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In this study, we used cathodoluminescence (CL) spectroscopy to examine the CL emissions of zinc
selenide (ZnSe) single crystals that had been subjected to Berkovich nanoindentation. The CL spectra
of the ZnSe exhibited both impurity emission peaks (1.8–2.4 eV band) and near-bandgap emission peaks
(2.68 eV). Although CL emissions were generated during four unloading/reloading cycles, the decreased
intensity of the impurity emission can be explained in terms of extended dislocation nucleation and
propagation during nanoindentation. The resultant dislocation and microcracks were visualized using
CL mapping and transmission electron microscopy. We suspect that the formation of a hysteresis loop
during the four unloading/reloading cycles was due, in part, to massive dislocation activities induced
by the indenter.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc selenide (ZnSe) is one of the most attractive group II–VI
semiconductors because of its outstanding potential for the
development of optoelectronic devices. ZnSe materials exhibit sev-
eral favorable optoelectronic characteristics including emission/
absorption signals ranging from the ultraviolet to the infrared, a
wide bandgap, and low resistivity that make them ideally suitable
for preparing high-efficiency photodiodes that operate in the UV–
Vis range. ZnSe compounds are used in commercialized thin film
electroluminescence displays that are produced using either sput-
tering or chemical deposition methods [1–7].

Because II–VI semiconductor materials feature weak atomic
bonds and readily generate defects, they often exhibit poor
mechanical performance. Indeed, device lifetimes are limited to
well below practical levels because of defect generation and
propagation during operation [8]. In mobile systems, mechanical
loads can arise from shock loading during fabrication and handling
processes, leading to mechanical damage of their desired charac-
teristics. The advent of nanoindentation instruments has led to
greater understanding of the underlying principles that affect con-
tact loading and related phenomena. Nanometer-scale nanoinden-
tation has been used widely to investigate the deformation
mechanisms of various semiconductors [9,10]. The mechanical
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characteristics of solid surfaces, such as hardness and Young’s
modulus, can be extracted from such studies [11–13].

Studies of microstructures are important not only for the devel-
opment of viable devices but also because they efficiently provide
data regarding photoelectric properties. That is, if we are to inte-
grate ZnSe into a device, we require a good understanding of its
mechanical characteristics [14] to enhance the reliability of the
device. Grillo et al. [15] found that the hardness of ZeSe was aniso-
tropic, depending on the orientation of the side of the Berkovich
pyramid relative to the [1 0 0] direction. This information is impor-
tant when growing ZnSe films on Si substrates. Grillo et al. [15] also
noted, from a nanoindentation study using a Berkovich-type inden-
ter, that the alloying of ZnSe with a more-covalent II–VI compound,
such as BeSe (forming Zn1�xBexSe heteroepitaxial layers), can sig-
nificantly alter its mechanical properties; no attempts have been
made, however, to use the nanoindentation method to investigate
the deformation-induced crystal defects or hysteresis loops of ZnSe.

In this study, we used cathodoluminescence (CL) in scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) to investigate the Berkovich-induced deformation of ZnSe
by means of nanoindentation instruments. Herein, we describe the
changes in ZnSe CL spectra and our observations of dark slip lines.

2. Experimental Details

Single-crystal ZnSe was obtained through solid phase recrystal-
lization and polished mechano-chemically using standard
procedures. The (1 0 0)-oriented ZnSe substrates were cut from
crystals grown by solid phase recrystallization; the details of the
growth procedures used to prepare the single crystals of ZnSe have
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Fig. 1. Load–displacement curves for ZnSe: (a) typical and (b) four unloading/
reloading cycles.
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been described previously [16]. To investigate the mechanical
behavior, nanoindentation measurements were performed using
a Nanoindenter MTS NanoXP system (MTS Corporation, Nano
Instruments Innovation Center, TN, USA) equipped with a diamond
pyramid-shaped Berkovich-type indenter tip (radius of curvature:
50 nm); stiffness data were recorded along with the load and dis-
placement curve. The hardness and Young’s modulus of ZnSe were
calculated from the load–displacement (P–h) data using the analyt-
ical method developed by Oliver and Pharr [17]. Each value, re-
ported here together with its standard deviation, resulted from
averaging the results of 12 indentations. The thermal drift was
maintained below ±0.05 nm/s for all indentations considered
herein.

