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Abstract 

We present site-coincident imaging of a high dislocation density boron-doped CVD-grown 

homoepitaxial (001) diamond film using electron channeling contrast imaging (ECCI), 

cathodoluminescence (CL), transmission electron microscopy (TEM), and scanning secondary ion 

mass spectroscopy (SIMS). With growing interest in large area heteroepitaxial substrates, we show 

that ECCI is a promising technique to accurately evaluate dislocations in diamond films. We find 

the electron backscatter yield is sufficient to distinguish individual threading dislocations in ECCI 

despite the low atomic number of carbon, and we have generally good agreement between 

dislocations observed in ECCI and TEM of the same region. Importantly, relying on luminescence 

in the 430 nm dislocation-related A-band alone results in an underestimation of the defect density 

as we find only 20-40% of the threading dislocations luminesce. We further show that dislocations 

do not perturb the spatial uniformity of boron doping measured by SIMS, even when the 

dislocations are clustered with high density, and we can tentatively rule out strong segregation 

effects at the dislocations. Our results establish the complementary use of microscopy and 
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microanalysis methods to rapidly characterize and understand the impact of dislocations in 

diamond thin films.  

 

Single crystals of diamond are an important platform for quantum information sciences and 

electronics.1,2 Specifically, diamond plays host to color centers for quantum sensing and 

computation,3 as detectors of charged particles and radiation,4–6 and as a wide bandgap 

semiconductor for power electronics.7,8 Dislocations, which are one dimensional crystal defects, 

present in diamond films adversely affect these applications through a combination of their long 

range strain fields,9 additional electronic states in the bandgap,10,11 and capacity to significantly 

affect crystal epitaxy and surface morphology.12 The high-pressure-high-temperature (HPHT) 

growth technique yields crystals with dislocation densities below 103/cm2, largely alleviating 

dislocation-related concerns,13 but the technique is also limited to yielding substrate sizes below 2 

cm. Recent years have seen breakthroughs in heteroepitaxial diamond films on sapphire grown by 

chemical vapor deposition (CVD) led by pioneering works towards 2-inch diameter wafers,14–17 

attractive for manufacturing diamond devices. The current limitation of heteroepitaxial synthesis 

is a dislocation density on the range of 107–108/cm2.14,17 Beyond substrate choices, dislocations 

densities above 108/cm2 may form even in films on high quality substrates from nitrogen or boron 

doping above a critical value.18,19 Dislocations, in turn, may also affect the subsequent 

incorporation of dopants via local segregation20–22 as well as providing surface step-edge 

attachment sites. Thus, there is a need to better probe dislocations in diamond thin films and to 

understand their effect on growth and devices. 

Distinguishing individual dislocations in high dislocation density samples is challenging 

for x-ray topography (XRT) and etch-pit density methods that are commonly used for diamond 
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samples, while transmission electron microscopy (TEM) is destructive and time-consuming. As 

an alternative, cathodoluminescence (CL) and, more recently, electron channeling contrast 

imaging (ECCI) are widely used techniques for rapid and non-destructive characterization of 

dislocations in a range of semiconductors leveraging the experimentally convenient scanning 

electron microscope.23–25 Dislocations are revealed by CL if there are local changes in radiative or 

non-radiative recombination of charge carriers generated by the electron beam.26,27  ECCI, on the 

other hand, probes the strain field of a dislocation using small changes in the backscattered electron 

yield that originates from local distortion of the crystal lattices deviating from specific Bragg 

scattering geometries.28 Thus, CL and ECCI yield complementary information on the electronic 

and structural properties of dislocations. There is a long history of using CL in imaging mode in 

diamond to characterize dislocations via a local reduction in the free-exciton luminescence at 

cryogenic temperatures as well as a local blue color or so-called “A-Band” luminescence also at 

room temperature.29–32 Researchers have previously combined XRT or TEM to show that A-band 

luminescence is associated with dislocations, although there are inconsistent results on whether all 

dislocations emit this light.33 The use of ECCI on the other hand is at an early stage in diamond—

only recently shown in polycrystalline diamond via clear observation of stacking faults.34 

