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Harnessing dislocation motion using an 
electric field
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Penghao Xiao    5  & Yu Zou    1 

Dislocation motion, an important mechanism underlying crystal plasticity, 
is critical for the hardening, processing and application of a wide range 
of structural and functional materials. For decades, the movement 
of dislocations has been widely observed in crystalline solids under 
mechanical loading. However, the goal of manipulating dislocation motion 
via a non-mechanical field alone remains elusive. Here we present real-time 
observations of dislocation motion controlled solely by using an external 
electric field in single-crystalline zinc sulfide—the dislocations can move 
back and forth depending on the direction of the electric field. We reveal 
the non-stoichiometric nature of dislocation cores and determine their 
charge characteristics. Both negatively and positively charged dislocations 
are directly resolved, and their glide barriers decrease under an electric 
field, explaining the experimental observations. This study provides direct 
evidence of dislocation dynamics controlled by a non-mechanical stimulus 
and opens up the possibility of modulating dislocation-related properties.

The modulation of mechanical and functional properties of crystalline 
solids based on dislocation mobility has been a central issue in materi-
als research since the introduction of dislocation theory in the 1930s 
(refs. 1–3). For most crystalline solids, plastic deformation is achieved 
by dislocation motion. Due to their highly mobile dislocations, ductile 
metals can be deformed into final products through compression, 
tension, rolling and forging4. By contrast, ionic and covalent crystals 
generally suffer from poor dislocation mobility, rendering them too 
brittle to process using mechanical methods, and thus they are often 
unsuited to a broad range of manufacturing techniques5,6. The move-
ment of dislocations also substantially affects the lifetime of semi-
conductor devices7, crystal growth8, solid phase transition9 and the 
stress-induced amorphization of crystals10,11.

Dislocation motion is generally associated with mechanical 
stresses, and its related dislocation dynamics have been thoroughly 
studied12–15. Furthermore, extensive studies have been carried out to 
manipulate dislocation mobility by applying both mechanical stress 

and an additional stimulus. The results of these studies show that, 
under mechanical loading, flow stresses can be influenced by an electric 
field16–19 in a phenomenon known as electroplasticity16,20, or by illumi-
nation21 in a phenomenon known as photoplasticity22–24. For example, 
the dislocation mobility of metallic, ionic and covalent crystals may 
be enhanced by an electric field through Joule heating, electron wind 
force, charged dislocations and other hypothetical effects25–27. The 
principal driving force of dislocation motion is, however, still mechani-
cal stress, and this limits the processing approaches and engineering 
applications of many crystalline materials. Dislocation motion con-
trolled by a non-mechanical stimulus alone is rarely expected.

Early studies on alkali halides under an electric field reported 
optical microscopic observation of new etching pits on alkali halides 
surfaces, suggesting a possible electrical response of dislocations28–30. 
However, to date, real-time observation of dislocation motion under an 
electric field has rarely been reported, and related dislocation dynam-
ics are largely unknown. Due to recent advances, in situ transmission 
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maximum displacement of the marked point on dislocation B is about 
292.6 nm with a velocity range of 0–623.5 nm s−1 (Supplementary Fig. 4).  
As shown in Fig. 2h, dislocations B and D start to move when the volt-
age exceeds a threshold of ~100 V, corresponding to an electric field 
of ~5.8 × 106 V m−1 applied to the dislocations (Supplementary Fig. 5 
and Supplementary Table 1). The measured displacements of disloca-
tions B and D do not exhibit a linear relationship as a function of the 
applied voltage due to the pinning–depinning (Extended Data Fig. 3)  
and kink mechanisms during motion (Extended Data Fig. 4). Due to 
relatively high Peierls barriers for dislocation motion in covalent crys-
tals, their dislocations typically move by a kink mechanism39, which 
agrees well with our experimental observation (Extended Data Fig. 4).  
Furthermore, it is observed that the 30° dislocations in Fig. 2 move 
approximately against the direction of the applied electric field, while 
the 30° dislocation in Fig. 1 moves approximately along the direction of 
the electric field, implying opposite electrical responses. The phenom-
enon of electric-field-driven dislocation motion has been repeatedly 
observed in our experiments (Supplementary Fig. 6).

