
 

 

ABSTRACT 
 

PREBLE, EDWARD ALFRED. Structural and Microstructural Characterization of III-
Nitrides on 6H-SiC (0001) Substrates. (Under the direction of Robert F. Davis) 
 

Characterization of nitride films on 6H-SiC (0001) wafers via x-ray, TEM, and 

AFM was accomplished on standard GaN thin films with AlN or AlGaN buffer layers. 

TEM sample thinning capability was improved through the use of Nomarski in an optical 

microscope to gauge the thickness of the sample during preparation. TEM analysis was 

then completed of Au and Pt films deposited on chemical vapor cleaned GaN with 

annealed up to 800°C. Chemical reactions were detected in x-ray measurements of the 

800°C Pt samples and GaN/metal interface roughening were confirmed by TEM images 

in both metals. Interface roughening is attributed to the chemical reactions and interfacial 

stresses greater than the yield stress of the metal created during heat treatments by the 

difference in the thermal expansion coefficients of the GaN and the metals. 

 The GaN rocking curves were found to track very closely to the values of the 

underlying substrate and changes in buffer layer growth temperatures were found to 

change the screw and edge dislocation populations of subsequent GaN layers. GaN 

grown on 1030°C AlN buffer layers showed the lowest edge dislocation populations 

when compared against buffers grown in the range of 1010-1220°C, even though the 

1220°C AlN was much smoother. AlGaN buffer layers provided more edge dislocation 

reduction, with a 1090°C Al0.2Ga0.8N layer yielding the best GaN rocking curve values 

found in this work. 



 

 

 GaN films with AlN buffer layers grown on hydrogen etched SiC substrates did 

not show rocking curve improvement when compared against samples with unetched 

substrates. The AlN layers showed extremely narrow, substrate limited, on-axis rocking 

curve values, but it is not clear as to whether additional defects are present that may 

broaden the off-axis rocking curves, causing the poorer results seen in the GaN films. 

 Reciprocal space maps of uncoalesced, maskless pendeo epitaxy samples revealed 

that the wing regions are shielded from poor substrate material when compared against 

the seed material. The wing regions also have lower strain and rocking curve widths than 

the corresponding seed material. 
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1. INTRODUCTION 
 
1.1 GaN Background 
 

Gallium nitride, a semiconductor with a direct bandgap of 3.4eV, has considerable 

realized and future potential for optoelectronic and microelectronic applications. It is 

currently used in the manufacture of blue and green light-emitting diodes and blue 

emitting laser diodes. Considerable research is being conducted to achieve improved high 

frequency and/or microelectronic devices based on GaN due to its thermal stability and 

large direct energy gap.[1-3] Metallorganic vapor phase epitaxy (MOVPE) and molecular 

beam epitaxy (MBE) are the primary methods for the epitaxial growth of GaN device 

structures on sapphire and silicon carbide based substrates. The use of foreign substrates, 

which are not closely matched to GaN in terms of atom-atom separation and coefficients 

of thermal expansion, results in the introduction of residual stresses into the growing 

films. These stresses are subsequently and partially relieved by the formation of misfit 

and threading dislocations with a density of 108-1010 cm-2,[4-7] that lead to deterioration 

in the electrical and optical character of devices produced using the III-nitrides.[8-11] 

Reduction of the defect populations in thin films of GaN and the related nitrides is 

an ongoing focus of numerous investigators.[12-16] The substrate plays a determining 

role regarding the types and densities of the defects that occur within the films grown 

upon it. The substrate of choice on which to grow the III-Nitride films for the research of 

this thesis was 6H-SiC(0001). At the outset it was surmised that improvements in the 

surface microstructure of this substrate would likely reduce the defect population within 

and improve the physical characteristics of the subsequently grown films. One of the 

recent efforts by several groups [17-19] to achieve this goal in this substrate has been via 
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hydrogen etching. This approach removes polishing scratches and subsurface damage as 

well as produces atomically flat terraces that are typically several thousand angstroms 

wide and separated by unit cell high steps. This etched surface is seen as advantageous 

for the sequential heteroepitaxial growth of AlN buffer layers and GaN films, because the 

step height of the 6H-SiC allows the nucleation and growth of the 2H polytype of these 

nitrides without the formation of stacking mismatch boundaries normally caused by the 

misregistry in the atomic stacking of two adjacent crystal structures.[20] We have both 

capitalized and built upon this knowledge base regarding etching and growth on the 

etched SiC(0001) surface with the development and employment of our own SiC etching 

capabilities, the characterization of the substrates before and after etching and the 

determination of the character of the AlN and GaN films grown on these substrates. 

Unfortunately, 6H-SiC boules are created through a process that yields crystals 

containing subgrains of the cubic 3C polytype, numerous filled and open screw 

dislocations and micropipes, and also low-angle subdomain boundaries in the 6H 

polytype structure. These imperfections propagate into the III-Nitride epitaxial films 

grown on the surface and affect the structural and microstructural character as well as the 

physical properties of these films to the extent that the substrate variability cannot be 

ignored. Indeed, substrate variability causes changes in the x-ray rocking curves of the 

nitride films that are sufficiently large to hide changes of the film properties due to 

differences in thickness or buffer layer parameters. 

The present research has employed sophisticated X-ray rocking curve 

determinations and mapping as well as atomic force microscopy to determine the 

influence of the substructure of hydrogen etched and unetched 6H-SiC(0001) substrates 
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on the substructure and microstructure of the epitaxial AlN and GaN films grown upon 

them. Moreover, a method has been determined and used to account for the influence of 

the substrate domains when comparing the rocking curve data of the AlN and GaN films. 

In other words, this method provides information regarding the structural character of the 

films, without the influence of substrate variations. These studies and the results and 

conclusions derived from them are detailed in Chapter 2. Additional details and 

applications of this new method as well an expansion of the study to include 

investigations regarding the effects of thickness and growth temperature and the resulting 

porosity of the AlN buffer layer on the substructure and microstructure of GaN films 

grown on the AlN/SiC substrates is presented in Chapter 3. 

The understanding of the domain and defect substructures of the SiC substrate and 

their influence on the subsequently grown epitaxial films requires both the sophisticated 

X-ray studies noted above as well as a visual determination of the location and densities 

of these entities as provided by transmission electron microscopy (TEM). Due to the 

transparent nature of SiC, the preparation of extremely thin TEM samples is difficult 

using traditional methods that depend on the sample being opaque until very thin. 

Chapter 4 of the thesis discusses the use of Nomarski differential interference contrast as 

a thickness monitor during the preparation of SiC-based TEM samples. Experimental 

details as well as theoretical information are presented. 

Chapter 5 describes a demonstration of the use of the Nomarski technique in the 

preparation of TEM samples of complex Schottky contact(Au or Pt)/GaN/AlN/SiC 

assemblies and their microstructural investigation as function of annealing temperature. 

Results from electrical measurements of metal contacts to GaN have shown considerable 
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variability.  Moreover, physical and chemical degradation of these contacts employed in 

devices based on the III-Nitrides are likely to occur under their anticipated operating 

conditions.[21] Some of this variability can be attributed to differences in surface 

preparation prior to contact deposition.[22] The discussion presented in Chapter 5 

correlates the electrical data obtained from the Schottky contacts on chemical vapor 

cleaned GaN with structural data obtained via high-resolution TEM, high-resolution x-

ray diffraction, and scanning electron microscopy of the film surfaces. Degradation of the 

contact performance is also tied to structural and chemical changes observed in the 

aforementioned techniques. 

Other recent research in the Davis laboratories has focused on the growth of 

material through selective growth techniques such as lateral epitaxial overgrowth 

(LEO)[23,24] and pendeo epitaxy (PE)[25] that can be utilized to grow material that is 

shielded from the propagation of threading defects through lateral growth. Dislocation 

populations have been reduced by several orders of magnitude in the laterally grown 

regions. Additionally, devices such as laser diodes that are placed on the lower defect 

regions exhibit superior operating behavior.[26] 

Pendeo-epitaxy (PE) involves lateral growth of film material (wings) from the 

sides of a seed crystal. Recent X-ray and selected area diffraction studies have shown that 

the wings are tilted with respect to the adjacent striped seed regions from which they 

grew. Coalescence of these tilted crystal planes form tilt boundaries, which if large 

enough, could cause degradation in devices fabricated over these regions. 

Chapter 6 presents and discusses the results of high-resolution x-ray diffraction 

experiments that show that it is possible to separate the properties of the wing material 
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from that of the seed material in samples that have not coalesced. The wing regions show 

strain reduction and rocking curve improvements when compared against the seed 

materials. Additionally, the wing material is shielded from the effects of a poor substrate. 

The tilt values that are found in the pendeo wings are among the lowest observed in 

selected area growth samples reported to date. 

In summary the research of this dissertation has been concerned with the 

quantitative characterization of standard polished 6H-SiC(0001) substrates, hydrogen 

etched 6H-SiC(0001) substrates, and III-Nitride films grown on these substrates via 

conventional and pendeo-epitaxial process routes. The improvements in these materials 

can only be quantified through proper characterization techniques, and it becomes 

important to separate statistical and substrate effects when investigating the results of a 

new growth technique or growth parameter. New methods for characterization of the 

GaN samples via high-resolution x-ray diffraction and transmission electron microscopy 

were employed. The flow of the thesis is designed to progress from improvements in the 

substrate surfaces, to the characterization efforts focused on removing substrate 

variability, to characterization efforts of standard GaN thin films in tandem with 

improvements in TEM sample preparation, and finally to the characterization of GaN 

pendeo-epitaxy samples. Due to the varied nature of the subject matter presented, each 

chapter is designed as a self-contained publishable document and has an introduction and 

a conclusion section. 
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Abstract 

Characterization of ~0.15µm thick AlN(0001) and ~1.0 µm thick GaN(0001) thin 

films grown on hydrogen etched, N-doped 6H-SiC(0001) and AlN/H-etched SiC 

substrates, respectively, has been conducted via evaluation of their X-ray rocking curves. 

The full-width half-maxima (FWHM) of the basal plane rocking curves decreased 

significantly in the AlN films relative to those of films grown on unetched substrates. 

However, it is not clear whether the density of defects was reduced in the former or if 

different defects were created that did not cause peak broadening in the rocking curves, 

as shown in referenced literature. The FWHM of each of the GaN films grown on an 

AlN/H-etched SiC substrate increased in both the on-axis and the off-axis rocking curves, 

indicating an increase in density of the defects associated with rocking curve broadening. 
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2.1 Introduction 

Hydrogen etching of 6H-SiC(0001) substrates has been shown [1,2] to produce 

atomically flat terraces that are nominally several thousand angstroms wide, with a step 

height of one unit cell. This step height is believed to be advantageous for the 

heteroepitaxial growth of AlN and GaN films because the number of atom layers is three 

times that of the 2H(0001) unit cell height of the nitrides which eliminates misregistry 

and the resulting defects referred to as stacking mismatch boundaries.[3] The process of 

hydrogen etching and the surface microstructures obtained via the etching process are 

described by Ramachandran et al.[1], Hartmann et al.[4]. 

This principal focus of this study was the comparison of the structures and 

microstructures of AlN films grown simultaneously on etched and unetched 6H-SiC 

substrates and GaN films on AlN/H-etched SiC substrates. The samples to be compared 

were taken from the same wafer and had epitaxial growth simultaneously to help 

eliminate growth and sample variability. Additionally, SiC substrate domain effects were 

also accounted for when comparing the rocking curve data to provide an indication of the 

structural character of the latter, without substrate variation effects. 

 

2.2 Experimental Details 

To compare the efficacy of H-etching with regard to the structural character of the 

subsequently grown epitaxial films, etched and unetched sections from the same 6H-

SiC(0001) wafer were used in each deposition run and constituted one set of samples. 

Two sets of ~0.15µm thick AlN buffer layers were grown on high (Nd-Na/cm3 = 2.79E18) 

and low (Nd-Na/cm3 = 2.20E17) N-doped substrates, respectively, to determine if the 
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etching process was sensitive to the wafer doping level and, in turn, affected the 

structural character of the subsequently grown films. A third set was created from a ~0.15 

µm AlN/6H-SiC(0001) substrates on top of which was grown an unintentionally doped 

~1.0 µm GaN film. The FWHM values of x-ray rocking curves were subsequently 

determined at numerous points on each sample using a Philips X’pert Materials Research 

Diffractometer system. The incident beam in the x-ray system passed through a four-

bounce Ge(220) crystal monochromater. These data were obtained simultaneously for 

both the films as well as the underlying SiC material so that any tilting in the domains of 

the latter could be accounted for in the results of the former. Both on-axis (00.2) and off-

axis data were acquired for the GaN films to determine the influence of the etching on the 

populations of edge and screw dislocations, respectively. 

 

2.3 Results 

Figure 2-1 shows the rocking curves of the AlN layers grown on the high-doped 

SiC, for the H-etched and unetched cases. The etched rocking curves were not of the 

typical Gaussian-Lorentzian shape, but rather have a “spike” feature in the center of the 

rocking curve. This effect was more pronounced in the films grown on the highly-doped 

substrates. The width of the spike was determined by the FWHM of the underlying 

substrate material, as illustrated in Figure 2-2. In addition, the FWHM values of the AlN 

on the high-doped substrates were lower than those determined on the low-doped 

substrates, whether etched or unetched. 

The FWHM values for the GaN films grown on the AlN/unetched SiC substrates 

were lower than those determined on similar films grown on the AlN/etched SiC 
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substrates in both the on-axis and off-axis directions. The peaks of all of the GaN rocking 

curves obtained were gaussian in shape, and exhibited no spike behavior. Typically, the 

GaN film mimics the structural and microstructural features of the underlying AlN buffer 

layer. Therefore, it was expected that the films would show the same rocking curve 

behavior as the AlN, i.e., decreased FWHM values on the AlN/etched SiC substrates. 

Results of the GaN rocking curve measurements with respect to the underlying SiC 

FWHM values are shown in Figure 2-3 for on-axis (00.2) rocking curves and in Figure 

2-4 for off-axis (20.1) rocking curves. Although there is scatter in the data, it is clear that 

the GaN films grown using the unetched SiC substrates have lower FWHM values than 

the GaN grown using the etched substrates. 

 

2.4 Conclusions 

A lower FWHM value typically means that the material is of higher structural 

character; however, the spikes observed in the x-ray spectra of the AlN films grown on 

the etched SiC substrates may indicate otherwise. Kirchner et al. [5] conducted TEM 

studies of GaN films grown via MBE on sapphire that showed similar spikes in the 

rocking curves. They observed defect densities about one order of magnitude higher than 

in a standard reference sample that did not show the ordering phenomena. Furthermore, 

Kirchner observed that the electrical and optical properties of this material were severely 

degraded. 

Efforts to explain such rocking curve results have been reported in other material 

systems including GaN-Sapphire[5], ErAs-GaAs[6], InGaP-GaAs[6], and 

Nb/Sapphire[7,8].  The magnitude of this effect is related inversely to the adhesion 
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strength of the film to the substrate. Materials with poor adhesion strength tend to show 

coherence in the film/substrate interface plane (in-plane) that is limited by the substrate, 

as seen here in the (00.2) direction of our AlN/SiC system. Materials with strong 

adhesion will typically exhibit this effect in out-of-plane directions, such as the (222) 

plane in the In0.7Ga0.3P/GaAs system.[6]. 