In this work, we present site-coincident room-temperature CL and ECCI on threading 

dislocations in a boron-doped homoepitaxial film of diamond grown by CVD. The sample was 

further characterized using spatially resolved secondary-ion mass spectrometry (SIMS) to 

understand how boron incorporation is altered by the presence of threading dislocations. A 

diamond homoepitaxial film of about 1 µm thickness was synthesized by chemical vapor 

deposition (Seki 6300) at approximately 975 °C on an (001) standard grade diamond substrate (4.5 

mm × 4.5 mm, E6) with <1 ppm N concentration and a miscut of 0.8° off the (001) surface normal. 
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The miscut orientation is 1.91° off  <110>. The diamond substrate was etched in an atmosphere of 

2% O2 (the rest being H2) prior to the deposition of boron-doped diamond with a 1% CH4 gas 

concentration and a B/C ratio of 1000 ppm for a substitutional incorporation of 1019 boron 

atoms/cm3, measured via SIMS (not shown). The diamond film was not intentionally doped with 

nitrogen. 

We present a brief survey of the typical CL signature of this sample collected at room 

temperature in a JEOL JXA-8230 SEM at accelerating voltages ranging from 2–10 kV. Fig. 1a 

shows an area integrated CL spectrum from the sample with distinct A-band emission (centered 

around 430 nm, highlighted in blue) together with a boron-related green-band31 (525 nm, 

highlighted in yellow) and NV0 emission (575 nm zero-phonon line is highlighted in red). We do 

not see luminescence from free or bound excitons near the band-edge (230–240 nm) at room 

temperature. A spectrally filtered A-band emission map of this region in Fig. 1b shows dot-like 

sources, typical of threading dislocations, that are highly non-uniform in density. This 

inhomogeneous distribution of dislocation-related A-band emission is prevalent across the sample, 

as seen in Supplementary Materials Fig. S1. The boron content in the sample is on the order of 

1019/cm3, which considering the sample thickness is much below the threshold for dislocation 

nucleation. Hence, the origin of these dislocations is likely in the substrate preparation.18,19 Fig. 1b 

also shows corresponding emission maps using the boron-related green-band and NV0 zero-

phonon line. The former appears largely uniform in terms of intensity irrespective of A-band 

luminescence spots, but we see a decrease in the NV0 emission at regions corresponding to regions 

of A-band luminescence indicating some form of competitive recombination behavior. This 

observation is more clearly demonstrated in the additional large view field emission maps in Fig. 

S1. We further confirm that the dislocation emission is restricted to the thin film while NV0 
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emission arises from the substrate/interface by increasing the beam acceleration voltage to probe 

deeper into the sample. Fig. 1c shows this as an increase in the NV0/A-band intensity ratio with 

acceleration voltage. The NV0 presence may be due to the nitrogen concentration in the substrate 

or may be due to increased nitrogen concentration at the interface from a lack of plasma-based 

pre-etch step prior to growth, and/or a burst of nitrogen from the methane purifier that may have 

occurred during the growth. Previous work on luminescence from dislocations in diamond does 

not specifically note how A-band luminescence trends with excitation intensity (either in PL or 

CL), and if such luminescence can be saturated—these are signatures that probe the mechanism of 

luminescence. Albeit in a small range, Fig. 1d shows an almost sub-linear rise in A-band 

luminescence with probe current at 2 kV excitation. An increase in acceleration voltage to 5 kV 

serves to extend the excitation range over which linearity is tested. Dislocation luminescence is 

clearly not saturated, a point we will return to.   

 

Fig. 1. (a) Large area-integrated cathodoluminescence spectrum (from region shown in (b1)) collected at room 
temperature at 5 kV. Blue luminescence (A-band) is clearly seen together with emission from boron-related centers 
as well as NV0. (a2) CL spectrum from individual dislocations shows A-band dominated emission. (b1-b2) 
Spectrally filtered maps showing the dislocation-related A-band emission, with magnified views showing regions 
of dot-like A-band emission where boron-related emission is minimally affected but NV0 emission is reduced. (c) 
CL intensity of the A-band and NV-band luminescence as a function of accelerating voltage. The dislocations, 
thin film, and substrate are shown in black, dark blue, and light blue respectively in the inset. As the accelerating 
voltage increases, the interaction volume (green tear-drop shape) reaches deeper into the substrate, yet the A-band 
intensity remains constant, showing the origin of A-band luminescence is confined to the thin film.  (d) Log-log 
plot of the A-band CL intensity as a function of probe current showing a nearly linear trend.  
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We link A-band luminescent features to dislocations using ECCI. An FEI Apreo-S field 

emission gun SEM at an accelerating voltage of 30 kV and a probe current in the range of 1.6 nA 

is used for ECCI. Images were with a dwell time of around 100 µs and working distance of 7.5 

