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Dynamics and characters of dislocations in ZnSe
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The mechanical strength of single-crystal ZnSe is investigated at elevated temperatures by
means of compressive deformation. The yield stress of ZnSe in the temperature range
150–300◦C is around 7–13 MPa, easily deformed even at low temperature. From the
temperature dependence of the yield stress an activation energy for dislocation motion in the
ZnSe is deduced to be 0.5–0.7 eV. The stacking fault energy is estimated to be 7–9 mJ/m2 from
the dissociation width of dislocations into partials.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Zinc selenide (ZnSe) is a typical II–VI compound semi-
conductor in the sphalerite structure with a direct band-
to-band transition with an energy of 2.67 eV at 300 K.
This material and related alloys have been of keen in-
terest as wide band-gap semiconductors for applications
in blue and recently white light emitting devices. Several
works have been done on dislocation properties in CdTe,
among the II–VI compounds, with respect to the photo-
plastic and electro-plastic phenomena in the 1970s and
1980s. Nevertheless, up to now far less is known about
the dislocation mobility and the mechanical properties of
other II–VI compounds, including ZnSe, except for the
stacking-fault energy [1, 2]. Information on the mechani-
cal strength at elevated temperatures is essential in order
to control dislocation generation and plastic deformation
during crystal growth and device processing and also to
improve the optical and electronic properties and their
homogeneities in the material. From such a viewpoint,
Yonenaga and Suzuki [3] reported the Vickers hardness
of ZnSe to be 1.1 GPa at room temperature, which is much
lower than that of Si. Although the mechanical instabil-
ity of ZnSe has been informed from their result, the yield
strength of such single crystals should ideally be measured
by conventional mechanical testing for physically reliable
information. The difficulty of large-size ZnSe crystal bulk
preparation was a limiting factor in obtaining such infor-
mation. Recently, Fujiwara et al. succeeded in growing
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high-quality ZnSe bulk crystals using the chemical vapor
transport (CVT) method [4].

The purpose here is to determine the mechanical
strength of ZnSe single crystals at elevated temperatures
using a compressive deformation method in compari-
son with that of other typical semiconductors such as
Si, GaAs, and GaN and to clarify the stacking fault en-
ergy, characteristic in II–VI compounds. Understanding
how dislocations behave under stress is very important if
one is to clarify the elementary mechanism of dislocation
glide in a series of semiconductors.

2. Experimental procedure
ZnSe bulk single crystals were grown on a ZnSe (seed)
substrate by the CVT method using iodine as a trans-
port agent. Details of the growth technique and structural
characterization of the crystals are given elsewhere [5].
The crystals with orange color were semi-insulating and
the density of grown-in dislocations was about 105 cm−2

evaluated by counting pits etched by the dilute bromine–
methanol solution.

Specimens for mechanical tests were rectangular, ap-
proximately 1.9 × 2.0 × 7.6 mm3 in size suited for com-
pression tests, prepared by chemical polishing with a
reagent of 1 g K2Cr2O7 + 10 ml H2SO4 + 20 ml H2O
at 20◦C following mechanical polishing. The long axis
was parallel to the [123] direction and the side surfaces,
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parallel to the (111) and (541) planes. The specimen was
compressed along the long axis with a constant strain rate
using an Instron-type machine at various temperatures in
a high-purity argon atmosphere. The details of the exper-
imental procedure for mechanical testing are described
elsewhere [6].

To observe dislocation structure developed by deforma-
tion, 3-mm diameter discs were cut parallel to the primary
slip plane (111) from the deformed specimens and thinned
to electron transparency. The foils were examined using
a JEM 2000EX-II transmission electron microscope op-
erating at 200 kV.

3. Results and discussion
3.1. Stress-strain characteristics
Specimens were deformed at temperatures higher than
150◦C without brittle fracture under the application of
rather low compressive stress. Fig. 1 shows stress–strain
curves for ZnSe crystals under a shear strain rate of
2.3 × 10−4 s−1 at temperatures of 150, 200, 250, and
300◦C. The stress-strain curves at all temperatures are
characterized by an apparent elastic increase in the stress,
a smooth yield behavior, and a subsequent gradual in-
crease in the stress with respect to the strain, i.e., plastic
deformation accompanying the work hardening. Stress
drop in the yield region, typical for various elemental and
compound semiconductors such as Si [7, 8], GaAs [9],
and so forth, deformed at relatively low temperatures, was
not observed except for deformation at 150◦C, though the
yield drop is quite small at this temperature. The observed
stress-strain curves for ZnSe are similar to those of CdTe
[10–12]. The yield stress and flow stress decrease with
increasing temperature. Similarly, stress-strain behavior
depends on the strain rate for deformation and the yield
stress and flow stress increase with increasing strain rate.
The most striking feature of the stress-strain curves is the
low levels of yield and flow stresses of around 13 MPa
even at 150◦C. This is in good agreement with previous re-

Figure 1 Stress-strain curves of ZnSe single crystals at temperatures of
150, 200, 250, and 300◦C under a shear strain rate of 2.3 × 10−4 s−1.

