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a b s t r a c t 

Quantitative ADF-STEM imaging paired with image simulations has proven to be a powerful technique 

for determining the three dimensional location of substitutionally doped atoms in thin films. Expansion 

of this technique to lightly-doped nanocrystals requires an understanding of the influence of specimen 

mistilt on dopant visibility due to the difficulty of accurate orientation determination in such systems as 

well as crystal movement under the beam. In this study, the effects of specimen mistilt on ADF-STEM 

imaging are evaluated using germanium-doped silicon nanocrystals as model systems. It is shown that 

dopant visibility is a strong function of specimen mistilt, and the accuracy of specimen orientation is an 

important factor in the analysis of three-dimensional dopant location, but the sensitivity to mistilt can 

be weakened by increasing the STEM probe convergence angle and optimizing ADF detector inner angle. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Many electronic devices rely on the incorporation of dopants

n semiconductors to tune semiconductor properties. In nanocrys-

als and nanoscale devices, these properties can become highly

ependent on the location and coordination of discrete dopant

toms, necessitating characterization with single atom sensitivity

1,2] . Annular dark-field scanning transmission electron microscopy

ADF-STEM) has been demonstrated to be a powerful technique

or visualizing of individual substitutionally doped atoms in both

anoparticles and films [3] . Provided the dopant has a considerably

igher atomic number than its host, dopant atoms can be clearly

isible in ADF-STEM images and readily located to an atomic col-

mn, especially in thin, lightly doped specimens [4–8] . However,

ocalization of individual dopant atoms in the third dimension, or

epth, is much more challenging. 

Quantitative ADF-STEM imaging of substitutionally doped spec-

mens has drawn considerable attention recently for 3D dopant lo-

ation, especially in beam-sensitive materials, because it requires

nly a single image rather than the large series of images nec-

ssary for focal series [9] and tomography [10,11] . This method

tilizes the effects of electron beam channeling down the atomic

olumns, which produces a measurable and predictable relation-

hip between dopant depth and the intensity of the dopant-

ontaining column with respect to an equivalent non-doped col-

mn. This relationship has been used to infer the depth of a
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opant atom along an atomic column [12,13] . A critical step of this

nalysis is the precise determination of specimen thickness and

rystallographic orientation. These parameters have been primarily

etermined by comparing quantitative measurements of ADF-STEM

ignals and position averaged convergent beam electron diffrac-

ion (PACBED) patterns with their corresponding simulations. This

pproach for thickness and orientation determination works well

or thin, single-crystal films, where experimental PACBED has been

hown to determine specimen tilt to within ± 1 mrad [14] . 

However, because of specimen damage and the inherent thick-

ess variation due to the geometry of a nanocrystal specimen, it

s often difficult to obtain quantifiable PACBED patterns from small

anocrystals. This leaves only high-resolution ADF-STEM imaging

f the crystal lattice available for orientation determination [15] .

n the case of small (2–5 nm) nanocrystals oriented near a low-

rder zone axis, specimen orientation may only be approximated

hrough HAADF imaging alone to within about + /- 30 mrad. As we

bserved from a set of simulations conducted for different beam

oltages and convergence angles, a sample of which are shown in

ig. 1 , mistilts away from zone axis less than about + /- 30 mrad

ecome qualitatively difficult to distinguish from residual beam

berrations. It is, therefore, important to understand and evaluate

he effects of specimen mistilt from zone axis on dopant visibility

n order to determine dopant locations in the third dimension, or

epth, through quantitative ADF-STEM. 

In this work, built on literature discussing the effects of speci-

en tilt on atomic-resolution ADF-STEM images of undoped crys-

als [15–20] , the effect of inaccuracies in alignment near low-order

one axes on the visibility of dopant atoms in ADF-STEM images

http://dx.doi.org/10.1016/j.ultramic.2017.03.008
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Fig. 1. Example of a set of ADF-STEM images simulated for [001] oriented 2.5 nm 

Si nanocrystals imaged at 100 kV for three cases: (a) intrinsic nanocrystal, (b) 

nanocrystal with Ge dopant placed at the beam exit surface, and (c) the same 

doped nanocrystal as in (b) tilted 30 mrad off axis. All three images have been 

re-normalized here to the maximum intensity of the un-tilted doped particle in (b) 

for visual clarity. The enlarged subset regions of interest for each case are shown 

on the right. The apparent cross pattern of intensity arises from a variation in the 

number of atoms in each column due to the particle geometry. 
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has been computationally investigated for nanocrystals. Here, sim-

ple 2.5 nm Ge-doped Si nanocrystals were used as a study system.