A 12 � 1 indentation array was produced with each indentation
being separated by 50 lm. Using this approach, possible interac-
tions between two consecutive indentation tests were minimized.
Each indentation was controlled using an indentation load of
200 mN. In each indentation test, the Berkovich diamond indenter
was operated with typical and four-cycle nanoindentation P–h
curves; the loading/unloading time was held constant at 30 s and
the peak load was held for 5 s.

The nanoindentation-induced mechanical deformations of ZnSe
were characterized using a CL apparatus (HORIBA Co. Ltd.). Room-
temperature CL measurements and CL mapping were performed
using a JEOL JSM-7001F field-emission scanning electron micro-
scope. An electron beam energy of 20 keV was selected to excite
the ZnSe surface. The CL light was dispersed by a 2400-nm grating
spectrometer and detected by a liquid N2–cooled charge-coupled
device. Firstly, CL spectra are recorded from ZnSe samples just in real
time at a fixed electron beam energy of 20 keV. In addition, the cor-
responding CL image from the surface was displayed on video mon-
itors. The CL images were recorded with the total emitted integral
(panchromatic) CL as well as with light of a fixed spectral wave-
length (550 nm) by using a suitable charge-coupled device (CCD).

The morphologies and microstructures of the samples were
determined using field-emission SEM (FESEM) and TEM. For TEM,
the lamellae were examined using a JEOL-JEM 2100F transmission
electron microscope operated at 200 kV (point-to-point resolution:
0.23 nm; lattice resolution: 0.14 nm). TEM samples were prepared
using the lift-out technique and a dual-beam focused ion beam
(FIB) station (FEI Nova 220); details of the FIB method have been
reported previously [18].
3. Results and discussion

Fig. 1 displays typical and four-cycle unloading/reloading P–h
curves of ZnSe samples subjected to maximum indentation loads
of 200 mN. The measured hardnesses with the typical and four
unloading/reloading cycles were 1.4 ± 0.03 and 1.5 ± 0.07 GPa,
respectively; the measured Young’s moduli were 95.3 ± 1.1 and
192.5 ± 2.3 GPa, respectively. For the typical cycle (Fig. 1a), the
irregularities in the P–h curve during the loading process were
characterized by slight jumps in the penetration depth-so-called
multiple ‘‘pop-in’’ events in the penetration depth. Multiple
‘‘pop-in’’ events are accruable over a wide range of indentation
loads and penetration depths, particularly in the plastic deforma-
tion of ZnSe samples (arrows in Fig. 1a). Notably, we observed
slight multiple ‘‘pop-in’’ events upon increasing the loading up to
100 mN. As expected, these phenomena appeared during the typi-
cal cycle, but not during the repeated unloading/reloading cycles
(Fig. 1b). The multiple ‘‘pop-in’’ events were evident over a wide
range of indentation loads and penetration depths. We suspect that
this phenomenon was not thermally activated for repeated unload-
ing/reloading cycles. Multiple ‘‘pop-in’’ events have been reported
recently [19] in hexagonally structured materials, including sap-
phire [20], single-crystal bulk ZnO [21], and GaN [22]. In contrast,
single ‘‘pop-in’’ events have been observed in samples having cubic
structures, including GaAs and InP [23]. Dislocation-induced ‘‘pop-
in’’ events tend to be associated with two distinct deformation
behaviors: before (pure elastic behavior) and after (elastoplastic
behavior) [24]. From a study of indented ZnSe, Wolf et al. reported
[25] that deformation at a high contact pressure was not based on
a phase transformation, unlike that of Si and InSb. In Fig. 1b, we ob-
serve larger deviations in the penetration depth–indentation load
curves for the ZnSe sample subjected to four repeated unloading/
reloading cycles; the penetration depth not only suddenly in-
creased from 2600 to 5500 nm (arrows in Fig. 1b) during the last
unloading/reloading cycle but also resulted in hysteresis loops.
Herein, the higher elastic modulus is the key reason for the appear-
ance of hysteresis loops dependent on the number of nanoindenta-
tion cycles. The increases in hardness and Young’s moduli during
repeated unloading/reloading cycles can be attributed to multistep
indentation inducing more plastic deformation relative to single
indentation. Wolf et al. suggested [25] that the deformation after
the first tip-sample contact is purely elastic. The dislocation-
dominated deformation can have more resistance to elastic and
plastic deformation [26]. Thus, we observed multiple ‘‘pop-in’’
events in the typical unloading/reloading P–h curves of ZnSe sam-
ple. In contrast, it was not easy to observe multiple ‘‘pop-in’’ events
in the four-cycle unloading/reloading P–h curves, presumably be-
cause the four-cycle unloading/reloading process can relax active
dislocation propagation.



