
Atomic Force Microscopy Characterization of Nanocontacted III-

nitride Nanostructures 

 

Thesis by 

Latifah A. Almaghrabi 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

October, 2019 



2 
 

 

EXAMINATION COMMITTEE PAGE 

 

 
 

The thesis of Latifah A. Almaghrabi is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Professor Boon S. Ooi 
Committee Members: Professor Husam Alshareef, Professor Jürgen Kosel 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

COPYRIGHT PAGE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© October 2019  

 

Latifah A. Almaghrabi 

All Rights Reserved 



4 
 

ABSTRACT 

Atomic Force Microscopy Characterization of Nanocontacted III-nitride 

Nanostructures 

Latifah A. Almaghrabi 

A conductive atomic force microscopy (c-AFM) investigation of GaN nanostructures 

is reported for strain engineering optoelectronic and piezotronic devices. The use of 

AFM enables the simultaneous correlation between the surface morphology and 

charge carrier transport through the nanostructures. The samples under 

investigation are molecular beam epitaxy (MBE) grown InGaN/GaN nanowires on Ti 

coated Mo substrate and GaN nanowires on ITO. The metal-semiconductor interface 

between the metallic substrates and the GaN nanostructures form the bottom 

contact. A Pt-Ir coated AFM probe is used to create a Schottky top nano-contact. The 

two interfaces form a metal-semiconductor-metal (MSM) structure. Force and 

temperature-dependent IV curves are obtained and analyzed, and the MSM 

structure parameters are extracted. Modulation of both the conductivity and 

Schottky barrier height (SBH) is revealed. Drastic reduction of the barrier is 

observed to drive the junctions to ideal MSM under a combination of force and 

temperature, revealing a dynamic and controlled two-way switching of the devices 

from rectifying to ideal linear IV properties. Through compressive force modulation 

by AFM tip, a symmetric 80 meV reduction in SBH at ±0.7 V is realized for the 

sample grown on Mo. By a combination of temperature and force modulation, a 40 

meV increase in SBH is achieved at 0.53 V for the sample on ITO. These results show 
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that the formed structure is ideal for applications in optoelectronics, sensing, 

piezotronic, piezo-phototronic, and nano-energy harvesting devices. 
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Chapter 1: Introduction 

Atomic Force Microscopy (AFM) provides a powerful platform for high resolution 

multidimensional and multimodal imaging and manipulation. In such a system, 

samples are scanned with a solid-state probe fabricated with an extremely sharp tip. 

Based on the coating and the material of the probe, the tip radius can be as small as 

10 nm. The atomic-scale resolution makes AFM suitable for investigating emerging 

lower-dimensional materials such as semiconductor nanowires. Devices based on 

wurtzite III-Nitride nanowires show superior qualities when compared to their bulk 

counterparts in applications that require high crystallinity, carrier confinement, 

and/or better responsivity. The nature of the metal contact to the wurtzite 

semiconductor greatly influences the parameters of the device. With the nano-

scaling of semiconductor devices, observations of quantum dependencies of metal-

semiconductor (MS) nano-contacts are reported [2-4]. With the high resolution and 

atom-to-atom interaction of the conductive AFM (c-AFM) mode, nanostructures can 

be probed, manipulated, and electrically characterized.  

1.1. Applications and Technological Relevance 

Schottky contacted nanowires have shown promising optoelectronics, sensing, and 

energy harvesting applications. Extensive engineering has been done to 

demonstrate the feasibility of III-Nitride nanogenerators for the harvesting of 

energy for nano-electronics [5-18]. Figure 1. 1 highlights such work. A collective 

effort has led to the realization of self-powered optoelectronics and sensors [19, 20]. 

While single nanowires are very appropriate for sensing applications, an ensemble 
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of nanowires provides a good fit for energy harvesting applications since their 

higher density improves the amount of collected energy. 

 

Wurtzite II-Nitrides semiconductors are the materials of choice for such 

applications because they offer great flexibility to engineer their semiconducting 

properties during growth, fabrication, and operation. During the growth stage, the 

dopant profile can be attuned for electron or hole domination. Adjusting the alloy 

composition can help to realize more insulation or conduction as well. During the 

fabrication stage, surface passivation and the deposition of film material has been 

shown to improve the conductivity of nanowire structure [21]. In addition, by the 

 

Figure 1. 1 Reported average voltage peak generated by single GaN-based nanowire 
nanogenerators between the years of 2010 and 2019. 
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inclusion of a straining top layer, improvement in GaN/AlGaN high mobility 

transistors is achieved by the reduction of the barrier height [22]. During the 

operation stage, the tuning of temperature, pressure, electric field, optical power, 

and gas have been demonstrated to enhance the performance of sensors and 

detectors based on Schottky contacted nanostructures. The latter is owed to the 

direct interplay between the Schottky barrier height (SBH) and thermal voltage. 

That is, in assuming conduction by thermionic emission, an increase in temperature 

of the junction leads to high current injection. 

GaN, in its planar (3D) structure, and its alloys have enabled enormous advances in 

lighting technology. The strain relief, high aspect ratio, and large surface to volume 

ratio in the nanostructure form of GaN materials have led to the solution for the 

efficiency droop and green gap issues that tarnished III-nitrides [23]. That, in turn, 

further pushed the III-nitride nanotechnology to the forefront of many fields, 

including imaging with semiconductor lasers, water purification using UV lasers, 

and horticulture. With GaN nano optoelectronics use in power-sensitive 

applications, optimization of contact resistance has become relevant. A great 

magnitude of research has been dedicated to ohmic contacting GaN-based 

structures. A Pt/GaN gas sensor has been demonstrated to switch its rectifying 

Schottky barrier to linear ohmic in the presence of hydrogen in the atmosphere [24].  

Nanostructures based on other wurtzite materials, mainly ZnO, are approaching 

maturity, and many applications have been developed that exploit piezoelectricity in 

sensing and energy harvesting. Schottky contacted ZnO nanowires offering strain 
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modulated SBH have demonstrated excellent performance as gas sensors, 

biosensors, UV detectors, proactive Schottky contacted pH sensors, and humidity 

sensors [25, 26]. Devices switching from Schottky to Ohmic and vice versa have also 

been demonstrated. The switch from Schottky to Ohmic was observed for ZnO 

nanowires contacted with gold particles owing it to edge tunneling at a distinct 

contact radius [27]. In addition, a considerable reduction in the barrier height 

between GaAs NWs and gold catalyst covering the top surface was reported and 

attributed to dipole formation and Fermi Level unpinning at the surface [2]. 

Furthermore, a study on a single nanowire fixed at both ends on a flexible insulating 

substrate revealed that force manipulation on a single nanowire results in drastic 

changes to current transport and the barrier height [28]. 

1.2 Motivation and Scope of Work 

Both Schottky and Ohmic contacts to GaN nanostructures are critical, and the ability 

to switch from one to the other can add to the sensitivity of detectors based on 

metal GaN contacts. The close interaction between nano-mechanical deformation 

and electrical carrier transport could be exploited to enhance our understanding 

and better strain engineer GaN-based nanostructures further to match the right 

application. 

In the ensuing chapters, a discussion of basic fundamental physical equations is 

presented as it aids in experimental result interpretation. The experimental 

methods and procedures are then expanded upon, followed by exciting findings of 

the effect of temperature and force on carrier action in GaN-based nanowire 
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structures grown by Molecular Beam Epitaxy (MBE) on Indium Tin Oxide (ITO) and 

on Ti coated Mo substrates.  Following this are concluding remarks. 
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Chapter 2: Theoretical Considerations and Models 

2.1 AFM Measurements 

2.1.1 Tip-Sample Interaction 

In AFM-based measurements, the interaction between the tip and sample is 

governed by van der Waals forces between the atoms on each of the interacting 

surfaces. The resolution of interaction, therefore, scales in accordance with the 

diameter of the AFM probe. For probing nanostructures, the tip dimension must be 

smaller than the minimum size of the measured features to avoid imprinting of the 

probe image in the output scan. Force curves similar to the ones in Figure 2. 1 can be 

obtained to assess the relationship governing the interplay between the tip and 

sample. As illustrated by the schematic in Figure 2. 1 (a), obtained from [29], the 

notch signifies the location where the interaction with the surface occurs. Figure 2. 1 

(b) shows an illustrative comparison between two experimentally obtained force 

curves for a fresh AFM tip and a contaminated one. Such comparison shows the 

importance of force curves in assessing the results of an AFM scan. In an AFM scan, 

data related to the surface and other parameters is collected while the tip 

approaches the sample and also while it retracts away from the sample surface. As 

shown in the force curves of Figure 2. 1, the two curves measured during the 

approach and retract interactions are not the same. The increased separation during 

retraction indicates the possibility of contamination leading to the low resolution of 

the probing process. Therefore, the cleanliness of both the AFM tip and surface are 

of utmost importance, for this could have a strong influence on the result of the scan. 
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The AFM force curve is also an indicator of the sensitivity of the measurements and 

is readily used for calibration as dictated by Equation 2.1 where SP is the vertical 

deflection setpoint in units of V, DS is the experimental deflection sensitivity given 

in nm/V as the inverse of the linear slope in the force-distance curve, and k is the 

cantilever spring constant in N/m. 

