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Abstract.  

AlGaN/GaN heterostructures were grown on “on-axis” and 2° off (0001) 4H-SiC substrates by 

metalorganic vapor phase epitaxy (MOVPE). Structural characterization was performed by 

transmission electron microscopy. The dislocation density, being greater in the on-axis case, is 

gradually reduced in the GaN layer and is forming dislocation loops in the lower region.  Steps 

aligned along [11̅00] in the off-axis case give rise to simultaneous defect formation. In the on-

axis case, an almost zero density of steps is observed, with the main origin of defects probably 

being the orientation mismatch at the grain boundaries between the small not fully coalesced 

AlN grains. V-shaped formations are observed in the AlN nucleation layer, but are more frequent 

in the off-axis case, probably enhanced by the presence of steps. These V-shaped formations are 

completely overgrown by the GaN layer, during the subsequent deposition, presenting AlGaN 

areas in the walls of the defect, indicating an inter-diffusion between the layers. Finally, at the 

AlGaN/GaN heterostructure surface in the on-axis case, V-shapes are observed, with the AlGaN 

(21% Al) thickness exceeding the critical for relaxation thickness. On the other hand, no 

relaxation in the form of V-shape creation is observed in the off-axis case, probably due to the 

smaller AlGaN thickness (less than 21% Al). The AlN spacer layer, grown in between the 

heterostructure, presents a uniform thickness and clear interfaces. 

Keywords: AlGaN/GaN; heterostructure; TEM; HRTEM; STEM; High Electron Mobility 

Transistor; SiC substrate. 
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1. Introduction 
 

Wide band gap semiconductors (silicon carbide (SiC) and gallium nitride (GaN)), offer great 

advantages, making them ideal candidates for high power and frequency applications: they 

combine a wide band gap, a high breakdown field (over 3.75MV/cm for GaN), a high saturation 

velocity and they possess the ability to form high quality AlGaN/GaN heterostructures with good 

transport properties [1], [2].  

A typical example of a promising high performance application of GaN-based devices is the 

AlGaN/GaN heterostructure in high electron mobility transistors (HEMTs). More specifically, 

the aluminum gallium nitride (AlGaN)/GaN compound system exhibits a large band gap (GaN 

3.4 eV, aluminum nitride (AlN) 6.2 eV), a high saturated drift velocity of electrons (2.2x10
7
 

cm/s), a high breakdown electric field (1–3x10
10 

V/cm) and good thermal stability properties [3]. 

These properties make this system an ideal candidate for electronic and optoelectronic 

applications. Moreover, the large conduction band discontinuity and strong spontaneous and 

piezoelectric polarization effect that it presents, induce a 2-dimensional electron gas (2DEG) 

near the interface (without any intentional doping), making it ideal for HEMT implementation 

[4]. 

Due to the fact that native substrates of GaN are still very expensive [5], the growth of GaN and 

related materials is mostly carried out on various foreign substrates such as sapphire (α-A2O3), 

silicon (Si) and silicon carbide (SiC) [6]. Because of the availability and relatively low cost, 

GaN-based devices are normally grown on sapphire substrates. However, their lattice parameter 

and thermal expansion coefficient (TEC) are significantly different from those of GaN. 

For power device applications, however, SiC is the most suitable substrate for GaN 

heteroepitaxy, exhibiting many interesting properties surpassing those of sapphire or silicon: a 

higher thermal conductivity (3.7 W/(cm·K)) (almost one order of magnitude greater than that of 

sapphire) and a lower lattice mismatch to GaN (about 3.4%) and AlN (<1%) [7]. However, even 

this relatively small lattice mismatch combined with the TEC mismatch can result in crystalline 

defects and bowing of the epitaxial wafers, degrading the device performance. A usual problem 

that occurs during the growth of GaN directly on (0001) SiC substrates is that GaN is under 

tensile strain, resulting in a high dislocation density and even the occurrence of cracks in the 

GaN epilayer.  
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Therefore, many studies have been conducted to the growth of GaN-based electronic devices on 

off-axis SiC. However, as the SiC substrate size has already reached 6-inch, even a 4° off-cut 

significantly increases the wafer cost [8]. Therefore, nowadays the research is directed to the 

growth of AlGaN/GaN heterostructures onto 2 degrees off axis 4H-SiC substrates. 