 

Fig. 2. (a-c) Electron channeling contrast images of a region of the diamond sample collected using a g=<220> 
channeling condition (shown in the inset). (d) Site-coincident panchromatic cathodoluminescence (primarily A-
band) intensity map collected at room temperature. Yellow dots mark sites of threading dislocations from ECCI 
images. Dislocations circled in yellow in (a-c) and (e-g) luminesce and have identical contrast in ECCI, 
respectively, indicating the same Burgers vectors. Dislocations circled in orange have identical ECCI contrast and 
do not luminesce, implying Burgers vector may influence dislocation luminescence. We find 20-40% of the 
threading dislocations luminesce in the A-band. (e-g) ECCI images for a second region, (h) corresponding 
panchromatic CL image.  
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mm. The microscope’s divergence is unknown. Site-coincident panchromatic CL was recorded 

using a JEOL JSM IT500HR at an accelerating voltage of 5 kV and with a photomultiplier tube 

detector (185–850 nm). The small lattice constant of diamond (a=3.56 Å) together with the 

millimeter sized size of substrates result in only a fraction of the electron channeling pattern35 

visible even at 30 kV in low magnification scanning mode. Hence, aligning diamond specimens 

to a given channeling condition is difficult but fortunately not prohibitive. Further, the boron 

doping makes the diamond sample sufficiently conductive for drift-free electron-beam imaging. 

As an aside, we find a 5–10 nm layer of conductive amorphous carbon coating also allows for 

ECCI imaging on insulating diamond substrates. Figs. 2(a-c) and 2(e-g) show ECCI from two 

regions of intermediate A-band luminescence density, each collected using three g=<220> 

channeling conditions. We indeed see points of varying contrast in ECCI that well resemble 

threading dislocations in other thin film semiconductors.36 We can resolve dislocations in diamond 

films that are separated just 100 nm apart, greatly exceeding non-TEM techniques including XRT, 

CL, and Raman.37 Noting a systematic change of defect contrast as a function of channeling 

condition confirms these features as threading dislocations. The convenient setup of ECCI allows 

us to perform coincident imaging of A-band CL, a technique used before for GaN and III-V 

semiconductors.25,38 Figs. 2d and 2h shows a panchromatic CL image (intensity primarily reflects 

A-band luminescence) with dislocation locations indicated with yellow dots from the ECCI images. 

Note the greatly magnified view of the CL images compared to Fig. 1b. Every CL spot is indeed 

associated with at least one dislocation in ECCI. Assuming one dislocation emits per CL spot as a 

lower bound, and taking every dislocation encompassed by a CL spot as an upper bound, we find 

that 20-40% of threading dislocations emit in CL. Importantly, we find clear evidence for non-

luminescing threading dislocations. Using the conclusions from the work of Picard et al.36,39 and 
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Naresh-Kumar et al.40 and tracking only the direction of the light-to-dark dislocation contrast line 

across multiple channeling conditions, we find three groups of dislocations exhibit similar contrast, 

indicating similar Burgers vectors. These three groups are dislocations circled in yellow in Fig. 

2(a-c), dislocations circled in yellow in (e-g), and dislocations circled in orange in Fig. 2(a-c). The 

dislocations circled in yellow all coincide with CL spots, while the dislocations in orange do not - 

indicating that Burgers vector may be linked to CL emission, contrary to prior correlated TEM-

CL measurements.30,41 A-band luminescence alone results in an underestimation of the threading 

dislocation density both innately due to the µm-sized CL resolution that might overlap for high 

defect densities, but also for a substantial fraction of non-luminescent dislocations.  

