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Steps on CdSe(llaj) and (10?0) cleavage surfaces:
Evidence for crack propagation in competing cleavage planes
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(Received 29 September 1997

We determined the structure and electronic properties of cleavage steps on Cd_se (aIﬂ:lZ(lO_I))
surfaces from atomically resolved scanning tunneling microscopy images. Steps occur in high concentrations
and are always oriented parallel to f@01] direction on both cleavage surfaces. The steps are electrically
uncharged. Kinks are extremely rare and electrically charged. The edges of steps_ﬁ)w guddces consist of
{10?0} facets and steps on (10} surfaces exhibi{llfo} facets. Steps occur preferentially in paiogie up
and one dowpon both surfaces. The step structure is explained by a crack propagation in neighboring
cleavage planes favored by the creation of uncharged 4i8p%$63-182809)01504-0

I. INTRODUCTION Il. EXPERIMENT

We investigated am-type CdSe single crystal grown by

The structure of cleaved-crystal surfaces depends critithe Markov growth technique. The crystal exhibited a carrier
cally on the details of crack propagation and on the crystatoncentration of about ¥ 10"¥cm 3. Samples with dimen-
structure. Some materials have planes that are particularlgions of 3x3x 7 mn? were cut from the crystal. The long
favorable for cleavage. For example, Si cleaves excellentlaxis_of the samples was parallel to either fiel20] or
on the (111) planes, because these planes are the mo$t010] direction. On opposite sides of each sample two
closely packed onesFor polar-compound semiconductors cleavage slots were cut, such that the cleavage proceeds
in the zinc-blende structure the constraints of electrical neualong the[0001] direction. The samples were cleavedul
trality of the surface created by cleavage dominate the clea@high vacuum (5 109 Pa) along (1120) and (1010)
age properties. Only perfectly flaonpolar (110) cleavage planes using a doubl_e-wed_ge tet_:hnlque. After cI_eavage the
surfaces can be obtained, but no cleavage is possible alofyStals were immediately investigated by scanning tunnel-

polar planes, such as th@11) plane. Cleavage can also lead ![ gtmicroscobgiy. wighgut brettaki_ng th(TdvaCl:um. Ohm.itc cf:on—
to rough surfaces as in the case of Al-Pd-Mn quasicrystalsac S Were oblained by sputtéring gold on two opposite aces

where the crack propagates between mechanically highlg the samples followed by an electrical discharge of a ca-

stable clusters. Thus, the cleavage surface exhibits th acitor. over the_se contacts. We used electrochemically
: tched tungsten tips.

cluster-based substructure of the quasicry’skalgeneral, the

structure of the cleavage surfaces reflects the bonding

strength and the structure of the material rather than the equi-

librium surface properties. Thus, the investigation of the

structure of cleaved surfaces on the atomic scale provides the Figure 1 shows the typical surface structures observed on

opportunity to deduce information about the crack propagathe (112) and (10D) surfaces of CdSe. Both cleavage
tion and bonding properties in a crystal. __ _ surfaces consist of flat terraces separated by steps. CdSe
In this paper we investigate steps t0D10) and (1120)
cleavage surfaces of CdSe grown in the wurtzite structure.
We determine the atomic structure of the steps and show that
step edges o1(1120) surfaces consist_of1010} facets and
step edges ofL010) surfaces exhibif1120} facets. Kinks at
steps are extremely rare and electrically charged. Kink-free
steps are uncharged. It is shown that steps occur in pairs, one
step upward and the next one downward. This surface mor-
phology is explained by a mode of crack propagation in
which neighboring cleavage planes are employed simulta-
neously. Furthermore, the electrical neutrality demonstrates
that unlike the case of cubic compound semiconductors, )
steps do not change the electrical prgperties of the surface. 9 the two cleavage surfaces of CdSe. Fra@ashows the occupied
is suggested that the charge neutrality of the steps favors tisates Of the (113) surfacmeasured-3.4 V sample voltage and

crack propagation in competing cleavage planes present {3 N and frame(b) the occupied states of the (10} surface
the wurtzite structure. acquired at—2.4 V and 0.2 nA. On both surfaces the steps have

very few kinks and are always parallel to tf@01] direction.

