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ABSTRACT: Impurity doping in two-dimensional (2D) materials can provide a route to tuning 

electronic properties, so it is important to be able to determine the distribution of dopant atoms 

within and between layers. Here we report the tomographic mapping of dopants in layered 2D 

materials with atomic sensitivity and sub-nanometer spatial resolution using atom probe 

tomography (APT). APT analysis shows that Ag dopes both Bi2Se3 and PbSe layers in 

(PbSe)5(Bi2Se3)3, and correlations in the position of Ag atoms suggest a pairing across 

neighboring Bi2Se3 and PbSe layers. Density functional theory (DFT) calculations confirm the 
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favorability of substitutional doping for both Pb and Bi, and provide insights into the observed 

spatial correlations in dopant locations.  

KEYWORDS: atom probe tomography, doping, 2D materials, DFT, materials genome initiative. 
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TEXT: Two-dimensional (2D) materials have attracted significant attention due to their unique 

physical properties
1-3

 
4, 5

 and potential in device applications 
6, 7

 
8-10

. Impurity doping plays a 

central role in controlling the properties of electronic materials, and is beginning to be explored 

in 2D materials to modulate carrier density
11, 12

, engineer the bandgap
13

, and impart magnetic 

properties
14, 15

. One key challenge in doping 2D materials is to measure the dopant distribution, 

ideally with atomic resolution. Transmission electron microscopy (TEM) and scanning 

transmission electron microscopy (STEM) have been used to assess the in plane dopant 
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distribution in 2D materials,
12, 13, 15-17

 but atomic resolution in the vertical direction is not 

routinely achieved. Secondary ion mass spectrometry (SIMS) can reach atomic-scale resolution 

in depth profiling 2D materials, but its lateral resolution is on the order of 100 nm
18

. Here we 

report the use of atom probe tomography (APT) and first principles calculations to characterize 

the atomic scale distribution of Ag dopant atoms in (PbSe)5(Bi2Se3)3, a topological insulator 

material that can be rendered superconducting by doping with Ag. APT has been used to 

characterize the three-dimensional dopant distribution in nanowires
19, 20

, thin films
21

 and FinFET 

devices
22, 23

, but it has not previously been applied to analyze doping in 2D materials. Here, we 

define 2D materials as materials in which interactions between layers are primarily van der 

Waals in nature, enabling exfoliation by appropriate techniques. By this definition, 

(PbSe)5(Bi2Se3)3 can be considered as a 2D material (Supporting information Figure S2). 

A significant fraction of the research on 2D materials beyond graphene has focused on 

transition metal dichalcogenides (TMDs) that can be readily exfoliated and fabricated into 

conventional electronic devices such as transistors and photodetectors. However, many other 

layered materials beyond TMDs have intriguing electronic properties that are dramatically 

impacted by doping. For example, Bi2Se3 is a topological insulator
5
 whereas Cu doped Bi2Se3 is 

a superconductor.
24

 Superconductivity in CuxBi2Se3 is believed to arise from intercalated Cu,
24

 

but the ratio of intercalated and substitutional Cu atoms is unknown due to experimental 

limitations in characterizing the atomic scale dopant distribution. (PbSe)5(Bi2Se3)3m is another 

promising system of homologous materials that consists of m layers of Bi2Se3 alternating with a 

layer of PbSe
25

. With an interlayer interaction of van der Waals type this materials can be easily 

exfoliated into 2D flakes. The m=2 phase is a topological insulator
26

 that can be made 

superconducting by Cu doping
27, 28

, whereas the semi-metallic m=1 phase can be made 
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superconducting by Ag doping.
29

 In this material system, one could in principle create an 

interface between a superconductor and topological insulator, which has been proposed to host 

Majorana fermions.
30

 Determination of the dopant location is an important step in improving 

understanding of the material synthesis and properties that could enable fundamentally new types 

of electronic properties and devices. 