Fig. 2. CL spectra of the ZnSe samples at liquid N2 temperature: (a) non-indentation
and (b) four unloading/reloading cycles.

Fig. 3. SEM and CL mapping images of the surface morphologies of Z
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The main luminescence band in ZnSe appears centered at
2.68 eV. This band is due to the near-bandgap emission, which
can be attributed to recombination between electrons bound to
Cl donors and free holes in the valence band (Fig. 2a). The very
broad emission from 1.8 to 2.4 eV, which dominates the spectrum,
can be assigned to Cl impurities, which were partially incorporated
into the lattice during the growth process. Near the surface, the
long wavelength band at 2.1 eV predominates. Fig. 2b displays
the near-bandgap emissions in the CL spectra recorded from ZnSe
samples that had been indented using four unloading/reloading
cycles. The residual indentations were directly excited using the
CL system. With typical loading of the indentation center, the
near-bandgap CL emission from ZnSe was dramatically suppressed
because of induced defects and/or dislocations. Coleman et al. re-
ported [27] that the CL intensity measured in the bulk is lower than
that of a residual indent. Bradby et al. studied [28] the extent of ra-
dial propagation of contact-induced defects in ZnO; they observed
dramatic suppression of the CL near-bandgap emission from the
central regions of the residual indent impressions. In fact, disloca-
tions act as non-radiative recombination centers that quench the
luminescence locally. The CL spectrum of the indented area of
the ZnSe sample below the level of the critical ‘‘pop-in’’ phenome-
non revealed a slight reduction in the intensity of the CL emission,
particularly for the very broad emission. Fernandez et al. [14] also
noted that irradiation had an effect on the CL spectra, presumably
as a result of complex formation or charge transfer processes
caused by new point defects (2.0–2.2 eV) as well as higher concen-
trations of point defects in the deformed samples.

ZnSe possesses either a sphalerite structure, with lattice param-
eter a of 5.668 Å, or a wurtzite structure, with lattice parameters a
and c of 3.820 and 6.626 Å, respectively. The primary slip system
of the ZnSe sphalerite structure is (1 1 1)h1 –1 0i, which also con-
sists of five independent systems. Based on strong asymmetry be-
tween the dislocation mobilities of the Zn- and Se-terminated
dislocations in the active glide-set, the mobility of the Se(g) disloca-
tions is ca. 100 times higher than that of Zn(g) dislocations
[25,29,30]. In this case, the hysteresis loops may be based on several
nSe samples: (a) typical and (b) four unloading/reloading cycles.