IIl. RESULTS

FIG. 1. Constant-current scanning tunneling microscope images
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view [(a3), (b3), and(c3)] of the atomic-structure
model is given. The images were measured at
+3.0, —3.7, and—3.0 V, respectively. The tun-

+[0001] [0001] nel current was fixed at 0.3 nA. Solid and empty

circles show Se and Cd atoms, respectively.
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cleavage surfaces exhibit a significantly higher density ofLx 1 reconstructio?r ®and one occupied and one empty dan-
steps compared to cleavage surfaces of cubic compourgling bond is localized above each Se anion and Cd cation,
semiconductors, such as GdA%0) surfaces obtained by the respectively:>~'’ These two dangling-bond states correspond
same cleavage technique. The images show that all steps atethe occupied- and empty-surface states. The surface states
parallel to each other and oriented along[tb@01] direction.  are resonant with the valence and conduction bands at the
No other orientations of steps were found. The terraces cagenter of the surface Brillouin zone, respectively, where the
be as narrow as one atomic row, but still several tenths of @ectrons are extracted or injected by the tip of the scanning
nanometer long or even longer. The wider terraces reachnnel microscope(STM).lB Thus, the STM images mea-

widths of 10-15 nm. Thus, the surface is rough and no,req at negative and positive sample voltages show the dan-
atomically smooth. Indeed, even the macroscopic cleavag

. ing bonds localized above the anions and cations,
surface is not as flat as, for example, G&AL) surfaces. &I g

. respectivelyt® With this knowledge the high-resolution STM
We frequently observed that the cleavage did not proceegiageS of the occupied states in Figéb)2and Zc) show the

only in the desired plane, although all cleaved samples ©Sositions of the Se atoms, while the high-resolution image in

hibited large areas of the desired surface orientation. IrL. o
the following we will analyze the properties of the steps inr.%g' 2a) shows the positions of the Cd atoms. In the follow-

detai ing this will be the basis for our analysis of the atomic struc-
etail.
ture of the steps.

First we analyze the relative location and alignment of the
density of state maxima on the upper and lower terraces. For

1. Steps on thg1120) surfaces all steps the periodicity in thED001] direction along zigzag
_ chains is in phase on the upper and lower terraces. However,

On the (11®) surfaces we found that steps were (0.22the periodic alignment of the chains measured perpendicular
=0.02) nm high. This corresponds to a height of one atomigo the step direction is not in phase on the upper and lower
layer. We observed only one type of step-edge structure everracegsee dashes above framesl) and (b1) of Fig. 2].
if the steps occur in different configurations, such as an isoThe chains are in antiphase along the direction perpendicular
lated step between two larger terraces, a terrace only one @j the chains. The zigzag chain directly at the step edge on
two atomic rows wide(delimited by a pair of up-and-down the upper terrace always appears wider than chains within
stepg, or a missing row inducing a pair of down-and-up the terracegsee Fig. 2 A quantitative analysis of the appar-
steps. Figure 2 shows high-resolution images of these thregnt width (Fig. 3 shows an increase of the width of about
configurations of steps and the respective schematic modelsgos. The increased width is only discernible for the chain

At this stage we have to recall the electronic and geometdirectly at the step edge. Even the second chain is not af-
ric structure of the CdSe(103 surface. The surface has a fected and the average width of the chains on the lower ter-

. .
[0001] 10001]

A. Atomic structure of steps
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movement of the tip

0.5 T T T T T T T dangling bonds
step edge
0.4+ .
€
£
g 0.3+ . FIG. 4. Side view of a dangling bond model of a step one
; : % atomic-layer high on the CdSe (1@ surface. The two dangling
= % bonds at the step edge overlap leading to one apparently elongated
© 02+ L 1 dangling bond in the STM imagédsee solid ling The step edge is
% a facet with{1010} orientation.
=
017 upper terrace lower terrace | thus, occupied dangling bonds with the same spatial orienta-
tion (see Fig. 4. Since the two dangling bonds are very close
0.0 . L to each other, they partially overlap and cannot be resolved

4 -3 2 3 0 1 2 3 4 separately by the STM. This leads to an apparently elongated
dangling bond at the step edge. The same arguments apply
for the empty dangling bonds of the Cd atoms at the step
FIG. 3. Width of the atomic chain measured perpendicular to theédge. This explanation is corroborated by the fact that the
[0001] direction across steps one atomic-layer high. The chain achain at the step edge is asymmetric. It appears wider only
the step edge is at distancddhain number D Negative and posi- on the side toward the lower terrace. A stress field cannot
tive values of the chain numbeKsneasured in lattice spacings explain the observed features, because it would have a larger
indicate chains on the upper and lower terrace, respectively. Onlgxtension and is not atomically localized at the step édge.
the chain at the step edge appears wider. Thus, the wider chain at the step edge is the signature of the
. dangling bond structure and of the type of facet formed by
race is the same as on the upper terrace. The step Kds a the step edge. The surface area with different orientation at
periodicity along its edge. Thus, no superstructure develhe step edge can be called a facet, because its orientation
oped. Simultaneously measured images of the occupied angn pe determined unambigiously and the step edge forms a
empty states show that the zigzag chains of the empty angew surface orientation at least one unit cell wide. From this
occupied states are not shifted perpendicular to[6#91] we conclude that steps on the (_1)1)25urfaces have facets