Si is a common and well-characterized material and Ge dopants

are preferentially located into substitutional sites. In order to iso-

late the effects of mistilt from other sources of experimental error,

surface reconstruction and non-uniformity and residual aberrations

of the lenses are ignored in these simulations. While this study

examines an ideal, singly-doped spherical nanocrystal, the effects

that are demonstrated can be extended into thin films and other

specimen geometries and experimental setups. 

2. Methods 

ADF-STEM images of Ge-doped Si nanocrystals were simulated

through the TEMSIM multislice package [21] . This method has

been previously used to understand beam channeling, quantita-

tive STEM, and dopant visibility [15,22–25] . Spherical models of

2.5 nm in diameter Si nanocrystals were generated by replicating

the Si lattice out to a maximum radius of 1.25 nm. The structures

were then rotated to the [001], [110], and [111] zone axes, and Ge

dopants were iteratively substituted into lattice sites of the cen-

tral column to form singly-doped structures. For the case studied

here, the difference between atomic sizes of the dopant Ge and

host Si (R Ge = 1.22 Å and R Si = 1.18 Å) is very small relative the Si-

Si bond length and, therefore, the effects of strain introduced by

the dopant can be ignored [22,26] . However, it is not always the

case [8,27,28] and structural relaxation might be needed in other

systems before applying multislice code. 

For simulated ADF-STEM images of entire particles, the STEM

converged probe was scanned over a 30 × 30 Å 

2 area containing

the nanocrystal with 256 × 256 pixels. For detailed analysis of all

cases, the converged probe was scanned over an 8.33 × 8.33 Å 

2 

area in the center of the nanocrystal with 85 × 85 pixels. In each
ase, a transmission function was calculated for a 30 × 30 Å 

2 su-

ercell with 1024 × 1024 pixels. ADF-STEM images were calculated

or 54/200 mrad inner/outer collection angles. The following slice

hicknesses were used in all simulations: 1.357 Å, 1.920 Å, and

.783 Å for beams propagating along the [001], [110], and [111]

one axes, respectively. The nanocrystals were tilted within the

EMSIM code from 0 to 30 mrad off zone axis in 2 mrad steps

sing the slice shifting method which is detailed in Ref [21] . Due

o the small size of the nanocrystals in this study, and the even

maller regions of interest, no statistically significant difference

as observed between this approximation of specimen tilt and a

igorous manual tilting approach when studying specimens tilted

p to 30 mrad off zone axis. 

To show that the observations made here are not unique to a

ingle experimental setup, two common operating conditions for

berration-corrected STEM were considered in this study. First, an

berration corrected 100 kV probe with a convergence angle of

obj = 25 mrad, aberration coefficients of C s(3) = −0.015 mm, C s(5) 

 10 mm, and defocus of �f = −30 ̊A was used. For this probe, a

 ̊A FWHM Gaussian source distribution, typical for 100 kV beam,

as applied by convoluting the source distribution function into

mages [22] . Second, an aberration corrected 200 kV probe with a

onvergence angle of αobj = 25 mrad, zero aberrations were con-

idered. For this probe a 0.5 ̊A FWHM Gaussian source distribution,

ypical for 200 kV beam, was applied [29] . Variations of this probe

ere also studied with αobj = 35 mrad and 45 mrad and ADF in-

er/outer angles of 65/240 and 75/278 mrad, respectively. Ther-

al vibrations of atoms in the nanocrystals were included by aver-

ging 100 frozen phonon configurations using the room tempera-

ure RMS displacements (vibration amplitudes) of 0.076 Å for all Si

toms and 0.080 Å for Ge dopants [22,30,31] . All ADF-STEM images

ere normalized to the intensity of the incident beam. 

. Results and discussion 

ADF-STEM images were generated for intrinsic as well as singly-

oped nanocrystals with Ge atoms iteratively positioned at each

vailable dopant site in the central column along each zone axis.

ig. 1 shows example images of intrinsic, doped, and tilted doped

amples that represent the most visible effects of tilting. As shown

n these images, there is relatively little overall qualitative dif-

erence between the tilted and non-tilted samples. Additional ef-

ects that are not included in these simulations from statistical and

nstrumentation noise, probe aberrations, nanocrystal movement,

nd background from the support would make these differences

irtually undetectable in experimentally recorded images. It should

e noted that the range of the specimen mistilt that still produces

ractically indistinguishable high-resolution ADF-STEM images is

unction of specimen defined by the types of atoms it contains and

pacing between them. 