𝐹𝑛 = 𝐷𝑆 × 𝑘 × 𝑆𝑃 Equation 2.1 

2.1.2 Nano Spatially Resolved Force-dependent  Measurements 

Unlike profilometers that offer 1D high resolutions, many AFM systems use 3D 

piezo-scanners to strictly control the motion of the probe in 3D and a laser system 

to measure the vertical deflection of the probe throughout the scan for correction. 

The ability to closely monitor and control the AFM probe makes it an ideal tool to 

investigate the surface morphology of nanostructures and apply vertical and/or 

lateral forces leading to strain or bending. With the inclusion of biasing and 

temperature control circuitry, the electrical properties of nanostructures can be 

better correlated with the geometrical information obtained from the spatial scan. 

Through the integration of measured electrical and topographical signals, spatially 

resolved studies of nano-MS contact can be realized. Manipulation of nanostructures 

by compression or deflection can be accomplished by adjusting the force applied to 

the probe by the three-dimensional scanners using the vertical setpoint parameter. 

Since AFM has an atomic-sized resolution, instantaneous atomic displacement in 
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crystalline samples can be induced.

 

2.2. Polarization in Wurtzite III-Nitrides 

2.2.1. Piezoelectric Polarization 

(a) 

 

(b) 

 

Figure 2. 1 Force-distance curves. (a) An illustrative schematic. (b) Experimentally obtained 
Force-distance curves for a fresh tip (left) and a contaminated tip (right). 

k = 0.408 N/m
Def. Sens. = 91.108 nm/V

k = 0.182 N/m
Def. Sens. = 91.285 nm/V
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Inducing displacement of atoms in wurtzite III-nitrides results in a piezoelectric 

polarization that can be described by Equation 2.2 as the summation of polarization 

contributions in all directions of the crystal. Equation 2.3 quantifies the polarization 

for wurtzite crystals grown along the c-plane direction [30].  The used notation is 

explained in [30].   

𝑃𝑖
𝑝𝑧

= ∑ ∑ 𝑑𝑖𝑘𝐶𝑘𝑗𝜀𝑗

𝑘𝑗

 Equation 2.2 

𝑃3 = 2𝑑31

𝑎𝑠𝑢𝑏 − 𝑎𝑙𝑐

𝑎𝑙𝑐
(𝐶11 + 𝐶12 − 2

𝐶13
2

𝐶33
) + 𝑃𝑠𝑝 Equation 2.3 

Table 2. 1 
Description of Parameters in Equations 2.2 and 2.3 

Parameter Description 

𝑃3𝑃𝑖
𝑝𝑧

 Out of plane polarization along the c-plane direction. 

𝑑𝑖𝑘 , 𝑑31 Piezoelectric moduli 

𝑎𝑠𝑢𝑏 , 𝑎𝑙𝑐 strained and equilibrium in plane lattice constants  

𝐶𝑘𝑗, 𝐶11, 𝐶12, 𝐶13, 𝐶33 Elastic moduli 

𝑃𝑠𝑝 Spontaneous Polarization  

 

2.2.2. Spontaneous Polarization 

Wurtzite structures such as GaN and its group-III-metal alloys have inherent 

spontaneous polarization along the c-plane direction of their crystal’s preferred 

growth direction. The polarization stems from the strain induced in the crystals due 

to the difference in atomic sizes between group-III metals and nitrogen. Figure 2. 2 

illustrates the origin of the polarization. Spontaneous polarization can be measured 

at terminated surfaces since the field is balanced out inside the volume. In 

nanostructured GaN materials where the surface to volume ratio is comparatively 
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high, the effect of such polarization is expected to be much more pronounced. III-

nitride materials grown along the c-plane exhibit a negative spontaneous 

polarization indicating that the field direction is opposite the c-plane growth axis. 

 

2.2.3. Effect of Polarization on Charge Carrier Transport 

Polarization is known to directly modify the band edges at interfaces of the 

nanostructure with its substrate, contact metal and/or epitaxial heterostructures. 

The effect of piezo-electrically induced deformation is readily captured as a 

modification of the SBH in the case of a semiconductor junction with metal.  This is 

depicted by Figure 2. 3, obtained from [19], which schematically shows two 

asymmetric barriers of GaN with Pt at the source (S) and Ni at the drain (D) under 

the influence of biasing and strain [19]. Transistor terminology is used because 

induced variable polarization can be modeled as a gate voltage in a transistor 

changing the conductance of a channel. The nanowire, in this case, acts similar to a 

channel in a FET transistor. Stretching the nanowire raises the SBH at one end and 

 

Figure 2. 2 The origin of strain in GaN crystal. 
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lowers it at the other with and without the application of a bias across the nanowire. 

In addition, operation in different biasing regimes lowers one of the barriers while 

raising the other.  

 

Equation 2.4 relates the change in the barrier height (ΔΦpiezo) to the piezoelectric 

induced charge density (ρpiezo) normalized by the width of a charge depleted region 

(Wpiezo) created in response to the piezoelectric polarization in a semiconductor 

with permittivity (ε) [31]. 

 

Figure 2. 3 The effect of stretching a Pt/GaN/Ni nanowire in different biasing scenarios and its 
effect on the band structure. 
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ΔΦ𝑝𝑖𝑒𝑧𝑜 =
ρ𝑝𝑖𝑒𝑧𝑜W𝑝𝑖𝑒𝑧𝑜

2

2𝜀
 

Equation 2.4 

Experimentally, this is captured as a modification in the current-voltage 

relationship. Electron and hole transport along the polarization axis is modulated 

accordingly. Therefore, nanomaterials can be better characterized for strain 

engineering of epitaxial growth of III-nitride devices.  

2.2.4. Piezoelectricity in 1D Confined GaN Nanowires 

The macro interaction between the AFM tip and nanowires and the resulting 

polarization is explained for a GaN nanowire with an ohmic contact with the 

substrate and a Schottky contact with the probe in [1] and is depicted by Figure 2. 4. 

For a non-centrosymmetric GaN NW grown antiparallel to the c-plane, the 

piezoelectric field resulting from compressive strain is directed towards the 

substrate (antiparallel to the growth direction). When undergoing a stretching 

strain, the piezoelectric field is directed towards the top surface (along the growth 

direction). Most likely, manipulation by the AFM probe is a combination of the two 

deformations in the form of deflection or bending, in which case the compressed 

and stretched sides of the nanowire undergo opposite polarization fields. This is 

readily observed experimentally by the coinciding nanowire elevation point and the 

locally measured electric current peak along the scan direction [11].  
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2.2.5. Experimental Quantification Using Force-dependent  IV 

Curves 

As shown in Figure 2. 5, obtained from [28], when starting with a nanowire 

exhibiting a symmetric Schottky barrier at both ends, the barrier at one end is 

lowered by stretching, and the barrier at the other end is lowered by compression. 

Tuning the stretching force on a nanowire in contact with asymmetric barrier 

heights results in highly symmetric lower barrier heights at both ends. Interestingly, 

adjusting the stretching force on an Ohmic contacted nanowire results in a 

conspicuous switch to rectification.  

By biasing the device beyond thermal voltage, the current through the forward-

biased nanowire is given by Equation 2.5, while the reverse bias current is given by 

Equation 2.6 [28].  The parameters used in the equations are listed in Table 2. 2. 

𝐼𝐹 = 𝑆𝐴∗∗𝑇2𝑒−
𝑞𝛷𝐵0

𝑘𝑇 𝑒−
𝑞(𝛥𝛷+𝑉)

𝑘𝑇  Equation 2.5 

𝐼𝑅 = 𝑆𝐴∗∗𝑇2𝑒−
𝑞𝛷𝐵0

𝑘𝑇 𝑒−
𝑞√ 𝑞𝜉

4𝜋𝜀
𝑘𝑇  

Equation 2.6 (a) 

 

Figure 2. 4 A schematic illustrating the direction of strain-induced polarization [1]. 
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𝜉 =  √
2𝑞𝑁𝐷

𝜀
(𝑉 + 𝑉𝑏𝑖 −

𝑘𝑇

𝑞
) Equation 2.6 (b) 

A double diode equivalent circuit can better describe devices with two Schottky 

barriers. In such cases, the current is profoundly affected by the reverse-biased 

diode since it incurs most of the voltage drop due to its higher impedance. 

Therefore, the reverse bias current can provide a better approximation of the total 

current flow. A more accurate equation model would consider both diode 

contributions at once, which would require a numerical approach as implemented 

by Liu et al. [32]. 

