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Diffusion is one of the fundamental processes that govern the structure, processing 

and properties of materials and it plays a crucial role in determining device 

lifetimes. However, direct observations of diffusion processes have been elusive and 

limited only to the surfaces of materials. Here we use an aberration-corrected 

electron microscope to locally excite and directly image the diffusion of single Ce 

and Mn dopants inside bulk wurtzite-type AlN single crystals, identifying correlated 

vacancy-dopant and interstitial-dopant kick-out mechanisms. Using a 200 kV 

electron beam to supply energy, we observe a higher frequency of dopant jumps for 

the larger and heavier Ce atoms than the smaller Mn atoms. These observations 

confirm density-functional-theory-based predictions of a decrease in diffusion 

barrier for large substitutional atoms. The results show that combining depth 

sensitive microscopy with theoretical calculations represents a new methodology to 

investigate diffusion mechanisms, not restricted to surface phenomena, but within 

bulk materials. 
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Perfect crystals are rarely useful for most applications, meaning that they have to be 

doped with impurities to engineer new and improved properties [1-7]. An important 

pursuit in materials science and engineering has therefore been to understand the atomic-

scale dopant-diffusion mechanisms that govern dopant behavior during processing or heat 

treatment and determine the lifetimes of devices under any given set of working 

conditions. The presence of defects and impurities often leads to complicated diffusion 

mechanisms with competitive energy barriers [8-10]. Moreover, at high-temperatures 

several diffusion mechanisms can be active, further complicating the scenario. Although 

the study of diffusion mechanisms is one of the classic problems in materials science, 

experimental probes of solid-state diffusion processes have so far been limited to 

macroscopic measurements of the time evolution of concentration profiles (commonly, 

tracer atoms or isotopes) [8-10]. The development of accurate quantum-mechanical 

calculations, based on density functional theory (DFT), along with advances in 

computing capabilities have improved the understanding of atomic-scale diffusion 

processes in a wide variety of materials [1,11-14]. To date, direct observations of atomic 

diffusion have been limited to the study of surface diffusion using scanning probe 

microscopes [3,7,15,16]. Direct imaging of bulk diffusion, which can be very different 

from surface diffusion mechanisms, has been lacking. Aberration-corrected scanning 

transmission electron microscopy (STEM) has already made possible the observation of 

single dopant atoms within nanowires [17] and bulk materials [18], including single 

jumps. Here, we show direct observation of extended diffusion of individual Ce and Mn 

atoms in a wurtzite-type AlN (w-AlN) single crystal, tracking the impurities within the 
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bulk material, and determine the pertinent mechanisms, including correlated steps, using 

aberration-corrected Z-contrast STEM imaging [19] (Z: atomic number).  

w-AlN doped with rare-earth or transition metals is a promising material for 

optoelectronic and magnetic applications [20]. Doping the technologically important 

class of group III-nitrides, such as cubic boron nitride (c-BN) [21] and w-AlN [22], with 

large size-mismatch dopants has been successfully achieved by a reactive flux method 

operating at high-pressures and high-temperatures [23,24], which yields millimeter-size 

single crystals wherein single dopant atoms are uniformly dispersed and show 

homogeneous visible-light luminescence. However, the mechanisms by which the 

dopants are accommodated in the matrix are not fully understood and observation of the 

growth process in situ would be challenging. Therefore, to promote dopant diffusion in 

the solid and simulate a high-temperature condition without heating the specimen, we use 

a 200 kV electron beam, which provides sufficient energy for dopant migration but not 

enough to knock out the dopant atoms.  We identify correlated vacancy-dopant diffusion 

to be the dominant mechanism in w-AlN followed by the less common interstitial kick-

out mechanism [10]. We observe a number of jumps of the large-size Ce dopants in the 

w-AlN bulk, in agreement with the low migration energy barrier of 0.3 eV obtained by 

DFT calculations. On the basis of the DFT results, we elucidate the origin of this low 

migration energy barrier for the large-size Ce atoms to be the high formation energy of 

the Ce substitutional defects in the small w-AlN lattice and moreover we predict a higher 

barrier for a smaller atom, 2.1 eV for Mn. To confirm our theoretical prediction, we 

perform the same experiments for Mn doped w-AlN and find that the Mn atoms are 

indeed nearly stationary at the substitutional Al site. 
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When a specimen is exposed to a high-energy electron beam, the incident electron 

transfers energy to the constituent atoms. Assuming a purely elastic collision between a 

200 kV electron and a stationary atom, the maximum energy transfer to Al and Ce atoms 

is estimated to be 18.2 and 3.5 eV, respectively (see Supplementary Information). 

