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ABSTRACT 

The techniques of atomic force microscopy (AFM) and conductive AFM (CAFM) have been used to study the 
morphology and conduction properties of a-plane GaN films grown via epitaxial lateral overgrowth (ELO). Four GaN 
samples were prepared using metal organic chemical vapor deposition (MOCVD) with slightly different growth 
conditions. In AFM images, the coalesced ELO films show undulations, where the window regions appear as 
depressions with a higher defect density than surrounding areas. At reverse bias above 20 V, lower quality samples show 
localized leakage defect sites inside the window regions, whereas higher quality samples show no localized leakage. 
This behavior is consistent with previous observations on non-ELO samples where significantly enhanced localized 
leakage occurs at voltages above 15 V. Surface oxidation was also observed, where continuous scanning at reverse bias 
results in decreased conduction. This CAFM study confirms that ELO-grown GaN samples show enhanced reverse-bias 
leakage inside window regions where a higher defect density is present. 
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1. INTRODUCTION 
Device fabrication has been hampered in GaN films by the presence of localized regions exhibiting reverse-bias leakage. 
As shown in CAFM studies, films grown via molecular beam epitaxy (MBE) can have "hillock" topographical features 
that demonstrate leakage behavior which is usually associated with screw-like dislocations.1,2,3 The mechanism 
responsible for such leakage is still debated and has been attributed to excess Ga incorporation or oxygen-related 
impurities in the vicinity of screw dislocation cores.4,5 Edge and screw dislocations have also been imaged by techniques 
such as scanning Kelvin probe microscopy (SKPM) and scanning capacitance microscopy (SCM).6,7,8 Edge dislocations 
show an intrinsic negative charge with no associated reverse-bias leakage,9 whereas screw-like dislocations demonstrate 
leakage with no inherent charge.3 Therefore, no strong correlation exists between charged dislocations and localized 
reverse bias leakage. Local I-V behavior in the vicinity of defect regions has shown discernible differences in both 
forward and reverse bias for films grown on hydride vapor phase epitaxy (HVPE) and MOCVD templates.1,10,11 Reverse 
bias conduction has been attributed to mechanisms such as Frenkel-Poole conduction, field-emission and trap-assisted 
tunneling, or 1D hopping associated with threading dislocations. 

The majority of electronic studies have concentrated on dislocations for the polar, c-plane of GaN. However, strain-
induced piezoelectric effects and spontaneous polarization both produce electric fields that can introduce additional 
device constraints for this orientation.12,13 More recently, the non-polar, a-plane of GaN has gained attention.14,15,16 
Growth techniques such as epitaxial lateral overgrowth (ELO) and sidewall ELO of a-plane GaN have shown a decrease 
in the dislocation density for films grown via MOCVD17,18,19 and HVPE.20 Dislocations bend out from the window 
regions during ELO to achieve minimum energy, resulting in a reduced number of threading dislocations terminating on 
the surface.21 Counter-propagating dislocations from opposing wings may also annihilate. The films therefore have a 
lower overall density of dislocations, with the majority of the dislocations occurring in the window vs. wing regions. 
Recent CAFM and near-field scanning optical microscopy (NSOM) studies indicate that localized reverse-bias leakage 
in such films is usually confined to the window regions.22 Time-resolved photoluminescence studies also show that GaN 
films grown via ELO demonstrate a significant increase in material quality.23,24 In this study, we have used CAFM to 
examine the structural and electronic properties of a-plane GaN films grown via MOCVD using the ELO technique. 
Specifically, we compare films grown via single- and two-step processes, and discuss how sample quality, III/V ratio, 
and doping affect the reverse-bias leakage behavior. 
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2. EXPERIMENTAL 
In this study, the templates for ELO growth consist of a-plane (1120) GaN films (1.5 µm) grown by MOCVD at 1050 °C 
on r-plane (1102) sapphire substrates. To form the ELO pattern, a 100 nm-thick SiO2 layer was deposited via plasma-
enhanced chemical vapor deposition, and then patterned with 4 µm wide windows oriented parallel to the m-direction 
[1100] (14 or 24 µm pitch) using conventional photolithography and buffer oxide etching. The ELO samples for this 
study were subsequently grown under various parameters (see Table 1) and have the following designations: sample A 
(cvd947), sample B (cvd1089), sample C (cvd1056), and sample D (cvd1242). 