Towards this end, APT was used to analyze the location of Ag dopants in Ag doped 

(PbSe)5(Bi2Se3)3. Despite previous assumptions that Ag atoms would substitute for Pb,
29

 Ag is 

found to dope both Bi2Se3  and PbSe layers by APT, and radial distribution functions suggest 

attractive interactions between Ag atoms. Density functional theory (DFT) calculations of 

configuration formation energies show that the lowest energy doping configurations involve Ag 

atoms in each layer. The structural and charge analysis of Ag-doped (PbSe)5(Bi2Se3)3 simulated 

system reveals that the Ag atoms distort the lattice of (PbSe)5(Bi2Se3)3 due to lower 

electropositivity of Ag atoms in comparison to Pb and Bi atoms. The distortion of the lattice is 

expected to be energetically unfavorable as it is experimentally determined that more than 25 % 

substitution of Ag in the  (PbSe)5(Bi2Se3)3 renders the material unstable
28

. The precise 

determination of the Ag distribution may inform understanding of the origin of superconductivity 

in (PbSe)5(Bi2Se3)3 and provide insights as to how to approach the challenge of controlled doping 

in 2D materials. This work also demonstrates the potential for APT to characterize doping in 2D 

materials. 

 

The Ag doped (PbSe)5(Bi2Se3)3 was grown by solid state synthesis
29

  with a nominal 

composition of x ~ 1 in AgxPb5Bi6Se14, corresponding to a nominal Ag atomic concentration of 
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0.038. The crystal structure in Figure 1a shows alternately stacked Bi2Se3 and PbSe layers, and 

the weak interlayer bonding is revealed by the fracture surface observed in scanning electron 

microscopy imaging (Figure 1b). Specimens for APT analysis were prepared using standard 

focused ion beam (FIB) lift-out and sharpening procedures
31

, with the analysis direction 

perpendicular to (001) planes. The final specimens were sharp needle-shaped tips with diameters 

less than 100 nm (Figure 1c). APT analysis was performed using a LEAP 4000X Si system* 

with 355 nm laser of 30 pJ pulse energy and 250 kHz pulse frequency, a 0.005 ions/pulse target 

detection rate, and a specimen temperature of 28 K. Figure 1d shows a three-dimensional 

reconstruction of a portion of the specimen (the overall reconstruction can be seen in Figure S1a), 

mapping Bi atoms as blue dots and Pb atoms as green dots. Alternating layered regions enriched 

in Bi and Pb layers are visible in the entire reconstruction, and occur with the expected 

periodicity based on the crystal structure (Fig. 1a).  

*Reference to commercial equipment does not imply NIST recommendation or endorsement. 

A major motivation for APT doping analysis is the ability to detect single ions with very high 

spatial resolution. The laser conditions were chosen to optimize the spatial resolution in the 

analysis direction (Supporting Information Figure S3). The mass spectrum with the chosen laser 

conditions is shown in Figure 2a. No impurity peaks were detected, and the signal-to-noise level 

establishes an upper bound of 100 ppm. Peaks for Bi+/Pb+ and Bi++/Pb++ ions can be separated 

despite the small mass difference between Bi (209 Da) and Pb (204 Da, 206 Da, 207 Da, 208 Da). 

Peaks for complex ions, such as BiSe
+
 and PbSe

+
, BiSe2

++
 and PbSe2

++
, overlap due to the large 

spread of Se isotopes (74 Da to 82 Da). The overlap in peaks in the mass spectrum mixes the 

assignments of a small fraction of the complex ions, leading to some artificial spatial overlap of 