Table 2. 2 
 Description of parameter in Equations 2.5 and 2.6 

Parameter Description 
𝐼𝐹 , 𝐼𝑅 Forward and reverse bias currents 

𝑉 The voltage drop across the diode 
𝑇 The operating temperature 
𝑆 Contact area 

Φ𝐵0 Asymptotic Schottky barrier height at zero bias 
ΔΦ Image force effect on the barrier height 
𝑉𝑏𝑖 The built-in potential at the junction 
𝑁𝐷 Doping concentration assuming donor impurity 
𝐴∗∗ The effective Richardson constant 
𝜀 The permittivity of the nanowire 
𝑞 Electron charge 
𝑘 Boltzmann constant 
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2.3. Fitting Models 

Nanostructures sandwiched between two metal contacts can be modeled as a metal-

semiconductor-metal (MSM) junction where two diodes are connected back to back. 

At a generic biasing point, one diode is forward biased while the other is reversed 

biased. Since the current flowing in one diode is the same current flowing in the 

other, one equation can be written to describe the flow of current in the MSM 

Junction. Assuming thermionic emission applies, the following is written [33]. 

𝐽1 = −𝐽2 = 𝐽 Equation 2.7 

𝑉 = 𝑉1 + 𝑉2  Equation 2.8 

𝐽 (𝑉,  𝑇) =
𝐽01(𝑉𝐺 ,  𝑇)𝐽02(𝑉𝐺 ,  𝑇)𝑠𝑖𝑛ℎ (

𝑞𝑉
2𝑘𝑇

)

𝐽01(𝑉𝐺 ,  𝑇)𝑒
(

𝑞𝑉
2𝑘𝑇

)
+ 𝐽02(𝑉𝐺 ,  𝑇)𝑒

(
−𝑞𝑉
2𝑘𝑇

)
 Equation 2.9 

Where,  

𝐽01,02 = 𝐴∗∗𝑇2𝑒
𝑞

𝑘𝑇
𝛷𝐵1,𝛷𝐵2 Equation 2.10 

 
Figure 2. 5 Effect of straining a wurtzite ZnO nanowire affixed on a flexible PMMA substrate. 
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𝛷𝐵1,𝛷𝐵2 = 𝛷𝐵01,𝛷𝐵02 + 𝑉𝑏𝑖1,𝑏𝑖2 (
1

𝑛
− 1) Equation 2.11 

The mathematical quantities are described in Figure 2. 6. 

 

2.4. Nano Schottky Contact Considerations 

When the size of the contact area between the metal and semiconductor shrinks, 

nonlinearity in measured IVs is observed in deviation of ideality factor and SBH 

from the expected values in macroscopic counterpart. As demonstrated by 

Hasegawa et al., the SBH was higher for electrochemically deposited metal 

nanoparticle and reduced to macroscopic value for particles with a dimension 

smaller than a threshold value. This effect was attributed to the modification of the 

 

Figure 2. 6 Description of quantities and cases in Equations 2.7-2.11. 
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potential at the surface due to the pinning of Fermi level for large particles and was 

well supported by an agreement between the experimental data and simulations of 

IVs with pinned Fermi level [34]. In the same study, particles with smaller diameters 

than the threshold value did not suffer any Fermi level pinning. Such devolution of 

the SBH was also well captured for Pt/ZnO nanowires using c-SFM techniques [4]. 
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Chapter 3: Experimental Methods 

3.1 Sample Growth 

Two GaN-based NW samples were grown in a Veeco Gen 930 plasma-assisted 

molecular beam epitaxy system. The first sample is a nanowire heterostructure of n-

InGaN/n-GaN/Ti/Mo, herein referred to as Walter. The second sample is a nanowire 

structure of n-GaN/ITO/Silica, herein referred to as Georg. Figure 3. 1 shows optical 

pictures of the grown NW films. 

3.1.1 Sample Walter 

A 1 cm × 1 cm commercial bulk Mo substrate and a 2” silica wafers were prepared 

by standard cleaning with IPA and acetone. A 500 nm thick layer of Ti was deposited 

by electron beam evaporation on the Mo substrate. The coated substrate was then 

loaded into the pre-growth chamber where the temperature was ramped up to 500 

C for 10 minutes to ensure moisture evaporation from the sample surface. For the n-

InGaN/GaN/Mo sample, Ga flux was maintained at a pressure 3.76 × 10−8 Torr, and 

the Si cell temperature was kept at 1165 °C. The target NW length for an hour of 

growth is 200 nm. The temperature was reduced by 120 °C for the growth of the n-

InGaN top layer for one hour. The reduction in temperature is to promote the 

indium incorporation in the nanowire structure. An expected side effect is the 

preference for lateral growth. The indium source was kept at a pressure of 2.2 ×

10−8 Torr. The Si cell temperature was set to 1165 °C. Throughout the growth 

process, the MBE chamber pressure and temperature were 7.6 × 10−8 Torr and   
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597 °C. The growth process is reported in more detail and was optimized for growth 

along the 0001̅ direction, as can be seen from the TEM and analysis in [23, 35]. 

3.1.2 Sample Georg 

200 nm thick ITO film was deposited by RF sputtering on a 2” glass substrate. The 

film was annealed by RTP at 650 °C and further thermally processed during the MBE 

growth of the nanowires. n-GaN nanowires were grown by MBE on ITO covered 2” 

silica wafer. Silicon was used as an n-type dopant, and the cell temperature was kept 

at 1180 °C for higher dopant incorporation during growth. The growth temperature 

for GaN nanostructures was set to 750 °C, and the process time was a total of 2 

hours. Before growth, the wetting of the surface took place for 10 minutes at a 

temperature of 500 °C. More specific details may be found in [35] where a similar 

process was followed. 

 

(a) (b) 

 

Figure 3. 1 (a) An optical microscope image of the n-InGaN/n-GaN/Mo sample. (b) A photograph 
of a semi wafer of the n-GaN on ITO sample [Courtesy of Dr. Jungwook Min]. 
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3.2 Optical Characterization 

Photoluminescence (PL) spectra were collected for the samples using the HORIBA 

LabRam Aramis Raman system to assess the purity, crystallinity of the materials, 

and reveal the composition of InGaN. The samples were irradiated with a HeCd 325 

nm laser. The peaks in the PL for Walter were fitted with a Gaussian curve. Indium 

composition was estimated using the PL peak wavelengths and rearranged Vegard’s 

law according to Equation 3.1.  

𝑥 =  
𝜆(𝐼𝑛𝑥𝐺𝑎1−𝑥𝑁) − 𝜆(𝐺𝑎𝑁)

𝜆(𝐼𝑛𝑁) − 𝜆(𝐺𝑎𝑁)
 Equation 3.1 

3.3 Morphological and Geometrical Assessment by Scanning 

Electron Microscopy (SEM) 

SEM scans were taken using Quanta 300 and Nova Nano. Top-view scans give a 

qualitative measure of the density and orientation of nanowires. Average nanowire 

diameter can also be estimated from the scans. Average nanowire height was 

estimated from cross-sectional and tilted-views scans. SEM images of the top-view 

and 90° tilted-view were used to estimate the geometry of the tip and ensure its 

integrity. Scans of the AFM probe were obtained after all measurements were 

conducted. 

3.4 Morphological and Electrical Characterization by Atomic Force 

Microscopy (AFM) 

Bruker Dimension Icon equipped with Scan Assist was used for conducting the AFM 

measurements. The system uses a laser beam deflection-based feedback system to 

control the piezoelectric scanners. Figure 3. 2 shows an image of the AFM tabletop 
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system and a schematic explaining the principles of conductive AFM measurements 

(c-AFM) [36]. The AFM probe that was used is Bruker CONTV-PT. The tip has a 

nominal spring constant of 0.2 N/m and is coated with Pt-Ir for conductive 

measurements. Geometrical information obtained from the SEM image was used to 

compute the spring force constant. The zoomed-in view of the AFM tip apex was 

used to judge the quality of the tip and to estimate the working area of interaction 

based on the sharpness of the apex. The cruciality of the step lies in the strong effect 

of probe condition on the quality of the probed element. The force curve was 

measured at the end of the measurements taken for Walter for force calibration. The 

AFM was operated in constant force contact mode. 

 

 

(a) (b) 

 
(c) (d) 

 
Figure 3. 2 (a) The AFM scanner used in the experiment. (b) A schematic showing the working 
principle of c-AFM and the deflection feedback control system for measuring and controlling the 
height of the tip. (c) Temperature control chuck. (d) Piezo-scanner with labeled directions.  
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3.4.1 Force Dependence 

The sample was mounted on the stage and held down by vacuum. For Georg, 

patches of aluminum tape were used to create a conductive path from the exposed 

ITO as labeled in Figure 3. 1 (b) directly to the metal AFM stage. The conductive path 

to the biasing scheme was confirmed using an ohmmeter. A background deflection 

force of 500 mV was applied along the z-direction of the piezo scanner to maintain 

contact with the sample. An arbitrary large area from the center of the sample was 

scanned under different negative and positive sample bias values to determine the 

range for the IV sweep that guarantees diode activation. The same area was scanned 

at different applied normal forces to observe to determine a suitable and sufficient 

background force that minimizes error the deflection error and ensure the tip 

makes contact with the nanowires without any critical deformation. Once suitable 

contact parameters were determined, a smaller area was targeted and rescanned. 