The dopant-containing columns appear brighter than the Si

ost due to the higher atomic number of Ge. This can be quan-

ified by the dopant visibility, defined as: 

 = 

I D − I I 
I I 

∗ 100% , 

here I D and I I are the ADF intensities of the dopant containing

olumn and the equivalent intrinsic column, respectively [22] . Val-

es of I I and I D were recorded from ADF-STEM images of dopant-

ontaining columns and analogous intrinsic nanocrystals under the

ame simulation conditions. To obtain these intensities, each image

as spline-interpolated to a pixel size of 0.01 Å and the average

ntensity within a 0.25 ̊A radius circle centered on the maximum

ntensity of the column was chosen, emulating the practical eval-

ation of the ADF intensity from experimental images [12] . While

he evaluation radius defining I and I slightly effects the values
D I 
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Fig. 2. (a) A model of [001] oriented Si nanocrystal showing the positions of the five dopant sites in the central column. (b) Full set of simulated data showing the 

relationship between tilt and visibility for dopants in ADF-STEM images at each lattice sites of a dopant near the [001] zone axis. Cubic fits to the data are included to guide 

the eye. (c) Minimum and maximum visibilities at each dopant position in (b) showing the error in depth associated with a 30 mrad tilt uncertainty. Error bars correspond 

to the standard deviation from the cubic fits shown in (b). Simulations were performed for aberration-corrected 100 kV STEM. 
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Fig. 3. (a-c) Minimum and maximum visibilities of dopants in ADF-STEM images 

due to 0 to 30 mrad mistilt for Ge dopants in 2.5 nm Si nanocrystal at each pos- 

sible lattice site in the central column for [001], [110], and [111] zone axes ori- 

ented nanocrystals. Simulations were performed for aberration-corrected 200 kV 

STEM with convergence angle αobj = 25 mrad. 
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a  
f the intensities and visibilities, the overall relationships between

opant visibility and mistilt remain the same (tested for 0–0.75 Å

adii; not shown here). 

A [001] oriented Ge-doped Si nanocrystal imaged with an

berration-corrected 100 kV beam was considered first. The visi-

ilities of Ge dopant atoms positioned at each of the five possible

opant sites down the central column were calculated for mistilts

f 0–30 mrad off zone axis ( Fig. 2 ). At zero mistilt, we see a unique

elationship between dopant depth and visibility, which could be

sed to determine dopant location to within one unit cell, given

xperimental visibility error is less than 5%. However, mistilt com-

licates this system, with visibilities of dopants at different sites

verlapping and changing order with increasing mistilt. 

When a crystal is oriented precisely to zone axis, electron chan-

eling focuses the beam onto the column of atoms as it passes

hrough the nanocrystal [32] . Due to this focusing effect, chan-

eling causes dopants near the exit surface of the nanocrystal to

xhibit much higher visibility ( ∼ 90%) than dopants near the en-

rance surface ( ∼ 55%). This channeling effect is reduced rapidly

t mistilts over ∼15 mrad because the beam is no longer propa-

ating down a zone axis, causing the beam to broaden more as

 function of depth and interact less with deeper atoms along that

olumn [9,15,22] . This causes a significant reduction in dopant visi-

ility near the exit surface and more complex behavior for dopants

t intermediate sites, with some visibilities rising and some falling

ith increasing mistilt. 

A cubic function was used to fit each tilt series to aid visual-

zation of the relationship between dopant visibility and tilt and

o provide an estimate of the computational error due to the finite

umber of phonons used in the simulations. The results of all sim-

lations in this series are summarized in Fig. 2 c, where the mini-

um and maximum values of the fit functions for mistilts between

 and 30 mrad are shown for each dopant position. The shaded re-

ion indicates the range of dopant visibility possible over mistilts

f 0–30 mrad off axis for each dopant position. The strong relation-

hip between dopant visibility and mistilt results in considerable

verlap between the potential visibilities of dopants in different

ositions over this range of mistilt. This, therefore, precludes the

etermination of 3D dopant location from a single image of such

 nanocrystal with some mistilt. Additionally, under these condi-

ions mistilt uncertainty of < 5 mrad is enough to contribute non-

egligibly to dopant visibility. 