Bi and Pb elements (Fig. 2b). (Ag is only detected as Ag
+
 ions, which do not overlap with other 
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ions in mass spectrum. Therefore, the 1D concentration profile of Ag does not suffer from spatial 

overlapping as discussed later). Despite the overlap, alternating Bi2Se3 and PbSe layers are 

resolved in Figure 2b. For a more quantitative statistical analysis of the spatial resolution, we 

performed a spatial distribution map (SDM) analysis by only counting non-overlapped Bi+/Pb+ 

and Bi++/Pb++ ions for Bi/Pb. Figure 2c presents the SDM of atoms in the vertical direction of 

the reconstruction using Bi atoms as the reference species. Briefly, a SDM reports the 

distribution of one species relative to other atoms of the same or different species. The peak 

distance in the Bi-Bi profile shows the lattice spacing to be 1.65 nm in the analysis direction, in 

agreement with the crystal structure. Furthermore, the peaks at ±0.85 nm in the Bi-Pb profile 

indicate that Bi atoms and Pb atoms are separated statistically from each other, i.e., Bi2Se3 layer 

and PbSe layers are resolved. In support of this interpretation, a similar analysis of 

(PbSe)5(Bi2Se3)6 is provided in the Supporting Information online (Fig. S4). 

 

However, atomic planes within the Bi2Se3 and PbSe layers are not resolved.  The imaging of 

atomic planes requires a well-defined field evaporation sequence in which atoms from the edges 

of terraces are first to leave the surface.
32, 33

  Atomic planes are often observed in metals, but less 

often in semiconductors due to penetration of electric field.
33

 Although (PbSe)5(Bi2Se3)3 is semi-

metallic, the weak van der Waals interactions between layers may result in the simultaneous 

evaporation of many atoms in the same layer, which will hinder the imaging of atomic planes 

within the layers. This assumption is consistent with the experimental observation that the 

fraction of multiple hits varies non-monotonically from 66% to 71% in steady evaporation. To 

our knowledge, APT has not been used previously to analyze 2D materials, with the exception of 

one recent report of impurity analysis in a graphene monolayer,
34

 where the imaging of atomic 
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planes was not achieved. So it remains an open question whether atomic planes can be resolved 

in APT of 2D materials.  

 

The 1D concentration profile of Ag in Figure 2b shows two peaks in a lattice period, with large 

peaks in the same positions as the Pb peaks and small peaks in the same positions as the Bi peaks, 

indicating that Ag atoms are located in both PbSe and Bi2Se3 layers. SDM analysis of the Bi-

centered Ag distribution (Bi-Ag profile, Figure 2c) shows more clearly that there are peaks at 0 

nm and ±0.825 nm. The peaks at ±0.825 nm confirm that Ag atoms reside in the PbSe layers 

while peak at 0 nm implies that Ag atoms also reside in the Bi2Se3 layers. To determine the local 

concentration of Ag in Bi2Se3 and PbSe layers, the one-dimensional composition profile between 

the two lines in figure 2b was broken up into 10 segments, with the length of each segment equal 

to the lattice constant. The 10 segments were averaged together to determine the local Ag 

concentration. The result is shown in Figure 3a. The average atomic concentration of Ag is 3.5 % 

in the Bi2Se3 layer and peaks at 4.5 % in the PbSe layer. The result suggests that 54 % of the Ag 

atoms are located in the Bi2Se3 layers and 46 % are in the PbSe layers, e.g., Ag atoms are 

distributed nearly equally in the Bi2Se3  and PbSe layers. This direct measurement of local 

concentration is one of the most important capabilities of APT. 

 

To provide further insights into the Ag distribution, first-principles DFT calculations were used 

to search for energetically favorable configurations of Ag atoms. A substitution of Ag atoms on 

Pb and Bi sites is expected due to the similarity in the covalent radii and valencies. The nominal 

concentration of 0.038 can be simulated by substituting 2 Ag atoms in the 50 atom (a = 16.3312 
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Å, b = 4.2635 Å and c = 21.9245 Å) monoclinic primitive cell of (PbSe)5(Bi2Se3)3 resulting in a 

0.040 nominal concentration of Ag. The formation energies, ∆𝐸𝐴𝑔
𝑖  , of all configurations with the 

two Ag atoms restricted to Pb-sites in the PbSe layer (45 configurations), Ag atoms restricted to 