The topography and current maps were obtained and used to evaluate the 

morphology and conductivity of the sample surface. Conductively active nanowires 

were then selected for IV characterization. Once a nanowire is selected, the voltage 

was ramped, and the current was collected at different set points for the applied 

force. The range of applied force was different for the two samples. Since InGaN has 

a higher piezoelectric coefficient along the c-plane than GaN, higher force values 

were applied to Walter. Measured normal separation distance and deflection error 

were simultaneously recorded and used to evaluate the integrity and stability of the 

IV results. A scan of the same area was taken at the end of the IV measurements to 

confirm that no thermal drift was incurred. 
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3.4.2 Temperature Dependence 

3.4.2.1 Constant Force – Variable Temperature IV Study 

The temperature dependence was studied for the ITO sample (Georg) at a constant 

normal force of 500 mV. The sample was soldered using Indium solder on a 

magnetic attachment that was mounted to the heating stage of the Dimension Icon. 

A thermocouple read the real-time temperature and sent it to the temperature 

controller for correction. The same procedure as in the force-dependent study was 

followed, but the temperature was the controlled variable rather than force. First, 

the IVs at RT were measured to ensure the stability of contact with the nanowire. 

Then, the temperature was increased in increments of 15 °C from 45 °C up to 120 °C. 

At each temperature, the IV ramp was started only when the thermocouple 

indicator settled at the target value. A single nanowire was selected for this portion 

of the experiment. The tip was kept in contact with the sample at all times such that 

the set temperature reflected the temperature of the junction formed between the 

AFM tip and nanowire. 

3.4.2.2 Coupled Temperature and Force Dependence 

To investigate whether the force dependence of the IV characteristics can be 

observed at higher temperatures. The tip position was maintained on the same 

nanowire as in the previous section. The temperature was ramped down from 120 

°C to 27 °C in decrements of 15 °C. At each level, the IV curve was collected at three 

different applied force values: 500 mV, 750 mV, and 1000 mV in that order. Before 
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the next temperature ramp, the setpoint was lowered down to the background force 

(500 mV). 

3.4.2.3 Coupled Temperature and Force Dependence 

To get a qualitative measure of the interaction between the topographically mapped 

current through nanowires and its dependence on the temperature and bias, 

current maps for the same area were obtained at four different temperature values 

with the sample bias ranging from -1000 mV to 1000 mV in increments of 100 mV. 

The investigated temperatures were 25 °C, 45 °C, 60 °C and 75 °C. 

3.5 Image and Signal Processing 

Bruker’s NanoScope Analysis 2.0 was used to process the AFM scan images. All 

topography maps were flattened by a first-order filter to remove residual tilt. For 

ease of comparison, the scales were adjusted to the same range. The roughness 

analysis and particle size function were also used to get some insight into the 

collected data.  

MATLAB scripts were written to compute the coverage of conductive areas of 

strongly biased current maps by the logical analysis of the intensity of each pixel. 

Wherever a signal more significant than the 10% maximum intensity was read in a 

pixel, the location was considered conductive. The process was iterated over all of 

the image pixels. Pictorial simulation of the tip to sample contact depiction was 

simulated using the geometry of the AFM probe as well. 
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3.6 Device Modeling and IV Parameter Extraction 

3.6.1 Device Model and Band Structure 

A model of two diodes connected back to back is proposed for the nanostructures-

AFM tip system. Figure 3. 3 depicts a schematic structure of the grown Walter 

material, circuit fitting model, and band diagram. The lower work function of 

titanium (Φm= 4.3 eV) was used to reduce the Schottky barrier height between GaN 

(χ= 4.26 eV) and Mo (Φm= 5.53 eV) [30, 37-40]. For Sample Georg, a simpler 

construction was implemented since the GaN nanowires were grown using the same 

base recipe, and the reported work function of ITO fluctuates around the same 

values of Mo and Ti [41]. 

 

 

 

(a) (b) 

 

Figure 3. 3 (a) Energy band diagram at zero bias. (b) GaN/InGaN Junction (top) and proposed 
circuit model (bottom). 
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3.6.2 Parameter Extraction 

Since each junction could be identified on most of the IV curves, analysis of the two 

junctions could be done simply by assuming the applicability of the Shockley diode 

equation using a written MATLAB. Details of the followed procedure are shown in 

the subsequent sections. 

3.6.2.1 Theoretical SBH 

A theoretical value for the Schottky barrier height ΦB is predicted from the 

difference between the metal work function Φm and the electron affinity χs of the 

semiconductor using Equation 3.2. 

𝛷𝐵 =  𝛷𝑚 − 𝜒𝑠 Equation 3.2 

For the Pt-Ir/n-InGaN, Mo/Ti/n-GaN and Pt-Ir/n-GaN metal junctions, the 

respective predicted Schottky barriers were 0.6451 eV, 0.1550 eV and 1.3950 eV. 

3.6.2.2 Diode Model 

As the Schottky barrier height is expected to be modulated by the change in the 

applied force, the effect can be studied by observing changes in the extracted 

saturation current as detailed by the following equations [39]. 

𝐼 = 𝐼0 [𝑒
𝑞𝑉

𝑛𝑘𝑇 − 1] Equation 3.3 (a) 

𝐼0 = 𝑆𝐴∗𝑇2𝑒
−𝑞𝜙𝐵𝐸1

𝑘𝑇  Equation 3.3 (b) 

3.6.2.2.1 Change in SBH 
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For measurements taken at the same bias level, assuming a region where the 

dependence of the Schottky barrier height on the voltage is negligible, 
𝜕𝜙𝑏𝐵𝐸

𝜕𝐹𝑁
≫

𝜕𝜙𝐵𝐸

𝜕𝑉
 

𝐼𝐹,𝑖

𝐼𝐹0
=

𝐼0,𝑖

𝐼0,0
=

𝑆𝐴∗𝑇2𝑒
−𝑞𝜙𝐵𝐸,𝑖

𝑘𝑇

𝑆𝐴∗𝑇2𝑒
−𝑞𝜙𝐵𝐸0

𝑘𝑇

= 𝑒
−𝑞
𝑘𝑇

(𝜙𝐵𝐸,𝑖−𝜙𝐵𝐸0) = 𝑒
−𝑞𝛥𝜙𝐵𝐸

𝑘𝑇  Equation 3.4 (a) 

𝑙𝑛 (
𝐼𝐹𝑖

𝐼𝐹0
) =

−𝑞

𝑘𝑇
𝛥𝜙𝐵𝐸  Equation 3.4 (b) 

𝛥𝜙𝐵𝐸 =
−𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐹𝑖

𝐼𝐹0
) Equation 3.4 (c) 

IF is obtained directly from the measured IVs. The zero-force current is the current 

measured with a background force of 20.75 nN (setpoint of 500 mV). Therefore, the 

change in the barrier height was obtained with respect to the current measured at 

the background force. 

3.6.2.2.2 Series Resistance 

Since the single line approximation showed large deviations for IVs exhibiting 

Schottky diodes characteristics, the series resistance was extracted from a plot of 

the natural log of the derivative of current with respect to the applied voltage as 

shown by Equation 3.5 [42]. 

𝑑𝑉

𝑑𝑙𝑛(𝐼)
=  𝐼𝑟𝑠 +

𝑛𝑘𝑇

𝑞
 Equation 3.5 

 

 



42 
 

3.6.2.2.3 Ideality Factor and the Apparent Schottky Barrier Height 

The ideality factor and the apparent Schottky barrier height were extracted from 

linear fitting the conductive region for the log scaled IV curves obtained at different 

applied normal forces for the top and bottom bias junctions separately. The effective 

Schottky barrier height was extracted from the y-intercept of the IV fitted curve 

while the ideality factor was extracted from the slope. 
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Chapter 4: Pt-Ir/n-InGaN/n-GaN/Ti/Mo Device Characterization 

4.1 Optical Characterization by PL 

Figure 4. 1 shows the PL spectrum for Walter excited with a 325 nm laser and a 15x 

NUV objective lens. Gaussian fitting results revealed two peaks at 367 nm and 547 

nm corresponding to GaN and InGaN. The GaN peak was narrower with a spectral 

width of 20.4 nm compared to 54.6 nm for the n-InGaN one. No other peaks were 

observed at this level of irradiation suggesting the purity of the material. 

Measurements obtained in other locations of the sample showed a higher n-GaN 

peak suggesting variations in the composition of the film across the substrate. The 

InGaN peak reflected an Indium composition of 58.75%. 

 

 

 

Figure 4. 1 The PL spectra for Walter excited with a 325 nm laser reveal two peaks at 367 nm 
and 547 nm corresponding to GaN and InGaN. The UV emission of GaN is stronger than the green 
n-InGaN emission in this location. Indium composition 58.75%. 
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4.2 Morphological Characterization 

Figure 4. 2 shows correspondence between an AFM 3D rendering of the topology of 

the scanned area and the SEM scans. Variations in dimensions were observed and 

corroborated by the two types of scans. The rough peaks observed in the AFM 

topography image were most likely a result of the coalescence of nanowires. There 

was correspondence in the shape and geometry of the shown areas as well. 

