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Heavy boron doping layer in diamond can be respon-

sible for the generation of extended defects during the 

growth processes [1]. As claimed recently [2], boron pair 

interactions rather than strain related misfit seems to be 

responsible for such dislocation generation. 

In the present work, electron microscopy observations 

are used to study the defects induced by heavy boron dop-

ing in different growth plane orientations. Facets of py-

ramidal Hillocks (PHs) and pits provide access to non-

conventional growth orientations where boron atoms in-

corporation is different during growth. TEM analysis on 

FIB prepared lamellas confirm that also for those growth 

orientations, the generation of dislocations occur within 

the heavily boron-doped diamond layers. Stacking faults 

(SFs) have been also observed by high resolution trans-

mission electron microscopy (HREM). From the invisibil-

ity criteria, using weak beam (WB) observation, 

1 2⁄ [11̅0] and 1 6⁄ [ 112̅] Burger vectors have been iden-

tified. Their generation behavior confirms the mechanism 

reported by Alegre et al. [2] where local in-plane strain 

effects induced at the growing surface of the diamond lat-

tice by the neighboring of several boron atoms cause the 

generation of such extended defects. 
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1 Introduction Synthetic diamond is known as a prom-

ising material for high power electronic devices due to its 

exceptional properties [3]. However, electronic devices re-

quire metallic diamond, getting it by doping. In fact, when 

boron concentration in diamond increases up to 

5x1020atm/cm3, their properties change drastically from an 

insulating behavior to a metallic one [4]. Unfortunately ho-

moepitaxial boron doped layer usually contain planar and 

one-dimensional defects [5,6]. The origin of these defects is 

not well understood yet but they have an undesirable impact 

on the posterior diamond based devices [7,8]. The under-

standing of the mechanism of defects generation during the 

heavily boron doped diamond growth and its relationship to 

boron incorporation will help to understand and to improve 

the boron-doped diamond growth. This is one of the re-

quired technological steps to develop well designed com-

mercial electronic devices. 

Under these premises, Alegre et al. [2] reported an orig-

inal mechanism of dislocations generation that established a 

critical boron-doping levels in diamond. In line with that 

work, an extensive study of defects in heavily boron-doped 

layers for different growth planes orientations is presented 

here. 

2 Experimental In order to determine where defects 

occur, within the heavily doped layer or at interfaces with 

the substrate or with a layer of different doping level, as well 

as its relationship with the layer thickness, a multilayer 

structure has been studied. Therefore, under exactly the 

same growing conditions summarized in table 1, a stack of 

nine undoped and heavily boron-doped (1020 at/cm3) dia-

mond bilayers was grown by microwave plasma chemical 

vapor deposition (MPCVD) on a <100> oriented polished 

CVD diamond 3x3 mm2 substrate. An initial 2h-long pure 



2 Author, Author, and Author: Short title 

 

Copyright line will be provided by the publisher 

hydrogen plasma was used to eliminate residual contamina-

tion Similar to a previous work [9], methane concentration 

of 0.5% in purified H2 was then used to grow the nine boron 

doped layers with 7000 ppm B2H6/CH4. After a short hydro-

gen flush, the CH4/H2 ratio was raised to 0.75% and oxygen 

added during the nominally undoped growth. Substrate tem-

perature and pressure were kept at 910oC and 33 Torr 

throughout the growth without interrupting the plasma. 

Table 1 Summary of the growth conditions of the stud-
ied sample (stack of nine bilayers).  

 

Non intentionally doped Boron doped p++ 

CH4/H2 (%) 0.75 CH4/H2 (%) 0.5 

O2/H2 (%) 0.32 B2H6/CH4 (ppm) 7000 

Flow rate 

(sccm) 
200 Flow rate (sccm) 200 

Pressure (Torr) 33 Pressure (Torr) 33 

Time (min) 11.8 Time (min) 11.3 

Tsub (oC) 910 Tsub (oC) 910 

H2 Flush duration (sec) 10 

Flow rate H2 flush (sccm) 2000 

Focused ion beam-prepared lamellas have been obtained 

for cross sectional transmission electron microscopy (TEM) 
observations using a dual beam FEI QUANTA 200 3D mi-

croscope and following the lift-out method [10]. TEM dif-
fraction contrast study was realized with a 120kV JEOL 

1200 EX microscope and high resolution TEM observation 

with a 200kV JEOL 2010F microscope. 

3 Results and discussion Fig. 1 shows weak beam 

(WB) micrographs in two beam conditions for two different 

reflections (g=022 and g=111) recorded at the [011] pole of 

the sample. This region presents a high density of defects. 

For an easier identification, doped layers have been marked 

by arrows with p++ labels. From the orientation of the la-

mella planes and the angles observed in the micrographs, the 

growth plane facet orientations are deduced (see dashed 

lines in Fig. 3d). First observation is that the <111> facets 

of the triangular shaped pit defects on the substrate (proba-

bly coming from etching before CVD-growth) induce the 

<111> growing orientation of the first p++ layers and also for 

first nanometres of the underneath layer (undoped buffer 

layer) undoped layer, instead of the expected <100> grow-

ing. That is, growing orientation is clearly conditioned by 

the existence of superficial defects on the substrate. As is 

shown in micrographs, extended defects are generated in 

(111) growth plane of the first doped layer becoming paral-

lel to the <100> growing orientation some nanometres later 

on.  