Fig. 4. Cross-sectional TEM images of a ZnSe sample subjected to four unloading/
reloading cycles: (a) indented within interfacial view and (b) indented within high-
resolution image.
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unloading/reloading cycles, which cause the ZnSe sample to crack.
Again, the primary slip system of ZnSe may play an important role
during such testing, where it displayed an enhancement of the very
broad CL emission (2.1 eV), greater than that of typical indentation
loading (Fig. 2).

SEM images (Fig. 3a) did not provide, for such an indentation
load, any evidence of dislocation activity or crack features. They
could be observed only when the ZnSe layer was indented under
200 mN, corresponding to a penetration depth of over 5500 nm,
where several creeps were observed (Fig. 3b). This behavior leads
to larger deviations in the plots of penetration depth with respect
to indentation load; similar phenomena have been reported previ-
ously [31,32]. Fig. 3 also presents the room-temperature CL images
acquired at a bandgap of 2.68 eV from a ZnSe sample indented using
a typical cycle and four unloading/reloading cycles to maintain a
maximum load of 200 mN. These CL images reveal the distribution
of indentation-induced extended defects that alter the CL emission
(Fig. 3a). The cube-corner indenter form and these extended defects
reflect some of the radial symmetry of the stress field. In contrast,
another luminescence/topography distribution CL image revealed
a crack line that formed after four unloading/reloading cycles
(Fig. 3b). Slip enhancement may contribute to the ‘‘crack’’ observed
during unloading/reloading; the mechanism may be due to the
plastic deformation of ZnSe [6]. Fernandez et al. [14] reported that
the deformed samples that provided total CL intensity decreases
possessed dark lines that correspond to slip bands, while the bright
lines represent the undeformed background. In this present study,
we observed changes in ZnSe CL spectra and dark slip lines
(Fig. 3). The indentation mark reveals a strong quenching of the
luminescence in the damaged area; at the same time, the surround-
ing indentation mark displays dark lines corresponding to slip
bands. Interestingly, the CL image of the ZnSe indented area below
the propagation of dislocations in ZnSe revealed a reduction in the
intensity of the CL emission. Coleman et al. [27] suggested that the
excitonic emission of ZnO sample is quenched at the indent site.
Their analysis of CL monochromatic images and spectra revealed
defect states that were responsible for the broad defect emission
band. Herein, the cube-corner indenter form and these extended
defects reflect some of the radial symmetry of the stress field in
the ZnSe sample. We suggest that these extended lines might be
indicative of non-radiative defect bands caused by defects extend-
ing away from the indent site or by strain-induced migration away
from the defect bands.

After the four unloading/reloading cycles, in which only a small
percentage of indentations were plastically deformed, CL imaging
could distinguish between the indentations that had undergone sev-
eral degree of plastic deformation (after the ‘‘pop-in’’ event) and in-
dents that were purely in the elastic regime (before the ‘‘pop-in’’
event). As a result, we detected an observable CL impression only
after the ‘‘pop-in’’ event, providing convincing evidence that the
phenomenon involves the nucleation of a slip as the deformation
mode.

Bradby, Kucheyev, and co-workers reported that GaN samples
indented under a spherical indenter displayed symmetrical, Star
of David–like distributions of defect reflects [20,33]. In addition,
Zaldívary et al. [34] reported less symmetrical structures, due to
the different distribution of stresses, when using their Vickers in-
denter. Using the Berkovich-type indenter tip, the CL monochro-
matic imaging allowed us to distinguish between indentations
that had undergone several unloading/reloading cycles during plas-
tic deformation. As a result, we did not observe only a CL impression
after the crack-convincing evidence that the unloading/reloading
cycles involve a CL emission, especially in the behavior of the dislo-
cation recovery and mobilities. Therefore, in studies of this plastic
deformation process, it is essential to delineate the natural role of
the material as the indenter penetrates into the surface.
Next, we identified the effects of the deformation mechanisms
specific to Berkovich nanoindentation on the microstructures char-
acteristics and CL emissions in the vicinity of the indented area.
The cross-sectional TEM image of ZnSe after indentation reveals
(Fig. 4a) that the fracture behavior underneath the indented spot
was initially a dislocation activity. That is, some dislocations
tended to follow directions of easy slip, and may be pinned
between slip bands [34]. The slip bands (dark thick lines in the
TEM image) clearly reveal that, during indentation, the rapidly pro-
duced dislocations could slip partially along the easy-slip direc-
tions. We suspect that the highly strained features nearby the
indented interface were not just accidental artifacts that resulted
from the bare sample. Thus, during the unloading/reloading cycle,
the further propagation of indentation-produced dislocations will
be impeded. In this case, further plastic deformation must involve
the nucleation of additional slip bands, resulting in multiple ‘‘pop-
in’’ events, as observed experimentally in Fig. 1.