Randomly selected nanowires measured a height ranging from 180 nm up to 400 

nm. The diameter of the nanostructures was as small as 60 nm and could go up to 

150 for the nano-ridges formed by the coalescence of nanowires. The top surface of 

the nano-constructions was rather rough, which could be seen in the tilted SEM scan 

and the AFM 3D topography image. The ruggedness could also be inferred from the 

color contrast in the top view SEM image. Roughness analysis revealed that the 

shown AFM image had a total roughness parameter of 35 nm, while the roughness 

parameter for the top surface of the ridge under investigation (circled in dashed red 

in Figure 3) varied from 6 nm to 18 nm. A possible explanation is that the AFM tip 

may be collecting current from more than one nanowire when probing areas where 

nanowires are in a ring formation.  
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4.3 C-AFM Measurements 

A 1µm x 1µm region of the area shown in Figure 4. 2 was scanned again, and the 

results are shown in Figure 4.3. Figure 4. 3 (b) shows a 3D rendering of the scanned 

region with the sensed current signal mapped directly onto it. The scan was 

rendered with a rotation of 150° and a pitch of 30° to present a better visualization 

of the current signal as it relates to the topographical signal. The scan rate with 

which the image was attained was set to a low frequency of 2 Hz (2 lines per 

second) compared to 6 Hz of the initial one in Figure 4. 2. The size of the data map 

was 256 points per line in both the x and y directions. The scanned area had a 

roughness parameter (Rq) of 25 nm, a surface area of 1.221 µm2 and a height range 

of 200 nm as computed by the Roughness Analysis Module in the NanoScope 

(a) (b) 

 

Figure 4. 2 (a) 3 µm x 3 µm 3D rendered AFM scan of the topography of the scanned area of 
Walter rotation and pitch are 45° and 40° from the raw 2D scan. (b) The top image is a 40° tilted 
view while the bottom is a top view of the image. 
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Analysis 2.0 program. The figure also shows the deconvolution of the rendered scan 

into morphology and current peaks in Figure 4. 3 (c) and Figure 4. 3 (a), 

respectively. The current maps show the sidewall conductivity nature of the sample 

at the probed location. 

 

AFM scans of the region dashed in red in Figure 4. 3 were taken over different bias 

and force points in order to confirm the stability of the contact and measurements. 

The results are depicted in Figure 4. 4. The computed conductivity coverages are 

listed in Table 4. 1. At the bias level of -4 V, a coverage of 14.62% was obtained 

while at 4 V, only 0.23% was computed. The drastic drop in coverage suggests 

asymmetry in the junction. Raising the bias from 4 V to 6 V improved the detected 

current signal originating from the InGaN diodes only slightly to 0.4%. Increasing 

(a) (b) (c) 

 

Figure 4. 3 (a) A 1µm x 1µm map of sensed current peaks projected out of a 2D height map. (b) A 
convolution of the height and current maps (c) 3D rendering of the scanned region. (a) is rotated 
by 180 with respect to (b) and (c) to focus on the probed nanowires. The dashed red circles mark 
the nanostructure of interest in all three pictures for easy navigation and correlation of the 
pictures. 
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the applied force from the background level to 124.5 nN significantly improved the 

coverage as more current was sensed. 

 

Table 4. 1 
Computed Effective Current Coverage of the Scans 

Normal Force (nN) Sample Bias (V) Effective Conductive Area Coverage 
124.50 -4 20.43% 
20.75 14.62% 

4 0.23% 
6 0.44% 

124.50 9.88% 

 

As seen by the maps, by increasing the force, the current patches were enlarged. A 

logical possibility is that the enlargement is a result of an increased contact area of 

the junction of the AFM tip and InGaN surface. Hence, more current is collected for 

the InGaN diode interface formed at the AFM tip interface. Evident deformation 

could be easily observed in the compression and slight shift of the nanostructure 

features. A closer look suggests that conductivity occurred as patches on the surface 

(a) 
-4 V, 20.75 nN 

(b) 
-4 V, 124.5 nN 

(c) 
6 V, 20.75 nN 

(d) 
6 V, 124.5 nN 

 

Figure 4. 4 500nm x 500 nm AFM rendered scans of the spot marked by a dashed red circle in 
Figure 4. 3 



48 
 

of the nanowires rather than a continuous sheet of current. In Figure 4. 3 (a), it is 

observed that the locations where nanowires occurred on the surface were 

completely clear of any current signals. The discontinuity in the patches in Figure 4. 

3 (b) suggests a spatial dependence of conductivity even for the same nanowire. 

Sidewall conduction is also evident. The lack of current signal between two adjacent 

nanowires may be due to one of two possibilities. The first possibility is that due to 

the topographical variation in the geometry of the surface and the tip, the AFM tip 

could not reach the bottom. The other possibility is that the metal coating on the 

apex of the tip was worn out. Even though the latter possibility is very reasonable to 

consider, these measurements were conducted with a fresh tip. Therefore, it is less 

likely that it was worn out. Inspecting the tip in SEM did not show signs of 

significant degradation either. Nonetheless, the close up scans of the nanowire 

under inspection in Figure 4. 4 showed current patches on the top of the nanowire, 

which could be because this image was taken at a slower scan rate than the initial 

large scan area. It may also be due to the reduction in the size of the scan and, 

therefore, improved resolution. It should also be noted that no IVs could be 

measured near the center of nanostructures or in the empty regions between 

nanowires, which is consistent with what is observed in Figure 4. 3. 

4.4 Force Analysis 

To ensure that stability of the AFM tip and ensure that the force applied to the 

nanowires was mostly normal to the surface, the mapped friction and deflection 

error were analyzed. The AFM scans were extracted during retrace, which means 
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the scan direction was right to left. With that in mind, the friction signal at each line 

could be interpreted accordingly.  

Accordance with the LFM basics description in the Dimension Icon Manual, when 

the tip is deflected due to a positive height difference, the registered friction signal is 

positive. By the same token, the registered friction signal is negative when the tip is 

deflected due to a negative height difference. Additionally, when scanning areas of 

different frictional coefficients, the AFM tip bends to the left, registering a negative 

signal.  

The scans in Figure 4. 4 (a-b) were analyzed in MATLAB. The two forces were 

abstracted to their original units of Volts so that a total force could be computed so 

that the force field in Figure 4. 5 (a-b) was generated. The background image is a top 

view of Figure 4. 4 (a-b). The length of the vector was scaled according to the 

relative magnitude of the force from which the arrow stems. The direction of the 

arrow indicates the vertical deflection corrected by the deflection error signal and 

the lateral deflection of the tip obtained from the friction map. The arrows all point 

down, indicating that the force was mostly normal to the surface of the nanowires. 

Small lateral deflection is observed at the rising edges of the nano-ridges, as 

indicated by the arrows refracting to the right. The area where the IVs were 

collected showed minor lateral deflection indicating the smooth interaction 

between the tip and the sample.  

From the vector field visualization, it can be concluded that no bending was 

experienced by the nano-ridges within 20 .75 nN to 125.5 nN, as the lateral 
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deflection is faint in comparison to the vertical deflection. Therefore, the force can 

be assumed to be purely normal to the surface of the nanowires.  

 

The gradient was numerically computed, and the related vector field is shown in 

Figure 4. 5 (c-d). The fainting arrows around the area in dashed purple indicate that 

(a) (b) 

 
(c) (d) 

 

Figure 4. 5 (a-b) Vector fields of the unrotated top view rendered scans in Figure 4. 4 (a-b). (c-d) 
The gradient vectors of (a-b) respectively. The up-down arrow direction correlates with the 
normal to the nanowire surface. The left to right arrow directions indicates lateral deflection of 
the AFM tip to the left and right along the scan direction. The area marked by the dashed purple 
circle is inclusive of the spots where the IV investigation is carried out. The sampling rate for 
arrows was reduced to minimize clutter. 
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the normal and torsional forces of interaction were spatially constant at the two 

different measured forces. The torsional force is related to the normal force. Further 

calibration is required to represent the friction force in units of nN, but this goes 

beyond the required analysis since the torsional force can be neglected due to their 

comparatively lower magnitude.  

Contour lines of the combined vertical and torsional force were plotted for a 

sampled set of iso values and are shown in Figure 4. 6 (a), where the color bar 

shows the summation of the combined friction and deflection vectors. Contours 

were mapped for the same datasets in Figure 4. 5. The contour line helps with 

visualizing areas that share a common force value. 

 

 

(a) (b) 

 

 
Figure 4. 6 (a) A contour map for the combined friction and deflection for the nano-ridges under 
IV investigation. (b) The location probed for IV measurements are shown. Yellow and red flag 
non- and partially responsive spots, respectively. Cyan, blue and black flag the spots 1, 2, and 3 
respectively. The arrow shows the size of the scan, which applies to both panels. 