Dislocations coming from strain related or lattice 

mismatch usually occur at the interface between doped and 

undoped layers [11]. However, Fig. 2 shows an annular dark 

field (ADF) micrograph, recorded at 20 cm camera leght, 

where dislocations are generated at different positions with 

respect to the doped layers. 

 

Figure 1 Weak beam micrographs in two beam conditions for 

the 022 (a) and 111 (b) reflections. Doped layers are marked by 

arrows and p++ label. Plane of growth where the defects are gener-

ated are marked by dashed lines in (b) and corresponds with [1̅1̅1] 
and [1̅11̅]. 

 

Figure 2. Annular dark field (ADF) micrograph recorded at 20cm 

camera length where defects marked by white dashed circles are 

placed at diferent position of the boron-doped layers. White arrows  

and p++ labels show doped layers. 

 

 

a) 

b) 
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In order to confirm this behaviour, different orientations 

have been compared. For this purpose, 3D-superficial 

defects generated during the growth process have been 

used.Growth defects such as pyramidal hillocks (PH) or flat 

hillocks (FH) are commonplace on the surface of epitaxial 

diamond samples  growth by CVD [12]. The formation of 

these defects has been thorough studied by authors as A. 

Tallaire et al. [13] who attributed their formation to a 

crystalographic defect. Although the defect at the source of 

the PH could not be identified here, due the conditions of 

our experiments and the similarities between the ones 

studied by Tallaire and the one here studied, we assumed 

that the same mechanisms take place during the formation 

of the PH studied. Fig. 3 shows dark field (DF) micrographs 

of the PH in two beam conditions for g=400 (Fig. 3a), g=022 

(Fig. 3b) and g=111 (Fig. 3c) reflections.  Images have been 

recorded at [011] pole. PH had a squared shaped base with 

their side parallel to the 〈011〉  and 〈01̅1〉  directions. As 

expected, each face of the hillock shows different growth 

direction at the surface of the sample. They have been 

identified and marked in the bright field (BF)  micrograph 

presented in Fig. 3d. The high density of defects generated 

at initial growth planes is shown in DF micrographs. Three 

different regions of defects have been identified and they 

have been marked by white dashed circles. Doped layers 

show multiple growth orientations during PH formation. 

These changes in the growth directions curved the 

dislocation lines. Fig. 3d shows that growth orientation 

changed at least twice per edge during the PH generation. 

(28̅̅̅̅  1̅ 1) and (33̅̅̅̅  2 2̅) planes started to grow following the 

<100> direction. After around 400nm, the growth 

orientation changed to the 〈1̅ 1̅ 1〉 and 〈1̅ 1 1̅〉, respectively. 

In fact, the dislocations density, defined as sum of the 

dislocations length per volume: 

𝜌 =
∑ dislocation length

𝑣𝑜𝑙𝑢𝑚𝑒
,  (1)  

has been calculated for each one of the growth planes 

Figure 3. Dark field micrographs in two beam conditions for (a) g=400, (b) g=022 and (c) g=111 reflections of a cross 

section of a pyramidal hillock (PH). Groups of defects are encircled and labeled according with its Burger vector, “A” defects 

correspond to 𝒃 = ±
1

6
[112̅]  and “B” ones to 𝒃 = ±

1

2
[11̅0]. (d) Bright field micrograph of the PH whose different growth 

orientations are marked by white dashed lines and identified by labels. Doped layers are marked by arrows and p++ labels. They 

show different orientation during growth. Six of these intermediate growth directions are indicated by white/black dashed lines 

where they are revealed by the doped layers and planes are identified by labels. 
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identified in the sample. A higher density of dislocations 

was obtained for the (111) family planes. This situation 

confirms the particular afinity of defects to be generated in 

(111) planes against any other less packed plane orientation, 

showing that the distance between atoms is the main reason 

of its formation.  

In order to identify the Burger vectors and to determine 

the family of defects observed in the micrograph, invisibility 

criterion has been employed. It is well known [14] that the 

visibility of edge dislocations observed in TEM is 

complicated by the strain field component normal to the slip 

plane for edge dislocations. Consequently, complete 

invisibility of edge dislocations is only achieved under 

conditions of g·b=0 where g is the normal to the TEM dif-

fracting planes and b is dislocations burger vector. Table 2 

shows the result of applying this criterion (g·b=0) for the 

reflections used in this work (g=220, g=111 and g=400) 

which allows to determine the burger vector orientations 

along <011> direction.   

Fig. 4 shows weak beam (WB) micrographs in two beam 

conditions in the same region of the sample recorded at Fig. 

2. Micrographs were recorded at the [011] pole for three re-

flections: g=220 (Fig. 4a), g=111 (Fig. 4b) and g=400 (Fig. 

4c). Defects with 𝒃 = ±
1

6
[112̅], marked with label “A”, and 

𝒃 = ±
1

2
[11̅0], marked with label “B”, have been observed. 