In this work, we report on the structural characterization of AlGaN/GaN heterostructures grown 

on 4H-SiC (0001) substrates by the metalorganic vapor phase epitaxy (MOVPE) method. Two 

types of substrates were used: on axis and 2° off cut. The structural characterization was 

performed by using conventional and high-resolution Transmission Electron Microscopy (TEM 

and HRTEM) as well as Scanning Transmission Electron Microscopy (STEM), combined with 

Energy Dispersive X-ray analysis (EDS).  

 

2. Experimental 

 

The epitaxial growth of the multilayer structures on (0001) 4H-SiC substrates was carried out by 

using an EMCORE Turbodisc™ D75 metalorganic chemical vapor deposition (MOCVD) system 

operating at low pressures. Trimethylgallium (TMG), trimethylaluminum (TMA), and ammonia 

(NH3) were used as Ga, Al and N precursors, respectively. Before the growth initiation, the 

substrates were cleaned using solvents, and then subjected to an in-situ thermal cleaning in 

flowing H2 at 1100
o
C for 10 min. 

At first, an AlN nucleation layer was deposited, on which the AlGaN/GaN heterostructures were 

grown in sequence of a GaN buffer layer and an AlGaN (21% Al) barrier layer. During the 

growth of AlN and AlGaN, the reactor pressure was maintained at 70 mbar to reduce parasitic 

reactions and increase the incorporation efficiency of Al into the AlGaN films. All layers were 

grown with unintentional doping. An extra AlN spacer layer was deposited in between the 

AlGaN/GaN heterostructure. Finally, a GaN cap layer was deposited on top of the HEMT 

structure. 

Two sets of samples were grown on 4H-SiC substrates, consisting of six different layers: 

Sample-A on almost “on axis” 4H-SiC (±0.5°) and Sample-B on 2° off axis from the (0001) 

plane. The layer sequence of the epi-structures is described in Table 1 (from bottom to top). 

The structural characterization of the MOVPE-grown specimens was carried out by using a 

JEOL 2011 electron microscope operated at 200 kV. High Angle Annular Dark-Field-STEM 

(HAADF-STEM) images and EDS elemental maps were acquired by using an aberration-
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corrected ‘cubed’ FEI Titan 60-300 electron microscope operated at 300 kV, equipped with the 

ChemiSTEM system [9]. TEM specimens were prepared using traditional methods, including 

mechanical polishing and argon ion-milling, as for example described in [10].  

 

Table I 

Nominal and measured thicknesses of the samples examined. 

Layers 

Numbering 

Layers 

(bottom to top) 

Nominal 

thickness (nm) 

Experimental 

thickness (nm) 

A-Sample 

±0.5 deg off 

Experimental 

thickness (nm) 

B-Sample 

2 deg off 

 Substrate  4H-SiC 4H-SiC 

1 
AlN nucleation 

layer 
60-90 14-35 11-38 

2 GaN buffer 1720 
1830-1850 1580-1600 

3 
GaN undoped 

channel 
80 

4 AlN spacer 1 1.5-3.5 3-5 

5 
AlGaN 

(~20%Al) 
20 

22-31 19-21 
6 

 
GaN cap 2-2.5 

 

3. Results and discussion 

 

For all samples electron diffraction analysis reveals a strong epitaxial relationship between the 

epilayers and the 4H-SiC substrate, besides the lattice mismatch at the interface plane. A typical 

example from an area containing the 4H-SiC substrate as well as the first grown layers of 

Sample-B is shown in Fig. 1. The following epitaxial relationship is deduced: 

[0001]𝑆𝑖𝐶//[0001]𝐺𝑎𝑁 , [11̅00]𝑆𝑖𝐶//[11̅00]𝐺𝑎𝑁 and [112̅0]𝑆𝑖𝐶//[112̅0]𝐺𝑎𝑁 

The main reflections of the two phases are indicated by white arrows; the SiC reflections are 

denoted in italic. The c/a ratio is found to be 1.61 (for GaN), in good agreement with the value 

1.63 referred to in the literature. The AlN reflections are very weak due to the small thickness of 

the layer and moreover they are very close to those of GaN and 4H-SiC.  They are only detected 

far away from the central beam, as shown in the inset of Fig. 1.  
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Fig. 1: A typical electron diffraction pattern obtained from a selected area containing part of the 4H-SiC substrate 

and the first grown layers along [112̅0]. The very good epitaxial growth of GaN layers on the 4H-SiC substrate is 

clear. 