Bi-sites in the Bi2Se3 layer (66 configurations), and Ag atoms distributed equally between Pb-

sites and Bi-sites (120 configurations) are computed. A schematic of a configuration with Ag 

restricted to Pb-sites, Bi-sites and equally distributed in the Pb- and Bi-sites is shown in Figure 

3b.  ∆𝐸𝐴𝑔
𝑖  of the i

th
 configuration is given by,  

∆𝐸Ag
𝑖 = 𝐸Ag

𝑖  − 𝐸 − 𝑛Ag𝜇Ag + 𝑛Pb𝜇Pb + 𝑛Bi𝜇Bi , 

where 𝐸Ag
𝑖  is the energy of the Ag substituted (PbSe)5(Bi2Se3)3 crystal in the i

th
 configuration and 

E is the energy of the perfect (PbSe)5(Bi2Se3)3  crystal. The number of Ag atoms in the crystal is 

denoted by 𝑛Ag  and the number of these Ag atoms on the Pb- and Bi-sites is denoted 

by 𝑛Pb and 𝑛Bi, respectively.  The phase diagram of PbSe-Bi2Se3 system indicates that all the 

constituent phases are in molten state at the 1223 K synthesis temperature of the crystal,
35

 hence 

the chemical potential of Ag, Pb and Bi atoms,  𝜇Ag, 𝜇Pb, 𝜇Bi, respectively, are taken to be the 

energies of the isolated atoms. 

Figure 4a shows the formation energies of the configurations plotted against the distance 

between the Ag atoms. The distance between the Ag atoms is computed by ignoring the self-

images in the periodic images. The formation energies of configurations with Ag atoms equally 

distributed on the Pb- and Bi-sites are significantly lower than those with Ag atoms restricted to 

the Pb-sites or Bi-sites only. Figure 4 (b) shows the thermodynamic probability of occurrence of 
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the i
th

 configuration computed as, 𝑃𝑖 =
e

(
−∆𝐸Ag

𝑖

𝑘B.T
)

∑ e

(
−∆𝐸Ag

𝑖

𝑘B.T
)

𝑖=1−231

 , where kB is the Boltzmann constant and 

temperature T=300 K. At room temperature, configurations with Ag in both layers account for 

more than 99.99 % of the total probabilities. Even at temperatures as high as 923 K, 

configurations with Ag in both layers account for more than 97.57 % of the total probabilities. 

Thus, the DFT calculations support the experimental observation that Ag dopants are distributed 

between both Pb and Bi layers.  

 

For the analysis above, all 231 possible configurations were simulated for the primitive cell of 

(PbSe)5(Bi2Se3)3.  We note, however, that the Ag-Ag distance in the periodic images in the y-

direction is restricted to the length of the y-lattice vector, i.e. 4.26 Å; larger supercells are 

preferred to avoid artificial interactions between the dopant sites, which in the “real” material do 

not share the translational symmetry of the lattice.
36

 However, a supercell that is 1X2X1 times 

larger than the primitive cell will not only have larger number of total atoms, but will also 

require simulating 𝐶4 =44 135751 configurations (4 Ag atoms to be arranged in 44 cation sites). 

Since simulating all the configurations is beyond the capacity of present-day computational 

resources, we simulated 9 representative configurations of a 1X2X1 supercell. We find that the 

configurations where Ag atoms are distributed in both the layers have lower formation energies 

(See Supporting Information online), consistent with experimental findings. 
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A structural analysis of all the 240 configurations (See Supporting Information online) reveals 

that Ag dopants distort the lattice of the crystal and the configurations with lowest  formation 

energies have minimal distortion in the crystal. A Bader charge analysis of the configurations 

shows that the low energy configurations have localized charge modulation around the Ag 

dopants. Large distortions in the lattice planes are expected when (PbSe)5(Bi2Se3)3 is doped with 

a high concentration of Ag. This has been experimentally observed in the form of an instability 

when (PbSe)5(Bi2Se3)3 is doped with 25 % Ag
28

. Most likely, these distortions are mediated by 

significantly lower charge of the Ag atoms in comparison to that of Bi and Pb cations (See 

Supporting Information online for full discussion). 