We postulate that the in-plane coherence observed in the AlN grown on etched 

SiC is due to the very flat and stepped nature of the etched SiC surface, allowing greater 

adhesion and coherence to take place between the film and the substrate. The rocking 

curve spikes were not observed in the AlN grown on the unetched 6H-SiC(0001) 

substrates having the relatively rougher surface because the coherence was either not as 

pronounced or was not present. 

The FWHM values of the GaN films grown on the AlN/H-etched SiC substrate 

were greater than those grown on AlN/unetched SiC substrates in both the on-axis and 

off-axis directions. This would indicate that both the screw dislocation and edge 

dislocation sensitive components of the rocking curves are increased when grown on the 

AlN buffer layer on an etched SiC wafer. In addition, there was no spiking behavior in 

the GaN curves, indicating that coherence of the GaN to the underlying AlN is either 

undetected, or not present. Further studies are underway to determine the effects of the 

etched substrate on the electrical and optical properties of the samples. 
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Figure 2-1 – AlN rocking curves for as-received and H-etched high-doped 6H-SiC 
 

 
Figure 2-2 – AlN FWHM vs. SiC FWHM for As-received and H-etched samples. 
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Figure 2-3 – On-Axis GaN FWHM vs. SiC FWHM 

 

 
Figure 2-4 – Off-Axis GaN FWHM vs. SiC FWHM 
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Abstract 

Non-uniformity in GaN thin films deposited on 6H-SiC can make determining the 

effects of growth variables difficult. Results presented in this work show the effects of 

the SiC substrates on the GaN films, and how to correct for these effects to obtain 

meaningful data about the properties of the thin film itself rather than the substrate 

underneath. Rocking curve values of GaN thin films are found to track almost 1:1 with 

the values of the underlying SiC. Plotting data with respect to the substrate, as well as a 

variable of importance can therefore yield more meaningful and reliable results than 

plotting the data for the variable alone. This procedure is used to demonstrate the effects 

of thickness and AlN and AlGaN buffer layers on GaN thin films. 
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3.1 Introduction 

A commonly quoted structural property of a thin film is the full width half 

maximum (FWHM) value of its x-ray rocking curve. Broadening of a rocking curve is 

commonly related to an increasing dislocation content and/or the presence of multiple 

domains of different orientations. Rocking curve data is usually obtained from different 

crystallographic directions to identify populations of dislocations with different Burgers 

vectors. This is particularly useful for GaN films on AlN/6H-SiC(0001) substrates, 

because the primary dislocations are screw- and edge-type, which can be investigated 

using on-axis and off-axis measurements, respectively. The rocking curve graphs are also 

useful in the determination of the presence of either highly tilted domains, or the 

existence of numerous domains in a given area, or if an area is relatively uniform with 

less dramatic tilting and few domains. 

On-axis rocking curves in III-V nitrides are typically taken from the (0002), 

(0004) or (0006) reflections, and their widths are representative of the screw dislocation 

content in the films. The primary defects of concern in the III-Nitride films are threading 

dislocations, which are predominantly edge character and oriented normal to the surface 

of the film . On-axis rocking curves are not sensitive to the threading dislocation content 

of the film; whereas, off-axis measurements give indications of both the screw and the 

edge dislocation components in the film. [1] The latter measurements are more useful for 

determining overall dislocation reduction in the films and are essential if the reduction in 

the density of threading dislocations is to be studied. Methods have been developed that 

can also enable one to determine the actual dislocation populations from rocking curve 
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information, as well as crystal tilt and twist, provided that there is understanding of the 

dislocation populations that exist in the crystal. [2,3] 

With respect to GaN films grown on sapphire substrates, it is possible to vary 

growth parameters and investigate the resulting changes in the values of the x-ray rocking 

curve of a film without the need to correct for substrate variation. Sapphire substrates are 

sufficiently uniform that substrate variability is generally ignored. Silicon carbide 

substrates contain numerous domains that are misaligned to each other with an 

approximate domain size on the order of a millimeter.[4] As such, in GaN/6H-SiC 

systems the substrate variability cannot be ignored, as it causes sufficiently large changes 

in the x-ray rocking curves such as to mask changes in the films due to differences in film 

thickness or buffer layer composition and/or thickness. 

The research reported herein has focused on the determination of the influence on 

the characteristics of the rocking curves of epitaxial GaN films of (1) the substructure of 

the 6H-SiC(0001) substrates, (2) changes in film thickness and (3) changes in buffer layer 

variables. The parameters employed for the X-ray measurements and geometry concerns 

are also addressed, as they are valid variables when studying full wafer-sized samples 

with highly varying diffraction geometries. 

 

3.2 Experimental Details 

The GaN films investigated in this research were all grown on on-axis, research 

grade 6H-SiC(0001) wafers on which a 150 nm AlN or a Al0.2Ga0.8N buffer layer had 

been previously deposited. All films were grown using a cold-wall, vertical, pancake 

style, resistively heated metalorganic vapor phase epitaxy (MOVPE) system with a 
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rotating sample platter. The AlN and the Al0.2Ga0.8N buffer layers were deposited 

within the temperature range of 1010°C-1220°C and at 20 torr respectively. The GaN 

films were grown in the temperature range of 1010°C-1050°C at a total pressure of 20 

Torr. Trimethylaluminum (8.2µmol/min), trimethylgallium (35.8µmol/min) and NH3 

(2.0-3.0 slm) precursors were used in combination with a H2 (3-4 slm) diluent. 

High resolution X-ray diffraction was conducted using a Philips X’Pert Materials 

Research Diffractometer (MRD) system. This system allowed us to make numerous 

rocking curve measurements over the entire surface of the wafer being studied. A 2-inch 

SiC wafer would have about 100 ω/2θ scans performed on it, with each scan containing 

the GaN (00.2) and the SiC (00.6) peaks. Measurements were made using a four-bounce 

Ge 220 crystal monochromater on the incident beam side and an open slit on the detector 

side, which allows the acquisition of both the GaN and SiC rocking curve peaks in the 

same scan, thus assuring that the spot illumination is the same for both peaks, if one 

neglects the slight spot size variation due to the 2θ angle change between the peaks. The 

open optics setup also greatly increases the count rate which is very useful when 

performing off axis scans that are typically 1-2 orders of magnitude lower in intensity 

than the on-axis (00.2) peak. 

The spacing between the scan locations was 5mm and they were performed with a 

copper x-ray source at power settings of 40kV and 45mA. The spot size used during our 

experiments was approximately 20 mm2, i.e., considerably larger than the ~1 mm average 

domain size reported by Glass, et al.[4].  As such, it was common to obtain peaks from 

numerous domains in any given rocking curve from the substrate.  
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3.3 Results 

3.3.1 6H-SiC Variability 

Figure 3-1 shows a histogram of the range of FWHM values obtained in the maps 

of SiC(00.6) rocking curves of 26 randomly selected 50 mm diameter wafers. The values 

incorporate the entire spread of tilts in the crystal found in a given area. A large range of 

tilts can be present on a single wafer, as shown by the SiC(00.6) FWHM values in the 

scale of the rocking curves obtained from the contour map shown in Figure 3-2. Studies 

of numerous wafers do not show a pattern regarding the location of the regions, although 

it is common to observe symmetry in the patterns on a single wafer. Figure 3-3 shows 

that wafers taken from the same boule have similar map patterns, which indicates that the 

domain structures of the SiC propagate along the c-axis during growth. This similarity of 

wafers from the same boule also removes the possibility that the observed effects are due 

to surface polishing or other treatments prior to the x-ray measurements. It is postulated 

that because of this wafer-to-wafer similarity within a boule, treatment of the substrate 

surface via hydrogen etching or other methods will not change the domain structure 

present at the surface. Domain propagation through multiple wafers means that the 

domain structures are on the order of millimeters, or perhaps centimeters in size. Surface 

treatment does offer the benefits of polishing scratch removal and uniform step formation 

on the surface, but it will not change the overall structure of these large domains. 

 

3.3.2 GaN Epitaxial Thin Films on 6H-SiC 

The implications of the tilted domains in the 6H-SiC wafers with respect to 

similar studies of epitaxial films deposited on the wafers are that the rocking curves of 
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the latter will incorporate the tilt characteristics of both the film and of the underlying 

wafer. As such, the use of FWHM values to compare two different experimental 

procedures for GaN growth must account for the variation in the SiC as well. This 

introduces an influential variable into all thin film rocking curve measurements on SiC 

wafers. 

As shown in Figure 3-4, epitaxial GaN thin films do mimic the tilt of the 

underlying wafer. The GaN rocking curve is typically much smoother than that of the 

SiC, but never thinner. The distribution of tilts over the GaN film is similar to that of the 

SiC, but the former is much more regular and uniform. Distinctly separate GaN peaks 

typically only occurred in cases of extreme tilt between two or more regions in the SiC. 

The observed variability requires that the samples be scanned as broadly as possible. 

Typical triple axis x-ray measurements artificially lower the FWHM values for these 

samples by tightening the 2θ window below the actual range in the material. Rocking 

curves taken with optics that are more open are more useful to find poor areas of a film, 

but do not penalize good areas.  

The ability to obtain and correlate the GaN and SiC peaks for any given scanning 

geometry allows the plotting of the FWHM values for the film and substrate with respect 

to each other, as shown in Figure 3-5. The unity line plotted on the figure also illustrates 

the minimum FWHM that the GaN film can obtain on a SiC wafer because the values of 

the former are limited by the values of the latter. The true material limit of the GaN in 

this data is shown by the divergence from the unity line at a GaN FWHM of about 200 

arcsec. This is the true FWHM value that would be achieved if domain tilting in the 

wafer didn’t influence the measurement of the GaN FWHM. 
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Changing the peak of interest to one that is off-axis reduces the limitations 

regarding the SiC correlation and measurement because the off-axis SiC values are 

typically much lower than the values for off-axis GaN, and they do not unduly influence 

the FWHM values of the GaN. This is illustrated in Figure 3-6 wherein the GaN (10.3) 

peak is contrasted with the SiC (10.9) peak. The SiC peak was chosen due to it’s 

proximity to the GaN peak in reciprocal space which allows the spot size and orientation 

to remain as constant as possible during the rocking curve measurement. The error in spot 

size differences is small for low order Bragg peaks; it increases with higher order off-axis 

peaks due to the increasing separation of the SiC and GaN peaks in reciprocal space. The 

uninfluenced (flat) portion of the data in Figure 3-6 is larger than in the analogous on-

axis curves because the values of the off-axis FWHM are larger. Therefore, the GaN 

FWHM measurement is not influenced until the sample reaches approximately 400 

arcsec in the SiC. The figure shows that the larger the divergence of the GaN FWHM 

from the SiC FWHM, the less measurement dependence there is on the SiC wafer 

variation. Since the off-axis scans are sensitive to edge dislocations, which are probably 

on the order of 1x109 in these films, the influence of crystal tilt is less evident and the 

effect of dislocation broadening is more evident. 

An important use of this data is realized by extrapolation of the data fit results to 

the y-axis. This allows a “best-case” estimate to be obtained for the film studied at that 

particular Bragg reflection. Estimation of the density of edge dislocations is then possible 

by plotting the best-case FWHM values as a function of the inclination angle of the plane 

measured.[2,3,5] It is important to note that determination of the absolute dislocation 

density in a given region is only possible if one knows the character of the entire 
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dislocation population in the film (edge, screw and mixed types), as determined by TEM 

for example. The absence of this latter information means that the population numbers 

one can predict are arbitrary, but still meaningful in a relative sense to samples grown 

under similar conditions. 

 

3.3.3 Rocking Curve Improvement with Increased Thickness 

Increasing the thickness of GaN thin films is known to decrease the density of the 

threading dislocations through dislocation annihilation mechanisms.[6] Figure 3-7 shows 

the results of our analysis using the best-case FWHM values from numerous off-axis 

planes and subsequently plotting the data versus the inclination angle of the measured 

plane. Extrapolation of this data to an inclination angle of 90° yields an estimate for the 

pure edge dislocation content of the films. As mentioned previously, the character of the 

dislocation population must be known to make an accurate estimate of the true 

dislocation content in the films. If one assumes that the character of the dislocation 

population does not change significantly as the film grows thicker, it can be stated that 

our films have a decreasing dislocation density, as shown by the decreasing function 

value at an inclination of 90°. 

Furthermore, it is likely that the effect of thickness on the reduction in density of 

the edge dislocations that thread to the top surface of the film is even more significant 

than indicated by the x-ray results. The sampling depth of the x-ray beam (approximately 

15 µm) allows it to sample the entire film volume. The dislocation content predicted is 

therefore an average value for the film bulk. The decreasing threading dislocation 

population at the surface of the film as the film gets thicker means that the effective drop 
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in dislocation density, as measured in this study, is likely to be more significant than is 

shown. 

Another point of note with regard to the sampling volume is that each Bragg peak 

used will have a different spot size due to the projection of the beam cross-section onto 

the tilted sample. Peaks with larger spot sizes will naturally have a larger number of 

substrate domains being sampled and thus appear to have more scatter and higher values 

if a poor area of the film is being interrogated. This effect is particularly noticeable in 

some higher order planes, such as the (10.1) or (20.1) planes, which have spot sizes that 

are roughly double that of the (00.2) peak. Alternatively, the (00.4) and (00.6) peaks have 

spot sizes that are 50% and 33% of the size of the (00.2) peak ,respectively. 

 

3.3.4 Buffer Layer Effects on GaN Dislocation Populations 

 GaN samples grown on SiC invariably have an intermediate AlN or AlGaN buffer 

layer. Differences in the nucleation and growth of GaN on this buffer layer lead to 

changes in the dislocation populations of the final material. Threading dislocations are 

formed during the initial stages of growth through the coalescence of GaN growth islands 

that are slightly twisted with respect to each other.[7,8,9] Therefore, reduction of the 

number of nucleation points would create a lower volume of island intersections and 

contribute to the reduction of edge dislocations in the film. Also, any mechanism that 

would reduce the relative twist of the nucleation islands in the initial growth would 

likewise help to reduce the formation of edge dislocations by allowing the islands to grow 

together without a twist mismatch. 
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3.3.4.1 AlN Buffer Layers 

AlN grown at typical GaN growth temperatures (~1010 °C) is extremely pitted, 

however AlN grown at 1220°C is very smooth. SEM micrographs of the AlN surface 

prior to GaN overgrowth are shown in Figure 3-8. Using the techniques described above 

to graph the FWHM of GaN vs. the FWHM of the underlying SiC, extrapolating the data 

to a best-case value, and then graphing versus the inclination angle we obtain the results 

shown in Figure 3-9. It is interesting to note the large increase in predicted edge 

dislocation density in the high-temperature buffer layer sample. Prior to the experiment, 

we had hoped that a flatter, smoother surface would provide a better template for the 

subsequent growth of the GaN film, as was the case when going from a 1010°C buffer to 

the 1130°C buffer. In fact, the smooth surface is a detriment to the film with regard to 

edge type dislocation density. In order to reduce the density of threading dislocations 

created by the mechanism of island coalescence described above, it is necessary to reduce 

the number of nucleation locations on the buffer layer.  

 

3.3.4.2 AlGaN Buffer Layers 

As described above, the authors feel that any mechanism that reduces the density 

of islands in the initial growth stages of a GaN film will help to reduce the quantity of 

edge dislocations formed in the films by the subsequent reduction in twist boundaries. 