Figure 2 Yield stresses of ZnSe crystals plotted against reciprocal tempera-
ture 1/T for deformation under a strain rate of 2.3 × 10−4 s−1, in comparison
with those of Si (1.2 × 10−4 s−1) [7, 8], GaAs (1.8 × 10−4 s−1) [9], GaN
(4.5 × 10−4 s−1) [6], and CdTe (2.8 × 10−4 s−1) [13].

sults on the remarkable mechanical susceptibility of ZnSe
obtained from micro-indentation tests [3].

The yield stress, τ y, of the ZnSe crystals is plotted
against reciprocal temperature in Fig. 2 for deformation
under a shear strain rate of 2.3 × 10−4 s−1, together with
the lower yield stress of Si [7, 8], GaAs [9], GaN [6],
and CdTe [13]. In the case of accompanying a stress drop
after yielding, the lower yield stress is adopted. The yield
stress of ZnSe is more than two orders of magnitude lower
than that of Si, GaAs, and GaN, and is about one order of
magnitude higher than that of CdTe.

In Fig. 2 the logarithms of the yield stresses for all the
crystals are linear with respect to reciprocal temperature
across the whole range investigated. The temperature de-
pendence of the yield stress of ZnSe is similar to that of
CdTe [13]. Generally, the yield stress of a semiconductor
crystal is described as a function of temperature T and
strain rate ε̇ by the following empirical equation [14]:

τy = Aε̇1/n exp(U/kB T ), (1)

where A, n, and U are constants and kB is the Boltzmann
constant. The magnitude of U determined experimentally
from the temperature dependence of the (lower) yield
stress of ZnSe is 0.09–0.12 eV. The magnitude of n is also
determined to be 5–6.

In semiconductor crystals, the dislocation velocity v
is described using the following empirical equation as a
function of the stress τ and temperature T:

v = v0(τ/τ0)m exp(−Q/kB T ), (2)

where τ 0 = 1 MPa. The constants v0, m, and Q have been
determined experimentally for dislocations with various
semiconductors [15 ]. The constants m and Q are known to
be related to n and U in Equation 1 through the following
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Figure 3 Bright-field transmission electron micrograph of dislocations
along the primary slip plane after deformation at 300◦C to 29% shear strain.
The diffraction vector is g = 2–20.

equations:

n = m + 2, Q = U ∗(m + 2). (3)

These relationships are based on the collective mo-
tion of microscopic dislocations that rate-control the
macroscopic deformation of crystals [16, 17]. If the
relations remain valid in ZnSe, then it can be presumed
that the magnitude Q is 0.5–0.7 eV which fits well to
the phenomenological relationship where the activation
energy Q for dislocation motion increases linearly with
the band-gap energy in the group of semiconductors, i.e.,
the elemental and IV–IV compound, III–V compound,
and II–IV compound, possibly related to the fact that
II–VI and III–V compound semiconductors have a
comparatively stronger ionicity [18]. The obtained
activation energy implies that dislocations are highly
mobile in ZnSe. Further work on the direct measurement
of the velocities of isolated dislocations within ZnSe
crystals under a defined stress distribution is a task for the
future.

3.2. Dislocation structure
Fig. 3 shows a transmission electron micrograph of dislo-
cations on the primary slip plane, cut from a ZnSe crystal

Figure 4 Weak-beam image of dislocations within deformed ZnSe. Images
were obtained for the condition of approximately g, 3g (g = 2–20).

deformed at 300◦C to a shear strain of 29%. Long disloca-
tions rather smooth in shape are thought to be mobile. A
high density of dislocation dipoles along the 〈112〉 direc-
tion can be seen. The feature of the dislocation distribution
is very similar to that in Si [19], GaAs [9], and GaN [20]
crystals deformed at rather high temperatures correspond-
ing to the crystals. This may indicate that the dislocation
mechanism operating during the deformation of ZnSe is
the same as that in semiconductors as Si, GaAs, and so
on. An interesting finding is that some dislocations were
moved over rather long distances at room temperature due
to the irradiation of a focused electron beam. This may be
due to the recombination enhanced dislocation motion of
dislocations [21].

