
4120  GOTO Loop 
4130 Asoff:  ! 
4140  ON DELAY 200 GOTO Idone 
4150  OUTPUT 709;"B2X"      ! As:In turned off 
4160  PRINT "As:In has been turned off." 
4170  GOTO Loop 
4180  ! 
4190  ! 
4200 Idone:  ! 
4210  Counter=7 
4220  ! 
4230  PRINT 
4240  PRINT "As/P sources are off." 
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4250  PRINT "Group III out lines are turned off." 
4260  PRINT "Dopants are turned off." 
4270  OUTPUT 709;"B13X"     ! turns TMI-1 out off 
4280  OUTPUT 709;"B27X"     ! turns TMI-2 out off 
4290  OUTPUT 709;"B11X"     ! turns TEG-1 out off 
4300  OUTPUT 709;"B7X"      ! turns TEG-2 out off 
4310  OUTPUT 709;"B19X"     ! turns TEG-3 out off 
4320  OUTPUT 709;"A16X"     ! turns As's H2 purge line on 
4330  OUTPUT 708;"B1X"      ! puts As-1 to vent 
4340  OUTPUT 708;"B15X"     ! puts As-2 to vent 
4350  OUTPUT 709;"B22X"     ! puts As-3 to vent 
4360  OUTPUT 709;"B4X"      ! turns P source off 
4370  OUTPUT 708;"B3X"      ! puts P to vent 
4380  OUTPUT 709;"B6X"      ! turns SiH4 out off 
4390  ! 
4400  ON DELAY 120 GOTO Finished 
4410  PRINT "Waiting 120 seconds to purge with H2." 
4420  St=TIMEDATE 
4430  GOTO Loop 
4440  ! 
4450 Finished:  ! 
4460  Counter=8 
4470  ! 
4480  CLEAR SCREEN 
4490  PRINT "I am done growing the structure." 
4500  PRINT "Program finished at: ";TIME$(TIMEDATE) 
4510  Totaltime=(TIMEDATE-Startt) 
4520  PRINT "Total time for run: ";TIME$(Totaltime) 
4530  PRINT 
4540  PRINT 
4550  PRINT "                       *** DON'T FORGET TO VALVE OFF THE 
DOPANTS!!! ***" 
4560  PRINT 
4570  PRINT 
4580  GOTO Theend 
4590  ! 
4600 Unusedkey:  ! this is the unused softkey response 
4610  BEEP 1220,.2 ! BEEP frequency,duration 
4620  RETURN 
4630  ! 
4640 Pausing:  ! 
4650  DISP "Sequence is paused.  Please press F2 to resume." 
4660  PAUSE 
4670  RETURN 
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4680  ! 
4690 Skips:  !  skips through each part of the program 
4700  IF Counter=0 THEN GOTO Sources 
4710  IF Counter=1 THEN GOTO Bubbler 
4720  IF Counter=2 THEN GOTO Heater 
4730  IF Counter=3 THEN GOTO Temperatureset 
4740  IF Counter=4 THEN GOTO Mainprogram 
4750  IF Counter=5 THEN GOTO Endgrowth 
4760  IF Counter=6 THEN GOTO Idone 
4770  IF Counter=7 THEN GOTO Finished 
4780  IF Counter=8 THEN GOTO Theend 
4790  ! 
4800 Skipsection:  ! skips to next section in Mainprogram (next I) 
4810  L=L+1 
4820  St=TIMEDATE 
4830  GOTO Sectionskipper 
4840  ! 