For a structural characterization of the epilayers and interfaces cross-sectional TEM samples 

were prepared. The conventional bright field images in Fig. 2 (a) and (b) show the multilayer 

structure of Sample-A and B, respectively; the layer thicknesses (nominal and experimental) of 

the epi-structures are given in Table 1 (from bottom to top). This table shows that in most of the 

layers the thickness decreases, as the misorientation angle increases. This trend can be easily 

explained by a potential growth rate difference (as in the work of Rudzinski et al. [11]) for 

samples grown under the same conditions (in the same growth run). 
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Fig. 2: Low magnification TEM images showing the multilayer structures grown on (0001) 4H-Si substrates for (a) 

Sample-A and (b) Sample-B.  

In both images of Fig. 2 defects -mostly dislocations- are observed. They start from the 

AlN/GaN interface and expand towards the surface of the structure. The threading dislocation 

(TD) density in the GaN layer of Sample-A is ~9 ∙ 109𝑐𝑚−2, larger than the one measured in the 

off axis sample case of Sample-B (~3.5 ∙ 109𝑐𝑚−2), probably due to strain relaxation [12], [13]. 

Generally, the strain relaxation mechanisms involved are dependent on the substrate miscut 

angle. According to J. Pernot et al. [14], in the on axis case, during AlN nucleation layer growth, 

the coalescence of misoriented islands could have resulted in TD formation, relaxing the strain. 

On the other hand, during AlN nucleation layer growth in the off axis case, the island formation 

is limited and thus the isolated threading dislocation density is also limited. In this case, a step 

flow growth is favored, and other relaxation mechanisms appear (in forms of various types of 

dislocations and stacking faults formation) [14].  

The initially high TD density at the AlN/SiC interface is gradually reduced as the GaN film 

continues to grow. Closed dislocation loops are observed in both cases (noted by arrows in Fig. 

2), being more abundant in the on axis sample. As reported in [15], TDs bend into the basal 

plane; react with dislocations of the opposite phase and are eliminated by forming closed loops 

in the AlN nucleation layer and in the lower regions of the GaN epilayer. Therefore, the 

dislocations do not propagate to the upper part of the GaN epilayer, inducing a higher crystal 

quality GaN epilayer. Obviously, a high crystalline quality of the epilayers is advantageous for 

obtaining better AlGaN/GaN heterostructures and thus device performance [7]. 

 

In the following paragraphs we will discuss the microstructure of the different layers, starting 

from bottom to top. 

 Steps in the 4H-SiC/AlN nucleation layer interface 

Fig. 3 presents a typical HRTEM image of the AlN nucleation layer/4H-SiC interface for 

Sample-B (2° cut-off). The surface of the 4H-SiC substrate consists of (0001) atomically flat and 

smooth terraces with periodic one atomic layer steps of  2.5 Å  (white arrows in Fig. 3). 

Moreover, the steps are perpendicular to the [112̅0] direction (or aligned along the [11̅00] 

direction) and the distance between the steps is about 6 nm, in agreement to the 2° off-cut. As the 
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step density is high and the terraces are not too long, incorporation of aluminum (Al) and 

nitrogen (N) takes place at the step edges during growth, whereas growth on the terraces is 

limited. Thus, step flow growth is induced initiating from the steps positions, with a direction 

determined by the step orientation [11].  

 

Fig. 3:  A HRTEM image indicating the steps in the 4H-SiC/AlN nucleation layer interface (Sample-B). 

 

On the other hand, in the (almost) on axis case, the 4H-SiC/AlN interface is almost free of steps. 

Therefore, the growth initiation on the “on-axis” substrate surfaces is random and the growth 

direction is not determined by the step orientation [11]. 

Furthermore, in 2° off-cut substrates, the growth on the step positions, inherits the stacking order 

from the substrate. However, the step height is affected by the 4H-SiC substrate with the lattice 

constants differences being very small in order to be affected by the AlN epilayer. More 

specifically, the monolayer distance along the c-axis of 4H-SiC is ~2.51Å and for AlN ~2.49Å. 

Thus, stresses are induced at the step positions. Moreover, due to the unit cell difference, defects 

are generated in the AlN nucleation layer starting at the step positions, (see the vertical change in 

contrast in Fig. 3).  