Although the maximum energy that can be transferred to the Ce atoms is large, it is 

considerably smaller than the calculated binding energy of a Ce atom present at a 

substitutional Al site, 13.4 eV. Thus, it is apparent that a 200 kV sub-Ångstrom electron 

beam is an optimum probe to both directly excite Ce dopants over the diffusion barrier at 

room temperature and observe events at the atomic-scale, without directly knocking out 

dopants. 

 Figure 1 shows frames selected from a Z-contrast STEM image sequence of Ce-

doped w-AlN viewed along the 1120  direction with an acquisition time of 4 seconds 

per frame (30 frames in total). The atomic “dumbbells” consisting of Al and N atoms are 

clearly resolved and the brighter columns are the Al sites (see the structural model in Fig. 

1(h)). The brightest column, indicated by arrowheads, contains a single Ce dopant[22], 

which moves to a different location in each panel. This sequence reveals that a single Ce 

dopant is moving in the bulk driven by the electron beam. Accurate quantification of the 

Z-contrast images using a recently developed technique [18] confirms that the dopant is 

inside the crystal rather than on the surface (see Supplementary Information). We observe 

the Ce atom to have changed columns between frames on 11 occasions during the 30 

frame sequence and the dopant trajectory is drawn on the frame-averaged image of Fig. 

1(h). After the examination of the dopant trajectory, we can assign the Ce diffusion 

processes to three basic types: 1) basal-plane diffusion – (f) to (g) in frame 20; 2) 
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pyramidal-plane diffusion – (b) to (c) in frame 5; and 3) interstitial-related diffusion – (f) 

and (g) in frame 16 and 20. In most cases (9 frames), the single Ce dopant jumps from a 

substitutional Al site into one of the nearest Al sites (basal- or pyramidal-plane-diffusion) 

and then stays at the new substitutional Al site for a few frames prior to the next atomic 

jump. In two frames, (f) and (g) in Fig. 1, the Ce atom is located at interstitial sites 

(having moved either just as the beam approached or in the previous frame) and moves 

back to a substitutional Al site within the same frame. Over extensive observations of 

single Ce dopants, we did not identify N-site-related or direct interstitial diffusion steps (a 

direct atomic jump from one interstitial site to another interstitial site) in the bulk. We 

construct more complicated or larger steps of single dopants inside w-AlN from 

combinations of the three basic types. For example, the observed diagonal atomic jump 

from the position x to g in Fig. 1(h) can be described as successive basal and pyramidal 

diffusion steps. Moreover, we frequently observed not purely random steps (Brownian 

motion) but correlated Ce dopant motion (see Supplementary Information). In these 

cases, the Ce dopant rattles between two neighboring Al sites, in a manner characteristic 

of the vacancy-mediated diffusion mechanism proposed by Bardeen and Herring [25,26]. 

Thus, the microscopy results strongly suggest that we are seeing vacancy- and 

occasionally interstitial-mediated diffusion in Ce-doped w-AlN. 

To better understand the energy landscape of Ce-doped w-AlN and calculate the 

activation energy for different Ce-diffusion mechanisms, we performed systematic first-

principles calculations. We find a Ce atom substituting for Al (CeAl) to be the most stable 

configuration with a formation energy of 3.2 eV, in agreement with previous work 

[22,27]. We also find that the calculated activation energy for the concerted exchange 
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[28] between Al and Ce atoms without any defects to be 8.0 and 10.0 eV for pyramidal-

plane and basal-plane diffusion, respectively. These activation energies are higher than 

the energy transferred to the Ce atoms by the 200 kV incident electrons, and hence the 

concerted exchange mechanism is very unlikely. However, under our growth conditions, 

Al vacancies have a negative formation energy for n-type w-AlN and are therefore 

expected to form spontaneously during the crystal growth [22]. When the Ce dopant is 

coupled with a nearby Al vacancy, the activation energy for hopping is greatly reduced to 

0.3 and 0.6 eV for basal-plane and pyramidal-plane diffusion, respectively (shown in Fig. 