We conducted site-correlated ECCI-TEM analysis of the ECCI region analyzed in Figure 

2(e-h) using an FEI Helios NanoLab 600i Dual-Beam to prepare the TEM foil and an FEI Titan 

TEM at 300kV to image the foil. Figure 3a shows the bounds of the cross-sectional TEM foil in 

the dashed white line in the ECCI region. Vertical orange lines are drawn between corresponding 

threading dislocations observed in ECCI as well as in TEM at <110> zone axis in Figure 3b. We 

have generally good agreement among dislocations in ECCI and TEM. Four dislocations are not 

visible in TEM that are visible in ECCI which is likely due to the high dislocation density in this 

region and thus, overlapping dislocations in the TEM cross-section, as well as variations in foil 

thickness or slight errors in foil placement. There are only two dislocations visible in the TEM-

cross section which are not apparent in the ECCI region, which could be due to either low strain 

contrast at the ECCI imaging condition or variations in the TEM foil thickness. Nevertheless, 

agreement among the majority of dislocations in ECCI and TEM in this high dislocation-dense 

region demonstrates that ECCI is as good of an indicator of dislocation density as cross-sectional 

TEM. Via two-beam condition imaging in Fig. 3(c-d), we observe several dislocations circled in 
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red were visible at g=[2̅20] but disappeared at g=[004], indicating evidence of edge quality. One 

dislocation that forms from two dislocations fusing together, circled in dashed red, was visible at 

g=[004] but disappeared at g=[2̅20], indicating screw quality.42 We find that the majority of 

dislocations show evidence of mixed character. Additionally, we observe the dislocations emanate 

 

Fig. 3. Site-correlated ECCI-TEM where the white dashed rectangle in (a) ECCI indicates the bounds of the cross-
sectional foil imaged at (b) <110> zone axis in TEM. Vertical orange lines are drawn between corresponding 
threading dislocations observed in both ECCI and TEM, demonstrating generally good agreement. The same TEM 
foil was imaged at the (c) g=[2̅20] two-beam condition and (d) g=[004] two-beam condition. The sharp contrast 
boundary on the left of the image in (d) is due to two images stitched together at that position. The dislocations 
circled in solid red show evidence of edge quality, while the dislocation circled in dashed red shows evidence of 
screw quality. The remaining dislocations show evidence of mixed character. 
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from the highly defective substrate-film interface which also includes a groove in the center of the 

TEM foil (Fig.(b-d)), indicating substrate preparation or polishing damage is responsible for 

dislocation generation. Our finding is in agreement with (001)-oriented CVD diamond films 

largely consisting of 45° (mixed) and edge dislocations and mainly the former type when 

dislocations arise due to diamond epitaxy onto polishing-damaged substrates.43 Further 

information regarding the preparation of the site-correlated TEM foil is provided in Supplementary 

Materials  Fig. S2. While TEM analysis provides further insight into the origin of dislocations in 

diamond, our ECCI-TEM agreement demonstrates the accuracy of rapid dislocation density 

characterization via ECCI. 

 Fig. 4a shows more clearly a 1–1 connection of A-band luminescence from single 

dislocations (marked by yellow dots identified by ECCI) but also non-luminescent ones. The 

emission intensity of five single luminescing dislocations is on average 48 ± 10 counts, thus 

 

Fig. 4. (a) Panchromatic A-band CL map with yellow dots marking the location of individual threading 
dislocations from ECCI. (b) Site-coincident spatially resolved nanoSIMS mapping of boron (11B) showing no 
detectable enrichment corresponding to the locations of threading dislocations (marked with black circles), with 
the color bar indicating detector counts. (c) A histogram of the counts detected in nanoSIMS shows a spatially 
random distribution of boron. (d-f) Corresponding maps for a region of very high dislocation density. The dashed 
box in (d) and (e) marks the locations of threading dislocations identified by ECCI in that region. Once again, we 
find a spatially random distribution of boron. 
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uniform. We characterize this same region using nanoSIMS (Cameca) to probe whether 

dislocations egregiously segregate boron impurities or affect boron incorporation during synthesis, 

and whether the nonrandom distribution of boron (if any) plays a role in the luminescent character 

of a dislocation. We use a 100 pA Cs+ ion beam to detect 11B where the spot size is estimated to 

be 250 nm and the detectivity limit is, at worst, 1017 cm-3 using the signal-to-noise ratio obtained 

from the 11B mass spectrum. In summary, we do not see a signature of boron segregation (Fig. 4b) 

at individual dislocations located by ECCI. If the segregation is purely at the core (< 1 nm 

diameter), we can rule out boron segregation greater than 1022/cm3. For a wider 10 nm diameter of 

impurity segregation, we rule out any concentration greater than 1020/cm3. This findings are not in 

disagreement with prior work using TEM that showed only a 2–2.5× increase in boron at the 

dislocation core with a segregation width of approximately 2 nm.21 Beyond local segregation at 

the dislocation core, we also find no evidence for the spatial homogeneity of boron incorporation 

disrupted by dislocations (Fig. 4c). Fig. 4d shows a CL-map from a region with clusters of 

dislocations (with yellow dots marking their locations using ECCI in a small area) and highlights 

the challenge of using CL alone to characterize dislocations. As before, we see a random 

distribution of boron in Figs. 4(e-f) despite large clusters of threading dislocations that may provide 

surface steps for increased incorporation.  