direction. High-resolution images of the empty states exhibit — . ) .
essentially the same characteristics as the images of the of/ith {1010} orientation and a ¥ 1 reconstruction. Other

cupied statefcompare, e.g., framgad) and (bl) in Fig. 2]. facets would not agree with the high-resolution images.
In the discussion of the atomic structure of the step edge _
all the above-mentioned characteristics need to be addressed 2. Steps on th€1010) surfaces

adequately by a geometric model. Figure 2 shows schematic on (1(HO) surfaces we observed steps with a height of

drawings of the atomic structures of the steps. The frame . : :
labeled number 2 and 3 show the side and top views, respe ag'g;:soﬁff)hnr?"rlggltse hseggéuﬁ;rzssgﬁgf t;, 3tifigfetr\1l¥c():§r::‘)imlf
tively. The solid circles indicate positions of Se atoms. Ope y gn. P y 9

. . ration h narrow terr nd isolated missing row:
circles represent Cd atoms. The model is based orxa 1 ations, such as narrow terraces and isolated missing rows

surface unit cell, because low-energy electron diffraction an&)roduced by pairs of close steps. Figure 5 shows a high-

low-energy positron diffraction experiments demonstrate ehs;)lruot\lleg rllTnan?r? Ofeﬂr]eeggiccuuﬁfrdtosﬁfssg a:résicr)] Iatﬁgszteopn.
the existence of the 4 1 surface reconstructioh® The x1 9 perp b P

s the upper and lower terrace, while the rows parallel to the
eriodicity along the step edge rules out any superstructure, = A ' A :
gue to a>rlecons?truction gf thg step edge. W)é rec?all that imSteP I the0001] direction are out of phasee., n ant|phase_
ages of the occupied and empty dangling-bond states Showlatlon) across the step. A zigzag structure is clearly dis-

cernable at the step edge. The step edge hék periodicity.

the positions of the Se and Cd atoms, respectively. The S‘Fhe clarity of the zigzag structure at the step edge is some-

and Cd atoms form chains along tf@001] direction. If we . X ;
only concentrate on the Se ato?fsgleig c?rcles) the chains what tip dependent, but always present. We believe that this

appear as zigzag rows. This is the structure visible in the
STM images. The periodicity of the chains along {8601]
direction is in phase on the upper and lower terraces. Perpe
dicular to thel0001] direction the chains are out of phase on
both terracegsee dashes below frana8 of Fig. 2. If we
focus only on the Cd atoms we observe the same featurg
again. This is in agreement with our measurements. Th {2001} ~[0001] c 0001
larger width of the chain at the step edge is also understanc T ' ||| | | | tooor]
able within the structural model. Below each Se atom at the

step edge is another one. It has a separation of half a lattice FIG. 5. (a) High-resolution STM image of a step on the CdSe
spacing(i.e., half the separation between two zigzag chains (1010) surface(measured at2 V and 0.2 nA. (b) and(c) show a
Both Se atoms have the same bonding configuration andjde and top view of the step model.

distance from step edge (lattice spacings)

b c upper terrace

upper terrace
(130} \ lower terrace

lower terrace \ Y
PP 799
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FIG. 6. High-resolution STM image of a trench delimited by L L

= — c
two steps forming 1120} -oriented facets on the CdSe (1M)sur- 06 (©) .
face (measured at-2.3 V and 0.2 nA

is due to the frequently changing resolution of the tip. In fact, 0.4 A
tunneling on these surfaces is rather difficult due to the in- 1 .
stability of the surface and the frequent changes of the tip 0.2 |

state.
Framesb andc in Fig. 5 show a structural model of the 0 : é : i : é ' ;3 ' 10

isolated step on thé€1010) surfaces. The model is again

based on a %1 reconstruction. The size of the unit cell on distance (lattice spacings)

the terraces supports this approathThe X1 periodicity _

along the step edge excludes any superstructure. We concen-FIG. 7. Line profiles across different steps on the CdSe 0}12

trate first on the filled circles representing the Se atoms in théurface. None of the profiles exhibit a band bending as seen along

model[Fig. 5(c)]. The atomic rows formed by the Se atoms Steps on GaAs, InP, and G&P10) surfacegRef. 20. The steps are