A single-step growth process was used for sample A; however, difficulties in coalescence arise due to differences in 
wing tilt between the Ga- and N-polar wings.25 Recent TEM studies indicate that a two-step process results in more 
uniformly coalesced ELO a-plane films,19 which is utilized for the growth of samples B, C, and D. The trimethylgallium 
(TMG) flow rate is constant for all four growths, but the NH3 flow rate is decreased in the second stage for sample C, 
resulting in a higher III/V ratio. Growth parameters for sample D are identical to those for sample B, but the film is Si-
doped to increase conductivity. 

Table 1: Growth conditions for four samples discussed in this study. 

 

AFM and CAFM data were acquired using a Veeco Dimension 3100 AFM with Si cantilevers for high-resolution 
tapping-mode topography, and Ti/Pt-coated cantilevers for electrical characterization. For CAFM data acquisition, 
ohmic contacts were formed on all samples using Ti/Al/Ti/Au metallization, and a microscopic Schottky contact existed 
between the metallized CAFM tip and sample. Bias voltages were applied to the sample with the tip at ground, and 
current measurements were obtained using a current amplifier module with a range of 1 pA to 1 µA. For high voltage 
studies (>12 V), an external bias voltage was applied to the sample using a selectable battery source. 

3. RESULTS 
The three samples grown via a two-step process (B, C, and D) show undulating surface topographies, where the 
windows are distinctly visible as depressions in the topography and exhibit a higher density of surface pits in comparison 
to wing regions. For sample A, however, the window and wing regions are indistinguishable in AFM images, and the 
overall surface roughness is increased. The relative quality of these samples also vary, where samples A and B are 
qualitatively better than C and D, as determined by CAFM, NSOM, and x-ray diffraction (XRD) studies. Below, we 
discuss differences in defect densities between the wing and window regions, and examine the reverse-bias leakage 
behavior as a function of sample quality. 

3.1 Window vs. wing topography 

The difference in topography between the window versus wing regions is evident in Fig. 1, where a high-resolution, 
tapping-mode AFM image of sample C is shown in (a). To enhance features in the window region, Fig. 1(b) is the 
corresponding high-pass filtered image with a Sobel edge enhancement that produces dark pixels at edge features. The 
window region (highlighted by black lines) appears as a dark band in the processed image, indicating a high density of 
edges at surface pits (~ 6 to 8 nm deep). The Ga- and N-wings seen on either side of the window have significantly fewer 
edges and corresponding defects. This difference in wing vs. window morphology has been observed in previous studies, 
where an increase in defect density has been seen both in the window regions and at the wing meeting fronts.17,22  
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Fig. 1 (a) Tapping-mode AFM topography image (7×7 µm2, grayscale range = 50 nm) of sample C and its (b) high-pass 

filtered and Sobel edge-enhanced image. The window region is highlighted by black lines. 

3.2 CAFM studies of higher quality ELO GaN samples 

CAFM current maps show a distinct difference between samples with respect to quality. Figure 2 includes contact-mode 
AFM images with their corresponding CAFM current maps for the higher quality samples A and B. Although Sobel 
processed images (not shown) indicate a higher density of edges in window regions (highlighted by black lines), there is 
no prevalence of localized reverse bias leakage in these regions at defects. As seen in Fig. 2(b), sample A has enhanced 
uniform reverse bias conduction in the wing regions, whereas sample B [Fig. 2(d)] shows only slightly enhanced 
conduction in the window regions. The difference in conduction current between the wing and window regions is 
extremely small for both sample A (1.4 pA) and sample B (60 fA).  