Fig. 4 shows a weak-beam image of dislocations within
a ZnSe crystal. Almost all the parts of the dislocations,
with the Burgers vector b = (a/2)〈110〉 determined by us-
ing the extinction criterion for dislocations for g∗b = 2
and g∗b = 0, are dissociated into two Shockley partial
dislocations similar to those in Si, GaAs, and other var-
ious semiconductors. The bounded stacking faults were
of intrinsic type. The 60◦ dislocation is separated locally
narrowing and broadening 20–60 nm, probably due to
the point obstacles. The 30◦ dislocation is rather straight
keeping a constant spacing 13–17 nm. The ± g image
pairs showed a strong asymmetric nature with a reversal
of the strong contrast from one partial to the other. From
the separation of the 30◦ dislocation, the stacking-fault en-
ergy was preliminarily estimated to be 7–9 mJ/m2. This
is slightly lower than the results ∼13 mJ/m2 reported by
Rivaud et al. [1] and Aristov et al. [2] by deformation at
room temperature. Quantitative analysis is a task for the
future with an investigation for dissociated dislocations
along various orientations.
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4. Conclusion
This article has shown preliminary results of the mechan-
ical strength of ZnSe single crystals obtained by a direct
method. The yield stress of ZnSe in the temperature range
150–300◦C is around 7–13 MPa, much lower than those
of Si, GaAs, and other III–V compounds, showing the me-
chanical instability of this material. From the temperature
dependence of the yield stress, the activation energy for
dislocation motion in ZnSe is estimated to be 0.5–0.7 eV.
Dislocations are dissociated into two partials bounding a
strip of intrinsic stacking-fault in a width of 15–60 nm
observed by the weak-beam method. The stacking fault
energy is supposed 7–9 mJ/m2. The results reported here
are expected to provide a solid basis for the future im-
provement of crystal growth and treatments.

References
1. G . R I VAU D , M. F. D E NA N OT , H. G A R E M and J . C . D S OY E R ,

Phys. Stat. Sol. A73 (1982) 401.
2. V. V. A R I S TOV , A. V. Z A R E T S K I I , Y U. A. O S I P YA N , V. F.

P E T R E N KO , G. K. S T R KOVA and I . I . K H O D O S , ibid. A75
(1983) 101.

3. I . YO N E NAG A and T. S U Z U K I , Phil. Mag. Lett. 82 (2002) 535.
4. S . F U J I WA R A , Y. NA M I K AWA , Y. H I ROTA , M. I R I K U R A , K.

M AT S U M OTO and T. KOTA N I , J. Cryst Growth 196 (1999) 83.

5. S . F U J I WA R A , Y. NA M I K AWA , T . NA K A M U R A and M.
TAT S U M I , ibid. 275 (2005) e415.

6. I . YO N E NAG A and K. M OTO K I , J. Appl. Phys. 90 (2001) 6539.
7. I . YO N E NAG A and K. S U M I N O , Phys. Stat. Sol. A 50 (1978) 685.
8. I . YO N E NAG A , J. Electrochem. Soc. 143 (1996) L176.
9. I . YO N E NAG A , U. O N O S E and K. S U M I N O , J. Mater. Res. 2

(1987) 252.
10. E . L . H A L L and J . B . VA N D E R S A N D E , J. Am. Ceram. Soc. 61

(1978) 417.
11. D . I M H O F F , F. G E L S D O R F , B . P E L L I S S I E R and J .

C A S TA I N G , Phys. Stat. Sol. A90 (1985) 537.
12. R . S . R A I , S . M A H A JA N , D. J . M I C H E L , H . H. S M I T H , S .

M C D E V I T T and C. J . J O H N S O N , Mater. Sci. Eng. B10 (1991)
219.

13. K . M A E DA , K. NA K AG AWA and S . TA K E U C H I , Phys. Stat. Sol.
A48 (1978) 587.

14. I . YO N E NAG A and K. S U M I N O , ibid. A131 (1992) 663.
15. I . YO N E NAG A , J. Phys. III France 7 (1997) 1435.
16. H . A L E X A N D E R and P. H A A S E N , Soild State Phys. 22 (1968) 27.
17. K . S U M I N O , “Handbook on Semiconductors,” Vol. 3, edited

by S. Mahajan (Elsevier Science B.V., Amsterdam, 1994) p.
73.

18. I . YO N E NAG A , J. Appl. Phys. 84 (1998) 4209.
19. I . YO N E NAG A and K. S U M I N O , Phys. Stat. Sol. A137 (1993) 611.
20. I . YO N E NAG A , H. M A K I N O , S . I TO H and T. YAO , Phys. Stat.

Sol. C 2 (2005) 1817.
21. K . M A E DA and S . TA K E U C H I , “Dislocations in Solids,” Vol. 10,

edited by F. R. N. Nabarro and M. S. Duesbery (Elsevier Science B.V.,
Amsterdam, 1996) p. 443.

2604