Growth of GaN on an AlGaN buffer layer reduces the GaN/Buffer mismatch between the 

layers by approximately 80% when using an Al0.2Ga0.8N buffer.[10] In addition, GaN 

nucleation may be a simple 2-dimensional continuation of the AlGaN growth already 

present, as opposed to island nucleation. A further advantage of an AlGaN buffer layer is 
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the ability to dope the layer, resulting in a conductive buffer layer for use in vertical 

device structures. As shown in Figure 3-10, the AlGaN buffer layer reduces the edge 

dislocation density of the GaN when compared with the best AlN buffer layer above. 

 

3.4 Conclusions 

6H-SiC wafers have a varied domain structure that strongly influences the 

measurement of GaN rocking curve values. The size of this influence makes it necessary 

to account for this variation when investigating GaN films via x-ray methods. The 

acquisition of numerous GaN FWHM data points with respect to the underlying SiC 

FWHM allows the investigator to obtain a “best-case” estimate of the GaN rocking curve 

values. This best-case value can be correlated with the values from other Bragg peaks to 

obtain dislocation population information as well as useful comparisons of the variables 

under study. This method has been used to show that GaN edge dislocation population 

decreases as a function of thickness when grown on 6H-SiC wafers. 

Buffer layer effects on GaN dislocation population are more complex, but can be 

investigated with this method. AlN grown at 1130°C seems to provide a better buffer 

layer than one grown at 1010°C with regard to edge dislocations but the error in the 

measurements necessitate further study. High-temperature AlN grown at 1230°C greatly 

increases the edge dislocation component of the GaN. The absence of pits on the 

smoother AlN surface allows for more nucleation points to form at a slower rate, 

eventually causing a larger number of coalescence twist boundaries between the 

nucleated islands which are the source of threading style edge dislocations in GaN. 

AlGaN buffer layers appear to reduce the tendency for edge dislocation formation, either 
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through the reduce misfit between the GaN and AlGaN layer, or by reduction in the 

number of re-nucleation points of the GaN on the AlGaN. 

 

3.5 References 

 
1. B. Heying, X.H. Wu, S. Keller, Y. Li, D. Kapolnek, B.P. Keller, S.P. DenBaars, and 
J.S. Speck, Appl. Phys. Lett. 68, 5 (1996). 
 
2. T. Metzger, R. Höpler, E. Born, O. Ambacher, M. Stutzmann, R. Stömmer, M. 
Schuster, H. Göbel, S. Christiansen, M. Albrecht, and H.P. Strunk, Phil. Mag. A 77, 1013 
(1998). 
 
3. V. Srikant, J.S. Speck, and D.R. Clarke, J. Appl. Phys, 82 (1997) 4286-4295. 
 
4. R.C. Glass, L.O.Kjellberg, V.F. Tsvetkov, J.E. Sundgren, and E. Janzen, Journal of 
Crystal Growth 132 (1993) 504-512. 
 
5. H. Heinke, V. Kirchner, S. Einfeldt, and D. Hommel, Phys. Stat. Sol. (a) 176, 391 
(1999). 
 
6. S.K. Mathis, A.E. Romanov, L.F.Chen, G.E. Beltz, W. Pompe, and J.S. Speck, Phys. 
Stat. Sol. (a) 179, 125 (2000). 
 
7. W.Qian, M. Skowronski, M. De Graef, K. Doverspike, L.B. Rowland, and D.K 
Gaskill, Appl. Phys. Lett, 66 (10) 1995. 
 
8. X.J. Ning, F.R. Chien, P. Pirouz, J.W. Yang, M. Asif, Khan, J. Mater. Res. V11, 
(1996) p580. 
 
9. X. H. Wu, L. M. Brown, D. Kapolnek, S. Keller, B. Keller, S. P. DenBaars, and J. S. 
Speck, J. Appl. Phys, 80 (1996) p. 3228. 
 
10. I.P. Nikitina, M.P. Sheglov, Y.V. Melnik, K.G. Irvine, and V.A. Dmitriev, Diamond 
and Related Materials, vol 6, no. 10, (1997). 



 

 30 

 

Figure 3-1 - Histogram of 6H-SiC (00.6) Full-Width Half-Maxima (FWHM) 
obtained to date 
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Figure 3-2 – SiC (00.6) FWHM map showing domain 

variations in arc-seconds on a typical wafer. 
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                            BJ0363-02                                   BJ0363-04 

                
 
                            BJ0363-05                                   BJ0363-07 

                
Figure 3-3 – (00.6) FWHM maps from a single boule. Note the strong special 

correlation of the high and low FWHM regions in each of the wafers. 
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Figure 3-4 – Several GaN (00.2) rocking curves mimicking the  

underlying SiC (00.6) rocking curves 
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Figure 3-5 – GaN (00.2) FWHM vs. SiC (00.6) FWHM. The SiC wafer increases the 

GaN rocking curve FWHM values in a 1:1 fashion above a critical value (~200”). 
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Figure 3-6 – Off-axis GaN (10.3) FWHM vs SiC (10.9) FWHM. The higher FWHM 
of the off-axis GaN peak does not reach the SiC threshold until ~350”. The higher 

the GaN FWHM value, the less it is adversely effected by the SiC wafer. 
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Figure 3-7 – GaN edge dislocation estimation via inclination  

angle plot as a function of thickness of the GaN film. 
 
 
 
 

 
Figure 3-8 – SEM of 1010°C (left), 1130°C (center), and 1220°C (right) AlN surfaces 
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Figure 3-9 – GaN edge dislocation estimation via inclination  

angle plot as a function of AlN buffer layer growth temperature 
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Figure 3-10 – GaN edge dislocation estimation via inclination angle plot as a 

function of the buffer layer. The graded AlGaN buffer began at 1090°C and 20% Al 
content and was varied linearly to pure GaN at 1040°C. The 1090°C AlGaN was 

20% Al. 
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Abstract 

Reflected light optical microscopy using a Nomarski prism and a differential 

interference contrast filter have been employed in concert to achieve a technique that 

provides an accurate color reference for thickness during the dimpling and ion milling of 

transparent transmission electron microscopy samples of 6H-SiC(0001) wafers. The 

samples had thin films of AlN, GaN, and Au deposited on the SiC substrate. A sequence 

of variously colored primary and secondary interference bands were observed when the 

SiC was thinner than 20µm using an optical microscope. The color bands were correlated 

with the TEM sample thickness as measured via scanning electron microscopy. The 

interference contrast was used to provide an indication of the dimpling rate, the ion 

milling rate, and also the most probable location of perforation, which are useful to 

reduce sample breakage. The application of pressure during the initial preparation 

reduced the separation of the two halves of the sample sandwich and resulted in increased 

shielding of the film surface from ion milling damage. 
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4.1 Introduction 

Techniques for the preparation of cross-sectional TEM samples of thin films are 

well documented [1,2] and include electro-chemical jet polishing, micro-cleaving, 

focused ion beam, and the sandwich/dimple method. The final method involves the 

creation of a sandwich of material that is thinned, dimpled, and finally ion milled to 

obtain an electron transparent region. The research reported herein has focused 

principally on enhanced control of sample preparation by this method via the 

development of an optical microscopy-based thickness measurement technique applicable 

to selected materials that are transparent to visible light. The specific materials and TEM 

samples of concern have been cross-sectional III-Nitride thin film/SiC substrate 

heterostructures with and without metal capping layers. 

The high bond strength of SiC results in ion milling times longer than for most 

other materials of similar thickness. As such, excessive damage may accumulate in any 

softer films deposited on the SiC substrates. This can occur if the area of interest is not 

shielded from the milling beam or if the area of interest is too thick when milling is 

initiated. 

Optical microscopy can be used to observe the various colors of light transmitted 

through, e.g., a single crystal silicon wafer, when the thickness is <6µm. The color 

indicates the thickness (deep red: ~6µm; lighter red-to-yellow: ~1µm). This technique is 

not directly applicable to single crystal 6H-SiC substrates because the ~3 eV band gap 

allows the transmission of the uncolored visible light. Moreover, during dimpling, it is 

difficult to gauge the thickness of this latter material when it is less than 5µm because 

dimpler gauge movements due to sample rotation and dimpler wheel wear can be on the 
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same order as the thickness of the sample itself. To avoid over-dimpling, samples are 

often left too thick and require long ion milling times that may result in significant 

damage to both the SiC and any softer deposited films. 

We have identified and improved several aspects of sample sandwiching and 

dimpling as well as utilized a Nomarski-enhanced, interference contrast-based, optical 

microscopy technique specifically for the measurement of thickness in dimpled and ion 

milled cross-sectional TEM samples of thin film/SiC substrate assemblies, but which 

should be generally applicable to other transparent materials. It is important to note that 

the initial observation of the interference fringes in a transparent material will be 

dependent on the light source, the lenses and the filters used in a given microscope.  

Moreover the appearance of the interference rings will occur in thickness ranges that 

depend on the transparent material under consideration. Additionally, the sample must be 

rotated in the microscope (see below) to determine the optimum position to observe the 

fringes. The following sections discuss the applicable interference contrast theory, detail 

the sample preparation procedure and describe the application of these techniques to 

specific SiC-based samples. 

 

4.2 Interference Contrast Theory 

Interference fringes in semiconductor materials only appear in thickness ranges 

well below 1µm. They repeat with increasing sample thickness, however, the brightness 

of the pattern decreases markedly with each repetition until they become invisible even in 

a microscope. To be useful in TEM sample preparation, thickness indicators are needed 

in the 1-20 µm range to allow for extra care in thinning. Specifically, a technique is 
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needed to enhance the interference of the light so that the patterns are visible in thicker 

parts of the sample. Inserting a Nomarski prism into the light path splits the beam and 

significantly enhances both the interference effect on the light wave and the path 

difference of the light that reaches the sample. The two beams now strike the sample in 

areas that have a greater difference in thickness. When the light reflects from the sample, 

it again passes through the Nomarski prism and recombines. The phase difference is 

enhanced, and the interference fringes are visible at a larger sample thickness. Diagrams 

of the light path in a typical Nomarski-capable microscope and the schematics of a 

Nomarski modified Wollaston prism are published in references [3] and [4], respectively. 

Light in the visible spectrum does not produce colors when transmitted through 

transparent materials; however, colors can be achieved that can be correlated with 

thickness by using Nomarski prisms in conjunction with a differential interference 

contrast (DIC) filter, reflected light and rotation of the sample. Interference contrast is a 

process by which refraction and reflection between two media in certain geometries can 

produce contrast effects visible to the observer. 

Newton reported [5] and discussed interference fringes caused by two pieces of 

glass separated by air pockets. Newton created the diagram shown in Figure 1(a) after 

refining the experiment to be a lens on top of a glass sheet. While this diagram does not 

illustrate refraction effects inside a wedge-shaped material, it does capture the essence of 

interference contrast. Figure 1(b) shows a modern day photo of “Newton’s rings”, in a 

configuration similar to those observed by Newton.[6] 

The shape of the reflecting body in Figure 1(a) is identical to that of a dimpled 

TEM sample in cross-section. It follows that this interference principle should apply to 
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any transparent material. The schematic diagram shown in Figure 2 illustrates the 

mechanism of interference from a thin transparent wedge. The path length difference of 

the light that reflects from the top surface of the sample (beam 1) causes it to interfere 

with the light that refracts into the material (beam 2), reflects off of the bottom of the 

sample, and emerges from the sample in the same location. The interference, whether 

constructive or destructive, produces lines (or lack of lines for destructive interference) 

on the observation plane that corresponds to the thickness of the wedge. If the wedge is 

uniform and the thickness change constant, very regular lines are produced. Such lines 

are called fringes of equal thickness. In the case of a dimpled TEM sample, the fringes of 

equal thickness are actually rings of equal thickness due to the circular geometry of the 

dimple. 

 

4.3 Experimental Details 

4.3.1 Materials and Equipment 

The samples of interest in this study were on-axis, nominally 250µm thick 6H-

SiC(0001) wafers, upon which had been sequentially deposited 0.1µm and 1µm thick 

films of monocrystalline AlN(0001) and GaN(0001), respectively. Selected samples were 

capped with a 120 nm thick Au layer. A Gatan model 656 dimpler and a Gatan model 

600 DuoMill ion mill were used in the thinning operations. Optical microscopy images 

were captured on an Olympus BX60 microscope using a tungsten light source, reflected 

light optics, a Nomarski modified Wollaston prism, a DIC filter and a Kodak MDS-120 

digital camera. The SEM and TEM images were taken using a JEOL 6400f, FESEM and 

a JEM-4000EX respectively. 
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4.3.2 Cross-Sectional TEM Specimen Preparation and Observation 

The sandwich method was employed in this research. Two 1mm wide slices were 

initially cut from the aforementioned samples; as were two 1mm wide pieces of sapphire 

for structural support. A small amount of Gatan G1, or similar, epoxy was applied to the 

contacting surfaces and each piece was then assembled into a sandwich with the thin film 

surfaces facing each other, and the sapphire pieces positioned on the outside. 

In order to obtain a very thin gap between the two facing film surfaces the 

sandwich and was cured at 120ºC for 30 minutes compressed in a small vise made of 

Teflon®. The small gap will protect this thinnest region from ion damage by reducing the 

line-of-sight access of the ion mill beam in this part of the sample. Teflon® worked well 

as a vise material as it did not bond strongly to the epoxy. Care was taken to not over 

tighten the vise, as Teflon® creeps at relatively low temperatures, and vise damage can 

result on the sample faces on which the pressure is applied. 

Each sandwich was subsequently diced into 2mm pieces for mounting to a TEM 

sample ring. The surface of each piece was flattened by grinding with a 30µm grit 

diamond embedded film and then polished using progressively higher grit diamond until 

a 0.1µm polish was obtained. The polished face was then mounted to a standard TEM 

sample ring, e.g. a 1GC12H Pelco slotted copper ring. A uniform, exceptionally flat 

surface with a high polish was necessary, as the desired final sample thickness ~1-2µm.  

Each sample was mounted to a glass peg with Crystal Bond® and then ground on 

the unpolished side to a thickness of 80-100µm. Once mounted and aligned in the 
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dimpler, the glass peg was then marked with respect to the orientation on the dimpler 

stage so that the sample could be removed and replaced without re-alignment. 

The samples were dimpled with a copper wheel using 3µm diamond paste and 

were periodically removed to look for interference fringes in the optical microscope. 

Interference patterns (rings) comprised of a repeating sequence of red and green bands 

followed by a rainbow sequence initially appeared in the SiC substrates (the nitride and 

Au films were much too thin in cross section to allow observation of interference patterns 

in the optical microscope) when the thickness of the thinned region was >10-15µm. It is 

important to note that the dimpled samples must be rotated on the microscope table until 

the interference colors appear. It was also possible to observe rings in the sapphire 

support posts at a greater thickness than in the SiC; this provided an alert that the samples 

were close to the desired thickness.  

Once the rings appeared in the samples, the grinding weight was halved. Once the 

yellow ring appeared, the weight was reduced to a very low setting (5 on the Gatan 

dimpler). With the appearance of the second yellow ring, the copper dimpling wheel was 

replaced by a felt polishing wheel, with the continued use of the 3µm diamond paste. The 

polishing was deemed complete when scratches were no longer visible in the region of 

interest. Thinning was not usually continued beyond the second yellow ring, as sample 

breakage became likely. 

The samples were removed from the glass peg using acetone to dissolve the 

Crystal Bond® and they were then rinsed with methanol or ethanol to remove the acetone 

residue. The subsequent ion milling was performed at 5kV, with 0.5mA for each of the 

milling guns (1.0mA total current), and a milling angle of 13°. The ion milling was 
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frequently interrupted and the samples examined in the optical microscope to prevent 

over-milling. A large area of very thin material in the pre-milled sample can cause large 

holes to open quickly during ion milling. A second set of fringes having thinner rings 

than the previous fringes appeared prior to and on the edges of any perforation that 

occurred. 