2(a), (b)). Rather interestingly, the barrier for the migration of an Al atom to a vacancy 

site is noticeably higher at 2.5 eV. DFT calculated energies are known to have an error 

bar of 0.1 eV, or even larger for systems with strong correlations, such as Ce, so given 

that we do not often image the dopant at two sites in the same frame, the calculations 

probably underestimate the activation energies. A discrepancy between the theoretical 

Ce hopping rate and the experimental data remains unresolved (see Supplementary 

Information for more details). The calculated small barrier for a large-size Ce-dopant, 

while striking, is in good agreement with the large number of jumps made by the Ce atom 

seen in our experiments, where we find it to move about every three frames. Under 

excitation by the electron beam, once a Ce dopant encounters an Al vacancy, the dopant 

readily jumps into the Al vacancy site. After a first vacancy-dopant exchange, the 

consecutive dopant jumps are no longer a pure random walk but a correlated walk with 

the Ce dopant trailing a leading Al vacancy. Strong evidence for this correlated dopant 

walk is provided by the experimentally observed back-and-forth Ce atom jumps (see 

Supplementary Information) [12]. Although the energy barrier for the Al vacancy to 
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migrate away from the Ce nearest neighbor position is high, it is possible under the beam 

excitation even at room temperature. Once the Al vacancy migrates away, the Ce atom 

awaits the arrival of the same or another Al vacancy in order to migrate to a different 

position. On the basis of both the experimental microscopy images and the theoretical 

calculations, we conclude that the observed basal- and pyramidal-plane diffusion is 

vacancy-mediated, and the low theoretical energy barrier suggests that the vacancy-

mediated diffusion mechanism can occur even at room temperature. 

 As shown in Figure 1(f) and (g), we also observed cases where the single Ce dopant 

moved into interstitial sites. We consider two well-known hybrid-type interstitial 

diffusion mechanisms, the ‘Frank-Turnbull’ mechanism [29]:    and the 

‘kick-out’ mechanism [8]:    (V: self-vacancy, I: self-interstitial, Xs, 

substitutional dopant, Xi: interstitial dopant). The absence of any deep local minima in the 

energy surfaces of the vacancy-mediated diffusion paths for Ce (Fig. 2(a), (b)) makes it 

improbable that the dopant atom could occupy an interstitial site adjacent to an Al 

vacancy. Thus, the Frank-Turnbull mechanism [29] is unlikely in the present case. 

However, when the Ce dopant encounters an Al interstitial, the Ce dopant can move to 

the interstitial site through a kick-out mechanism. The energy surfaces for Ce dopants and 

the energy minimum diffusion path for Ce dopant based on the kick-out mechanism are 

shown in Fig. 2(c). Although the activation energy for Ce is high (3.1 eV), it is likely that 

the observed interstitial diffusion could be excited by the electron beam. Thus, it is also 

possible to study high-energy diffusion pathways that are inactive at room temperature, 

but can be active at higher temperatures and are known play an important role is failure 
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mechanisms such as creep and fatigue [10]. This is an important advantage of using the 

electron beam to induce diffusion. 

 Even though the present calculations explain our observations well, the extremely 

small theoretical barrier for the vacancy-mediated Ce atom migration (lower than for an 

Al atom) raises further questions about the underlying migration mechanism and how it 

might be controlled. We calculated the activation energies for Ce dopant diffusion as a 

function of isotropic tensile stress applied to the w-AlN lattice that causes expansion of 

the host lattice. Figure 3 shows the activation energies for pyramidal diffusion of a Ce 

dopant as a function of volumetric strain, (V−V0)/V0 (V0 is the volume per unit cell at zero 

tensile strain). In general, structural defects such as dislocations, grain-boundaries, and 

free surfaces can enhance the diffusivity of a dopant because of their larger spaces and 

weakened chemical bonding. We thus expected that the expanded lattice would enhance 

the dopant diffusivity. However, the calculated results show the opposite behavior: lattice 

expansion around a Ce dopant leads to a higher activation energy, suggesting that a Ce 

substitutional defect becomes more stable in a larger space. This result can be explained 

by remembering that the Ce dopant is unusually large for the host lattice (size-mismatch) 

and the Ce substitutional defect has a high formation energy, even if coupled with a 

single Al vacancy [22]. As a result, the formation energy difference between the 

substitutional and the interstitial positions is reduced, and the Ce dopant becomes more 

mobile in the bulk, even at room temperature (without the electron beam). Conversely, 

our theoretical calculations predict that a smaller-size dopant such as Mn should have 

much smaller diffusivity, because the energy barriers for basal- and pyramidal-plane 

diffusion are calculated to be 2.1 and 2.6 eV, which we attribute to the higher stability of 
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the Mn substitutional defect (with a formation energy of 1 eV) compared to the CeAl 

defect. 