To explain the effect of an electric field on the dislocations in ZnS, 
the atomic structures and electronic structures of dislocation cores 
were characterized using atomic-scale imaging and DFT calculations. 
Figure 3a,b shows atomically resolved high-angle annular dark-field 
(HAADF) images of 30° S and 30° Zn dislocation cores with S- and 
Zn-terminated elements, respectively. Both cations and anions at the 
dislocation cores are resolved in these Z-contrast HAADF images (a 
brighter atomic column suggests a larger atomic number Z; ref. 40). 
Figure 3c,d shows the Zn–S bond length corresponding to the circles 
in Fig. 3a,b, respectively. The stacking faults and dislocation cores can 
be located based on irregularities in the arrangements of atoms com-
pared to the perfect lattice. The dislocation cores modify the electronic 
structure by introducing additional states into the crystalline band 
structure41,42. The density of states of the 30° S core has a local empty 
state (acceptor) close to the valence-band maximum, which tends to 
attract extra electrons from the Fermi sea (Supplementary Fig. 7). By 
contrast, the 30° Zn core has a local occupied state (donor) close to the 
conduction-band minimum, which tends to lose electrons and become 
positively charged. The energies of dislocations in neutral and charged 
states were calculated as functions of the Fermi level (EF) within the 
bandgap (Supplementary Fig. 8). Compared with the neutral states, 
the negatively charged 30° S core and positively charged 30° Zn core 
have lower calculated energies within almost the whole range of the 
bandgap. In other words, charged partial dislocations are energetically 
favourable in ZnS. Figure 3 and Extended Data Fig. 5 show the net charge 
distributions of 30° cores and 90° cores, respectively. The blue clouds 
in Fig. 3e represent the additional electrons (e−) localized around the 

electron microscopy (TEM) has provided opportunities for visualizing 
crystalline defects and investigating dislocation motion in the presence 
of external stimuli14,31–34. For example, the movement of dislocations 
driven by mechanical stresses has been ubiquitously visualized in vari-
ous crystals14,35. The generation and jamming of dislocation clouds by 
electron wind force was investigated in the phase transition material 
Ge2Sb2Te5 (ref. 36). Also, random dislocation motion induced by elec-
tron beam irradiation was observed in graphene and GaAs (refs. 37,38). 
Despite these efforts, the direct probing of the dislocation motion 
governed by a non-mechanical stimulus has remained out of reach. In 
this study, the use of in situ TEM made it possible to observe that the 
motion of dislocations in zinc sulfide (ZnS) is driven by an external 
electric field. This phenomenon can be explained via the atomic-scale 
characterization of dislocation cores and density functional theory 
(DFT) calculations of the dislocation glide barriers.

Figure 1 illustrates how an individual dislocation line in a 
single-crystalline ZnS sample (Extended Data Fig. 1) can be subjected 
to an external electric field and observed in situ using TEM. As shown 
in Fig. 1a and Supplementary Fig. 1, a tungsten tip was used to apply a 
variable electric field to the ZnS sample. Initial in situ TEM testing was 
performed on a single 30° partial dislocation (Supplementary Fig. 2). 
As shown in Supplementary Video 1, the dislocation starts to move 
when the voltage reaches ~50 V (an electric field of ~2.4 × 107 V m−1). 
The movement depends on the direction of the applied electric field: 
Under a positive voltage bias (Fig. 1c), the dislocation moves away from 
the tip; when an opposite electric field is applied, the direction of the 
dislocation motion is reversed, moving towards the tip (Fig. 1d). In 
this experiment, the dislocation moves in a reversible manner within 
a range of ~82.1 nm, reaching a maximum velocity of ~306.4 nm s−1 
(Supplementary Fig. 3).

Figure 2 shows that dislocation mobility under an electric field 
depends on the type of dislocations. Figure 2a displays the initial posi-
tions of two 30° partial dislocations (dislocations B and D, labelled at 
the bottom of Fig. 2a) and three 90° partial dislocations (dislocations A, 
C and E; Extended Data Fig. 2 shows the identification of these disloca-
tions). Dislocations B and D start to move to the left when the applied 
voltage is above ~100 V (Supplementary Video 2), and they continue to 
move (Fig. 2b) until they are adjacent to dislocations A and C (Fig. 2c). As 
the voltage decreases to 0 V from the peak voltage value of 149 V, each 
of the five dislocations remains in the same position (Fig. 2d). When an 
opposite electric field is applied (Fig. 2e,f), the movements of disloca-
tions B and D are reversed. Dislocations A, C and E remain motionless 
through all voltage changes. The measured displacement and applied 
voltage of the two marked points on dislocations B and D are plotted as 
functions of time (Supplementary Fig. 4 and Fig. 2g, respectively). The 
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Fig. 1 | Dislocation motion driven by an external electric field. a, Schematic  
of the experimental set-up in TEM. A voltage V is applied to a ZnS sample through 
a tungsten tip. ε is the applied electric field. εV+ indicates the electric field under  
a positive voltage; εV− indicates the electric field under a negative voltage.  
b–d, Chronological bright-field TEM images show the positions of a dislocation as 
a variable voltage is applied. The initial position of the dislocation when V = 0 is 