(solid circles perpendicular to the step-edge direction are inthus uncharged.

phase across the step on both terraces. However, the rows

parallel to the step are out of phasee dash@sBoth results  ated with the steps. Indeed, on cubic IlI-V compound semi-

agree with the STM images. The most prominent feature igonductors the steps were found to be charged at kinks as

the presence of a zigzag row at the step edge. This feature vgell as along kink-free parts of the stépHowever, on CdSe

the signature of a facet witfil120} orientation and a X1  cleavage surfaces the situation is different. Figures 7 and 8

reconstruction. In the model the solid zigzag line indicates

the Se atom¢filled circles on the facet each having a fully

occupied dangling bond. These dangling bonds on the facet 0.8 y T g T T T

give rise to the zigzag structure. In fact the zigzag structure { (@

of the facet is the same as that visible on (h&20) surface

(see Fig. 2 Thus, steps on1010) surfaces have1120)-

oriented facets. This can be particularly well seen in Fig. 6.

Figure 6 shows a narrow trench. On both sides the zigzag ’g

structure indicates the presence{b120}-oriented facets. c
We only observed steps that were two atomic layers high. 7=

This indicates that the cleavage along (QQIplanes is not -g,
possible to the same extent in all layers. The layers have ‘g
alternatingly two and four bonds per unit cell. Thus, only the <
layers with two bonds per unit cell are expected to cleave
well. A cleavage in the intermediate layer with four bonds to 0.4
be broken leads to a high density of dangling bonds. This is 1 1
expected to increase the surface energy substantially, and  ¢.2 -
thus, only steps with a height of an even number of layers
will occur.

0.0 -1— } t } + i
2 4 6

distance (lattice spacings)

B. Electronic structure of steps
1. Kink-free steps

Steps are defects, and thus can give rise to localized states FIG. 8. Same as Fig. 7, but for steps on the CdSe (}0sur-
in the band gap. This may lead to electrical charges associace.
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FIG. 9. STM images of a step on tk@& (1120) and(b) (1010)
surface. There is a dopant atom at both step edges. Fra@nasd

(b) were obtained at+3.7 V and 0.3 nA and-2.5 V and 0.2 nA,
respectively.

O

show the tip height taken along a line across different steps

(with no kinks on the (11®) and (10D) surface, respec- 06
tively. None of the profiles exhibit any long-range height I
change. This indicates that the steps are not surrounded by a 0.5
local band bending. From this we conclude that the steps are I
electrically uncharged on both surfaces.

The uncharged state of the steps is further corroborated by
the fact that it is possible to observe electrically active dop-
ant atoms directly at step edgésg. 9). The white contrast
is the signature of a dopant atom piloped surface-2? If 0.2
the steps were charged, their band bending would cover any
band bending induced by a dopant atom or modify the 0.1
charge state of the dopant atom. Since this is not the case, the

steps cannot be charged. 0.0 ' ' L ! ' ! !
0 2 4 6 8 10 12 14

2. Kinks distance (lattice spacing)

Figure 102) s_hows some of the rarely occurring kinks at FIG. 10. STM image of kinkga) and height change induced by
steps_ on the_(ll_OZ) s_urface. The kinks appear brighter anda kink (b). The constant current STM image was measured &
the line profile in Fig. 1(b) reveals a significant height \, 414 0.3 nA.
change at the kink site. This indicates a local band bending.

From this we conclude that kinks carry an electrical charge.

Under usual conditions the Fermi-level effect leads to achange of the probability within the error margins. For

negative charge, since the dopant atoms are donors. Unfo'i]-eighboring Steps there is, however, a strong correlation Fhat
tunately, we cannot tell the polarity of the charge from the?" upward step is followed by a downward step and vice

height change in the STM image, because the band bendi versa. This correlation holds for both surface orientations.

around negative and positive charges redoped surfaces e r;oltgt;hgt the c%rrilatlon dat? n F'g‘(t:m IS Tlh'ft.edl
leads in both cases to an increased tunnel current from th&>°Y o downward, because ot a general small miscieav-

sample to the tig? Thus, the image of the occupied states 29€ angle. With this in mind it is obvious that both cleavage

appears bright for both polarities. The polarity of the chargé)Ianes exhibit the same step-step correlation. Thus, on the
is only deducible from the contrast of empty state images, surface pairs of upward and downward steps occur preferen-

which unfortunately could not be obtained without aIteringtlally and the steps are not merely due to a general miscleav-

the surface structure. Nevertheless, the height change indf9€ angle of the surface. Figures 1 and 2 show some ex-

cates the presence of an electrical charge at the kink site. amples of typicgl pgirs of steps, g.iving rise to the correllayion.
The data also indicates that pairs of steps are statistically

independent of each other.