 

4.4 Application of Interference Contrast for Thickness Determination 

4.4.1 GaN/AlN/ 6H-SiC(0001) Structures 

Nomarski images of a SiC sample with AlN/GaN layers (not visible at this 

magnification) grown on it, after being thinned to <1µm, are shown in Figure 3. The 

sequence of repeating red and green bands followed by a rainbow sequence is shown in 

Figure 3(a). Also shown in this figure is the importance of the previously noted sample 

rotation on the microscope table in terms of the intensity of the interference fringes. The 

observed intensity of the fringes is seen to change when turned from an orientation where 

the epoxy line was oriented at 45º from vertical to where it was oriented vertically in the 

field of view. It is not clear whether the intensity change is due to a polarization effect in 

the sample, or due to the directional nature of the Nomarski prism and the differential 

interference contrast (DIC) filter. 

Figure 4 shows a Nomarski image of a single piece of SiC in a TEM sample and 

the associated scanning electron microscopy (SEM) side view images which show the 

thickness of the sample at two places to be 9µm (Fig. 4(b)) and 2µm (Fig. 4(c)), 

respectively. Measured thickness data obtained via SEM are shown in Figure 5 and are 

correlated with the interference colors within the sample. 
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Figure 6 shows the secondary set of interference fringes (see enhanced rectangle) 

in a sample that has been milled to perforation. These small order fringes are indicative of 

material that is typically thin enough to be electron transparent. It is also possible to 

observe the AlN/GaN film on the surface of the SiC, running left-to-right in the center of 

the photo. The small pits visible in this figure are indicative of ion milling damage. 

Samples that were milled for long periods of time (>4) hours had extensive pitting that 

degraded the quality of the TEM images. 

 

4.4.2 Metal/thin film heterostructure/substrate assembly 

Several areas of research in the nitrides focus on interface abruptness and 

reduction of contaminants at the interface. Over milling of these types of samples 

produces rough and blurry interfaces where it is not possible to discern whether the 

resulting TEM image is poor due to poor material or due to sample preparation damage. 

An image of the Au/GaN section of a Au/GaN/AlN/SiC thin film semiconductor 

heterostructure/wafer assembly obtained using the interference contrast technique is 

shown below in Figure 7. The figure shows excellent interface clarity, even though the 

Au and the GaN ion mill at very different rates. The gold is less electron transparent than 

the GaN; thus, a very thin sample is needed prior to ion milling or the differential milling 

produces poor interface results or bridged samples. The thin sandwich interface provided 

maximum sample protection of the gold surface so that the Au/GaN interface very close 

to the surface remained undamaged by the milling process. 
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The thickness of transparent, SiC-based, cross-sectional, TEM samples has been 

correlated to the color of the interference patterns (rings) observed via Nomarski 

differential interference contrast optical microscopy under reflected light conditions. The 

Nomarski prism allowed observation of contrast rings when the thickness of these 

samples was within the 1-20 µm range. This significantly improved the accuracy of 

dimpling, reduced sample breakage due to over-dimpling, and also reduced sample 

damage due to over ion milling of under-dimpled samples. The use of a Teflon® vise to 

apply pressure to the samples during curing of the epoxy reduced the width of the 

resulting epoxy line that shielded the film surface more effectively from ion milling 

damage. The technique is also applicable for the analogous preparation of other 

transparent materials where fringes have been observed, such as zinc oxide and sapphire. 
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         (a)                         (b) 

 
Figure 4-1 – (a) Newton's Fringes, as theorized by Newton[5] and (b) a modern day 

photo of Newton’s fringes created by a curved lens on top of a glass sheet.[6] 

 
 
 
 
 
 
 

 
 

Figure 4-2 - Reflection and refraction in a thin transparent wedge. 
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Figure 4-3 - Effect of sample rotation on the intensity of the interference fringes. The 
exposure of photo (a) was 0.002 seconds, while the exposure of photo (b) was 0.25 
seconds (125 times longer). Note the repeating red/green pattern of the larger (thicker 
material) rings in photo (a), which progress to a rainbow pattern as the sample thins. The 
white material is <1µm thick. 

 
 
 
 

 
Figure 4-4 - Optical and SEM images of a dimpled sample. The optical image (a) shows 
the Nomarski top view of one SiC piece. The dark line in the center of image (a) is the 
edge of the copper support ring, seen under the thicker, left side of the sample. The SEM 
images (b) and (c), are side views of the areas indicated. 



 

 53 

 

Figure 4-5 - Thickness measurements of SiC correlated to Nomarski fringes 

 
 
 
 
 
 
 
 
 

 

Figure 4-6 – The computer enhanced inset in this image shows secondary interference 
fringes in electron transparent SiC. The top right corner of the enhancement is a hole, and 
the location of the enhancement was not changed with respect to the rest of the image. 
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Figure 4-7 - HRTEM of a Gold/GaN interface. The GaN was grown on a SiC substrate 
that was prepared for TEM using the technique described in this paper. 
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Abstract 

Schottky contacts of Pt(111) and Au(111) were deposited on chemical-vapor-

cleaned n-type GaN(0001) thin films. The growth mode of the deposition, as determined 

by XPS analysis, followed the two-dimensional Frank-van der Merwe growth model. The 

resulting as-deposited metal films were monocrystalline and epitaxial with a 

(111)//(0002) relationship with the GaN. Selected samples were annealed for three 

minutes at 400, 600 or 800°C. The rectifying behavior of both contacts degraded at 

400°C; they became ohmic after annealing at 600°C (Au) or 800°C (Pt). High-resolution 

transmission electron micrographs revealed reactions at the metal/GaN interfaces for the 

higher temperature samples. X-ray diffraction results revealed an unidentified phase in 

the Pt sample annealed at 800°C. Annealing also caused a shift in the lattice constant for 

both metals, ranging from 0.1-0.5%, as the annealing temperature was increased from 

400 to 800°C. This shift was attributed to large compressive stresses imparted to the 

contacts during annealing as a result of the large differences in the coefficients of thermal 

expansion between the metal contacts and the GaN film. 
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5.1 Introduction 

Physical and chemical degradation of the metal contacts employed in devices 

based on the (Al, Ga, In)N system are likely to occur under their anticipated operating 

conditions.[1] Pt and Au are promising candidates for Schottky contacts on n-type GaN 

because of their high work functions and chemically inert nature. Variability in the 

electrical results of metal contacts can be attributed to differences in surface preparation 

which will leave varying levels of contamination or insulating material on the surface of 

the GaN prior to contact deposition.[2]. A primary goal of these studies was a significant 

reduction in the variability in the surface preparation by using in situ cleaning and contact 

deposition. A chemical-vapor-cleaning (CVC) procedure was developed that removed all 

detectable hydrocarbon and oxygen contamination from the GaN surface. Subsequent 

deposition of either the Pt or the Au was conducted prior to removal from the ultra-high-

vacuum system. 

This study focuses on the structural and microstructural characteristics of thin Pt 

and Au films deposited on Si-doped, n-type, monocrystalline GaN(0001). Particular 

attention is paid to the metal/GaN interface in the as-deposited state and after annealing 

under ultra-high vacuum. Experimental approaches used in this research are discussed 

and correlated the electrical results and the physical and chemical changes observed 

within the contacts and the metal/GaN interfaces as a function of heat treatment. 

 

5.2 Experimental Details  

The 1.1µm thick GaN(0001) films used in this research films were grown by 

metallorganic vapor phase epitaxy at 1020 °C and 40 torr on 50mm diameter 6H-
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SiC(0001) wafers on which had been previously deposited a ~0.1µm thick buffer layer of 

AlN or Al0.2Ga0.8N. The films were doped with Si to an ionized donor concentration (ND-

NA) of 1·1017 cm-3. They were subsequently diced into 15mm square samples. Surface 

cleaning prior to vacuum insertion consisted of sequential immersion in 

trichloroethylene, acetone, and methanol, followed by a 10-minute dip in 49% 

hydrochloric acid.  A chemical vapor cleaning (CVC) process was developed for in situ 

surface preparation and involved annealing the GaN samples in an ammonia atmosphere 

at a surface temperature of 860°C for 15 minutes. Atomic force microscopy revealed the 

RMS surface roughness before and after the CVC processing to be 5-10Å.  Auger results 

showed the stoichiometry of the Ga-terminated (0001) surface to be the same before and 

after the cleaning procedures.  Thus, the CVC cleaning process neither roughened the 

surface nor changed its chemistry. Details of this process have been published 

separately.[3,4]  The samples were subsequently transferred under ultra-high vacuum to 

the metal deposition chamber and coated with either 1200Å of Au or 600Å of Pt.  

The growth mode of the Pt and Au films was determined using the method of 

Sitar et al.[5] and King et al.[6] for growth of AlN and GaN films. A special set of Pt and 

Au films was initially and individually deposited in a step-wise manner of increasing 

thickness over two entire GaN surfaces.  The accumulated thickness values for the Pt 

were 2, 3, 5, 10, 15, 20, and 700 Å; the analogous values for the Au were 2, 3, 5, 10, 12, 

17, 20, 25 and 770 Å. X-ray photoelectron spectroscopy (XPS) data was collected using a 

Fisons-VG Scientific system after each deposition. Specifically, the intensities (area) of 

the XPS core levels of the uncoated GaN sample (Io) were compared with the intensities 

after each layer of metal was deposited (Is). The resulting trend for the Pt and the Au was 
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obtained by plotting the Is/Io ratios as a function of thickness. The mode of growth of 

then determined by comparing these plots with theoretical plots of the 

thermodynamically controlled modes of growth.  

The 700 Å thick Pt samples and the 770 Å thick Au samples from the 

aforementioned studies were removed from vacuum, diced to produce 7.5mm square 

samples that were patterned using a two-step photolithography process.  The first step 

involved formation of the Schottky contact pads; the second step involved formation of 

the ohmic contact rings of either Al or Ti(700Å)/Au(300Å) deposited via thermal and 

electron beam evaporation, respectively, and surrounding the Schottky pads. The 

respective ohmic contacts were used for the as-deposited and annealed samples. The 

photoresist was subsequently removed. The resulting pattern was a series of exposed 

ring-shaped regions. The contacts were then rapidly thermally annealed in a N2 ambient 

for 3 minutes at the individual temperatures of 400°C, 600°C, or 800°C. 

Transmission electron microscopy (TEM) studies of the interfacial characteristics 

of the metal/GaN assemblies utilized a JEM-4000EX operated at 400keV and a Philips 

CM300UT operated at 300keV. Scanning electron microscopy (SEM) images of the 

surface characteristics were obtained using a JEOL 6400 field-emission instrument.  

Determination of the lattice spacings of the metal and the GaN were achieved via high-

resolution X-ray diffraction (XRD) using a Philips X’Pert Materials Research 

Diffractometer. The incident x-ray beam for the Philips system passed through a four-

bounce Ge (220) crystal monochromator; the detector optics consisted of a three-bounce 

Ge (220) crystal.  The current-voltage measurements were performed using a Keithley 

236 source measure unit.  
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5.3 Results  

5.3.1 As-Deposited Contacts 

The plot of the Is/Io ratios as a function of thickness is shown in Fig. 1. This 

figure also shows theoretical curves for the thermodynamically-controlled two-

dimensional (Frank-van der Merwe), three-dimensional (Volmer-Weber ) and mixed two- 

and three-dimensional (Stranski-Krastanov) modes of film growth.  The data for both Pt 

and Au agree well with the two-dimensional model. 

Scanning electron microscopy images revealed a smooth, featureless surface for 

both metals, as shown in Fig. 2. Cross-sectional high-resolution (HR) TEM micrographs 

taken from the metal/GaN interfaces are shown in Fig. 3. These micrographs and the 

analyses of associated diffraction patterns showed that both metals were single crystal 

and epitaxial, with a (111)metal//(0002)GaN orientation relationship with the GaN. The 

interfaces were abrupt and smooth, with no visible reactions or mixing in either the Pt or 

the Au contacts. Numerous twinning defects were observed in both materials, but no 

other significant structural defects were observed that would alleviate the mismatch strain 

between the metal layers and the GaN film. X-ray diffraction analysis shown later also 

corroborated the single crystal nature of the films, as well as the (111) growth orientation. 

 

5.3.2 Annealed Contacts 

The as-deposited Pt and Au contacts behaved in a quasi-rectifying manner, as 

shown in Fig 4. The reverse bias leakage currents at –3V were 0.007 nA and 20 nA for 
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the Pt and the Au contacts, respectively. Annealing of the contacts gave the principal 

result that the rectifying behavior of the contacts was degraded, eventually becoming 

ohmic after annealing at 600 or 800°C, as shown in Fig.4.   

The scanning electron micrographs shown in Fig. 5 of the metal surfaces after 

annealing at 800°C reveal a loss of structural integrity in the surface of the Pt contacts; 

whereas, the Au contacts remained intact and smooth. Liu et al.[7] and Gasser et al.[8] 

observed that holes formed in their Pt films on GaN due to the formation of nitrogen gas 

which accumulated under the Pt surface and eventually escaped through perforations of 

the platinum layer. Although GaN does not dissociate in vacuum until above 800°C, 

formation of nitrogen is accelerated by the reaction of Pt and GaN to form Ga2Pt and 

N2.[9] Our data agrees with that reported in the literature, however, the reactions visible 

in our samples were less severe due to the shorter annealing times of 3 minutes, rather 

than 30-120 minutes, as reported by other investigators. For example, Liu et al.[7] 

reported complete degradation of the Pt contacts after annealing at 400°C for 120 

minutes, in contrast to our 400°C sample which showed increased leakage currents, but 

was not yet ohmic after 3 minutes at 400°C. 

Studies of the interfaces of the annealed samples by cross-sectional TEM revealed 

increasing interface roughness and reaction products for both the Pt and Au samples, as 

shown in Fig. 6. The Pt film remained epitaxial and single crystal in the 400-600°C 

range, as also demonstrated by diffraction pattern analysis. However, the Pt sample 

annealed at 800°C showed some splitting of the diffraction pattern spots indicating the 

appearance of different orientation(s) in the Pt film. Furthermore, the interface of the 

800°C Pt sample became so distorted that high resolution micrographs could no longer be 
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obtained. The TEM results from the Au samples showed less dramatic changes than were 

observed in the Pt films. Some interface roughening was apparent and minor reactions 

were visible in the 800°C sample, though to a lesser degree than in the Pt. 

X-ray diffraction measurements performed on the annealed samples are shown in 

Fig. 7. The sample with the Pt contact shows the appearance of two unidentified peaks in 

the spectrum after annealing at 800°C. These new peaks would be consistent with the 

TEM observations that an interface reaction has occurred.  However, it is unclear whether 

the peaks can be attributed to the expected Ga2Pt reaction product. The samples with Au 

contacts did not show new peaks after annealing. These results are in agreement with the 

electron microscopy observations, where the Pt samples showed a relatively larger 

material reaction volume; the Au samples showed only small volume fractions of reacted 

material that would probably be undetectable by X-ray analysis. 