in b. The marked point (the yellow circle) moves 61.3 nm to the right (away from 
the tip) when the voltage increases from 0 to 102 V (c). The marked point moves 
to 13.5 nm left to the initial position (towards the tip) when the voltage decreases 
to –90 V (d). The dashed lines in c and d indicate the positions before dislocation 
motion. The yellow arrows show the direction of movement of the dislocation.
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30° S core; the red clouds in Fig. 3f represent the additional holes (h+) 
around the 30° Zn core. The charged nature of the dislocations enables 
the manipulation of the dislocation movement using an external elec-
tric field through electrostatic interaction. Furthermore, the opposite 
charge states of the 30° Zn core and 30° S core (that is, the Zn core is 
positively charged and the 30° S core is negatively charged) may also 
explain the opposite movement directions of the dislocations under 
electric fields with the same direction, as shown in Figs. 1 and 2. The 
dislocation in Fig. 1 is determined to be a positively charged 30° Zn-core 
dislocation, because the dislocation moves along the same direction 
as the electric field. Dislocations B and D in Fig. 2 are determined to be 
negatively charged 30° S-core dislocations, because these dislocations 
move along the opposite direction from the electric field. We have 
also observed different dislocations in the same specimen moving 
in opposite directions under the same electric field (Supplementary  
Fig. 9), further verifying our charged dislocation analysis.

To further understand the mechanisms of the observed 
electric-field-controlled dislocation motion, the minimum energy 
paths (MEPs) of dislocation glide were analysed using the nudged 
elastic band method43,44. The MEP is the most plausible way for a dis-
location to move. Figure 4a–c shows the initial, transition and final 
states of the glide process of a 30° S partial dislocation as viewed along 
the [110] and [111] directions. The thickness of our atomic models is 
~0.385 nm, which is the length of dislocation lines in our models. The 
glide is accompanied by the bending of a Zn–S–Zn bond in the core 

region (Fig. 4b). Eventually, the dislocation moves from position 0 to 
position 1 (Fig. 4c). The glide processes of the 30° Zn core, 90° S core 
and 90° Zn core were analysed using the same method (Supplementary 
Fig. 10). As shown in Fig. 4d, the glide barriers (ΔE) of the 90° partials 
are higher than those of the 30° S partials, explaining that the 90° par-
tials are sessile (Fig. 2). As discussed above, these non-stoichiometric 
dislocations tend to be charged; thus, the glide barrier can be altered 
by applying an electric field. The enthalpy of a charged system under 
an electric field ε is modified, to first-order approximation, by the 
addition of a work term (W):

W = ∑
i
qiriϵ (1)

where qi and ri are the charge and Cartesian coordinates of atom i, 
respectively. Figure 4e shows that the barrier of the 30° S core decreases 
as the strength of the applied electric field increases: the barrier 
decreases from 0.413 eV nm−1 to 0.093 eV nm−1 when an electric field 
of 3 V nm−1 is applied, given a net charge of 0.5e where e is the electron 
charge. Such a small energy barrier (comparable to kT at 300 K, that is, 
~0.026 eV, where k is the Boltzmann constant and T is the temperature) 
and the overall downhill trend suggest a higher probability that the 30° 
S partial dislocations move in this direction under the electric field. 
As shown in the MEPs of other dislocations (Extended Data Fig. 6 and 
Fig. 4f), the glide barriers of all dislocations tend to decrease under an 
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Fig. 2 | The distinct mobility of 30° and 90° partial dislocations under an 
electric field. a–f, Chronological bright-field TEM images and the corresponding 
schematics show the positions of partial dislocations during the experiment: 
two 30° (B and D, represented as yellow dashed lines) and three 90° (A, C and 
E, represented as solid black lines). The yellow arrows indicate that the marked 
points on dislocations B and D move to the left under a positive voltage (b,c) and 
to the right under a negative voltage (e,f). Dislocations A, C and E remain in their 

initial positions during the entire experiment. g, Plots of the applied voltage 
and displacement of the marked point on dislocation D as functions of time. 
The arrows indicate the opposite directions of the dislocation motion under 
a positive voltage (V+, the red region) and a negative voltage (V–, the yellow 
region). h, The measured velocity of the two marked points in a as functions of 
the applied voltage. The voltage range in which the dislocations are motionless is 
indicated in grey.
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electric field, elucidating the mechanisms of electric-field-controlled 
dislocation motion from an energetic perspective. The DFT results show 
that the glide barrier of the 30° Zn-core dislocation is higher than that 
of the 30° S-core dislocation, which agrees well with our experiments. 
The estimated critical electric field required to drive the motion of the 
30° Zn-core dislocation in Fig. 1 is ~2.4 × 107 V m−1, while that to drive 
the 30° S-core dislocations in Fig. 2 is ~5.8 × 106 V m−1. The estimated 
electrostatic stress on the charged dislocations is the same order of 
magnitude as the calculated critical resolved shear stress for the curved 
dislocations (Supplementary Fig. 11 and Supplementary Table 2). The 
electric-field-driven dislocation motion may be temperature depend-
ent, due to the thermal fluctuation of atoms and other effects5,45. In 
general, the Peierls barriers of dislocations decrease with increasing 
temperature46, suggesting that a lower electric field is required to trig-
ger dislocation motion at elevated temperatures.