In  Sample A, with a slight miscut of ±0.5°, a small number of such defects exist, however, the 

residual off-cut still results in a small number of steps and so leads to a small but important 

defect density [11]. Moreover, in this case, defects could also be formed due to the orientation 

mismatch at the grain boundaries between the different AlN grains, formed during growth on the 

substrate surface. The AlN grain size strongly depends on the AlN layer thickness, so a thickness 

of 35nm could result in a large number of small not fully coalesced AlN grains, forming defects 

starting from this epilayer and extending into the GaN layer. 

 V- shaped structures in the AlN nucleation layer 
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The AlN nucleation layer thickness does not exceed 40nm, i.e. is too thin to accommodate the 

stress induced due to TEC mismatch and no cracks are observed in the epilayers. This is 

compatible with ref. [7], [16], where they reported the growth of a AlN buffer layer of 100nm 

thickness on SiC substrate showing a 70% relaxation degree and of 150nm thickness nearly fully 

relaxed. 

An AlN buffer layer has been widely used to reduce the tensile strain, important for a smooth 

GaN layer surface with a low threading dislocations density for samples grown by MOCVD. As 

reported by Lahreche et al. [17], the growth of GaN directly on SiC substrates results in a rough, 

islanded GaN layer due to poor surface wetting, deteriorating the GaN film quality. For this 

reason, Lie et al. [18] have reported the use of an AlN buffer layer, prior to GaN growth, as a 

good wetting agent on the SiC substrate. Moreover, the use of a AlN layer before GaN growth 

serves as an intermediate layer with a smaller lattice mismatch with SiC (reducing it from -3.9% 

to -2.4%). 

 

Fig. 4: TEM images of the GaN/AlN/SiC interfaces for a) Sample-A and b) Sample-B. V-shaped defects are grown 

into the AlN nucleation layer. 

As shown in Fig. 4 (a) and (b), the AlN nucleation layer with a thickness of about 35 nm is 

composed of not completely, but partially, coalesced V-shape formations with random size. The 

sides of these defects appear to be aligned with specific crystallographic directions. More 

specifically, they mostly present an angle of about 60°, with {11̅01} sidewalls. V-shaped defect 

widths between 20 and 45 nm are observed for both samples and their depth is about 20-25 nm. 

However, they are flat-topped, better defined and of smaller size for the on-axis sample (Fig. 4a). 
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Probably, the increase of the AlN thickness (from 35 nm for Sample-A to 38 nm for Sample-B) 

results in a small increase of the V-shape defect size. 

According to the interpretation given in [19], the V-shaped formations seem to have grown 

laterally and vertically with different growth rates, with a higher vertical as compared to the 

lateral-sidewalls growth rate. More specifically, a reduced Al incorporation (and thus growth 

rate) on the reversed pyramid walls {11̅01} in comparison with the (0001) planes probably 

resulted in this defect formation. It has been also reported that threading dislocations can initiate 

the formation of V-shaped defect [20]–[22]. In our case, the steps existing in the 4H-SiC/AlN 

interface could easily enhance the V-shape formation, combined   with   the slow   growth   rate   on    

{11̅01} facets [23].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

 GaN/AlN nucleation layer area analysis 
 

In order to precisely determine the distribution of the elements in the region of the V-shaped 

defects, HAADF-STEM images and STEM-EDS elemental maps were acquired. In HAADF-

STEM mode the scattering is Rutherford-like and therefore the intensity of the images is 

proportional to the atomic number Z
n
 (1.6 < n <2) [24] and scales with the thickness of the 

sample. Consequently, higher Z elements will look brighter in the image compared to the lighter 

ones. Since the Ga atomic number is higher compared to Al, the bright contrast V-shaped defect 

in Fig 5. corresponds to GaN. Indeed, the STEM-EDS analysis of Fig. 6 confirmed the elemental 

composition in the V-shaped defect area. More specifically, GaN is found to have started 

growing into the V-shaped defects formed in the AlN nucleation layer, although Al is not 

completely absent in this area. This confirms the presence of AlGaN areas in the walls of the V-

defect, which is also clearly present in the HAADF-STEM image of Fig. 5 as grey areas 

(indicating inter-diffusion between the layers). However, pure GaN exists as we move towards 

the surface of the structure, inside the V-shaped defect. Thus, the V-shaped defects formed into 

the AlN nucleation layer, are completely overgrown by GaN during the subsequent layer 

deposition. 