500 nm

200 nm

Spot 3

Spot 2

Spot 1

Unstable

No IV
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4.5 IV Analysis 

4.5.1 Probing Location 

Current-Voltage measurements were obtained at varied applied compressive force 

ranging from 20.75 nN up to 186.75 nN at three adjacent spots on the same Walter 

nano-ridge as illustrated in the top view height sensor AFM scan shown in Figure 4. 

6 (b). A large number of spots in varied locations were probed. The yellow 

indicators in Figure 4. 6 are spots that produced no IV response at all, even though 

they showed high conductivity in the current maps in Figure 4. 4. The sidewalls 

were also probed and produced no current during the bias sweep, suggesting that 

the condition of the surface at the yellow spots might not have been ideal in terms of 

top-down AFM tip interaction. The sampled contour lines in Figure 4. 6 (a) show 

that the yellow spots surrounding the bottom nano-ridge are correlated with 

contours of low deflection and friction, suggesting that improper contact might have 

been the reason behind the lack of IV response at the majority of the yellow spots. 

Regions between nanostructures were purposely probed and produced no IV 

response, eliminating error caused by an electrical short. The red indicators show 

places on the top nano-ridge where the IV measurements could be obtained, but full 

range force analysis was not attainable due to the instability of the measured IV.  

Spots, 1, 2, and 3 are indicated by cyan, blue and black respectively and were 

measured in that order. 

Spots 1 and 2 were approximately 10 nm apart from each other while 20 nm away 

from Spot 3. Striking variations between the three spots were observed. The 
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evaluation was done on three different spots to account for and show variations 

caused by any possible surface energy state, morphology, thermal drift, and/or 

hysteresis, which may compromise the stability of the measurements at the Pt-

Ir/InGaN junction. Throughout the whole experiment, the same platinum-iridium 

coated AFM tip was used and was kept at ground bias level. The Mo substrate was 

biased with respect to the tip. 

4.5.2 Qualitative analysis 

IV curves obtained at Spots 1, 2, and 3 are shown respectively in Figure 4. 7 (a), (d) 

and (g). The respective logarithmic plots are shown in Figure 4. 7 (b), (e), and (i). 

Each IV is the result of averaging three consecutive measurements. 

First, at a relatively large negative bias, the current was conducted in the forward 

direction of the Pt-Ir/n-InGaN junction. This junction was activated at all force levels 

in all three spots. Clear rectification was observed at negative bias levels at low 

compressive strain while ohmic-like behavior was seen at the high compressive 

strain. At relatively sizeable positive bias levels, the current was conducted in the 

forward direction of the Mo/TiN/n-GaN. The junction was suppressed at low 

compressive strains and was activated at high compressive strains when it directly 

switched from rectifying to linear conduction. After the application of 83 nN, 103.75 

nN and 166 nN at Spots 1, 2, and 3 respectively, excellent linearity in the curves was 

observed. At these threshold values, the two junctions were well-tuned and formed 

an ideal MSM junction. Simulations of metal sandwiched single SnO2 nanowire 

showed such IV characteristics are achieved when the barrier heights at the two 



54 
 

Schottky junctions are equal, and the ideality factor for the combined junction is 

1[33]. Since Pt-Ir/n-InGaN and Mo/Ti/n-GaN have dissimilar barrier heights, a 

possible explanation is that force modulation by AFM tip resulted in the reduction of 

the Pt-Ir/n-InGaN SBH and increase in the Mo/TiN/n-GaN SBH.  Below the threshold 

force, Modulation of the Pt-Ir/n-InGaN Schottky barrier by force was conspicuous in 

all three spots. This dependence on force is described as the formation of SBH by 

Pérez-García et al. in [4] and is correlated with the enhanced contact radius with 

increased loading force. The results from [4] show that beyond a loading force 

threshold value, the device behaves according to the thermionic emission theory. 

This effect is readily observed for nano-Schottky contacted semiconductors and is 

attributed to the unpinning of the Fermi energy at the surface. Variations from one 

spot to another can be related to the spatial dependence of conductivity as observed 

by the discontinuous sensed current patches. A transition to non-ideal MSM junction 

was observed when the force was increased beyond the threshold at Spot 1, which 

was expected due to the assumed modulation of barrier height. 

The measurements at Spot 1, as shown in Figure 4. 7 (a), revealed the lack of 

symmetry between the two junctions. While the IV curves showing rectification in 

the negative bias regime exhibited crisp turn-on at reverse voltages ranging 

between 0.7 V to 2 V, their positive bias counterparts exhibited flat turn-on around 

1 V as modulated by the vertical deflection of the AFM tip below 83 nN. It was 

observed that, of the different applied forces, the positive diode only turned on at 

two values. The interpretation of a single diode behavior could be deceivingly 
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reasonable. Nonetheless, closer inspection of the log curves in panel (b) revealed a 

hesitant turn-on or an onset of turn-on for one of the curves undergoing a normal 

force of 72 nN, which is consistent with the results reported by Pérez-García et al. 

[4].  

Inspection of Figure 4. 7 (e) revealed that almost all the IVs exhibited a Schottky 

barrier inferred from the trimmed tail for the IVs measured at the lower end of the 

force ramp. The IVs at this spot were purposefully measured around the seeming 

threshold of the barrier convergence towards Ohmic and in the reverse force ramp 

direction for Spot 1 to account for the hysteresis effect. Both the focusing and 

direction reversal provided evidence of the gradual transition of the contact. The 

measurements at this spot showed that the turn-on voltage was found within the 

range of 0.5 V to 2.5 V for the junction activated at the negative bias and 0.5 V to 5.5 

V for its positive counterpart. Therefore, we stipulate that the junction was well 

activated, dynamically tunable, and highly localized as the readjustment of the AFM 

tip showed more stable IVs. The inactivity of the junction at the previous spot was 

highly likely due to a delay in the nano-Schottky contact formation.  

At Spot 3, higher deflection forces were applied. The top junction formed at the 

platinum tip-nanowire interface became completely inactive at force levels that 

activated the junctions in the previous two spots. As puzzling as this behavior may 

seem initially, it revealed the high spatial dependence of the measurements. The 

tails appearing in the log scaled IVs in Figure 4. 7 (h) suggest a belated activation 

and larger SBH values.  
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(a)  (b) (c) 

    

(d)  (e) (f) 

  

(g)  (h) (i) 

   

Figure 4. 7 IVs on linear and log scales and corresponding legends measured at different spots 
under different applied forces as indicated by the legend. (a–d), (d-f) and (g-i) belong to spot 1, 
spot 2 and spot 3 respectively. 
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4.5.3 Junction Area Estimation 

In the characterization of a metal-semiconductor junction, the size of the area has a 

significant effect on the parameters extracted from the current-voltage curve. The 

area associated with the Mo/Ti/n-GaN junction is dependent on the contact area 

between the nanowire and the substrate while that of the Pt-Ir/n-InGaN is a 

convolution of the contact area between the AFM tip and the nanowire. The bottom 

contact area was extracted using the NanoScope Analysis particle analyzer as 

36552.430 nm². Figure 4. 8 shows the highlighted area. For the bottom junction, the 

AFM tip radius of 25 nm was used to compute the junction area. This assumption is 

most likely an overestimation and can be improved in case of critical deviation by 

either simulation of the mechanics of interaction or electrical contact simulation. 

 

 

 

 

 

Figure 4. 8 Cross sectional area of the nano-ridge calculated by NanoScope Analysis of the 
highlighted region is 36552.430 nm². 
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4.5.4 Device Parameter Extraction 

4.5.4.1 Resistor Model 

The IVs at Spot 1 exhibiting ohmic-like characteristics were first linearly fitted to 

extract the resistance.  Figure 4. 9 (a) summarizes the results from the single line 

resistor fitting showing a rising trend in the linear resistance. Three-line-segment 

fitting was then carried out, and the results are shown in Appendix A. Great linearity 

was observed within the range of 80 nN to 103 nN, which was reflected by the 

constant extracted resistance.  

 

4.5.4.2 Diode Model 

Because a greater number of IVs were measured at Spot 1, the series resistance was 

extracted for this location. Otherwise, the results of the remaining diode parameters 

are shown for Spot 2.  

 

(a) (b)  

 

Figure 4. 9 (a) Resistance from single line approximation of the ohmic like curves in Spot 1 of the 
Walter nanowire (b) Series resistance trendline fitting: (Left) [0.0318 MΩ,-1.42Mohms], (right) 
[0.073 MΩ/nN,-0.520 MΩ] 
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4.5.4.2.1 Series Resistance 

The extracted results are summarized in Figure 4. 9 (b). Upon an initial force 

increase from the background level, the resistance decreased significantly, which 

may be better explained by the enlargement of the contact area at higher forces 

resulting in increased current flow through the junction. The ensuing increase prior 

to switching to ideal MSM behavior may be a combined effect of the Schottky barrier 

modulation and piezoresistance effect. The latter increase at further increased force 

agrees with the single line resistor approximation.  

Overall, the series resistance seems to be trending around 0.5 MΩ, which is 

considered low relative to the limited current injection (0.5 µA) in nanowires. 