Previous studies have reported that electrically assisted disloca-
tion motion may result from Joule heating26, electron wind force25 
and charged dislocations21,47,48. Our observation of dislocations mov-
ing back and forth (Fig. 1) eliminates the Joule heating mechanism 
because the thermal stress arising from Joule heating is independent 
of the direction of the applied electric field. Our results also rule out 
the possibility that electron wind force plays a dominant role because 

the different types of dislocations move in opposite directions under 
the same voltage (Figs. 1 and 2). Moreover, although irradiation by 
an electron beam may enhance dislocation mobility due to thermal 
fluctuation and other irradiation effects37,38, this motion is reported 
to be random, and in our study (Supplementary Fig. 12), no revers-
ible motion was observed under electron beam irradiation (a dose 
of ~30 electrons Å−2 s−1). Even when the electron beam is off, we still 
observe that the positions of the 30° dislocations are changed under 
an electric field (Extended Data Fig. 7 and Supplementary Video 3). 
Both atomic-scale characterization and DFT calculations revealed the 
non-stoichiometric and charged nature of dislocations in ZnS, which 
explains the observed dislocation motion controlled by an electric 
field. Charged dislocations exist in a wide range of ionic crystals and 
semiconductors21,49–51. Thus, our method could be expanded to other 
ionic and covalent crystals, especially most II–VI compounds, which 
exhibit relatively lower hardness and lower dislocation glide barriers 
than elemental and III–V semiconductors21,52.

We demonstrate that the dislocation glide barriers can be modi-
fied by altering the dislocation charge states and by applying external 
electric fields, enabling the plastic deformation of crystalline materials 
by an electric field. Our work may also offer an alternative strategy for 
reducing the dislocation density of semiconductors and insulators. 
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The ability to drive an individual dislocation using an electric field 
would allow dislocation lines to act as one-dimensional channels 
for tuning the properties of semiconductors and insulators. Under 
such circumstances, driving dislocation motion without contact-
ing samples can be achieved (Supplementary Fig. 13). The real-time 
observation of dislocation motion in this study may provide a useful 
method for studying the dynamic behaviour of crystal defects under 
an electric field, opening the door to new opportunities for dislocation 
engineering in materials.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41563-023-01572-7.

References
1. Taylor, G. I. The mechanism of plastic deformation of crystals. Part 

I.—Theoretical. Proc. Roy. Soc. A 145, 362–387 (1934).
2. Polanyi, M. Über eine art gitterstörung, die einen kristall plastisch 

machen könnte. Z. Phys. 89, 660–664 (1934).
3. Orowan, E. Plasticity of crystals. Z. Phys. 89, 605–659. (1934).
4. Weiss, I. & Semiatin, S. Thermomechanical processing of  

beta titanium alloys—an overview. Mater. Sci. Eng. A 243,  
46–65 (1998).

5. Courtney, T. H. Mechanical Behavior of Materials (Waveland Press, 
2005).

6. Shi, X. et al. Room-temperature ductile inorganic semiconductor. 
Nat. Mater. 17, 421–426 (2018).

7. Sugiura, L. Dislocation motion in GaN light-emitting devices and 
its effect on device lifetime. J. Appl. Phys. 81, 1633–1638 (1997).

8. Clark, J. N. et al. Three-dimensional imaging of dislocation 
propagation during crystal growth and dissolution. Nat. Mater. 14, 
780–784 (2015).

9. Sun, X. et al. Dislocation-induced stop-and-go kinetics of 
interfacial transformations. Nature 607, 708–713 (2022).

10. Reddy, K. M. et al. Dislocation-mediated shear amorphization in 
boron carbide. Sci. Adv. 7, eabc6714 (2021).

11. He, Y. et al. In situ observation of shear-driven amorphization in 
silicon crystals. Nat. Nanotechnol. 11, 866–871 (2016).

12. Anderson P.M., Hirth J.P., Lothe J. Theory of dislocations 
(Cambridge Univ. Press, 2017).

13. Gilman, J. Dislocation mobility in crystals. J. Appl. Phys. 36, 
3195–3206 (1965).

14. Kondo, S., Shibata, N., Mitsuma, T., Tochigi, E. & Ikuhara, Y. 
Dynamic observations of dislocation behavior in SrTiO3 by in situ 
nanoindentation in a transmission electron microscope. Appl. 
Phys. Lett. 100, 181906 (2012).

15. Dresselhaus-Marais, L. E. et al. In situ visualization of long- 
range defect interactions at the edge of melting. Sci. Adv. 7, 
eabe8311 (2021).