The higher contrast layer present at the AlN/SiC interface in the HAADF-STEM image of Fig. 5, 

indicates the presence of a higher atomic number element, which, based on the EDS analysis 

results (Fig. 6) is proved to be Ga. This fact is also confirmed by the line scan and the EDS 
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spectrum results (see supporting information).  In the line scan graph, an interdiffusion situation 

is also indicated, due to the fact that a small Ga quantity is present in the AlN nucleation layer. 

Moreover, as indicated by the EDS analysis of Fig 6, the V-shaped defect walls are composed of 

AlGaN, with a decreasing Al content as moving inside the V and towards the structure surface.  

 

Fig. 5: A HAADF-STEM image showing a characteristic V-shaped formation grown in the AlN nucleation layer. 

The characteristic alteration in contrast on the substrate surface reveals the presence of a layer consisting of an 

element with higher atomic number; in this case Ga (see Fig. 6). 
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 Fig. 6: STEM-EDS analysis revealing the distribution of the elements at the region of the V-shaped defect 

of Fig. 6. The interdiffusion at the walls is obvious. 

 

In addition, in both cases, an almost smooth surface of the overgrown GaN is observed (Fig. 10). 

Due to the thick GaN layer (1.6-1.8 μm) grown over AlN, the initially isolated GaN islands 

coalesced resulting in a smooth surface. Similarly to this study Davis et al. [25] and Nishida et al. 

[26] observed that a GaN layer grown on AlN buffer layers exhibits similar surface features as 

the layer on which they are grown and that the preferential nucleation sites of GaN islands are 

the undulations-pits of the AlN surface.  

 

 Surface of multilayer structure 

 

After the thick GaN buffer layer growth, the GaN/AlGaN heterostructure is deposited, with an 

AlN spacer layer grown in between. By magnifying the upper part of the structure shown in the 



 12 

TEM image of Fig. 2, the free surface is clearly observed. In the HRTEM images of Fig. 10 (a) 

and (b), the surfaces of Samples-A and B are shown. In Sample-A (Fig. 10 (a)), where the 

structure is grown on an almost on axis substrate, the free surface appears with a characteristic 

undulation forming V-shaped defects, whereas in Sample-B (with 2
o
 off cut) (Fig. 10 (b)) no 

such an observation is made. However, in this case, stacking faults are formed, as observed in the 

HRTEM image of Fig. 10 (b) [27]. The elemental composition of the upper layers of Sample-B 

is shown in Fig. 11; the STEM-EDS map confirms the presence of an Al-enriched layer in 

between the AlGaN/GaN heterostructure as well as the presence of the GaN cap layer on top of 

the structure. 

 

Fig. 7: HRTEM images showing the surface of the multilayer structure for a) Sample-A, showing V-shaped defects 

and for b) Sample-B, showing an almost sharp surface. 
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Fig. 8: STEM-EDS analysis showing the elemental composition of the upper layers of the multilayer structure of 

Sample-B. In the Al and Ga mapping (two upper panels of the figure) the AlN spacer (in between the AlGaN/GaN 

heterostructure) and the GaN cap layers are clearly revealed. 

The low Al concentration of the AlGaN layer (21%, less than 25%), should lead to smooth 

AlGaN surfaces [27]. However, unlike in the work of Cho et al. [27], for the Al0.21Ga0.79N/GaN 

on axis sample, the surface of the Al0.21Ga0.79N layer shows many periodic V-shaped defects. 

The size of these defects is small, with an average diameter of 5 nm and an average height of 6 

nm. The angle of the sidewalls is around 110
o
. The presence of the V-shaped defects can be 

attributed to the fact that the AlGaN layer thickness (together with the GaN cap layer-not clearly 

visible in our TEM images, which has a nominal thickness of 2-2.5 nm) is 22.3-30.8 nm. As a 

result, the AlGaN layer thickness exceeds the critical thickness and so V-shaped defects are 

created for strain relaxation reasons. Actually the critical thickness is exceeded due to the 

combined action of the AlN spacer with the AlGaN and GaN cap. On the other hand, in Sample-
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B, the total AlGaN/GaN cap thickness is no more than 21nm. Therefore no relaxation occurs in 

the form of V-shaped defect creation. Note that this feature is independent of the substrate used 

for growth.  