A similar sensitivity to mistilt was observed in ADF-STEM im-

ges of the same system imaged with the 200 kV beam and con-

ergence angle αobj = 25 mrad ( Fig. 3 a). In addition to [001] ori-

nted samples, analogous simulations of [110] and [111] oriented

anocrystals were considered ( Fig. 3 b, c). The dopant visibility as

 function of depth near these zone axes is a more complex func-

ion of mistilt than those near [001]. However, the overall trends
 p  
emain same, with the visibility of dopants closest to the exit sur-

ace, which are most sensitive to channeling, exhibiting the great-

st effect. In all considered cases, small mistilt near zone axis cre-

tes a strong enough effect on dopant visibility that no single vis-

bility value can be unambiguously attributed to a single dopant

osition. 

It is possible to influence the tilt sensitivity of dopant visibil-

ty by modifying the convergence angle and ADF detector inner

ngle. In this case, increasing the convergence angle of the STEM

robe above 25 mrad allows a reduction of probe depth of field,
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Fig. 4. Minimum and maximum visibilities of dopants in ADF-STEM images due to 

0 to 30 mrad mistilt for Ge dopants in 2.5 nm Si nanocrystal at each lattice site 

in the central column for [001] oriented nanocrystals. Simulations were performed 

for aberration-corrected 200 kV STEM with convergence angles: (a) αobj = 35 mrad, 

ADF inner/outer angles 65/240 mrad and (b) αobj = 45 mrad, ADF inner/outer angles 

75/278 mrad. ADF detector outer angles were scaled proportionally with the inner 

angles to emulate an experimental detector. 

Fig. 5. ADF inner angle dependence of dopant visibility at different STEM probe 

convergence angles for the [001] oriented nanocrystal doped near the exit surface 

(position #5 from Fig. 1 ). In these simulations, the ADF detector outer angles were 

scaled proportionally with the inner angles to emulate an experimental detector. 
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resulting in a substantial reduction in mistilt sensitivity. The re-

sults for 35 and 45 mrad probe convergence angles are presented

in Fig. 4 . As can be seen from the figure, when probe convergence

angle is increased to 45 mrad, the location of a single substitu-

tional Ge dopant can be determined to within one unit cell, barring

other sources of error. These results indicate that increasing STEM

probe convergence angle can be used to mitigate the uncertainties

in dopant location determination due to mistilt. 

To understand the possible effects of varying ADF detector inner

angle, we evaluated the difference in visibility of the Ge dopant

located at near the exit surface (most sensitive case) as a func-

tion of ADF detector inner angle for 0 and 30 mrad mistilts. These

simulations were performed for αobj = 25, 35 and 45 mrad probe

convergence angles at 200 kV. As shown in Fig. 5 , increasing ADF

inner angle can yield modest improvements in the mitigation of

dopant visibility sensitivity to mistilt at convergence angles below
5 mrad. However, it should be noted that increasing ADF inner

ngle also reduces the ADF signal, which is not desirable. 

Because of the small size of the nanocrystals investigated here

nd the positioning of dopants along the central column of the

anocrystals, sample geometry contributed negligibly to probe be-

avior in the sample. Additionally, the inclusion of a source dis-

ribution resulted in slight changes in dopant visibility compared

ith zero source size, but no notable differences in the visibility

rends were observed. For these reasons, it is expected that other

amples and experimental settings will also exhibit similar sensi-

ivity of dopant visibility to specimen mistilt. 

These results show that even small mistilt error can contribute

on-negligibly to dopant visibility under normal imaging condi-

ions. These effects may be mitigated through the use of a higher

onvergence angle probe and optimization of the ADF inner an-

le, but the effects of mistilt should still be carefully considered as

 non-negligible source of visibility error. However, given adequate

ontrol of specimen tilt, it is possible that this tilt dependence may

e utilized as an additional parameter in dopant location identifi-

ation because over the range of structures analyzed, each dopant

osition exhibited a unique relationship between dopant visibility

nd small specimen mistilts, with the greatest effect occurring at

ow convergence angles and voltages. 

. Conclusion 

The results of multislice simulation of ADF-STEM images of Ge-

oped Si nanocrystals suggest that specimen mistilt near zone axis

an significantly influence dopant visibility. In the system stud-

ed, visibility changes over mistilts between 0 - 30 mrad are large

nough to preclude accurate 3D dopant location with a 25 mrad

robe, and in some cases, even mistilt of less than 5 mrad can

ontribute non-negligibly to dopant visibility. Increasing the probe

onvergence angle, and ADF detector inner angle at some de-

ree, can be used to mitigate mistilt sensitivity of dopant visibil-

ty. While this study explicitly considered nanocrystals, we expect

hat the sensitivity of dopant visibility to misorientation extends to

ore complex systems as well as thin films. 
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