–0.5

0

0.5
En

er
gy

 d
i�

er
en

ce
 (e

V 
nm

–1
)

Dislocation glide

Neutral
0.1e
0.5e
0.5e with 1 V nm–1

0.5e with 2 V nm–1

0.5e with 3 V nm–1
0

0.5

1.0

1.5

En
er

gy
 d

i�
er

en
ce

 (e
V 

nm
–1

)

Dislocation glide

30° S
90° S
30° Zn
90° Zn

30° S [110]

30° S [111]

cba

0 1

∆E

b

ca

Neutral
ed

Zn

S

30° S

0 0.2 0.4 0.6 0.8 1.00 0.2 0.4 0.6 0.8 1.0 30° S 90° S 30° Zn 90° Zn
0

0.5

1.0

1.5

G
lid

e 
po

te
nt

ia
l ∆

E 
(e

V 
nm

–1
)

Dislocation type

Neutral
0.1e/h
0.1e/h with 1 V nm–1

f

1010

Fig. 4 | Glide barriers of dislocations based on atomic structure evolution. 
a–c, The schematics of the initial, transition and final states of a 30° S core during 
the glide process, respectively. The circles and rectangles indicate the core 
positions viewed along the [110] and [111] axes, respectively. The dislocation core 
is located at position 0 in the initial state and moves to position 1 in the final state. 
The black arrows show the glide direction of the dislocation. The red arrows 
show the directions of motion of atoms around the dislocation core. d, MEPs 
of the four partial dislocations in their neutral states and a–c, corresponding 

to Fig. 4a–c, represent the initial, transition and final states of the dislocation 
glide, respectively. The arrow indicates the direction of the dislocation glide. 
The energy of the initial state is set as the reference, indicated by the dashed 
line. The glide barrier ΔE is the energy difference between the initial state and 
the transition state along the glide path for a unit length of the dislocation line. 
e, MEPs of a 30° S partial dislocation in various charge states and under various 
electric fields. f, The glide barriers of the four partial dislocations in neutral states 
(red), charged states (cyan) and charged states with an electric field (blue).

http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-023-01572-7


Nature Materials | Volume 22 | August 2023 | 958–963 963

Article https://doi.org/10.1038/s41563-023-01572-7

16. Conrad, H. Thermally activated plastic flow of metals and 
ceramics with an electric field or current. Mater. Sci. Eng. A 322, 
100–107 (2002).

17. Zhao, S. et al. Defect reconfiguration in a Ti–Al alloy via 
electroplasticity. Nat. Mater. 20, 468–472 (2021).

18. Li, X., Turner, J., Bustillo, K. & Minor, A. M. In situ transmission 
electron microscopy investigation of electroplasticity in single 
crystal nickel. Acta Mater. 223, 117461 (2022).

19. Troitskii, O. & Likhtman, V. Anisotropy of the effect of electronic 
and α-irradiation on the process of deformation of zinc single 
crystals in the brittle state. Dokl. Akad. Nauk SSSR 1963,  
332–334 (1963).

20. Westbrook, J. & Gilman, J. An electromechanical effect in 
semiconductors. J. Appl. Phys. 33, 2360–2369 (1962).

21. Osip’yan, Y. A., Petrenko, V. F., Zaretskiĭ, A. V. & Whitworth, R. 
W. Properties of II–VI semiconductors associated with moving 
dislocations. Adv. Phys. 35, 115–188 (1986).

22. Koubaiti, S., Couderc, J., Levade, C. & Vanderschaeve, G. 
Photoplastic effect and Vickers microhardness in III–V and  
II–VI semiconductor compounds. Mater. Sci. Eng. A 234, 
865–868 (1997).

23. Oshima, Y., Nakamura, A. & Matsunaga, K. Extraordinary plasticity 
of an inorganic semiconductor in darkness. Science 360, 772–774 
(2018).

24. Dong, J. et al. Giant and controllable photoplasticity and 
photoelasticity in compound semiconductors. Phys. Rev. Lett. 
129, 065501 (2022).

25. Conrad, H., Sprecher, A., Cao, W. & Lu, X. Electroplasticity—the 
effect of electricity on the mechanical properties of metals. JOM 
42, 28–33 (1990).

26. Lahiri, A., Shanthraj, P. & Roters, F. Understanding the 
mechanisms of electroplasticity from a crystal plasticity 
perspective. Model. Simul. Mater. Sci. Eng. 27, 085006 (2019).

27. Li, X. et al. Revealing the pulse-induced electroplasticity  
by decoupling electron wind force. Nat. Commun. 13,  
6503 (2022).

28. Mendel, E. & Weinig, S. Generation of dislocations by an electric 
field in MgO. J. Appl. Phys. 31, 738–739 (1960).

29. Caffyn, J., Goodfellow, T. & Hamdani, A. The movement of 
dislocations in an electric field in sodium chloride. Mater. Res. 
Bull. 2, 1067–1073 (1967).

30. Colombo, L., Kataoka, T. & Li, J. Movement of edge dislocations in 
KCl by large electric fields. Philos. Mag. A 46, 211–215 (1982).

31. Yu, Q. et al. Strong crystal size effect on deformation twinning. 
Nature 463, 335–338 (2010).

32. Zheng, H., Meng, Y. S. & Zhu, Y. Frontiers of in situ electron 
microscopy. MRS Bull. 40, 12–18 (2015).

33. Li, M. et al. Electric-field control of the nucleation and motion of 
isolated three-fold polar vertices. Nat. Commun. 13, 6340 (2022).