Therefore, the Irs (0.25 V) drop associated with it may be neglected for analysis at 

low current injection. 

4.5.4.2.2 Ideality Factor 

The ideality factor for the Pt-Ir/n-InGaN junction is centered around 3.5 and 15 for 

the Mo/TiN/n-GaN. The results showed a non-linear dependence on force. Both 

junctions showed an ideality factor approaching one near the threshold force, as 

depicted by Figure 4. 10 (a-b). Deviation from unity is not unexpected for III-Nitride. 

In addition, strikingly similar trends with applied force are reported for Pt/ZnO [4].  



60 
 

 

4.5.4.2.3 Effective Schottky Barrier Height 

The effective Schottky barrier height (SBH) was extracted from the y-intercept of 

the IV fitted curve. A clear and sharp reduction upon junction stability was observed 

for both the negative and positive junctions, as shown by Figure 4. 10 (c-d). The 

effective barrier height of the negative bias activated junction initially measured 

(a) (b) 

 

(c) (d) 

 

Figure 4. 10 Extracted ideality factor and effective SBH and marginal change in SBH dependence 
on bias at Spot 2 of the Walter NW. The left plots are for the negative bias activated diode while 
the right ones are for the positive bias activated diode. 
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0.883 eV, and it linearly reduced to a minimum of 0.216 eV, which is lower than the 

electron affinity model prediction of 0.645 eV. The effective barrier height of the 

positive bias activated junction was initially extracted as 0.363 eV and further 

reduced to a minimum of 0.246 eV, which is higher than the electron affinity model 

prediction of 0.155 eV.   

4.5.4.2.4 Change in Effective Schottky Barrier Height 

Since the extracted SBH reflects changes due to strain, the change in the effective 

SBH and the velocity of change with respect to the applied force were evaluated in 

Figure 4. 11. The change in SBH was evaluated at a sample to tip bias of -0.7 V and 

0.7 V for the InGaN and GaN MS junctions, respectively. A reduction of 

approximately 80 meV coincides with the transition to the ideal MSM characteristics 

for both diodes. The velocity of the change in SBH of the GaN MS junction showed a 

clear decreasing trend coinciding with the evolution towards ideality, as shown in 

Figure 4. 11 (c). No noticeable trend could be observed in Figure 4. 11 (d). 
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(a) (b) 

  

(d) (e) 

  

Figure 4. 11 (a-b) are the change in SBH for the Pt-Ir/n-InGaN and Mo/Ti/n-GaN Schottky 
contact evaluated at |0.7| V at Spot 2 while (c-d) are their velocity of change evaluated at many 
bias levels. VSB is the sample bias with respect to the tip. The arrows show local trends in (c) and 
global trend in (d). 
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5.6 Chapter Remarks 

 The Walter nanowires showed normal contact force-dependent current 

transport characteristics. 

 The variability is correlated with Schottky barrier height modulation. 

 A stable formed Schottky contact with InGaN/GaN heterostructure was tuned 

to ideal MSM junction with the increase in compressive force. 

 Giving a sharp reduction of 80 meV at ±0.7 V, the device could be used as a 

phototransistor or strain sensor. 

 The high sensitivity to strain suggests the device could be used as a 

nanogenerator. 

 

  



64 
 

Chapter 5: Characterization of n-GaN NWs on ITO 

5.1 Optical Characterization by PL 

The process parameters were optimized to target a wavelength of 325 nm. PL 

measurements of the sample showed that the grown n-GaN nanowires exhibited an 

emission peak of 363 nm while the ITO had a broad peak emission in the lower end 

of the visible spectrum, as shown in Figure 5. 1[43]. The transparency of the film can 

be seen from the photo taken of a cut semi-wafer of the grown film in Figure 3. 1(b) 

[43]. 

 

5.2 Morphology Characterization by SEM 

The SEM scans in Figure 5. 2 from [43] show that the height of the grown nanowires 

was approximately 300 nm, while the diameter had a mean value of 76 nm. Despite 

the high density of the grown film, coalescence did not seem to be a dominant 

(a) (b) 

 

Figure 5. 1 PL for (a) ITO, (b) n-GaN NWs/ ITO sample. [Courtesy of Dr. Jungwook Min] 
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problem as many of the nanowires still stood segregated. ITO islands could be seen 

in Figure 5. 2 (b) directly below the NW film. 

 

5.3 C-AFM Characterization 

The sample was cleaned in IPA and acetone and blow-dried with N2. A fresh Bruker 

CONTV-PT tip was used to probe the top part of the nanowires.  

5.3.1 The Force Dependence (T = RT “22 °C”, SP: Varied) 

Figure 5. 3 (a-b) show a 3D rendering of the heightmap and visualization of the 

current sheet mapped onto it, respectively. From the rendering of the current map, 

it can be easily seen that most nanowires were either conductive or not suggesting 

that at a bias of -1 V, the nano Schottky contact was well activated in these areas. 

(a) 

 
(b) 

 
Figure 5. 2 (a) and (b) Top and cross section view SEM scans [Courtesy of Dr. Jungwook Min] 
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Unlike the Walter samples, the sensed current signal was well distributed all over 

the tip of the conducting nanowires. 

Since the average diameter of the nanowires under investigation was very 

comparable to that of the AFM tip, the height sensor signal was closely monitored 

throughout the IV measurement. Unstable IVs with floating ends or scattered data 

points were associated with high deflection error and were filtered out due to the 

unreliability of the setpoint. IVs not suffering from such issues are plotted in Figure 

5. 3 (c-d) in linear and log scale, respectively.  

The force was incremented from the background setpoint of 1 V to 2 V. Great 

linearity was shown between the force applied by the AFM tip and the measured 

current whereby the current reduces with increased normal force. Such is widely 

observed for [44] and [45] nanowires and is attributed to the piezotronic effect. 

To confirm the role of the piezotronic effect, the change in SBH was plotted at two 

different sample bias levels, as shown in Figure 5. 3 (e-f). In both cases of negative (-

0.53 V) and positive (2.63 V) biases, the positive change in SBH was observed, 

indicating an increase in the barrier height at both junctions of n-GaN with Pt-Ir and 

ITO owing to the modulation of piezopotential. Furthermore, the effective barrier 

height was extracted from the linear region of the logarithmic IV at 0 V of normal 

force applied by the AFM tip. The area was approximated from the AFM tip nominal 

radius and average diameter of the nanowires for the negative and positive bias 

activated diodes, respectively. The effective SBH extracted from the first negative 

and positive linear regions of the yellow IV curve shown in Figure 5. 3 (a-b) and 
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were evaluated to be 0.52 eV and 0.38 eV for the Pt-Ir/n-GaN and ITO/n-GaN, 

respectively. While the former effective SBH was much lower than the one predicted 

by the Electron Affinity Model (1.395 eV), the latter effective SBH was too high to be 

ohmic. Three explanations are possible. The first is that the piezotronic effect 

increased the barrier height. The second is that the MSM junction was still in 

formation, and the third is that interface states caused the deviation.  While force 

modulation produces consistent trends, no sharp transition was observed, as in the 

case of the Walter sample. Therefore, the temperature-dependent study of the 

carrier transport was introduced to help study the conditions needed for the 

formation of an ideal MSM junction.   

5.3.2  Qualitative AFM Investigation the Temperature Dependence 

(T = Varied, SP = 0.5 V) 

1.5 μm × 1.5 μm AFM scans were obtained in conductive AFM mode, where both 

the topography and current signals were simultaneously recorded. The vertical 

deflection was set to 0.5 V while the temperature was varied from 25 °C, 45 °C, 60 °C 

to 75 °C and the sample bias was swept in increments of 100 mV. A representative 

set of scans of the 3D rendered convolution of the height and current maps is 

depicted in Figure 5. 4. Current leakage was suppressed at 0 V except at T = 45 °C, 

where faint leakage current could be seen. Current direction reversal was deduced 

from the change in the sign of measured current, suggesting the activation and 

deactivation of the different diodes in the MSM structure. The current signal at both 

ends of the biasing regimes fainted with the increase of temperature. 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
Figure 5. 3 (a) 2 µm × 2 µm 3D rendered AFM heightmap and (b) current mapped onto the 
heightmap (c-d) The IV curves on a linear and log scales, (e-f) The SBH at sample biases -0.56 V 
and 2.63 V showing linear dependence on the applied force. 
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Figure 5. 4 3D rendered current maps at: 25 °C, 45 °C, 60 °C, and 75 °C from the top down. The 
height was scaled from -150 nm to 150 nm. 
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5.3.3 Coupling the Dependence of Force and Temperature 

The temperature was varied from 120 °C down to 27 °C in steps of 15 °C. At each 

temperature, the force applied normal to the surface of the nanowire was also swept 

from 0.5 V to 1 V in increments of 0.25 V. At each temperature and setpoint 

combination, the voltage was swept from -5 V to 6 V, and the current was measured 

to obtain the IV curves. 