As already reported [28], it is important to obviate any AlGaN relaxation, for a maximal electron 

density achievement in the 2DEG (2 Dimensional Electron Gas) channel, determined by the 

strain via the Al content of the AlxGa1-xN layer and by the thickness of this layer. In this way, 

after a certain critical AlGaN thickness, relaxation and stress reduction will set in, negatively 

affecting the 2DEG density and also the sheet resistance [29]. Moreover, according to other 

studies, the origin of these defects could be threading dislocations [20]–[22] or basal stacking 

faults (BSF) combined with stacking mismatch boundaries (SMB) [30]. 

We should also note that the upper GaN cap layer, grown for passivation reasons, with a 

thickness not exceeding 3nm, exhibits similar features and follows the morphology of the 

underneath AlGaN layer grown onto. 

 The AlN spacer layer 
 

Similarly to previous works [31], a thin AlN spacer layer (with nominal thickness 1 nm) was 

inserted after the growth of GaN and prior to the growth of AlGaN barrier layer in order to 

enhance the heterostructure interface and improve the electrical properties of the structure. The 

HRTEM image of Fig. 12 reveals the growth of the AlN spacer layer in between the AlGaN/GaN 

heterojunction. This layer does feature an almost uniform thickness and clear interfaces with the 

AlGaN and GaN layers (the same trend is followed in both samples) [32], although the measured 

AlN thickness in some of the cases reached ~4.5 nm exceeding the nominal one (1nm). A future 

electrical characterization study could clearly determine the electronic properties of the 2DEG 

formed in the AlGaN/GaN heterostructure and the effect of the AlN spacer layer presence. As 

already reported by Smorchkova et al. [31], the growth of a thin (~1nm) AlN layer between 

AlxGa1-XN (x~0.2-0.45) and GaN with thick AlGaN barrier layers (~20-25nm) does not affect 

the 2DEG sheet density but results in a low-temperature electron mobility increase. 

Conclusions 

 

We studied the structural characteristics of AlGaN/GaN multilayer structures epitaxially grown 

on on-axis and 2° off 4H-SiC substrates. The very good epitaxial growth of the layers, one on top 
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of the other, was revealed by electron diffraction measurements. In both cases, the GaN epilayer 

is free of cracks but the “on axis” substrate shows a higher density of TD as compared to the 

misoriented one. However, in both cases the dislocation density decreases drastically towards the 

structure surface (forming dislocation loops in the lower regions of GaN). Characteristic V-

shaped formations are grown into the AlN nucleation layer (with {11̅01} sidewalls), completely 

overgrown by GaN in both samples; they are smaller and better defined in the on axis sample. 

Moreover, the V-shape density is larger in the off axis case, probably due to the higher step 

density. A defect development is observed at the step positions of the 4H-SiC/AlN interface in 

the case of 2° off substrates.  Defects are also formed due to the orientation mismatch between 

the different AlN grains (island growth mechanism). The presence of the Ga layer in the 4H-

SiC/AlN interface, could be interpreted by a sort of memory effect. Moreover the only other 

reason explaining this Ga layer presence would be a kind of an inter-diffusion situation via the 

AlN nucleation layer that takes place under the specific growth conditions.  The AlGaN layer of 

the AlGaN/GaN heterojunction in the on axis sample, exceeding the critical thickness, presents a 

characteristic undulation in the form of V-shaped formations, due to strain relaxation. The off-

cut sample gives the best morphology (atomically flat) of the AlGaN layer, despite the step 

bunching. Thus, the use of 2° off 4H-SiC substrates for GaN based-devices epitaxy is perfectly 

possible. 
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Supporting Information 

 

The presence of Ga is also confirmed by the line scan results (Fig. SI1). The scanning direction 

is indicated by a white arrow in the HAADF-STEM image of Fig. 5. It is also revealed that some 

Ga is present in the AlN nucleation layer (small enough, but detectable), indicating an 

interdifussion situation. The EDS spectrum of Fig. SI2 clearly states the Ga presence at the 

AlN/SiC interface. 

 

 

Fig. SI1: Line scan revealing the distribution of the elements. The white arrow at the HAADF-STEM 

image of Fig. 5 indicates the direction of the scan. 
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Fig. SI2: EDS spectrum acquired from the region shown in Fig. 5, revealing the elements that are present. 
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