34. Xie, D. et al. Hydrogenated vacancies lock dislocations in 
aluminium. Nat. Commun. 7, 13341 (2016).

35. Yu, Q., Legros, M. & Minor, A. M. In situ TEM nanomechanics. MRS 
Bull. 40, 62–70 (2015).

36. Nam, S.-W. et al. Electrical wind force–driven and 
dislocation-templated amorphization in phase-change nanowires. 
Science 336, 1561–1566 (2012).

37. Warner, J. H. et al. Dislocation-driven deformations in graphene. 
Science 337, 209–212 (2012).

38. Callahan, P. G., Haidet, B. B., Jung, D., Seward, G. G. E. & 
Mukherjee, K. Direct observation of recombination-enhanced 
dislocation glide in heteroepitaxial GaAs on silicon. Phys. Rev. 
Mater. 2, 081601 (2018).

39. Faress, A., Levade, C. & Vanderschaeve, G. TEM in situ 
investigation of dislocation mobility in II-VI semiconductor 
compound ZnS cathodoplastic effect and the Peierls mechanism. 
Philos. Mag. A 68, 97–112 (1993).

40. Krivanek, O. L. et al. Atom-by-atom structural and chemical 
analysis by annular dark-field electron microscopy. Nature 464, 
571–574 (2010).

41. Hirsch, P. The structure and electrical properties of dislocations in 
semiconductors. J. Microsc. 118, 3–12 (1980).

42. Elsner, J. et al. Deep acceptors trapped at threading-edge 
dislocations in GaN. Phys. Rev. B 58, 12571–12574 (1998).

43. Henkelman, G. & Jónsson, H. Improved tangent estimate in the 
nudged elastic band method for finding minimum energy paths 
and saddle points. J. Chem. Phys. 113, 9978–9985 (2000).

44. Henkelman, G., Uberuaga, B. P. & Jónsson, H. A climbing image 
nudged elastic band method for finding saddle points and 
minimum energy paths. J. Chem. Phys. 113, 9901–9904 (2000).

45. Miranda, C. R., Nunes, R. W. & Antonelli, A. Temperature effects on 
dislocation core energies in silicon and germanium. Phys. Rev. B 
67, 235201 (2003).

46. George, A. J. M. S. & A, E. Plastic deformation of semiconductors: 
some recent advances and persistent challenges. Mater. Sci. Eng. 
A 233, 88–102 (1997).

47. Li, J. C. Charged dislocations and plasto-electric effect in ionic 
crystals. Mater. Sci. Eng. A 287, 265–271 (2000).

48. Shibata, N. et al. Nonstoichiometric dislocation cores in 
α-alumina. Science 316, 82–85 (2007).

49. Whitworth, R. W. Charged dislocations in ionic crystals. Adv. Phys. 
24, 203–304 (1975).

50. Zhou, X. W., Foster, M. E., Yang, P. & Doty, F. P. Molecular dynamics 
simulations of dislocations in TlBr crystals under an electrical 
field. MRS Adv. 1, 2459–2464 (2016).

51. Petrenko, V. F. & Whitworth, R. W. Charged dislocations and 
the plastic deformation of II-VI compounds. Philos. Mag. A 41, 
681–699 (2006).

52. Yonenaga, I. Hardness, yield strength, and dislocation velocity 
in elemental and compound semiconductors. Mater. Trans. 46, 
1979–1985 (2005).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 
2023

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-023-01572-7

Methods
Materials
The single-crystalline ZnS samples are commercial products from 
Aladdin with a purity of 99.99%. ZnS is a typical inorganic semiconduc-
tor with a sphalerite structure (F4̄3m) at room temperature. Disloca-
tions in ZnS generally dissociate into partial dislocations due to the 
low stacking fault energy53. A perfect 60° dislocation with a Burgers 
vector b = a/2<110> dissociates into a 30° partial dislocation with 
b = a/6<112> and a 90° partial dislocation with b = a/6<112>. A screw 
dislocation dissociates into two 30° partial dislocations with 
b = a/6<112>. The dissociation of 60° dislocations and screw disloca-
tions was observed in this study (Extended Data Fig. 8). The degree of 
dislocation is defined as the angle between the dislocation line and the 
Burgers vector. Burgers vectors of perfect dislocations and partial 
dislocations are summarized in Extended Data Table 1. In ZnS, disloca-
tions tend to lie on close-packed {111} planes along <110> directions 
because the valley of the Peierls potential is along <110> directions54.

TEM and scanning TEM characterization
The TEM samples were prepared using the focused ion beam technique 
(Thermo Fisher Helios G4 UX). The ZnS was thinned using a gallium ion 
beam at 30 kV with a beam current from 49 nA to 7 pA. Lower accelerat-
ing voltages of 5 kV and 2 kV with a beam current from 20 to 5 pA were 
used for further thinning to reduce the ion beam damage. Then, a 
0.5–1 kV ion beam was used for the final cleaning of specimens. Diffrac-
tion contrast TEM experiments were carried out using an FEI Tecnai F20 
microscope operated at 200 kV. HAADF images were obtained using an 
aberration-corrected FEI Titan Cubed Themis G2 operated at 300 kV. 
The convergence semi-angle is 30 mrad, and the angular range of the 
HAADF detector is from 39 mrad to 200 mrad. Positions of Zn and S 
columns around dislocation cores were determined by simultaneously 
fitting two-dimensional Gaussian peaks55.