A second significant feature of the X-ray data, observed in both materials, was the 

shift in the (111) peaks of the films in the 2θ/ω scan towards smaller d-spacings 

(corresponding to compression). Since the as-deposited d-spacing (da-d) was equal to the 

theoretical value for both Pt (da-d = dPt = 2.265Å) and Au (da-d = dAu = 2.355Å), this shift 

cannot be attributed to a relaxation in the contacts after annealing, as they were already 

fully relaxed. Therefore, the shift must be attributable to changes caused by alloying 

and/or stresses induced by the annealing process. Although reaction products were visible 

in both materials at high temperatures, the volume of material that had reacted was shown 

via TEM to be rather small. There was no visible evidence of reactions in the samples 

annealed at 400°C. Thus, the shift towards a compressed lattice constant was most likely 

due to annealing-induced stress resulting from differences in the coefficients of thermal 
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expansion. Previous work by Duxstad et al.[10] in the Pd/GaN system illustrated that 

differences in the coefficients of thermal expansion of Pd and GaN were sufficiently 

large that the compressive stress induced during annealing caused delamination of the 

film. 

Calculation of the stresses in the Pt/GaN and Au/GaN systems using the 

principles described by Peddada et al.[11] are shown in Table 1. The calculated stress 

values are sufficiently large to deform the materials past their ultimate tensile strengths at 

room temperature. One would therefore expect delamination or tearing at the surface in 

all of our investigated samples; however, the expected film damage was only visible in 

the Pt sample annealed at 800°C; it was not observed in any of the Au samples. A 

possible explanation for this behavior could be the relatively high homologous 

temperatures (Th = To / Tmelting point) used during annealing of the materials, that would 

allow for greater flow and yielding of the films. Gold at 800°C is at Th = 80%, whereas Pt 

is only at 52%, making the platinum more susceptible to failure is this manner. 

 

5.4 Conclusions 

The epitaxial deposition of rectifying Pt(111) and Au(111) Schottky contacts on 

CVC-cleaned GaN(0001) has been accomplished. Annealing studies of these contacts 

revealed mild degradation of the rectifying behavior at the lowest temperatures studied 

(400°C). Ohmic behavior was evident at 800°C for the Pt contacts and at 600°C for the 

Au contacts. Degradation of the interfaces caused by chemical reactions and thermal 

expansion stresses imparted to the metals during annealing, were the likely causes of the 

loss in electrical performance. In addition, stresses larger than the ultimate tensile 
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strengths of both Pt and Au are imparted to the metals during annealing, causing 

significant flow of the metals. In the case of the Pt contacts, this process could assist in 

the formation of holes where nitrogen gas from the interface reactions might escape. 

Contact fatigue damage caused by these large mechanical stresses as well as material 

flow should be studied further for cases where device thermal cycling is an important 

issue. 
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Table 5-1 - Calculated stress and strain values of Pt and Au contacts on  
GaN during annealing 

 

 Au (σUTS = 120 MPa at 298°K) Pt (σUTS = 145 MPa at 298°K) 

Temp. Strain Calculated Stress 

(compressive) 

Strain 

(compressive) 

Calculated Stress 

(compressive) 

400°C 3.2 · 10-3 246 MPa 1.1 · 10-3 183 MPa 

600°C 4.8 · 10-3 377 MPa 1.7 · 10-3 280 MPa 

800°C 6.5 · 10-3 508 MPa 2.2 · 10-3 378 MPa 
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Figure 5-1 - Plot of the ratios of intensity (area) of the XPS Ga core levels of the 

sequentially deposited Pt and Au films (Is)/ the intensity of the uncoated sample (Io) as a 
function of film thickness. 

 
 
 
 
 
 
 

      
 

Figure 5-2 - Scanning electron micrographs of the as-deposited surfaces of  
the Pt (left), and the Au films. 
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Figure 5-3 - Cross-sectional transmission electron micrographs of the interfaces of as-
deposited Pt/GaN (left) and Au/GaN. 
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Figure 5-4 - Current-Voltage curves for the as-deposited and the annealed Pt (top), and 

Au contacts. 
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Figure 5-5 - Scanning electron micrographs of the surfaces of the Pt (left) and Au 

contacts after annealing for 3 minutes at 800°C. 

 
 
 
 
 
 
 

        
 

Figure 5-6 - Cross-sectional electron micrographs of the Pt/GaN (left) and the Au/GaN 
interface after annealing for 3 minutes at 800°C. 
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Figure 5-7 - X-ray diffraction spectra showing 2Q/w profiles for the Pt (top) and Au 
contacts. Different temperatures are offset for ease of viewing. All data is normalized to 

the SiC (0006) peak. 
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Abstract 

X-ray diffraction studies have been completed on uncoalesced, maskless pendeo-

epitaxy samples. Two sets of samples investigated had small and large wing areas with 

respect to the seed stripe. Tilting in the samples was recorded as approximately 0.14° for 

both samples. Reciprocal space mappings were also completed in order to investigate 

changes in the full-width half-maximum (FWHM) values and lattice parameters for both 

the seed material and the wing material. Strain relief was evident in the wing material 

with up to 60% of the strain being relieved in the wing regions. Additionally, the wing 

material is shielded from the 6H-SiC substrate domain effects that can cause an increase 

in the GaN FWHM values due to domain tilting typical in SiC. This shielding allows low 

FWHM material to be grown in the wing regions even if substrate domain tilting creates 

a poor seed template. 
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6.1 Introduction 

Lateral epitaxial overgrowth (LEO) and pendeo-epitaxy (PE) growth techniques 

involve lateral growth of the film material over a mask. While the mask acts as a barrier 

to propagation of threading dislocations, the crystal planes of the coalesced material 

above the mask exhibit tilting with respect to those in the window or stripe (seed) region. 

Coalescence of these tilted crystal planes above the mask form tilt boundaries as 

evidenced by TEM. Additionally, if the tilting in the lateral growth regions (wings) is 

large, the coalescing fronts may have irregular registry that can lead to cracking on 

cooling. 

Wing tilt has been measured using x-ray diffraction by measuring a ω rocking 

curve about the GaN 0002 peak with the scatter plane perpendicular to the stripe or 

window direction. Fini et al [1] at UCSB has analyzed the extent and distribution of tilt in 

LEO overgrown regions as a function of growth temperature, stripe openings and input 

V/III ratio. Fini correlated the effects of each growth condition through plotting tilt as a 

function of r (lateral to vertical growth). As r increased and the stripe cross section 

became wider and flatter, there was a corresponding linear increase in wing tilt. Growth 

conditions that produced high r values, and corresponding high tilt values were under 

high temperature, high fill factors and high V/III. Fini also mentioned that changes in the 

SiO2 mask under GaN growth conditions could partially contribute to wing tilt but this 

was not quantified. 

Further research was conducted to elucidate wing tilt origins through in-situ XRD 

measurements. The emergence of wing tilt was measured by XRD during the first 300 

seconds of growth. Remarkably, the degree of wing tilt did not change after growth 
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during cooling. Thermally induced stresses during cooling have been eliminated as 

origins of wing tilt in LEO grown material. The authors conclude that stress state early in 

growth and physiochemical changes in the mask properties can be possible origins of 

tilt.[1] 

High-resolution x-ray diffraction (HRXRD) and TEM analysis was done on SiNx 

masked PE and similar trends in crystallographic tilt are seen for the overgrown material 

above the mask.[2] A tilt of ∼ 0.2° was measured from the coalesced PE material. Since 

coalesced PE GaN contains two coalescence fronts, coalescence of the wings and of the 

material over the mask, a spatial resolved method of crystal tilt was employed. TEM 

SAD patterns were taken from the two small areas of coalescence. There was no evidence 

of significant tilt in the wing regions as seen from the diffraction pattern compared to 

observations of significant tilt in material over the mask. Another method for 

deconvoluting tilt measured by XRD is to grow unmasked PE that contains only wing 

growth and seed material. Maskless PE material has the advantage over LEO in that the 

wing material does not interact with any other material interfaces such as SiO2 or SiN and 

a more fundamental picture of crystallographic tilt can be formed. The research presented 

in this paper will focus on maskless pendeo-epitaxy results. 

 

6.2 Experimental Details 

The PE GaN and underlying GaN seed layer and AlN buffer layer were grown in 

a cold-walled vertical pancake-style metalorganic vapor phase epitaxy (MOVPE) system. 

A DC resistive graphite heater below a SiC-coated graphite platter heated the substrates. 

A 1000Å AlN buffer layer was grown on 6H-SiC(0001) substrate at 20 Torr and a platter 
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temperature of 1120°C and followed by growth of a 1µm GaN seed layer at 1020°C. 

Ammonia (NH3), trimethylaluminum (TMA) and triethylgallium (TEG) were used as 

precursors and high-purity H2 was used as both carrier and diluent. An etch mask of 

1500Å Ni stripes was deposited by e-beam evaporation and patterned using standard 

photolithography lift-off techniques. The unmasked GaN was etched using an inductively 

coupled plasma (ICP) system with Cl2 and BCl3 as the etch gases. The GaN was etched 

down to the SiC substrate creating stripes oriented along the <1-100> direction. The Ni 

was then removed by a 5 min dip in HNO3. The exposed sidewalls (11-20) and the top 

(0001) face of the stripes were subsequently dipped in 50% hot HCl to remove any 

surface oxide prior to regrowth. PE growth was achieved at a range of temperatures 

(1040-1100°C) and TEG flow rates (17-100 µmole/min) at 20 torr with a H2 diluent 

(3000 sccm) and NH3 precursor (3000 sccm). Two sets of samples were created, one with 

a large wing width to stripe width ratio (4.1µm to 3.5µm) and the other with a small wing 

width to stripe width ratio (0.70µm to 4.5µm). 

High resolution X-ray diffraction analysis was completed on a Philips X’Pert 

Materials Research Diffractometer (MRD) system. The incident x-ray beam passes 

through a four-bounce Ge (220) crystal monochromator and the diffracted beam passes 

through a triple-bounce Ge (220) analyzer crystal. 

 

6.3 Results  

Reciprocal space maps of uncoalesced pendeo-epitaxy samples show three 

discrete peaks when the x-ray beam direction is perpendicular to the seed stripe direction. 

The seed material creates one of the peaks and the two wings create the remaining two 
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peaks. As shown in Figure 3-1, all three peaks are easily resolved when the x-ray beam is 

oriented perpendicular to the stripe direction. Of particular note is that the two wing 

peaks are shifted with respect to the seed layer peak in not only the omega direction but 

also in the 2θ−ω direction as well. The omega shift comes from crystal tilt in the wing 

regions and the 2θ−ω shift is due to strain relaxation in the wing regions. For samples 

with longer growth times, as in Figure 3-1, the seed material peak is not resolvable 

because of the intensity of the wing peaks that covers over the smaller seed layer peak. 

The fact that the peaks are discrete makes it possible to accurately determine the 

full-width half-maximum (FWHM) and lattice parameters for the stripe and wing regions 

independently when all of the peaks are present. This information is reported in Table 6-1 

for the samples in this study. The wing tilt of the two samples did not vary within the 

error of the measurement. The 0.13-0.14° tilt observed in the pendeo samples is lower 

than typically found in LEO samples (>1°). An interesting observation is that the FWHM 

values in the large wing sample are much lower in the wing than in the post. The 

abnormally large FWHM value in the post is due to domain tilting in the SiC wafer that is 

mimicked in the GaN film. The wing material is not in direct contact with the substrate, 

so it is shielded from the effects of the poor SiC domain structure. The small wing sample 

does not show this effect because the SiC FWHM value was not abnormally high. 

 Also of note when comparing the wing material to the post material is the 

evidence of strain relaxation in the wing material. The a and c lattice parameters both 

relax in the wing once free of the strain effects of the substrate. The strain reduction 

observed ranges from 20-60% in the cases shown below. 
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Table 6-1 – Tilt, FWHM, Lattice Parameters, and Strain of samples in this study 

 Small Wing/Post Width 
(0.70µm / 4.5µm) 

Large Wing/Post Width 
(4.1µm / 3.5µm) 

     
 Post Wing Post Wing 
Tilt Angle -- 0.14° ± 0.01 -- 0.13° ± 0.01 
FWHM (00.2) 237 ± 10 234 ± 20 646 ± 25 354 ± 110 
FWHM (10.3) 318 ± 10 286 ± 66  131 ±10 
     
a-parameter (Å) 3.1931 ± 0.0018 3.1098 ± 0.0007 3.1954 ± 0.0014 3.1925 ± 0.0002 
c-parameter (Å) 5.1826 ± 0.0001 5.1842 ± 0.0002 5.1830 ± 0.0004 5.1834 ± 0.0001 
     
Strain in a* -0.13 % -0.05 % -0.19 % -0.11 % 
Strain in c* 0.06 % 0.03 % 0.05 % 0.04 % 

* Calculated with theoretical values of a = 3.1891Å, c = 5.1855Å [3] 
 

 

6.4 Conclusions 

Wing tilting has been investigated in large and small winged samples. The 

magnitude of the tilting was low when compared to typical LEO materials, with a value 

of 0.14° being observed in the pendeo samples. The tilting of the wings allows additional 

work to be completed using reciprocal space mapping to obtain the FWHM and lattice 

parameters of the wing and seed material separately for comparison. This is very useful 

when trying to gauge the improvement of the wing material when compared with the 

original seed layers. We have reported that the strain in the wing material is relaxed by up 

to 60% when compared with the seed layer. Additionally, the wing material FWHM 

values are lower than the seed material, due in part to the removal of substrate effects on 

the FWHM values of the films. 
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Figure 6-1 - SEM images and (002) reciprocal space maps of small wing sample. When 
the incident x-ray beam is perpendicular to the stripes, the tilt in the wings is resolvable. 
When the x-ray incidence direction is parallel to the stripes the wing and seed layer peaks 
overlap and are not resolved. 
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Figure 6-2 – SEM images and (002) reciprocal space maps of large wing sample. 
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7. Summary 
 

The purpose of the studies contained in this thesis was to characterize and 

quantify the results of various methods of producing Nitride based thin films on SiC. 

Many of the projects summarized here were completed in order to investigate the 

worthiness of a new technique. Hydrogen etching of 6H-SiC substrates, substrate effects 

on x-ray results of GaN films, wing tilt in pendeo epitaxial growth of GaN, chemical 

vapor cleaning of GaN surfaces, and AlN and AlGaN buffer layer changes were all 

investigated with different characterization objectives in mind, which are summarized 

below. 

 
7.1 Summary of Hydrogen Etching of SiC Substrates 

Several changes were found in the nitride films grown on hydrogen etched 6H-

SiC wafers. Rocking curves of AlN layers on the un-etched material were relatively 

typical of thin, highly strained epitaxial films. Data from the AlN on the etched material 

had the presence of a sharp “spike” in the center of the rocking curve. This effect was 

more pronounced in the high-doped substrate samples. The width of the spike was 

determined by the full-width half-maximum (FWHM) of the underlying substrate 

material. In addition, the FWHM values of the AlN on the high-doped substrates were 

lower than observed on the low-doped substrates. 

The x-ray results for the GaN films on the etched materials were not as expected. 

In both the on-axis and off-axis directions, the un-etched FWHM values were lower than 

those of the etched samples. Typically, the GaN film mimics the underlying layer, in this 

case the AlN buffer. Therefore, it would be expected that the GaN film would show the 
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same behavior as the AlN, with decreasing rocking curves values when the substrate is 

etched. It is possible that some defect has manifested itself in the AlN that is detectable in 

the on-axis data taken, thus worsening the structure of the GaN. 