The TEM images reveal serious cracking while the indentation
was made; the molecular bonds were also influenced by the dislo-
cation propagation. Fig. 4b displays a typical microstructure of a
heavily deformed material, characterized by features having a high
density of dislocations. The distorted slip bands and the extremely
high dislocation densities at the intersections indicate a highly
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strained state of ZnSe. Nevertheless, even on the submicron scale,
we observed no evidence of subsurface cracking or film fragmen-
tation. Thus, the primary deformation mechanism for ZnSe is dis-
location nucleation and propagation along easy-slip systems. The
mechanism in the dislocation recovery appears to be associated
with the activation of dislocation sources during the unloading/
reloading cycles of the ZnSe. The plastic deformation that occurred
prior to performing the unloading/reloading cycles was associated
with the individual movement of a small number of newly nucle-
ated, large shear stresses that quickly accumulated underneath the
indenter tip; rapid recovery occurred during the unloading/reload-
ing cycles (Fig. 2). When the local stress underneath the tip was
reached after a higher number of cycles, a burst of collective dislo-
cation movement on the easy-slip systems was activated, resulting
in a large release of local stress. Each of these collective dislocation
movements is reflected as a slip band in the indented microstruc-
ture displayed in Fig. 4. Although slip bands appeared in the ZnSe
sample in Fig. 1b, the released stress due to this effect could
extend deep into the ZnSe. The narrow spacing of dense bands of
defects and/or dislocations along the basal planes near the ZnSe
surface suggests that, during the later stages of the four unload-
ing/reloading cycles, a large applied indentation load (e.g.,
200 mN) began to activate extensive slip bands along the ca. 60�
pyramidal planes, thereby resulting in CL emission (Fig. 2b). There-
fore, from the TEM observations, the extensive interactions be-
tween the dislocations slipping along the ZnSe surface confined
the slip bands and resulted in hysteresis loops, due to the heavily
deformed and strain-hardened lattice structure. To obtain a closer
look at the dislocation activities immediately beneath the Berko-
vich indenter tip, herein, we obtained a more detailed image of
the microstructures (TEM, CL mapping) near the intersections of
the slip bands.

4. Conclusion

Using a combination of nanoindentation, CL, and TEM
techniques, we have investigated the contact-induced structural
deformation behavior of single-crystal ZnSe. These measurements
revealed both the surface mechanical properties and the
luminescent characteristics of ZnSe. The nanoindentation-induced
mechanical deformation of the ZnSe samples resulted in hysteresis
loops during four repeated unloading/reloading cycles; in particu-
lar, it led to larger deviations in the plots of the penetration depth
with respect to the indentation load. Slip enhancement, which may
contribute to the ‘‘pop-in’’ observed during unloading and reload-
ing, is one of the mechanisms occurring due to the plastic deforma-
tion of ZnSe. The nanoindentation-induced deformations act as
non-radiative recombination centers, as confirmed by the reduc-
tion in intensity of the CL emission and the CL mapping images.
Cross-sectional TEM images revealed that the prime deformation
mechanism in ZnSe is slip nucleation on both the basal and
pyramidal planes; it appears to be a significant component of con-
tact-induced damage of ZnSe samples.
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