In situ TEM characterization
In situ TEM experiments were carried out using an FEI Tecnai F20 micro-
scope operated at 200 kV with a PicoFemto double-tilt TEM-STM holder 
from ZEPTools Technology Company. A tungsten tip acts as the top 
electrode to apply a bias, which was precisely controlled by a piezo-
electric system. The voltage range was ±150 V. The copper grid was 
grounded. The vacuum of the TEM column prevents the breakdown 
of air under high voltages. During the electrical tests, dislocations 
were imaged in diffraction contrast by using the reflection g = {220}, 
as labelled in the selected area electron diffraction pattern in Supple-
mentary Fig. 2 and Extended Data Fig. 2. g is the diffraction vector of 
the operating reflection. Multiple beams might be selected for better 
brightness and contrast of dislocation lines in bright-field images. The 
movement processes were recorded with a OneView camera (Gatan).

DFT simulations
We used a prism with a quadrilateral cross-section containing a single 
dislocation core to perform the first principles simulations. The con-
structed structures contain one periodic direction of <110>, which is 
along the dislocation line, and two non-periodic directions of <111> 
and <112>. The thickness of the vacuum layer is taken to be about 14 Å 
to avoid elastic and electrostatic interactions between neighbouring 
prisms in periodic supercells. To passivate dangling bonds at the edge, 
pseudohydrogen atoms with a fractional charge of 1.5 and 0.5 electron 
charges were terminated to each Zn and S, respectively, to ensure a 
balanced charge. All the DFT simulations were performed using the 
Vienna Ab-initio Simulation Package with a plane-wave basis set56,57. The 
generalized gradient approximation–type Perdew–Burke–Ernzerhof 
functional was used for the exchange–correlation interaction58,59. The 
projector augmented-wave method was used for the core–valence 
interaction59, and the 3s23p4 and 3d104s2 electrons were treated as 
valence states for S and Zn, respectively. The energy cut-off of 350 eV 

was employed in all simulations. The energy convergence of 10−5 eV for 
the electronic self-consistent field and the force criterion of 10−2 eV Å−1 
were used. A Γ-centred (1 × 2 × 1) Monkhorst−Pack K-point mesh was 
used in which x and z are the vacuum directions (ref. 60). In the DOS 
calculations, K-point mesh was enhanced to 1 × 51 × 1. Each dislocation 
model contains more than 200 atoms. To avoid the influence of the arti-
ficial boundaries, we added 0.1e or 0.1h in the calculations. We studied 
unreconstructed dislocation cores and calculated their glide barriers, 
because the core reconstructions in the zinc-blende structure involve 
the bonding of second nearest neighbours. However, the ionic bond-
ing in II–VI semiconductors inhibits anion–anion and cation–cation 
bonding and, thus, makes the core reconstructions in the ionic II–VI 
semiconductors less favourable compared to elemental IV–IV and III–V 
covalent semiconductors61–63.

Dislocation structure energy
The energies of four dislocation structures in different charge states 
q were calculated using the following equation:

Ecal(dislocation,q) = Etot(dislocation,q) + qEF

where Etot(dislocation, q) is the total energy of the dislocation struc-
tures in different charge states and EF is the possible Fermi energy for 
the charged systems, ranging from the valence-band maximum to the 
conduction-band minimum in the perfect crystal ZnS. Particularly, the 
zero of the Fermi level corresponds to the valence-band maximum. In 
the present study, the charge states of q = 0.1e or 0.1h were considered 
for all four types of dislocations.

Glide barriers of dislocations
The climbing-image nudged elastic band method43,44 was applied to 
determine energy barriers for the movement of four different types of 
dislocations in ZnS. The configurations before and after the dislocation 
movement with a unit vector were used as the initial and final configura-
tions in the method. Energy minimization was performed for these 
initial and final configurations before nudged elastic band calculations. 
During energy minimization, the H atoms terminated at the edge were 
first fully relaxed while fixing the Zn and S atoms. After that, all the 
other atoms were relaxed while the H atoms were fixed to mimic the 
boundary imposed by the rest of the bulk materials. For the work term 
∑i qiriϵ, qi was obtained by the Bader charge analysis64, and the sum-
mation was evaluated and added to the DFT energy for each image 
along the MEP. Note that only the moving atoms or the redistribution 
of charges contributes to the changes in the work term between images.