Similar dislocations have been previously reported [15].This 

criterion has been used also for dislocations contained in Fig. 

3 where the same Burger vectors were observed. They are 

also marked with labels “A” and “B” in the corresponding 

micrographs. 

Table 2 Results of the g·b invisibility criterion for the usually 

observed Burger vectors (b) using the reflections (g) present at the 

110 pole. The shadows and the letters “A” and “B” remark the 

cases corresponding with the results from the micrographs. 

              g 

b 
(𝟒𝟎𝟎) (𝟎�̅�𝟐) (𝟏𝟏�̅�) 

±
𝟏

𝟔
[𝟏𝟏�̅�] ±

2

3
 ±1 ±

2

3
 

±
𝟏

𝟔
[𝟏𝟐𝟏] ±

2

3
 ±

1

3
 ±

1

3
 

±
𝟏

𝟔
[𝟐𝟏𝟏] ±

4

3
 0 ±

1

3
 

±
𝟏

𝟑
[𝟏𝟏𝟏] ±

4

3
 0 ±

1

3
 

±
𝟏

𝟐
[𝟏𝟎𝟏] ±2 ±1 0 

±
𝟏

𝟐
[𝟏𝟎�̅�] ±2 ±1 ±1 

±
𝟏

𝟐
[𝟎𝟏𝟏] 0 0 0 

±
𝟏

𝟐
[𝟎𝟏�̅�] 0 ±2 ±1 

±
𝟏

𝟐
[𝟏𝟏𝟎] ±2 ±1 ±1 

±
𝟏

𝟐
[𝟏�̅�𝟎] ±2 ±1 0 

 

 

 

Figure 4 Weak beams micrographs under two beam condi-

tions for the 220 (a), 400 (b) and 111 (c) reflections. Arrows and 

labels are used to identify the defects. “A” corresponds to a 

1 6⁄ [ 112̅] Burger vector and “B” with 1 2⁄ [11̅0] one. Doped lay-

ers are mainly observed for reflexion 400. 

A 

B 

b) 

c) 

a) 
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Fig. 5 shows a high resolution transmission electron mi-

croscopy (HREM) micrograph of a doped region of the sam-

ple recorded at the [011] pole. Stacking faults are observed 

forming an angle of 70.53º. As previously reported [16], 

these planar defects correspond with the ∑3 coincident-size-

lattice structure. In addition, a Fourier transform performed 

on the defects (white dashed square on Fig. 5a) shows that 

they correspond to the {111} type. These structures are 

twins boundaries-like and they have been observed in poly-

crystalline diamond [17, 18]. Preferred grain boundary 

planes are the closest packed planes of the corresponding 

CSL that is, (111) planes. Here, an additional observation of 

the preferential planes for extended defects generations is 

shown.  

Edge dislocations were also observed by HREM as 

shown in Fig. 5a and 5b at higher magnification. In this case 

it corresponds to a threading edge dislocation with a 

1 2⁄ [11̅0] Burger vector.  

In correspondence with the dislocation generation model 

published by M. P. Alegre et al. [2], the following aspects 

are observed: (i) in plane dislocations (Fig. 4b and 5) are 

generated exclusively insight the heavily doped layer, (ii) 

such dislocations (observed as points) changes then their 

orientation to follows the growth directions.   

In general, regions of the sample where the growth plane 

is along the <100> direction are almost free of defects. 

Therefore, a special tendency to generate defects at (111) 

growth plane in opposition to <100> orientation with ex-

actly the same growth conditions is evidenced. This behav-

iour is in according with the mechanism reported by Alegre 

[2]. Neighbouring effects between boron atoms might be 

higher for (111) family planes than for (100) since these 

(111) planes have smaller planar distance. Local strains due 

the distance between the substitutional boron pairs and their 

neighbours have a higher influence on the generation of dis-

locations than interface strain related effects [2, 15].  

4 Conclusions Highly boron-doped diamond epi-

layers grown along <100> direction have been characterized 

by TEM. Additional growth directions have been also char-

acterized thanks to local changes in the growth directions 

b) 

Figure 5 HREM micrographs recorded at the [011] pole of sample growth in 100 direction. Planar defects such 

as stacking faults (SFs) as well as dislocations are showed. SFs show to form an angle close to 70º consistent with 

the ∑3 type in the CSL model. Inset Fourier transform, corresponding to the white dashed square in (a), demonstrated 

that SFs are {111} type. Also some dislocations were observed. Enlarged in figure (b) a threading edge dislocation 

is shown. 

a) b) 

(011) 
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due the presence of etch-pits at the initial stage of growth 

and pyramidal hillock formed during the growth. A large 

number of defects have been obtained along the <111> 

growth direction, in contrast with other directions using the 

same growth conditions. In this way, the dependence of the 

dislocation generation on the growth orientation has been 

shown. Threading dislocations observed had 1 6⁄ [ 112̅] 

and 1 2⁄ [11̅0] Burger vectors and stacking faults with the 

structure Σ3 {111} coincident-site-lattice (CSL) have been 

identified.  

All these results are consistent with the model proposed 

by Alegre et al. [2]. 
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