 

The observation of sharp peaks in the probability distribution of Figure 4(b) raises the question 

of whether there are correlations in the distribution of Ag atoms within and between layers. In 

other words, does the presence of a Ag atom influence the probability of finding another Ag 

atom nearby? To investigate correlations in the Ag distribution, the Ag-Ag radial distribution 

function (RDF) was generated from the APT data (Fig. 4(c)). A RDF gives the probability of 

finding an atom B surrounding atom A as a function of distance.
37, 38

 The RDF was generated 

using data from the center of the reconstruction, which has been shown to improve the 

resolution
38

 (SI Figure S5), and is plotted for distances greater than 0.2 nm because ion trajectory 

effects complicate interpretation at smaller distances.
37

 The uncertainty of the measured RDF 

was evaluated by measuring the standard deviation of 10 simulations with randomly distributed 

Ag (black curve, Fig 4). The uncertainty is much smaller the deviation of the Ag-Ag RDF from a 

random distribution. The Ag-Ag RDF shows an increased probability of finding Ag atoms ~7 Å 

apart, implying a pairwise correlation in Ag dopant distribution. In other words, the average 
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distance from a given Ag atom to the next closest Ag atom is less than the average distance 

between Ag atoms. Furthermore, figure S8 shows that the pairing occurs primarily between Ag 

atoms in adjacent Bi2Se3 and PbSe sub-layers by presenting RDF analyses within each sublayer 

(weakest correlations) and between sublayers (strongest correlations). 

 

To summarize, we have demonstrated that APT can provide new insights into the dopant 

distribution in 2D materials. APT has the potential to be applied to other 2D materials, such as 

transition metal dichalcogenides, and can therefore play an important role in the development of 

controlled doping schemes. First-principles DFT calculations can provide support for an 

understanding of experimental results, and may be further employed to explain the origin of 

physical properties based on the dopant distribution confirmed by APT. The combination of APT 

and first-principles calculations has the potential to significantly advance knowledge of structure 

property relationships at the atomic and nanoscale.  

 

 

 

 

 

 

 

 

FIGURES 
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Figure 1. (a) Crystal structure of (PbSe)5(Bi2Se3)3 with alternating PbSe and Bi2Se3 layers. (b) 

Top view SEM image of the (PbSe)5(Bi2Se3)3 crystal. (c)  SEM image of a sharpened tip. (d) A 

region of interest in the reconstruction with the distribution of Bi,  Pb and Ag, showing that 

layers are resolved. 
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Figure 2. (a) Mass spectrum taken at 30 pJ laser pulse energy. (b) 1D concentration profiles in 

the region of interest shown in Figure 1d. (c) SDM of atoms relative to Bi atoms (curves are 

offset by 0.5 units each for clarity). 
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Figure 3. (a) 1D concentration profile of Ag obtained by averaging the data shown in Figure 2b 

over 10 unit cells. (b) Schematics of example configurations of Ag dopant atoms with Ag 

restricted to Pb sites, Bi sites, and equally distributed between Pb and Bi sites, respectively. The 

y direction is normal to the plane of the figure. 
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Figure 4. (a) Defect Formation energies of different configurations of Ag dopants plotted against 

distance between pairs of Ag atoms. (b) Probabilities of occurance of Ag-Ag configurations at 

300 K. (c) Ag-Ag radial distribution function from APT reconstruction compared with that of 

randomly distributed Ag atoms. 
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Supporting Information. Methods, calculation of interlayer bonding strength of 

(PbSe)5(Bi2Se3)3, influence of laser energy on (PbSe)5(Bi2Se3)3, APT analysis of 
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total probabilities at 300 K, formation energies of representative 1X2X1 supercell configurations 

and analysis of Ag pairing.  This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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