0.4

0.3

height (nm)

C. Step-step correlations

In this section we focus on the distribution of steps. In
particular, we determine whether up and down steps are ran-
domly distributed. For this purpose we deduced from the During scanning we sometimes observed that the tip in-
STM images the probability of finding a downward step fol- fluenced the surface morphology. The tip was able to pick up
lowing an upward or a downward step as a function of thematerial from the surface. The removal of the material oc-
number of steps in between those two st@pg. 11). The curred mostly at kink sites. We never observed a removal of
values determined in Fig. 11 correspond to an onematerial at kink-free steps. This preferential transfer of kink
dimensional autocorrelation function of the steps only. Theatoms to the tip leads to the removal of a chain of atoms
error of the values is about5%. Figure 11 shows that there along the[0001] direction. This can be seen in the series of
is only a correlation between directly neighboring stegisp  images shown in Fig. 12. The effects observed here have
number ). Steps further apart do not exhibit any significanttheir analogy on th€¢110) cleavage surfaces of cubic IlI-V

D. Tip-induced modification of steps
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FIG. 12. Series of STM images of a step. The tip modifies the
step at the kink sites. The time between the measurement of the first
and the last frame is about 3 min. The images were aquire®a&8

25+ initial step downward T V and 0.2 nA.
"2 s 4 5 & 7

ics of the crack propagation. For example, it has been shown
step that nonlinear lattice-dynamic instabilities lead to the forma-
tion of heavily stepped GaAsl0) surfaces® Such step
gtructures exhibiting triangular-step arrangements have fre-
quently been observed on GaA$0) surfaces®3'The typi-
cal steps on cubic compound semiconductor cleavage sur-
faces are randomly distributed and all step orientations can

) be found on one sampf8.This is one major difference be-
compound semiconductors, where steps were found t0 bgeen the steps observed on the cubic and wurtzite com-

disagsembléd and5\ivzf;ere vacancy migration is initiated by ho,nd semiconductor cleavage surfaces. As shown in Fig. 1
the tip of the STM>~*"The changes of the step structure areihe steps on wurtzite cleavage surfaces are all parallel and
clearly nonthermal, because if the tip is retracted from th%early kink-free.
surface no changes occured. Thus, the effect is entirely tip Another difference between steps on cubic and wurtzite
induced. We believe that the mechanisms initiating the tra”SCompound semiconductors can be found in the electrical
fer of atoms from the surface to the tip are similar to thoseproperties of the steps. On cubic compound semiconductor-
found on(110 cleavage surfaces of Ill-V semiconductors. ¢jeavage surfaces all steps are electrically charged, irrespec-
tive of their orientatiorf® On InR110 surfaces only after
IV. DISCUSSION OF THE CLEAVAGE PROCESS heat treatment, one particular step orientation is foqnd to
compensate its electrical charge by P evaporafidnt this

A variety of mechanisms have been proposed for the foris irrelevant for the cleavage process. On the CdSe surfaces
mation of steps on surfaces. On the one hand, for thermallthe steps parallel to tH®001] direction are uncharged. From
treated surfaces, the steps frequently arise due to an overdiie observed charge of the kinks we conclude that other step
misorientation of the sample surface with respect to low-orientations would be electrically charged, but they were not
energy surface orientations. Such steps can be formed fiormed by cleavage. This points to a particularly large influ-
thermal equilibrium at high temperature and are then preence of the electrical charge state of the step on the cleavage
served during a quench to room temperature. On the othgrocess. This is not surprising, since the nonpolar planes in
hand, steps on cleavage surfaces cannot generally be asmpound semiconductors are the preferred cleavage planes
sumed to be in thermal equilibrium. They occur as a result obecause of their electrical properties, which lead to the for-
a high-energy event in a far-from-equilibrium situation and,mation of uncharged surfaces with equal numbers of anions
therefore, are rather noneqilibrium steps formed by the kinetand cations. This view is further corroborated by the fact that