The current sensitivity was set to 1 nA/V rendering the maximum measured current 

magnitude to ±12.28763 nA. The lower end of the bias was increased from the 

previous experiment to ensure the negative bias region captured the IV curves as a 

whole, and the current sensitivity was increased slightly to minimize errors due to 

quick saturation. To ensure the stability and reliability of the measurements, more 

than one IV curve was measured at each temperature and force value. The obtained 

curves were cross-referenced with the height sensor log during the bias sweep to 

exclude the ones showing large fluctuations from the set points or ones with 

significant deflection errors. The filtered results are shown in Figure 5. 5 (a-b). 
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5.3.3.1 Qualitative Analysis 

The negative junction showed more Schottky-like characteristics at T = 27 °C→ 45 

°C but maintained ohmic characteristics at higher temperatures. At T= 60 °C → 75 

°C, the slow emergence of a soft Schottky contact at the positive side was observed. 

At the 90 °C negative bias end, the curve showed perfect ohmic features, as shown 

by the strong linearity. As the force increased, the curves were slightly modulated 

while a Schottky barrier developed in the positive bias region and was strongly 

affected by the increase in force. A piezotronic like behavior and a switch from 

(a) (b) 

 
(c) (d) 

 
Figure 5. 5 (a) IVs at a temperature range of 27 °C to 120 °C and different normal forces. (b) on 
log scale. The legend in (b) applies to (a) as well. (c) fitted negative junction. The positive MS 
junction shows clear ohmic behavior. (d) the extracted apparent SBH from linear fitting the log 
scaled curves for the negative bias activated junction.  
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Ohmic to Schottky were observed. The effect of force dominated that of the 

temperature at this level. At T = 105 °C → 120 °C, Ohmic behavior across the region 

and more convergence towards ideal MSM behavior with the increase of applied 

force were observed. 

5.3.3.2 Quantitative Analysis 

Figure 5. 5 (d) shows the extracted apparent SBH with a strong dependence on 

temperature, and the response to force seems to be well captured by the downshift 

of data point circle position except at T = 45 °C. The deviation may be explained by 

the prevalence of the piezotronic effect raising the SBH. The deviation at RT was 

most likely an error in the measurement as the height sensor data was fluctuating. 

To study the evolution of the ideal MSM junction, the “ON” conductance of the device 

was extracted as the slope of the fitted line for the IVs shown in Figure 5. 5. The 

extracted conductance values for the different deflection forces and temperatures 

are plotted in Figure 5. 6 (a-b) for the negative and positive bias regions. Aside from 

the values at RT, the conductance of the device increased with the increase in 

temperature. The effect of force did not exhibit a linear trend but showed variations 

with applied force. Inspection of the logged height sensor data during the room 

temperature sweep showed fluctuation and instability in the measured values. That 

may be due to thermally induced shrinking as the temperature reduced to room 

temperature leading to the AFM tip not making good contact with the surface of the 

nanowire. While the conductance was increasing at both ends of the bias regime, the 
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values obtained were close in magnitude in the mid-temperature region [4 nS] and 

approached 10 nS at higher temperatures. 

The obtained values in the mid to high-temperature region between 60 °C and 120 

°C were fitted according to Equation 5.1 and the conductance at 0 °C was extracted 

along with the effective shallow donor activation energy.  

𝐺(𝑇) =  𝐺0𝑒
−

𝐸𝐷
𝑘𝐵𝑇 Equation 5.1 

The fitting is shown in Figure 5. 6 (c-d). The extracted values 

are tabulated in Table 5. 1 
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Table 5. 1 
Extracted 0 K and shallow donor activation energies of silicon in GaN conductance 

for 60 °C ≤T ≤120 °C at three different AFM tip normal deflection forces by the 
separate consideration of each junction. 

FN (mV) G0N (mS) EDN (meV) G0P (mS) EDP (meV) 
500 0.193468 378.6043 0.801728 339.6808 
750 0.020917 350.4889 0.325318 269.5977 

1000 0.096579 435.744 5.374483 316.9539 

To shed more light on the process and consider possible fluctuations and account 

for error, all ideal and non-idea all were analyzed for ON resistance extraction. The 

ON resistance, given by the inverse of the slope of the linear fitting line, was 

extracted in the same manner as the ON conductance was. The results are plotted 

(a) (b) 

      
(c) (d) 

 
Figure 5. 6 The conductance extracted from linear fitting of the IVs in Figure 5. 5 for the negative 
bias activated diode (a) and the positive bias activated diode (b). Natural log vs thermal voltage 
showing a linear trend.   
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for both junctions in Figure 5. 7 (a-b). A systematic and algorithmic way to detect 

the emergence of the ohmic contact is to observe the convergence of the two 

resistances into the margins of a single value, which seemed to occur around 

temperatures greater than 90 °C, whereby both resistances approached 200 MΩ. 

The resistance, and thus current conduction through the nanowires, gained strong 

independence of the applied force modulation beyond 100 °C. As the three setpoint 

lines converged, error bars seemed to collapse and the resistance curves flattened 

out and reduced down to room temperature resistance, which was around 100 MΩ. 

A similar pattern was observed for n-type ZnO devices investigated in a study by Hu 

et al. [46]. The dependence on temperature can be explained by the current 

dependence on the voltage drop across a diode normalized by the thermal voltage, 

as shown by the diode current equation. Moreover, thermal expansion may have led 

to dilation of the contact radius and, thus, the junction area, leading to an increase in 

the possibility of carriers overcoming the barrier. The force dependence can be 

better explained by investigating the positive bias junction since it transformed into 

ohmic at a slower temperature rate in the range of room temperature and 120 °C. A 

plausible explanation is the electron screening of the positive end of the polarization 

field [46]. The increase in force leads to an increase in both contact resistances. The 

initial increase in resistance provides a reasonable explanation for the fainting of 

sensed current that was observed in the qualitative study of the temperature 

dependence of conduction in the nanowire as summarized by Figure 5. 4. 
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(a) (b) 

 
Figure 5. 7 The contact resistance for the negative (a) and positive (b) activated diodes at 
different temperatures and setpoints. 
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Chapter 6: Conclusion 

6.1 Summary 

In this work, tuning of the barrier height at the junction of nano-Schottky contacted 

Pt-Ir/n-InGaN/n-GaN/TiN/Mo and Pt-Ir/n-GaN/ITO MBE grown nanowires is 

demonstrated by c-AFM. A sharp MSM junction enhancement was observed at 

normal forces greater than a threshold value for the NWs on Mo. Re-emergence of 

one-sided soft Schottky characteristics was observed at higher applied forces. A 

similar reduction in the barrier height was observed for the NWs on ITO, and the 

evolution of an ideal MSM junction was captured at temperatures beyond 100 °C. 

The non-linear effect of normal force tuning was captured at different temperatures. 

c-AFM studies of nanocontacts are proven to be a powerful tool for tuning of carrier 

transport in nanostructures for strain engineering nanomaterials. 

6.2 Future Outlook 

The Walter sample showed promising results despite the lack of surface treatment. 

Previous surface treatment projects have been done for samples grown in our lab, 

and promising results were achieved with KOH treatment of AlGaN nanowires [47]. 

Studying the effect of surface treatment may shed light on the significant spatial 

dependence of current transport in the sample. The assumption that holds is that 

indium has reshaped the surface since Sample Walter showed some intricate 

geometry on its top surface while Sample Georg did not. The effect of 

inhomogeneous In incorporation and the dependencies can be further investigated 

utilizing STEM or PL-AFM. Additionally, the effect of the interface between n-InGaN 
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and n-GaN was not fully addressed in this study. The effect of the polarization field 

induced by the heterostructure design can be simulated, and full band diagram 

analysis can be carried out. Finally, the formation of nano Schottky contact can be 

exploited by fabricating and testing a force/pressure sensor based on Sample 

Walter. Judging from the sharp switch, a UV phototransistor can be fabricated and 

characterized by targeting a strain level or targeting a contact radius, as shown by 

Lord et al. [27]. Such can be achieved when depositing the top metal contact layer.  

For Sample Georg, linear tuning of the barrier height was demonstrated even in the 

presence of temperatures in two different regions. IV measurements at lower 

cryogenic temperatures will need to be obtained before an educated conclusion can 

be drawn. In addition, the applied force was limited to relatively small values at 

which the force was not assumed to be the primary cause of the ideal MSM current-

voltage relationship. The effect of increased compressive strain may be further 

studied by coupled force-temperature AFM characterization to expose whether the 

evolution to an ideal MSM junction is entirely linear with temperature. 
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APPENDICES 

Appendix A: Resistor Modeling of the Junction 

 

  

(a) (b) (c) 

     
(d) (e) (f) 
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Figure A 1 Modeling of the IVs with low SBH as resistors 
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Appendix B: Fitting Results of Spot 1 of Sample Walter 

 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
Figure B 1 Extracted ideality factor, effective SBH and marginal change in SBH dependence on 
bias at Spot 1 of the Walter NW. The left plots are for the negative bias activated diode while the 
right ones are for the positive bias activated diode. 