Simulation of the electric fields
The distribution of an electric field in the ZnS samples was calculated 
by using the Ansoft Maxwell software. The tungsten tip and copper 
grid were assumed as perfect conductors and ZnS as an insulator with a 
relative dielectric constant of 8.9 (ref. 65). The tip diameter and model 
size were determined by TEM imaging. The tip diameter was about 
80 nm in the test shown in Fig. 1 and 220 nm in the test in Fig. 2. Tip 
diameters influence the distribution of electric fields. The copper grid 
was grounded in the experiment. The distributions of electric fields 
under experimental bias are shown in Supplementary Figs. 1 and 5.

Data availability
The data that support the findings of this study are available within the 
article and the supplementary information. Any other relevant data 
are also available upon reasonable request from the corresponding 
authors.

Code availability
Additional data including the codes are available from the correspond-
ing authors upon reasonable request.
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Extended Data Fig. 1 | Characterization of the structure of ZnS samples.  
a, Atomic structure of sphalerite ZnS. Projections of sphalerite ZnS along the [ ̄110] 
axis (b) and [111] axis (c). d, Scanning electron microscopy (SEM) image of a ZnS flake 

with a regular triangular shape. The edge length is about 15 μm. The inset SAED 
pattern shows the single-crystalline nature of ZnS samples. Atomically resolved 
HAADF images of the sphalerite ZnS along the [ ̄110] axis (e) and [111] axis (f).
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Extended Data Fig. 2 | Characterization of Dislocations A-E in Fig. 2. a, SAED 
pattern of the region with five dislocations in Fig. 2. Dark-field TEM images with 
g = (02 ̄2) (b), (20 ̄2) (c), (2 ̄20) (d). g is the diffraction vector of the operating 
reflection. Note that Dislocations B and D are invisible in c while Dislocations A, C, 
and E are invisible in d. Burgers vectors of dislocations are defined by the 

invisibility criterion gb = 0. Dislocations A, C and E are 90° partial dislocations 
with the Burgers vector a/6[11 ̄2] while Dislocations B and D are 30° partial 
dislocations with the Burgers vector a/6[1 ̄21]. Dark points might be amorphous or 
dust induced by the FIB processing and absorption. The type of dislocation is 
determined by the angle between the dislocation line and the Burgers vector.
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Extended Data Fig. 3 | Pinning (a) and depinning (b) phenomena during the dislocation motion under an electric field. White circles highlight the positions of 
two pinning points on Dislocations B and D.
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Extended Data Fig. 4 | Kink propagation process. a-d, Kink propagation along the dislocation line during the in situ electrical testing in Fig. 2. White arrows point to 
the kink positions.
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Extended Data Fig. 5 | Net charge distribution of the 0.1e charged 90° S core (a) and the 0.1h charged 90° Zn core (b) from DFT calculations. Blue and red clouds 
represent the extra electrons and holes, respectively.
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Extended Data Fig. 6 | MEPs of charged dislocations under an applied electric field. Energy difference as a function of glide distance of the dislocations with a, 30° 
Zn core. b, 90° S core. c, 90° Zn core.
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Extended Data Fig. 7 | Dislocation motion driven by an external electric field 
when the electron beam is off. a, The TEM image showing the initial positions 
of five dislocations. b, The electron beam is off for about 7 minutes: When the 
electron beam was off, the applied voltage was changed from 0 V to −149 V and 

then remained at −149 V for ~1.5 minutes. c, The TEM image shows Dislocations 
B and D moved away from the tip, even with the electron beam off. Dashed lines 
indicate the initial positions of Dislocation B and D before their motions. Arrows 
indicate the directions of the dislocation motions.
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Extended Data Fig. 8 | Dissociations of screw and 60° dislocations in ZnS. a, 
HAADF images of a screw dislocation dissociated into two 30° partial 
dislocations. The closed Burgers circuit shows the overall projected Burgers 
vectors are zero on the ( ̄110) plane, indicating these two partial dislocations are 
dissociated from a screw dislocation. b1 and b2 indicate the projected Burgers 
vectors of left and right partial dislocations are a/12[ ̄1 ̄12] and a/12[11 ̄2], 
respectively. White circles indicate terminated elements of dislocations cores. 

This is a stacking fault between two partial dislocations. Scale bar, 1 nm. b, HAADF 
images of a 60° dislocation dissociated into one 30° dislocation and one 90° 
partial dislocation. b3 and b4 indicate the projected Burgers vectors of left and 
right partial dislocations are a/12[ ̄1 ̄12] and a/6[ ̄1 ̄12], respectively. The Burgers 
circuit shows the overall projected Burgers vector b5 is a/4[ ̄1 ̄12] on the ( ̄110) plane, 
indicating these two partial dislocations are dissociated from a 60° dislocation. 
There is a stacking fault between the two partial dislocations. Scale bar, 1 nm.
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Extended Data Table 1 | Dislocation types and corresponding Burgers vectors in ZnS

Perfect dislocations in ZnS include 60° and screw dislocations with the Burgers vector a/2 < 110 > ; Partial dislocations in ZnS include 30° and 90°dislocations with the Burgers vector a/6 < 112 > , 
where a is the lattice parameter.
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