 
Fig 2. (a) AFM (40×40 µm2, grayscale range = 500 nm) and (b) corresponding CAFM (48 V, grayscale = 8 pA) images of 

sample A. (c) AFM (50×50 µm2, grayscale = 300 nm) and (d) CAFM (56 V, grayscale = 2 pA) images of sample B. 
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3.3 CAFM studies of lower quality ELO GaN samples 

Figure 3 includes CAFM images of the lower quality samples C and D. Sample C has slightly enhanced uniform reverse 
bias conduction in the window regions [Fig. 3(b)], whereas such conduction occurs in the wing regions for sample D 
[Fig. 3(d)]. Hence, the uniform conduction behaviors of the films in this study do not appear to correlate with sample 
quality. However, these lower quality samples do exhibit localized, reverse-bias leakage sites in the window regions with 
relatively large currents of up to 5 nA (sample C) and 100 pA (sample D). The densities of such leakage sites within the 
window regions are similar for sample C (1.8×107 cm-2) and sample D (1.2×107 cm-2), and are comparable to that seen 
for MBE on MOCVD GaN films.26 The location of leakage sites in the window regions indicates lower film quality for 
samples C and D, where surface pits could be decorating threading dislocations that exhibit high leakage current.  

 
Fig 3. (a) AFM (50×50 µm2, grayscale range = 100 nm) and (b) corresponding CAFM (30 V, grayscale = 5 pA) images of 

sample C. (c) AFM (50×50 µm2, grayscale = 200 nm) and (b) CAFM (45 V, grayscale = 20 pA) images of sample D . 

The observed leakage behavior of the lower quality samples C and D may be related to their growth conditions. Sample 
C was grown with a higher III/V ratio and therefore incorporates more Ga metal as compared to the higher quality 
samples. As mentioned earlier, excess Ga incorporation in the vicinity of screw dislocations can possibly lead to leakage 
defects.4 Sample D had the same III/V conditions as the higher quality samples, yet exhibits localized reverse bias 
leakage. This behavior may result from the incorporation of Si dopants (~2×1016 cm-3) into the film. 

All four samples in this study exhibited relatively high resistance with no discernable forward-bias turn-on voltage up to 
~60 V. However, the lower quality films did show forward bias conduction at defect regions. Figure 4 includes a 
contact-mode topography of sample C with corresponding CAFM current images under reverse and forward bias. The 
locations of the conduction sites under forward bias in Fig. 4(c) coincide with those for leakage sites in Fig. 4(b), 
suggesting that localized forward- and reverse-bias conduction can be attributed to the same current pathway. 
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Fig 4. (a) AFM image (15×15 µm2, grayscale range = 80 nm) of sample C with corresponding CAFM current maps for (b) 

reverse bias (30 V, grayscale = 5 pA) and (c) forward bias (-30 V, grayscale = 10 pA). 

3.4 Tip-Induced Oxide Growth 

It should be noted that the CAFM data shown for all samples were acquired during the initial scan of the sample area. 
Sequential scans of any regions exhibiting current conduction show substantially decreased conductivity after the first 
scan, which has been documented in previous work.26 Figure 5 includes an AFM image of sample A with its 
corresponding reverse-bias CAFM current map. A region with lower current is clearly visible as a rotated square in the 
upper right area of Fig. 5(b). The square region was formed by scanning this smaller area multiple times prior to 
acquisition of the larger CAFM image in Fig. 5(b). A decrease in current of 5.4 pA is observed in the square region. This 
behavior has been observed previously for localized leakage sites, and has been attributed to local oxidation of the 
surface under ambient conditions.  

4. SUMMARY 
In summary, we have examined the structural and electronic properties of several a-plane MOCVD-grown ELO GaN 
films. Films grown via a two-step process showed undulating surface topographies, with windows distinctly visible as 
depressions with a higher density of defect structures. All samples showed some uniform conduction in either the wing 
or window regions, but only lower quality films exhibited localized reverse-bias leakage in the window regions. These 
leakage defects could have values up to 100 pA, and are therefore detrimental to device performance in the window 
regions. Continuous scanning in any regions with current conduction resulted in decreased conduction, presumably due 
to the growth of a surface oxide under ambient conditions. 

 
Fig. 5: (a) AFM image (75×75 µm2, grayscale = 600 nm) and (b) corresponding CAFM current map (48 V, grayscale = 

10 pA) for sample A. Prior to data acquisition, a smaller region in the upper right corner [see dark rotated box in 
(b)] was scanned several times under reverse bias and consequently became less conducting. 
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