 

7.2 Summary of SiC Substrate Variation 

6H-SiC wafers have a varied domain structure that strongly influences the 

measurement of GaN rocking curve values. The size of this influence makes it necessary 

to account for this variation when investigating GaN films via x-ray methods. The 

acquisition of numerous GaN FWHM data points with respect to the underlying SiC 

FWHM allows the investigator to obtain a “best-case” estimate of the GaN rocking curve 

values. This best-case value can be correlated with the values from other Bragg peaks to 

obtain dislocation population information as well as useful comparisons of the variables 

under study. This method has been used to show that GaN edge dislocation population 

decreases as a function of thickness when grown on 6H-SiC wafers. 

Buffer layer effects on GaN dislocation population are more complex, but can be 

investigated with this method. AlN grown at 1130°C seems to provide a better buffer 

layer than one grown at 1010°C with regard to edge dislocations but the error in the 

measurements necessitate further study. High-temperature AlN grown at 1230°C greatly 

increases the edge dislocation component of the GaN. The absence of pits on the 

smoother AlN surface allows for more nucleation points to form at a slower rate, 

eventually causing a larger number of coalescence twist boundaries between the 

nucleated islands which are the source of threading style edge dislocations in GaN. 

AlGaN buffer layers appear to reduce the tendency for edge dislocation formation, either 



 

 84 

through the reduce misfit between the GaN and AlGaN layer, or by reduction in the 

number of re-nucleation points of the GaN on the AlGaN. 

 

7.3 Summary of SiC TEM Sample Preparation 

The thickness of transparent, SiC-based cross-sectional, TEM samples have been 

determined as a function of dimpling and ion milling time via Nomarski differential 

interference contrast optical microscopy under reflected light conditions. The Nomarski 

prism allowed observation of contrast rings when the thickness of these samples was 

within the 1-20 µm range. This significantly improved the accuracy of dimpling, reduced 

sample breakage due to over-dimpling, and also reduced sample damage due to over ion 

milling of under-dimpled samples.  The use of a Teflon® vise to apply pressure to the 

samples during curing of the epoxy reduced the width of the resulting epoxy line that 

shielded the film surface more effectively from ion milling damage. The technique is also 

applicable for the analogous preparation of other transparent materials where fringes have 

been observed, such as zinc oxide and sapphire. 

 

7.4 Summary of Au and Pt Contacts on GaN 

The epitaxial deposition of rectifying Pt(111) and Au(111) Schottky contacts on 

CVC-cleaned GaN(0001) has been accomplished. Annealing studies of these contacts 

revealed mild degradation of the rectifying behavior at the lowest temperatures studied 

(400°C). Ohmic behavior was evident at 800°C for the Pt contacts and at 600°C for the 

Au contacts. Degradation of the interfaces caused by chemical reactions and thermal 

expansion stresses imparted to the metals during annealing, were the likely causes of the 
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loss in electrical performance. In addition, stresses larger than the ultimate tensile 

strengths of both Pt and Au are imparted to the metals during annealing, causing 

significant flow of the metals. In the case of the Pt contacts, this process could assist in 

the formation of holes where nitrogen gas from the interface reactions might escape. 

Contact fatigue damage caused by these large mechanical stresses as well as material 

flow should be studied further for cases where device thermal cycling is an important 

issue. 

 

7.5 Summary of Tilt in Pendeo Wings 

Wing tilting has been investigated in large and small winged samples. The 

magnitude of the tilting was low when compared to typical LEO materials, with a value 

of 0.14° being observed in the pendeo samples. The tilting of the wings allows additional 

work to be completed using reciprocal space mapping to obtain the FWHM and lattice 

parameters of the wing and seed material separately for comparison. This is very useful 

when trying to gauge the improvement of the wing material when compared with the 

original seed layers. We have reported that the strain in the wing material is relaxed by up 

to 60% when compared with the seed layer. Additionally, the wing material FWHM 

values are lower than the seed material, due in part to the removal of substrate effects on 

the FWHM values of the films. 
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8. Areas of Future Research 
 

There are several areas of future research that can be pursued with regard to the 

studies in this thesis. The topics of most interest and suited to our capabilities are listed 

below, grouped by subject, for the use of future students. 

 
8.1 Hydrogen etching of SiC substrates 

The results of our GaN studies were not as expected. There are clearly changes 

going on in growth of the materials on h-etched substrates that are not understood. Also, 

it may be possible that other variables affect these results and may improve the materials 

to a degree that we did not observe in our work. Future studies are: 

1. Plan-view TEM of etched vs. unetched samples to determine differences in the 

dislocation population character. Cross-sectional TEM of the AlN would be 

interesting to see what is causing the x-ray spiking behavior. Is the structure 

similar to that seen in the Bremen MBE GaN that shows rocking curve spikes? 

2. Is there an effect of the miscut of the substrate? Miscut changes the terrace width 

of the h-etched surface and that may change the quality of the samples because 

wide terraces may nucleate more islands and create higher edge component 

material. 

 
8.2 SiC/GaN X-ray Correlation 

The ability to characterize samples and extract meaningful information for a 

growth study is critical to the advancement of semiconductor materials. The variation 

seen in SiC substrates can result in a misguided recommendation for the efficacy of a 

certain growth experiment if the wafer quality is not accounted for. Further refinement of 
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the technique to correlate SiC and GaN rocking curve data should be explored. The 

technique may be improved by: 

1. Results of high temperature AlN buffer layer studies indicate that a perfectly 

smooth AlN template may not be desirable. Is there an optimum roughness of the 

AlN? What if smooth AlN (grown at 1250C) was “patterned” somehow to 

roughen the surface in an array of spots? Could the preliminary island growth in 

the GaN be improved (reduced) to lower edge dislocation formation by having 

optimum island spacing and dispersion? 

2. Reduction of the x-ray spot size to include help reduce variation in the data. 

3. Spot size variation between different diffraction planes should be studied with 

relation to off-axis dislocation population prediction. 

4. Dislocation population prediction measurements should be correlated to actual 

dislocation populations as measured by TEM. 

5. Many more studies on buffer layers are possible since the techniques shown in 

this thesis are capable of discerning the differences between the buffers. Can 

graded buffers be used to more effect? What does thickness of the buffer change? 

It seems that a certain amount of roughness is required for good GaN films, so 

what are the important nucleation differences that dictate this result? 

 
8.3 Nomarski as a tool for SiC cross-sectional TEM samples 

This technique was extremely valuable for use with our samples. Investigation of 

the properties of other transparent materials would be interesting. Sapphire and ZnO are 

also known to show interference fringes, but the thickness information has not been 
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determined. Sapphire would be relatively easy due to its hardness, however the ZnO 

wafers seen to date are not very robust, and this may prove to be limiting. The samples 

need to be thinned to the point that the fringes are visible and then broken so that 

thickness measurements can be made in the SEM in cross-section to correlate with the 

fringes seen. Also, do the fringe colors match for all microscopes, or are they dependant 

on the prism and filter used? If they are not dependant on the prism and filter, is it 

possible to predict the material’s thickness in relation to the color observed based on the 

optics and diffraction physics theory? 

 
8.4 TEM of Contacts on Cleaned GaN 

Studies presented in this work for Au and Pt contacts on GaN were only annealed 

for short times (minutes). Since the operation of devices at higher temperatures would be 

for days-years, annealing for longer periods of time, at actual operation temperatures 

would provide interesting data. TEM of the interfaces and any reactions that take place 

would be of interest, as well as x-ray studies of the reacted materials to attempt to 

determine the reactions that are occurring. Electrical properties of these contacts, such as 

I-V data and resistivity, are also of interest after the longer annealing times. 

 
8.5 Wing Tilt of Pendeo Samples 

Nitride films made with Pendeo epitaxy have numerous structural intricacies that 

are suitable for future research. 

1. Where does the wing tilt originate? Finite element analysis of each step in the 

process would be valuable to help determine the origin of the tilt and how to 

minimize or eliminate it. 
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2. What is the degree of recovery in the wings compared to the seed material in on-

axis and off-axis rocking curves? Do larger wings recover more? What about 

taller posts? 

3. Coalesced material probably retains much of the strain from the thermal 

contraction after the growth is completed. How much strain is left as compared to 

material that isn’t coalesced? Is it possible to reduce this amount? 

4. Do AlGaN pendeo structures have different strain and tilt characteristics from 

similar GaN structures? 

5. Do epitaxial films, such as bulk InGaN or quantum wells, grown on top of 

coalesced pendeo wings have different x-ray, photoluminescence, or Hall, 

properties as compared to material on top of the seed post? Data from 

uncoalesced pendeo samples (Yale group with our samples) show PL differences, 

but what about coalesced samples? 
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Appendix A1. X-ray Rocking Curve Mapping of Wafers 
 

by 

E.A. Preble 
Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695.
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A1.1. Goal of Mapping Technique 

 Recent studies of GaN quality with respect to buffer layers, hydrogen etching, and 

other growth variables have proven inconclusive and un-repeatable due to high variation 

in the GaN layers. This variation is caused by the variation in the underlying SiC 

substrate. To ascertain the effects of the growth studies, it is necessary to characterize the 

wafer as well to remove this effect. 

 

A1.2. Mapping Procedure 

 Optimize a rocking curve scan in the center of the wafer to obtain the orientation. 

Then, repeat this scan on a grid over the entire wafer to get Full-Width Half-Maxima 

(FWHM) values for the entire wafer. The software of the system limits us to 100 scans at 

a time, so I run a 9x11 mesh, resulting in 99 data points per wafer. The mesh step size 

was 5mm, so the resulting sampling area looks roughly like Figure A1-1: 

 

Figure A1-1 - X-ray map sampling matrix with respect to a 2-inch SiC wafer 

Data taken at mesh 
intersections 

Wafer 
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A1.3. Typical Rocking curves of SiC 

 Each rocking curve will be representative of the crystal domains in the spot area. 

The variation and random shape of each rocking curve requires a new way to evaluate 

each FWHM value that is not dependent on curve fitting. A rough estimate may be 

gained by simply taking the exact width at the half height, without curve fitting. This 

method is subject to over-estimation of the FWHM values depending on the curve 

smoothness, but works quite well and can be automated. The following examples, in 

Figure A1-1 and Figure A1-2, show how this was accomplished. 
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Figure A1-2 - Rocking curve of a good region of SiC 
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Figure A1-3 - Rocking curve of a poor region of SiC 

 
 
 
A1.4. Map of SiC wafers 

 A typical map of these rocking curves is shown next, in Figure A1-4. Red denotes 

low FWHM values (high quality) and purple denotes high FWHM values (poor quality). 

The domains of the SiC shift a lot with each step indicating that the domain sizes are 

much smaller than the step size of the test. 
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Figure A1-4 - Typical X-ray map of a wafer 

 

 
A1.5. Repeatability 

 Two tests were made to determine how sensitive the test is to the initial 

optimization procedure, and the location of the optimization. The above sample was 

optimized in the center, a relatively poor section of the sample (>200”). In test 1, the 

sample was re-optimized in a good section of the material (at –5, -10), and the map was 

made again. In test two, the sample was removed from the stage, re-mounted, and 
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optimized again to gauge the repeatability. Both tests resulted in maps that were nearly 

indistinguishable from the first map. 

 

A1.6. Validation of the Procedure 

 Now that the maps are known to be repeatable, are they in fact representative of 

what is inside the material? It is important to note that only the initial rocking curve is 

optimized. Subsequent scans are simply repetitions of the original, but in areas where the 

crystals may be oriented quite differently, both due to sample mounting, and wafer 

variation. 

 A Silicon 111 “standard” was chosen to validate the technique. Silicon is known 

to be very uniform, with very sharp FWHM values. When mapped, it is clear that the 

variation in the standard was very low. In fact, the values fell into 3 bins. 9, 10.8, and 

12.6 arcsec. The step size of the test was 1.8 arcseconds, so the variation seen was 

effectively only ±1 “pixel” of resolution, as shown in Figure A1-5. 
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Figure A1-5 - Si (111) standard wafer map showing little variation. 
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Appendix A2. Visual Basic Codes for Importation and Analysis of 
Wafer Map Data 

 

by 

E.A. Preble 
Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695.



 

 98 

A2.1  Purpose of Codes 

 The analysis of wafer variations in SiC, and the effects it has on the films 

deposited on SiC, results in a large quantity of data. The ability to process this data must 

be automated or the time required for each sample becomes prohibitive. The results of the 

x-ray scans on our Philips MRD system can be saved to separate text files and therefore 

can be analyzed all at once provided that the programs doing the analysis are able to 

determine the spatial location of each data set with respect to the other data sets. 

Microsoft Excel 2000 offers the ability to directly program visual basic 

applications into the spreadsheets. This offers the advantage of being able to create 

programs for analysis without having to also program the mathematical functions and 

graphing functions that are already present in Excel. These programs can be incorporated 

directly into a spreadsheet template for use in graphing or comparisons with other data 

sets. 

 
A2.2  Program Usage 

A2.2.1  Overview 

The template created for importing a group of rocking curves from a wafer scan is 

called “Wafer X-ray Mapping Template.xls”. A screenshot of both pages of this template 

are shown below in Figures A2-1 and A2-2. The data importation page in Figure A2-1 

allows the user to import a set of data files and normalize them for analysis. The results 

page in Figure A2-2 shows scan intensity values, Full Width Half Maximum (FWHM) 

values, and graphs this data as contour plots. The results page also allows the user to 

graph each rocking curve scan, one at a time, to verify that the scans were all valid, as 
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well as create an “xyz list” of the FWHM data for use in more powerful graphing 

programs. 

 
 
 
 
 
 

 
Figure A2-1 - Data Importation Page of Template Program 
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Figure A2-2 - Results Page of Template Program 

 

A2.2.2  Data Importation 

Any rectangular shaped array of rocking curve data can be imported into the 

program. First, define the size and shape of the array in cells J1-J6. The variables are 

defined as follows: 

X Size – Number of steps in the x direction. 
Y Size – Number of steps in the y direction. 
X Min – The minimum x-position, in millimeters. 
Y Max – The maximum y-position, in millimeters. 
X Step – The step, in millimeters, per motion in the x direction. 
Y Step – The step, in millimeters, per motion in the y direction. 
 

In the example below, the upper left hand corner of the scan was at x=-20, y=25. 

The array size was 11 steps of 5 mm in the y direction, and 9 steps of 5 mm in the x 

direction. This geometry is illustrated in Figure A2.3. 
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Once the definitions of the variables are entered, the user can import the data files 

by pressing the “Import Rocking Curve” button. Data files must be in the format of 

1_1.sca, 1_2.sca, etc. where the first digit is the x-step, and the second digit is the y-step. 

All of these files should be placed in a single directory. Once the import button is 

pressed, the user will be prompted to locate the “1_1.sca” file for the dataset to be 

imported and press ok. The software will then import the entire matrix of scans into the 

spreadsheet. Depending on the size of the scans, this can take several minutes. 

Once the data is imported, it can be normalized so that graphing is easy. The 

highest data point in each of the scans will be moved to omega = 0, with all other data 

points moved accordingly. As the data is normalized, the FWHM values and count rate 

values for each scan will be filled entered into the area above the data. 

 
 

 
Figure A2-3 - Array example matrix showing typical scan points of a 2" wafer 
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A2.2.3  Results 

Once the normalization procedure has been completed, the user can move to the 

“results” sheet to graph the data obtained. By pressing the “Fill in Max Values” and “Fill 

in FWHM Values” buttons, the user can create a matrix of the data analyzed from each of 

the scans. This data will be automatically graphed to the right, but if the matrix size 

changes, the graph data may need to be expanded or contracted to show all of the results 

properly. 