FIG. 11. Probability of finding a downward step following an
upward or a downward step as a function of the number of steps i
between those two step@&) and(b) show the data for steps on the

(1120) and (10D) surfaces, respectively.
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cleavage steps on @il1) surfaces were reported to occur in which the samples were cleaved. Thus, the geometric rela-
many orientationd? These steps do not exhibit electrical tion of the different planes make it quite conceivable that the
charges. crack propagates at short intervals in one, two, or three of
Finally, the steps observed on the CdSe cleavage surfacéisese planes simultaneously on a microscopic level. This
form facets of other nonpolar cleavage surfaces. Steps oview is supported by the fact that the macroscopic structure
cubic compound semiconductors do not form preferred facef the cleavage surface also exhibited surface areas with ori-
ets. Thus, the particular structure of the facets on CdSe suentations of neighboring cleavage planes. Such crack propa-
faces needs to be considered in the following. gation in competing cleavage planes adequately explains the
The high-step densities observed on the CdSe surfacesservation of facets at step edges of the neighboring cleav-
may be due to nonlinear lattice-dynamic instabiliiBgut  age planes. These facets are also nonpolar cleavage planes.
this in itself appears to be insufficient to explain the stepFrom the discussion it is plausible that the fact that the steps
structure. Therefore, we focus rather on the crack propagare uncharged favors this type of crack propagation, because
tion in the wurtzite structure. In the Griffith model of mode | the cleavage does not need to overcome any charge-induced
brittle fracture the critical stress for a crack of lengtlc to ~ forces. The orientation of the steps also supports the crack
expand spontaneously is given hy={(2yE)/(wc)}'?, propagation in competing cleavage planes, because the
where Young’s modulus is characteristic of the bond [0001] direction is the only common intersection line of all
strength and number of bonds of the highly strained materiahe cleavage planes. No other step orientation were found
at the crack tip. The energy of the created flanks of the crackinlike on(110) surfaces of, e.g., InP and GaAs. Any devia-
is proportional to the surface energy We first discuss the tion from the [000]] intersection line is equivalent to the
energy of the created surfaces. Compared to all polar sufermation of a kink. A creation of a kink means a sudden
faces the energy of nonpolar surfaces created by the crack fisrmation of electrical charges. The additional charge can be
lower, because no charged surfaces are created, and thus expected to increase the cleavage energy.
electrostatic forces have to be overcome during fracture of
the crystal. In addition the energy of both nonpolar surfaces
is expected to be very close, because the density of atoms on
the surface, the number of dangling bonds per atom, and the We investigated the atomic structure and the electronic

relaxation mechanism_gre essentially equal. The C|eavaq5‘roperties of cleavage steps on CdSe_((l)lzmd (10_1))
surfages are both stabilized py an electron transfer from thgrfaces by scanning tunneling microscopy. Steps occur in
dangling bond above the cation to that above the anion. Thgigh concentrations and are always oriented parallel to the
electron transfer is coupled with an outward relaxation of thggog] direction on both cleavage surfaces. The steps are
anion relative to the cation.”™ Now we discuss the bond gjectrically uncharged. Kinks are extremely rare and electri-
strength. The ”“T“ber of bonds per surface area, F‘eaf'y equ@élly charged. The edges of steps on the @L3urfaces

for most orientations, do not provide any orientational pref- . =

erence. The charge affects, however, the bond strength, suéANSist of X1 reconstructeq 1010} facets and steps on
that the bonds between oppositely charged surfaces are strdf#010) surfaces exhibit X1 reconstructed 1120} facets.

ger, because breaking these bonds require additional electr&teps occur preferentially in up and down pairs on both sur-
static work compared to nonpolar surfaces. Therefore, théaces. The tip can modify steps at kink sites. The step struc-
critical stress is largely governed by the electrostatics duringure is explained by crack propagation in neighboring cleav-
cleavage and both the surface energy and the bond streng@ige planes favored by the creation of uncharged steps.
favor equally a crack propagation in both cleavage planes,
but not in polar planes. Similarly, if the steps would be
charged, only few steps are to be expected to be created by
cleavage. Furthermore, wurtzite-structure crystals have 12 The authors thank K. H. Graf for technical assistance and
nonpolar cleavage planes separated from each other by 3Ghe Deutsche Forschungsgemeinschaft for financial support
All cleavage planes include thg0001] direction, along under Grant No. UR 51/2-1.

V. SUMMARY
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