 To test our prediction, we repeated our STEM experiments on Mn-doped w-AlN 

single crystals. In contrast to the Ce doped case, the Mn dopant has a lower atomic mass 

and the maximum transferred energy (9 eV) from an incident electron is much higher, 

suggesting that Mn should be more mobile than Ce in the bulk w-AlN. However, we 

typically observed zero or only a very few Mn atom jumps in 40 – 60 frames. Figures 

4(a) – (c) show typical atomic-resolution Z-contrast STEM images obtained from Mn 

doped w-AlN single crystals viewed along the 1120 , 1100  and 0001  directions, 

with the corresponding structure models shown in Fig. 4(d) – (f), respectively. These 

images are obtained by averaging over the sequentially acquired 40 – 60 frames and it 

can be seen that the Mn dopants stay at the specific Al sites. We further found that even 

after a Mn atom jump, the Mn dopant is basically stable at the new Al site. Thus, our 

observations confirm that the larger and heavier Ce dopants have a higher mobility than 

Mn dopants in w-AlN, in agreement with the theoretical predictions. On the basis of the 

theoretical activation energies (vacancy-mediated diffusion case), we estimate the dopant 

diffusion rates under the electron beam for Ce atoms to be more than 20 times higher than 

those for Mn atoms (see Supplementary Information), which correlates well with the 

experimental observations.  

In summary, we have visualized single Ce atom diffusion in w-AlN by time-

sequential Z-contrast STEM imaging. The observed basal or pyramidal diffusion and 

interstitial-related diffusion for single Ce dopants are determined to be a vacancy-

mediated mechanism and a kick-out mechanism, respectively, in good agreement with 
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first-principles calculations. Our findings show how depth sensitive microscopy coupled 

with density functional calculations can be used to investigate the mechanisms and 

pathways governing diffusion within bulk materials. In this case, the results show how 

dopant diffusivity may be enhanced by accommodating large-size dopants in a narrow 

space or at unstable atomic sites, or alternatively reduced by selecting smaller dopants. 

The methodology is applicable to many other systems, and may be useful to deliberately 

tailor materials for higher ionic conductivities or for longer device lifespans. Moreover, 

this method could be applicable to study diffusion mechanisms in other materials with 

barriers such that the transition times are comparable to the scan rate of the STEM. 
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FIG. 1. Selected frames from a sequence of 30 Z-contrast images of a w-AlN single 

crystal doped with Ce viewed along the 1120  axis. (a) – (g) Frames 1, 4, 5, 6, 10, 16, 

20, respectively, show the locations of a single Ce dopant as marked by the arrowhead in 

each panel. (h) Frame-averaged Z-contrast image. The observed Ce trace is overlaid and 

the Ce positions in each panel (a) – (g) are indicated. The scale bar in (a) is 3 Å.  
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FIG. 2. The Ce dopant diffusion paths in w-AlN (top panels) and the diffusion energy 

surfaces (bottom panels). (a) Basal-plane diffusion (Al: red, N: blue, and Ce: light blue), 

(b) pyramidal-plane diffusion (Ce: light green), (c) interstitial diffusion with kick-out 

mechanism (Ce: yellow, Al interstitial: pink), with the interstitial dopant, substitutional 

dopant and self-interstitial defects labelled Xi, Xs and I, respectively. The starting point is 

not at zero because an interstitial Al is more stable than an interstitial Ce. 
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FIG. 3. Activation energies for Ce pyramidal-plane diffusion via the vacancy-mediated 

mechanism as a function of volumetric strain. The Ce diffusion barrier increases with 

increasing volume. 
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FIG. 4. Frame-averaged Z-contrast images of Mn-doped w-AlN single crystals. The 

brightest atomic columns in each panel are the location of single Mn dopants as marked 

by arrowheads in each panel. The scale bars are 3 Å. The crystal orientations are (a) 1120 , (b) 1100 , (c) 0001  with the corresponding structural models given in (d) – 

(f), respectively.  
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