It is important to press the “Plot all Plots” button and cycle through each graph to 

be sure that the data is valid. Plots that have data cut off from the scan, or that are 

excessively noisy should be re-scanned or removed from the data sets. If the user needs to 

graph the data in another software program, most programs can import “xyz” lists of data, 

which can be created by pressing the “Make XYZ List” button. 

 

A2.3  Visual Basic Code Listing 

The code listing for the various subroutines that are used in the template program 

is shown after the figures for this section. These codes can be viewed or modified directly 

in Excel by loading the template spreadsheet and then pressing “alt-F11”. This software 

can be considered open source code and was written by Edward Preble. This software 

may not be used for profit without the express written permission of the author. 

 

Option Explicit 

Private Temp As String, Temp2 As String, TempInt As Long 

Private Sample As String, ScanDate, Power As String 
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Private Omega As Double, TwoTheta As Double, Offset As Double 

Private x As Double, y As Double, R As Double, Psi As Double 

Private FirstAngle As Double, ScanRange As Double, StepWidth As Double 

Private TimeStep As Double, NumberOfPoints As Long 

Private Filter, Title, Filename, Caption, Directory 

Private n As Long, i As Long, ColOffsetVar As Long, RowNumber As Long 

Private Max As Double, MaxRow As Long, OffsetAngle As Double, ActualAngle As 

Double 

Private GaN As Double, InN As Double, AlN As Double, SiC As Double, Delta As 

Double 

Private MaxAngle(20, 20) As Double, MaxCount(20, 20) As Double 

Private FWHMLow As Double, FWHMHigh As Double 

Private msg, style, C As Long, cell As Range 

Private XStep As Double, YStep As Double, XMin As Double, YMax As Double, XMax 

As Double, YMin As Double, XN As Long, YN As Long 

Sub GetConfigs() 

XN = Worksheets("SiC Data").Range("J1").Value 

YN = Worksheets("SiC Data").Range("J2").Value 

XMin = Worksheets("SiC Data").Range("J3").Value 

YMax = Worksheets("SiC Data").Range("J4").Value 

XStep = Worksheets("SiC Data").Range("J5").Value 

YStep = Worksheets("SiC Data").Range("J6").Value 

XMax = XMin + (XN - 1) * XStep 
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YMin = YMax - (YN - 1) * YStep 

End Sub 

Sub ClearOldMaxValues() 

Range("A6").Select 

Range(Selection, Selection.End(xlDown)).Select 

Selection.Clear 

For x = 1 To 100 

    If (Range("B5").Offset(0, x - 1).Value <> "") Then 

        Range("B5").Offset(0, x - 1).Select 

        Range(Selection, Selection.End(xlDown)).Select 

        Selection.Clear 

    End If 

Next x 

End Sub 

Sub ClearOldFWHMValues() 

Range("A22").Select 

Range(Selection, Selection.End(xlDown)).Select 

Selection.Clear 

For x = 1 To 100 

    If (Range("B21").Offset(0, x - 1).Value <> "") Then 

        Range("B21").Offset(0, x - 1).Select 

        Range(Selection, Selection.End(xlDown)).Select 

        Selection.Clear 
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    End If 

Next x 

End Sub 

Sub Make_XYZ_List() 

Application.ScreenUpdating = False 

Range("A39:C39").Select 

Range(Selection, Selection.End(xlDown)).Select 

Selection.Clear 

Call GetConfigs 

C = 1 

For y = 1 To YN 

    For x = 1 To XN 

        Range("A39").Offset(C - 1, 0).Value = XMin + (y - 1) * XStep 

        Range("B39").Offset(C - 1, 0).Value = YMax - (x - 1) * YStep 

        Temp = y - 1 

        Temp2 = x - 1 

        Range("C39").Offset(C - 1, 0).Value = Range("B22").Offset(Temp2, Temp).Value 

        C = C + 1 

    Next x 

Next y 

Range("C39", Range("C39").Offset((YN * XN) - 1, 0)).Select 

Selection.Copy 

Application.ScreenUpdating = True 
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End Sub 

Sub Fill_In_Max_Values() 

Application.ScreenUpdating = False 

Call GetConfigs 

Call ClearOldMaxValues 

C = 1 

For y = 1 To YN 

    For x = 1 To XN 

        Range("B5").Offset(0, x - 1).Value = XMin + (x - 1) * XStep 

        Range("A6").Offset(x - 1, 0).Value = YMax - (x - 1) * YStep 

        Range("B6").Offset(x - 1, y - 1).Select 

        ActiveCell.FormulaR1C1 = "='SiC Data'!R11C" & C 

        C = C + 2 

    Next x 

Next y 

Application.ScreenUpdating = True 

End Sub 

Sub Fill_In_FWHM_Values() 

Application.ScreenUpdating = False 

Call GetConfigs 

Call ClearOldFWHMValues 

C = 1 

For y = 1 To YN 
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    For x = 1 To XN 

        Range("B21").Offset(0, x - 1).Value = XMin + (x - 1) * XStep 

        Range("A22").Offset(x - 1, 0).Value = YMax - (x - 1) * YStep 

        Range("B22").Offset(x - 1, y - 1).Select 

        ActiveCell.FormulaR1C1 = "='SiC Data'!R7C" & C 

        C = C + 2 

    Next x 

Next y 

Application.ScreenUpdating = True 

End Sub 

Sub change_chart() 

Call GetConfigs 

    C = 1 

    ActiveSheet.ChartObjects("Chart 5").Activate 

    ActiveChart.SeriesCollection(1).Formula = _ 

        "=SERIES('SiC Data'!R15C2,'SiC Data'!R16C1:R4016C1,'SiC 

Data'!R16C2:R4016C2,1)" 

For y = 1 To YN 

    For x = 1 To XN 

        ActiveChart.SeriesCollection(1).Select 

        Temp = "=SERIES('SiC Data'!R15C2,'SiC Data'!R16C" & C & ":R4016C" & C & 

",'SiC Data'!R16C" & C + 1 & ":R4016C" & C + 1 & ",1)" 

        ActiveChart.SeriesCollection(1).Formula = Temp 
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        C = C + 2 

        MsgBox "X=" & Range("B21").Offset(0, y - 1).Value & "  Y=" & 

Range("A22").Offset(x - 1, 0).Value 

    Next x 

Next y 

    ActiveChart.SeriesCollection(1).Formula = _ 

        "=SERIES('SiC Data'!R15C2,'SiC Data'!R16C1:R4016C1,'SiC 

Data'!R16C2:R4016C2,1)" 

 

End Sub 

Sub normalize() 

Call GetConfigs 

'Change angles to relative to max point 

For y = 1 To YN 

    For x = 1 To XN 

        Range("G5").Select 

        Application.ScreenUpdating = True 

        Range("G4").Value = "Step " & x + (y - 1) * XN & " / " & XN * YN 

        Application.ScreenUpdating = False 

        RowNumber = 0 

        FWHMLow = 0 

        FWHMHigh = 0 

        ColOffsetVar = 2 * ((y - 1) * XN + x) - 1 
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        MaxAngle(x, y) = Range("A10").Offset(0, ColOffsetVar - 1).Value 

        MaxCount(x, y) = Range("A11").Offset(0, ColOffsetVar - 1).Value 

        Range("A16").Offset(0, ColOffsetVar - 1).Select 

        Range(Selection, Selection.End(xlDown)).Select 

        For Each cell In Selection 

            cell.Value = cell.Value - MaxAngle(x, y) 

            If ((FWHMLow = 0) And (cell.Value < 0) And (cell.Offset(0, 1).Value > 

(MaxCount(x, y) / 2))) Then 

                Range("A8").Offset(0, ColOffsetVar - 1).Value = cell.Value 

                FWHMLow = 1 

            End If 

            If ((cell.Value > 0) And (cell.Offset(0, 1).Value > (MaxCount(x, y) / 2))) Then 

                Range("A9").Offset(0, ColOffsetVar - 1).Value = cell.Value 

            End If 

        Next cell 

    Next x 

Next y 

Application.ScreenUpdating = True 

End Sub 

Sub sic_import_rocking_curve() 

Call GetConfigs 

'Locate Directory to load from 

Filter = "All files,*.*," 
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Caption = "Select the 1_1.sca file in the proper directory." 

Filename = Application.GetOpenFilename(Filter, , Caption) 

 

If Filename = False Then 

    Exit Sub 

    End If 

Application.ScreenUpdating = False 

Application.DisplayAlerts = False 

Temp = ActiveWorkbook.Name 

Temp2 = "\" 

TempInt = InStr(1, Filename, Temp2, 1) 

While InStr(TempInt + 1, Filename, "\", 1) > 0 

    TempInt = InStr(TempInt + 1, Filename, "\", 1) 

Wend 

Directory = Left(Filename, TempInt) 

 

'Load Files 

For y = 1 To YN 

    For x = 1 To XN 

        Filename = Directory & x & "_" & y & ".sca" 

        Open Filename For Input As #1 

        Workbooks.OpenText Filename:=Filename, _ 

            Origin:=xlWindows, StartRow:=1, DataType:=xlDelimited, TextQualifier:= _ 
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            xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, Semicolon:=False, _ 

            Comma:=True, Space:=False, Other:=False, FieldInfo:=Array(Array(1, 1), _ 

            Array(2, 1), Array(3, 1), Array(4, 1), Array(5, 1), Array(6, 1), Array(7, 1), 

Array(8, 1), _ 

            Array(9, 1)) 

 

        Call Open_Text 

 

        Windows(Temp2).Activate 

        ActiveWorkbook.Close 

        Close #1 

         

        Range("A16").Offset(0, ColOffsetVar - 1).Value = FirstAngle 

        n = 0 

        For i = 1 To NumberOfPoints - 1 

            Range("A17").Offset(n, ColOffsetVar - 1).Value = Range("A17").Offset(n - 1, 

ColOffsetVar - 1).Value + StepWidth 

            n = n + 1 

        Next i 

    Next x 

Next y 

 

Application.DisplayAlerts = True 
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Application.ScreenUpdating = True 

 

End Sub 

Sub Open_Text() 

ScanDate = Range("B2").Value 

If Right(ScanDate, 3) = "100" Then 

    ScanDate = Left(ScanDate, Len(ScanDate) - 3) 

    ScanDate = ScanDate & "00" 

    End If 

FirstAngle = Range("b19").Value 

StepWidth = Range("b21").Value 

NumberOfPoints = Range("b23").Value 

Temp2 = ActiveWorkbook.Name 

 

Range("A25").Select 

Range(Selection, Selection.End(xlDown)).Select 

Selection.Copy 

Windows(Temp).Activate 

ColOffsetVar = 2 * ((y - 1) * XN + x) - 1 

Range("A16").Offset(0, ColOffsetVar).Select 

ActiveSheet.Paste 

Range("B9").Select 

End Sub 
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Sub Clear_Rocking_Curve_Data() 

    Application.ScreenUpdating = False 

    For i = 0 To 100 

        Range("A16:B16").Offset(0, i * 2).Select 

        Range(Selection, Selection.End(xlDown)).Select 

        Selection.ClearContents 

        Range("A8").Offset(0, i * 2).Select 

        Selection.ClearContents 

        Range("A9").Offset(0, i * 2).Select 

        Selection.ClearContents 

    Next i 

    ActiveWindow.SmallScroll Down:=-24 

    Range("B9").Select 

    Application.ScreenUpdating = True 

End Sub 

Function LASTINCOLUMN(rngInput As Range) 

Dim WorkRange As Range 

Dim i As Integer, CellCount As Integer 

Application.Volatile 

Set WorkRange = rngInput.Columns(1).EntireColumn 

Set WorkRange = Intersect(WorkRange.Parent.UsedRange, WorkRange) 

CellCount = WorkRange.Count 

For i = CellCount To 1 Step -1 
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    If Not IsEmpty(WorkRange(i)) Then 

    LASTINCOLUMN = WorkRange(i).Row 

    Exit Function 

    End If 

    Next i 

End Function 

Function LASTINROW(rngInput As Range) As Variant 

Dim WorkRange As Range 

Dim i As Integer, CellCount As Integer 

Application.Volatile 

Set WorkRange = rngInput.Rows(1).EntireRow 

Set WorkRange = Intersect(WorkRange.Parent.UsedRange, WorkRange) 

CellCount = WorkRange.Count 

For i = CellCount To 1 Step -1 

If Not IsEmpty(WorkRange(i)) Then 

    LASTINROW = WorkRange(i).Column 

    Exit Function 

    End If 

    Next i 

End Function 
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Appendix A3. Cross-Sectional TEM Specimen Preparation In Detail 
 

by 

E.A. Preble 
Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695. 
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A3.1  Cross-Sectional TEM Specimen Preparation Procedure 

The first process steps in the preparation of cross-sectional TEM samples are the 

generation of pieces that will be bonded together into a sandwich. Figure A3-1 shows the 

process in detail. The sandwich consists of two pieces of the sample material, with the 

areas of interest facing each other, sandwiched with epoxy inside two pieces that provide 

additional structural support for the thinned material. We suggest using sapphire pieces 

for SiC samples. 

There are many epoxies that can be used; however, the best results were obtained 

with Gatan G-1 epoxy, mixed 10/1, and cured at ~120°C for 30 minutes. Pressure must 

be applied to the sandwich such that the smallest possible gap will be left between the 

faces of interest. A large gap allows the ion mill access to the sample face, which blunts 

the sample wedge and destroys the outer surface of the film when the epoxy is milled 

away. 

A Teflon® vise (pictured in Figure A3-2) should be used to provide pressure to the 

sample in the furnace during curing. The surfaces that contact the sample should be 

Teflon® so that the epoxy does not bond the sample to the surface of the vise. Care must 

be taken to never over-tighten the vise, as Teflon® creeps at relatively low temperatures 

and can warp easily. 

The sandwich will eventually be mounted to a 3 mm ring, with a 1 x 2 mm slot. 

Therefore, the final sandwich pieces must be larger than 1 mm to reach across the slot, 

but be smaller than 3 mm so as not to hang over the edge. It is advantageous to create 

sandwich structures that are large (8-10 mm), and then slice out several 2 mm pieces.  
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The sandwich must be flattened and polished. Wax should be used to mount 

several samples to a glass peg (or grinding tool platen). The samples are subsequently 

ground flat using a diamond film with a rather large grit size (30µm suggested). Figure 

A3-3 shows samples mounted to a glass peg, along with a stainless steel disc used to hold 

the peg straight during hand polishing. Polishing should be continued using a diamond 

film with grit size of 0.1 µm. Figure A3-4 shows a bright field optical photo of a flattened 

and polished sandwich. Figure A3-5 shows a dark field image of a sample at higher 

magnification. A high polish is important to avoid preferential removal of material 

around cracks during the ion milling process. The sample should be dimpled to <2 µm in 

thickness. It should be noted that if any existing scratches are micron sized, they can 

cause cracking during dimpling. 

When the finish polish is obtained on one surface, the sample can be mounted to a 

ring. One should choose the sample that has the best polish out of the group, and that has 

a low density of defects near the polished surface of the sample. Figure A3-6 shows a 

micropipe in our SiC samples that was approximately 35 microns from the sample 

surface. Care needs to be taken to look for these defects, as they will generally not be 

seen if only the top surface is in focus. One must focus through the material, from top to 

bottom, to see the defects. The micropipes are not catastrophic if found, but if it is 

possible, they should be kept away from the final polished surface to reduce the 

susceptibility to cracking when the sample is very thin.  