The ability to resolve individual luminescing dislocations in a clearer way than prior TEM-

CL efforts29,30 allows us to make five observations: 1) the A-band intensity is similar for most 

resolved luminescing dislocations, 2) the spectral position and peak width of every luminescing 

dislocation is alike, 3) the Burgers vector may be linked to dislocation luminescence, 4) the 

presence of nearby non-luminescing dislocations do not alter the A-band luminescence intensity, 

and 5) the A-band intensity increases sub-linearly with increasing probe current. Our first three 
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observations of uniform brightness and spectral character of luminescent dislocations indicate a 

common microscopic source of luminescence that may be dependent on Burgers vector. In GaN, 

it has been reported that Burgers vector impacts carrier recombination at dislocations44 potentially 

due to impurity segregation differences for different dislocation core structure, and thus different 

Burgers vectors.45,46 Researchers have previously pointed 1D or extended electronic bands formed 

at dislocation cores11,47 or alternatively point defect (including sp2 states32) segregation to the 

dislocation core as the origin of the luminescence in diamond. Imperfections along the dislocation 

such as kinks or jogs may act as nonradiative sites and result in some variability in the intensity, 

but they do not explain the near binary nature of luminescence from dislocations. Therefore, the 

microscopic origins remain to be understood. In addition to the nature of the defect, however, the 

charge occupation of the dislocation defect system also factors into luminescence. At room 

temperature and below, there is not a rapid equilibration of carriers in diamond between defects 

energetically deep in the bandgap. Therefore, perhaps the physical proximity of the dislocation-

related defect system to electron donors or acceptors48 sets the occupation and this is also important 

in determining whether luminescence occurs. Further TEM-CL studies to characterize the impact 

of Burgers vector dependence on luminescence as well as interactions among dislocations and 

impurities are necessary to understand the origin of luminescence in diamond. 

Considering our final two observations stated earlier, dislocations are ‘killer’ defects for 

minority carrier devices in diamond as evidenced by dark contrast in electron beam induced current 

(EBIC) and cryogenic FE-band PL/CL.49,50 Therefore, ordinarily, we would expect dimmer 

luminescence in the vicinity of a cluster of nonradiative dislocations as they diminish the electron 

beam-generated carriers at the band edge. Our results suggest that carriers trap quickly at a 

luminescing dislocation and do not thermalize back to the band edge and are thus not in equilibrium 
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with carriers trapped at other dislocations. Finally, we note that we are unable to saturate the defect 

states with increased current injection. The sub-linear increase of intensity with beam current and 

lack of saturation, albeit over a small range in our experiment, suggests the participation of an 

energetically deep level and the band-edge (as opposed to two deep levels) as has been reported 

before for luminescing defects in GaN and CIGS.51,52 Ohmagari et al.53 and Honbu et al.50 recently 

use sub-bandgap 700 nm (1.77 eV) two-photon absorption to excite A-band photoluminescence, 

which also strongly suggests the participation of the valence band and a deep level state.  

In summary, we show that a combination of microscopy techniques can rapidly 

characterize threading dislocations in CVD-grown diamond films and complements already 

established techniques such as TEM and XRT. We also believe ECCI is poised to play an important 

role in the development of heteroepitaxial diamond templates as well as substrate quality and 

process control in homoepitaxial thin films. While we show that dislocations do not influence 

doping uniformity, more work is needed to understand the mechanism of A-band luminescence at 

threading dislocations. Further TEM analysis as well as higher contrast ECCI imaging and image 

simulation to identify the Burgers vector along with temperature dependent CL measurements 

should shed light on the origins of A-band luminescence. 

  

Supplementary Materials 

See supplementary materials for additional spectrally resolved CL images of the sample, and site-

coincident TEM sample preparation methodology.  
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