4850 Totalchoose:  ! this is the time, temperature, and material input handler 
4860  INPUT "Please enter the time (seconds):",Total(Z,0) 
4870  INPUT "Please enter the temperature (Celsius):",Total(Z,1) 
4880  PRINT "Choose from: In1 In2 Ga1 Ga2 Ga3 As1 As2 As3 P H Si" 
4890  M$="" 
4900  INPUT "Please type in material (ie: Ga1As1)",M$ 
4910  CLEAR SCREEN 
4920  PRINT "This is the time for this layer:";Total(Z,0);"s." 
4930  PRINT "This is the temperature for this layer:";Total(Z,1);"C." 
4940  PRINT "These are the gasses you chose for this layer: ";M$ 
4950  IF POS(UPC$(M$),"IN1")<>0 THEN Total(Z,2)=1 
4960  IF POS(UPC$(M$),"IN2")<>0 THEN Total(Z,3)=1 
4970  IF POS(UPC$(M$),"GA1")<>0 THEN Total(Z,4)=1 
4980  IF POS(UPC$(M$),"GA2")<>0 THEN Total(Z,5)=1 
4990  IF POS(UPC$(M$),"GA3")<>0 THEN Total(Z,6)=1 
5000  IF POS(UPC$(M$),"AS1")<>0 THEN Total(Z,7)=1 
5010  IF POS(UPC$(M$),"AS2")<>0 THEN Total(Z,8)=1 
5020  IF POS(UPC$(M$),"AS3")<>0 THEN Total(Z,9)=1 
5030  IF POS(UPC$(M$),"P")<>0 THEN Total(Z,10)=1 
5040  IF POS(UPC$(M$),"H")<>0 THEN Total(Z,11)=1 
5050  IF POS(UPC$(M$),"SI")<>0 THEN Total(Z,12)=1 
5060  ON KBD GOTO Continue 
5070 Lp: ! 
5080     GOTO Lp 
5090 Continue: ! 
5100  OFF KBD 
5110  CLEAR SCREEN 
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5120  RETURN 
5130  ! 
5140 Gassesreactor: ! this tells the MOCVD what to flow through the reactor 
5150  CLEAR SCREEN 
5160  PRINT "Layer data:" 
5170  OUTPUT 708;CHR$(66-Total(Currentlayer,2))&"13X" ! runs TMI-1 
5180  OUTPUT 709;CHR$(66-Total(Currentlayer,3))&"20X" ! runs TMI-2 (uses TEG-3 
V/R line) 
5190  OUTPUT 708;CHR$(66-Total(Currentlayer,4))&"11X" ! runs TEG-1 
5200  OUTPUT 708;CHR$(66-Total(Currentlayer,5))&"7X"  ! runs TEG-2 
5210  IF Total(Currentlayer,3)=0 THEN 
5220    OUTPUT 709;CHR$(66-Total(Currentlayer,6))&"20X" ! runs TEG-3 
5230  END IF 
5240  OUTPUT 708;CHR$(66-Total(Currentlayer,7))&"1X"  ! runs As-1 
5250  OUTPUT 708;CHR$(66-Total(Currentlayer,8))&"15X" ! runs As-2 
5260  OUTPUT 709;CHR$(66-Total(Currentlayer,9))&"22X" ! runs As-3 (via CCl4 line) 
5270  OUTPUT 708;CHR$(66-Total(Currentlayer,10))&"3X" ! runs P 
5280  OUTPUT 709;CHR$(66-Total(Currentlayer,11))&"22X" ! runs H (via CCl4 line) 
5290  OUTPUT 708;CHR$(66-Total(Currentlayer,12))&"6X" ! runs SiH4 
5300  ! 
5310  Q=Currentlayer 
5320  PRINT " Time    Temp    Material(s)" 
5330  GOSUB Displaylayer 
5340  ! 
5350  RETURN 
5360  ! 
5370 Displaylayer:  ! displays the layer data 
5380  PRINT Total(Q,0);"s   ";Total(Q,1);"C    "; 
5390  IF Total(Q,2)=1 THEN PRINT "TMI-1 "; 
5400  IF Total(Q,3)=1 THEN PRINT "TMI-2 "; 
5410  IF Total(Q,4)=1 THEN PRINT "TEG-1 "; 
5420  IF Total(Q,5)=1 THEN PRINT "TEG-2 "; 
5430  IF Total(Q,6)=1 THEN PRINT "TEG-3 "; 
5440  IF Total(Q,7)=1 THEN PRINT "As-1 "; 
5450  IF Total(Q,8)=1 THEN PRINT "As-2 "; 
5460  IF Total(Q,9)=1 THEN PRINT "As-3 "; 
5470  IF Total(Q,10)=1 THEN PRINT "PH3 "; 
5480  IF Total(Q,11)=1 THEN PRINT "H2 "; 
5490  IF Total(Q,12)=1 THEN PRINT "SiH4 "; 
5500  PRINT 
5510  RETURN 
5520  ! 
5530 Theend: ! the end of the program 
5540  OUTPUT 708;"D0ZX" ! turns all bits OFF for channel:0 
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5550  OUTPUT 709;"D0ZX" ! turns all bits OFF for channel:1 
5560  OUTPUT 709;"A8X" ! flows N2 through the reactor 
5570  PRINT 
5580  PRINT "All gases are off.  N2 flowing through reactor." 
5590  PRINT 
5600  PRINT "Have a Nice Day." 
5610  END 
 
 