The sample can be removed from the polishing peg and mounted to a sturdy ring. 

The rings typically used are Pelco type 1GC12H (Copper, 50µm thick, 1x2 mm slot, 3 

mm OD). These rings are relatively thick and do not bend easily. A thick ring will 
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adequately support the sample during dimpling and handling. Bonding to the ring can be 

done with Gatan G1 epoxy, as described above in the sandwiching process. 

Once the sample has been mounted to a ring, it must be thinned prior to dimpling. 

In our work the sample was mounted to a glass peg using Crystal Bond® and ground 

using a 30µm diamond film. This surface does not need to be polished, as it will be 

ground away during dimpling. Dimpling can be initiated when the sample is 80-100 µm 

thick. Ideally, the dimple should be centered on the epoxy line between the two SiC 

pieces. If the dimple is not perfectly centered, but it is still located close to the center 

epoxy line, it is not necessary to re-align the dimple. An initial weight setting of 30 (on a 

Gatan Model 656 Dimple Grinder) and 3µm diamond paste with a copper wheel was 

used in our research.  The rotation speed of the copper wheel was sufficiently low to 

reduce vibration and “jumping” of the dimple wheel. 
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Figure A3-1 - Sandwich slicing and stacking schematic 

 

 

 

Figure A3-2 - Teflon® vise for TEM sample sandwiching 

 
 
 

 

 

Figure A3-3 - Samples mounted on glass peg with a steel holding ring for polishing. 
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Figure A3-4 - Low magnification optical view of finished sandwich. 

 
 
 
 

 

Figure A3-5 - High magnification dark field optical image. 

 

 
 
 

 

Figure A3-6 - Micropipe in a SiC cross-sectional sample. 
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Appendix A4. Visual Basic Codes for the Importation and Analysis of 
Reciprocal Space Map Data 

 

by 

E.A. Preble 
Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695. 
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A4.1  Purpose of Codes 

This Excel Spreadsheet with embedded visual basic codes (run as macros) is 

designed to import area maps from the plain text data files exported by the Philips 

software on the X’Pert MRD system. The data that is exported is only a list of the count 

values, with no corresponding angles. Therefore, the software must calculate the angles 

for each data point if one is to re-graph the data in a professional graphing program. 

 
A4.2  Program Usage 

A4.2.1 Overview   

The template spreadsheet for this purpose is called: 

“Area Scan Import – Omega Axis 1.xls” 

This file, as the name implies, can import an area map of up to ~65,000 data points, 

provided that Axis 1 (the x-axis) of the scan is the omega axis, and that Axis 2 (the y-

axis) is the 2Theta/Omega axis. A screenshot of the software is located in Figure A4-1. 

 
A4.2.2 Data Importation 

Press the “Import an Area Scan” button and then choose the file that should be 

imported to import the raw count data. The software shows it’s progress in Cell B26, and 

the importation is usually quite fast. All of the header information from the scan appears 

in the Area Map information section of the spreadsheet. 

 
A4.2.3 Calculating the Angles, S space, and Q space values 

Press the “Create Angle Lists” button to have the program calculate the angles for 

the data that was imported. For large files this can take a considerable amount of time. A 
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10,000 point file will take approximately 2 minutes on a 1000 MHz Pentium system. The 

progress is displayed as a countdown in Cell B26. Angle information is shown in 

columns A-C, S space information in columns D-F, and Q space information in G-I. 

 

 
 

Figure A4-1 - Data Importation Page of Template Program 
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A4.3 Visual Basic Code Listing 

The code listing for the various subroutines that are used in the template program 

is shown after the figures for this section. These codes can be viewed or modified directly 

in Excel by loading the template spreadsheet and then pressing “alt-F11”. This software 

can be considered open source code and was written by Edward Preble. This software 

may not be used for profit without the express written permission of the author. 

 

Visual Basic Codes for this Software 

 

Option Explicit 

Private Temp As String, Temp2 As String 

Private Sample As String, ScanDate, ScanTime As String, Power As String 

Private ScanAxis As String, ScanAxis2 As String 

Private Omega As Double, TwoTheta As Double, Offset As Double 

Private Posx As Double, Posy As Double, R As Double, Psi As Double, Phi As Double 

Private x As Double, y As Double 

Private StartOmega As Double, Start2ThetaOmega As Double, CurrentOmega As 

Double, CurrentTwoTheta As Double 

Private CurrentXOffset As Double, CurrentYOffset As Double, DataPointNumber As 

Long, PointsPerScan As Double 

Private FirstAngle As Double, ScanRange As Double, StepWidth As Double, 

StepWidth2 As Double 
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Private TimeStep As Double, NumberOfPoints As Long, NumberOfScans As Long 

Private Filter, Title, Filename, Caption 

Private n As Long, i As Long, j As Long, DataLeft As Long 

Private Max As Double, MaxRow As Long, OffsetAngle As Double, ActualAngle As 

Double, Delta As Double 

Private GaN As Double, InN As Double, AlN As Double, SiC As Double 

Private OriginalBook As String, Wavelength As String 

Private XAxisUpperLeft As Double, YAxisUpperLeft As Double 

Private OmegaMin As Double, OmegaMax As Double, OmegaStep As Double 

Private TwoThetaMin As Double, TwoThetaMax As Double, TwoThetaStep As Double 

Private NewTwoThetaMin As Double, NewTwoThetaMax As Double, DataPointRange 

As Double, NewNumberOfPoints As Long 

Private NumberOfOmegaSteps As Long, NumberOfTwoThetaSteps As Long 

Sub GetConfigs() 

    Sample = Range("b7").Value 

    Temp2 = Range("b8").Value 

    ScanDate = Range("b9").Value 

    Power = Range("b10").Value 

    Wavelength = Range("b11").Value 

    Posx = Range("b12").Value 

    Posy = Range("b13").Value 

    Phi = Range("b14").Value 

    Psi = Range("b15").Value 
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    Offset = Range("b16").Value 

    TimeStep = Range("b17").Value 

    ScanAxis = Range("b18").Value 

    StepWidth = Range("b20").Value 

    NumberOfPoints = Range("b21").Value 

    ScanAxis2 = Range("b22").Value 

    StepWidth2 = Range("b24").Value 

    NumberOfScans = Range("b25").Value 

If (ScanAxis = " Omega") Then 

    TwoTheta = Range("C22").Value 

    Omega = Range("C18").Value 

Else 

    TwoTheta = Range("C18").Value 

    Omega = Range("C22").Value 

End If 

 

    OmegaMin = Range("F22").Value 

    OmegaMax = Range("F23").Value 

    OmegaStep = Range("F24").Value 

    TwoThetaMin = Range("H22").Value 

    TwoThetaMax = Range("H23").Value 

    TwoThetaStep = Range("H24").Value 

    NumberOfOmegaSteps = (OmegaMax - OmegaMin) / OmegaStep 
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    NumberOfTwoThetaSteps = (TwoThetaMax - TwoThetaMin) / TwoThetaStep 

 

End Sub 

Sub CreateAngles() 

Call GetConfigs 

 

    CurrentXOffset = 0 

    CurrentYOffset = 0 

    DataPointNumber = 0 

If (ScanAxis = " Omega") Then 

    Start2ThetaOmega = TwoTheta - (NumberOfScans / 2 * StepWidth2) 

    StartOmega = (Start2ThetaOmega / 2) + Offset - ((NumberOfPoints - 1) / 2 * 

StepWidth) 

Else 

    MsgBox "This program can only import scans with Omega as Axis 1" 

End If 

Application.ScreenUpdating = False 

'Copy points from import matrix to list 

If (ScanAxis = " Omega") Then 

    CurrentTwoTheta = Start2ThetaOmega 

    For x = 1 To NumberOfScans 

        CurrentOmega = StartOmega + ((x - 1) * StepWidth2) / 2 

        For y = 1 To NumberOfPoints 
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            Range("a28").Offset(DataPointNumber, 0).Value = CurrentTwoTheta 

            Range("b28").Offset(DataPointNumber, 0).Value = CurrentOmega 

            DataPointNumber = DataPointNumber + 1 

            CurrentOmega = CurrentOmega + StepWidth 

        Next y 

        CurrentTwoTheta = CurrentTwoTheta + StepWidth2 

    Application.ScreenUpdating = True 

    Range("B26").Value = NumberOfScans - x 

    Application.ScreenUpdating = False 

    Next x 

Else 'Main Scan Axis (x) is 2theta/omega 

    For x = 1 To NumberOfScans 

        CurrentTwoTheta = Start2ThetaOmega 

        CurrentOmega = StartOmega + (x - 1) * StepWidth2 

        For y = 1 To NumberOfPoints 

            Range("a28").Offset(DataPointNumber, 0).Value = CurrentTwoTheta 

            Range("b28").Offset(DataPointNumber, 0).Value = CurrentOmega 

            DataPointNumber = DataPointNumber + 1 

            CurrentTwoTheta = CurrentTwoTheta + StepWidth 

            CurrentOmega = CurrentOmega + StepWidth / 2 

        Next y 

    Application.ScreenUpdating = True 

    Range("B26").Value = NumberOfScans - x 
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    Application.ScreenUpdating = False 

    Next x 

End If 

 

End Sub 

Sub Import_Matrix() 

 

OriginalBook = ActiveWorkbook.Name 

Filter = "All files,*.*," 

Caption = "Select a File" 

Filename = Application.GetOpenFilename(Filter, , Caption) 

 

If Filename = False Then 

        MsgBox "No file was selected." 

        Exit Sub 

        End If 

Application.ScreenUpdating = False 

 

'Import Data File 

Open Filename For Input As #1                         ' Open file for input. 

  

Workbooks.OpenText Filename:=Filename, _ 

        Origin:=xlWindows, StartRow:=1, DataType:=xlDelimited, TextQualifier:= _ 
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        xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, Semicolon:=False, _ 

        Comma:=True, Space:=False, Other:=False, FieldInfo:=Array(Array(1, 1), _ 

        Array(2, 1), Array(3, 1), Array(4, 1), Array(5, 1), Array(6, 1), Array(7, 1), Array(8, 

1), _ 

        Array(9, 1)) 

 

'Copy Header Information 

    Sample = Range("B3").Value 

    ScanDate = Range("D2").Value 

    ScanTime = Range("E2").Value 

    Wavelength = Range("B4").Value 

    Power = Range("d4").Value & " KV, " & Range("e4").Value & " mA" 

    Omega = Range("g4").Value           'Omega Center Value 

    TwoTheta = Range("i4").Value        '2Theta Center Value 

    Posx = Range("b5").Value 

    Posy = Range("d5").Value 

    Phi = Range("F5").Value 

    Psi = Range("h5").Value 

    TimeStep = Range("b6").Value 

    ScanAxis = Range("B7").Value        'Axis One, should be 2theta/omega 

    StepWidth = Range("D7").Value       '2Theta/Omega step size 

    NumberOfPoints = Range("F7").Value  '2Theta/Omega number of steps 

    ScanAxis2 = Range("B8").Value       'Axis Two, should be omega 
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    StepWidth2 = Range("D8").Value      'Omega step size 

    NumberOfScans = Range("F8").Value   'Omega number of steps 

    Offset = Omega - (TwoTheta / 2)     'Offset Calc 

    Temp2 = ActiveWorkbook.Name 

 

    DataLeft = LASTINCOLUMN(Range("A1")) - 1 

    j = 0 

'Get Data into a column 

    x = 9 

    y = 0 

    Do While (DataLeft > 0) 

        If ((Range("A1").Offset(x, 0).Value <> "") And (Range("A1").Offset(x, 1).Value <> 

"")) Then 

            Range("A1").Offset(x, 0).Select 

            Range(Selection, Selection.End(xlToRight)).Select 

            Selection.Copy 

            Range("S10").Offset(j, 0).Select 

            Selection.PasteSpecial Paste:=xlAll, Operation:=xlNone, SkipBlanks:=False, 

Transpose:=True 

            j = j + Selection.Count 

            x = x + 1 

        ElseIf (Range("A1").Offset(x, 0).Value <> "") Then 

            Range("A1").Offset(x, 0).Select 
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            Selection.Copy 

            Range("S10").Offset(j, 0).Select 

            Selection.PasteSpecial Paste:=xlAll, Operation:=xlNone, SkipBlanks:=False, 

Transpose:=True 

            j = j + Selection.Count 

            x = x + 1 

        Else 

            Exit Do 

        End If 

        DataLeft = DataLeft - 1 

        y = y + 1 

        If (y = 100) Then 

            Windows(OriginalBook).Activate 

            Application.ScreenUpdating = True 

            Range("B26").Value = DataLeft 

            Application.ScreenUpdating = False 

            Windows(Temp2).Activate 

            y = 0 

        End If 

    Loop 

 

'Copy results to template 

    Range("S10").Select 
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    Range(Selection, Selection.End(xlDown)).Select 

    Selection.Copy 

    Windows(OriginalBook).Activate 

    Range("C28").Select 

    ActiveSheet.Paste 

    Windows(Temp2).Activate 

    Application.DisplayAlerts = False 

    ActiveWorkbook.Close 

    Application.DisplayAlerts = True 

 

'Write Header Information 

    Range("b7").Value = Sample 

    Range("b8").Value = Temp2 

    Range("b9").Value = ScanDate 

    Range("b10").Value = Power 

    Range("b11").Value = Wavelength 

    Range("b12").Value = Posx 

    Range("b13").Value = Posy 

    Range("b14").Value = Phi 

    Range("b15").Value = Psi 

    Range("b16").Value = Offset 

    Range("b17").Value = TimeStep 

    Range("b18").Value = ScanAxis 
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    Range("b20").Value = StepWidth 

    Range("b21").Value = NumberOfPoints 

    Range("b22").Value = ScanAxis2 

    Range("b24").Value = StepWidth2 

    Range("b25").Value = NumberOfScans 

 

If (ScanAxis = " Omega") Then 

    Range("C22").Value = TwoTheta 

    Range("C18").Value = Omega 

Else 

    Range("C18").Value = TwoTheta 

    Range("C22").Value = Omega 

End If 

 

Range("A1").Select 

Close #1 

Application.ScreenUpdating = True 

End Sub 

Sub Clear_Data() 

    Range("B7:B25").Select 

    Selection.ClearContents 

    Range("A28:C28").Select 

    Range(Selection, Selection.End(xlDown)).Select 
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    Selection.ClearContents 

    Range("A1").Select 

End Sub 

Function LASTINCOLUMN(rngInput As Range) 

Dim WorkRange As Range 

Dim i As Integer, CellCount As Integer 

Application.Volatile 

Set WorkRange = rngInput.Columns(1).EntireColumn 

Set WorkRange = Intersect(WorkRange.Parent.UsedRange, WorkRange) 

CellCount = WorkRange.Count 

For i = CellCount To 1 Step -1 

    If Not IsEmpty(WorkRange(i)) Then 

    LASTINCOLUMN = WorkRange(i).Row 

    Exit Function 

    End If 

    Next i 

End Function 

Function LASTINROW(rngInput As Range) As Variant 

Dim WorkRange As Range 

Dim i As Integer, CellCount As Integer 

Application.Volatile 

Set WorkRange = rngInput.Rows(1).EntireRow 

Set WorkRange = Intersect(WorkRange.Parent.UsedRange, WorkRange) 
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CellCount = WorkRange.Count 

For i = CellCount To 1 Step -1 

If Not IsEmpty(WorkRange(i)) Then 

    LASTINROW = WorkRange(i).Column 

    Exit Function 

    End If 

    Next i 

End Function 

 


