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Electronic structure of wurtzite 11-VI compound semiconductor cleavage surfaces studied
by scanning tunneling microscopy

B. Siemens, C. Domke, Ph. Ebert, and K. Urban
Institut fir Festkaperforschung, Forschungszentrumlidh GmbH, 52425 Jiich, Germany
(Received 17 June 1997

We report atomically resolved scanning tunneling microsa&iM) images of cleavage surfaces of wurtz-
ite 1I-VI compound semiconductors. Cd3420), CdS¢1010), and Cd$1010) were investigated. The STM
images confirm a X1 reconstruction for all surfaces. At negative and positive sample voltages the occupied
and empty dangling-bond states above anions and cations, respectively, dominate the contrast of the STM
images. No states in the band gap were found. The electronic structure of the surface permits the observation
of dopant atoms in subsurface layers and thus also cross-sectional scanning tunneling microscopy studies of
point defects and heterostructurgS0163-182007)04543-9

[. INTRODUCTION diately investigated by scanning tunneling microscopy with-
out breaking the vacuum. Ohmic contacts were obtained by
Scanning tunneling microscop¥STM) has recently sputtering gold on two faces of the samples followed by an
evolved from a technique allowing atomic-scale investiga-electrical discharge of a capacitor over these contacts. We
tions of surfaces into a powerful tool for studying bulk point used electrochemically etched tungsten tips.
defects and dopant atoms and correlating the defect concen-
trations with macroscopic properties of the matertafsThe IIl. RESULTS
same technique, called cross-sectional scanning tunneling
microscopy, has been used to study heterostructures as The cleavage surfaces consist of typically 10-nm-wide flat
well.5~1° The possibility of investigating defects is closely terraces separated by steps. First we focus on the results
connected with the electronic and structural properties of th@btained on the flat terraces of CdSe surfaces, but the same
surfaces used for imaging the defects by STM. So far onlyiype of surface reconstruction was observed on CdS, as will
cleavage surfaces of cubic Ill-V compound semiconductor$e shown below. Figure 1 shows atomically resolved
have been suitable because of their favorable propertie§onstant-current STM images of the occup[é@mes(al)
which include(but are not limited tpa simple 1x 1 recon- ~ and(bl)] and emptyframes(a2 and(b2)] density of states
struction, one empty and one occupied dangling bond abovef the two nonpolar CdSe cleavage surfaces. For comparison
each cation and anion, respectively, as well as, with the exthe respective images obtained on the GdA® surfaces
ception of GaP, the absence of surface states in the band gaife-included in Figs. (1) and Xc2). The STM images of the
Recently, compound semiconductors with the hexagondil120) surface[Figs. 1al) and Xa2)] show zigzag chains
wurtzite structure have attracted growing attention becaus@long the[0001] direction in both the occupied and empty
many promising materials for short-wavelength lasers occuptate images. These zigzag chains are separated from each
only in the wurtzite structure. However, no atomically re- other by 0.74-0.05 nm. The periodic structure along the
solved STM investigation exists of cleavage surfaces ofigzag chain is repeated every 078.05 nm. The surface
wurtzite compound semiconductors. Therefore, we _investiunit cell of the CdSEL120) surface is indicated in Fig.(a1).
gated the electronic structure of nonpolaf20) and(1010) ~ The width of the zigzag chaifmeasured perpendicular to the
cleavage surfaces of wurtzite CdSe and CdS by scanninghain direction from the maxima on the left-hand side of the
tunneling microscopy and we discuss the possibility of bulkchain to those on the right-hand side of the chai0.23
defect investigations on these surfaces by scanning tunneling 0.01 nm. _
microscopy. The STM images of the CdEB10) surface exhibit a
rectangular pattern. The dimensions of the surface unit cell
shown in Fig. 1b1) are 0.43% 0.70 nnt (£5%). Thelonger
side of the surface unit cell is oriented parallel to fp601]
N-type CdSe and CdS single crystals grown by the Mardirection. The surface unit cell_of th@120) surface is about
kov technique and doped with Ifwarrier concentrations of 50% larger than that of th€l010) surface. We never ob-
7x10* and 1x 10'° cm™3, respectively were investigated. served any other surface reconstructions on either of the two
In order to cleave the crystals in ultrahigh vacuumsurfaces(in more than 380 images covering approximately
(5% 10 ° Pa) along thé1120) (for CdSe and(1010) planes 0.3 um? of surface area
(for CdSe and Cdgwe cut two slots into two opposite sides ~ We did not observe any significant changes of the mor-
of the samples, which were oriented parallel to the normaphology on either surface if the tunneling voltage was
vector of the desired cleavage plane. The samples weréhanged, but the polarity maintained. No tunneling was pos-
cleaved along thg¢0001] direction using a double-wedge sible for voltages between abottl.8 and+1 V. This indi-
cleavage technigue. After cleavage, the crystals were immesates that no surface states exist in the band (Ga® eV
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FIG. 1. Occupiedframes labeled 1, column on the extreme)lefid empty(labeled 2, second column from Igfitate images as well as
a schematic top viewB, third column and side view(4, fourth column of the wurtzite(1120) [frames labeleda), first row] and(1010) (b)
cleavage surfaces of Cd$second rowand the cubic GaA&10 surface{frames(c), third row]. The filled and empty ellipses in the fourth
column represent a filled and an empty dangling bond, respectively. The tunneling voltages used for measuring the images are indicated in
the lower right corner of each STM image. The tunnel current was 0.2 nA.

wide). The best images were measured in the voltage rangesd subsurface In dopant atoms in analogy to dopant atoms
—2to—3.5V and+1 to+2.5V. Since the CdSe samples observed by STM in(110 surfaces of a variety of IlI-V
weren doped, the occupied state imadeseasured at nega- semiconductor§:+1012-14

tive voltage$ show an occupied surface state or resonance at

the top of the valence bandvalence-band maximum

(VBM)]. The voltage range in which good STM images can IV. DISCUSSION

be obtained gives an indication about the width of the dis- A. 1x 1 reconstruction

ersion of the uppermost occupied surface state or reso- L . . .
gance If band bepnpding effects arr)e taken into accbuane The determination of the dimensions of the surface unit

can estimate that the occupied surface state has a width 8?" from the STM images a!lqws us to establish _that both
about 1 eV. Similarly, the empty state images arise from arpurfaces1120) and(1010) exhibit a 11 reconstruction be- -
empty state or resonance about 0.5-1.5 eV above thgause the respectlve unit ce_IIs on bglk planes hgve, W|th|_n
conduction-band minimum(CBM). No indications were the error margin, the same sizes. This result confirms previ-
found that more states contribute to the STM images, al®US 'resgl_tlsg deduced from low-energy electron
though this cannot be excluded. diffractiont (LEED) and low-energy positron diffraction

Figure 2 shows an atomically resolved image of the oc-
cupied and empty states of the Gd&10) surface. The sur-
face structure closely resembles that observed fo
CdS€1010) [see Fig. 1b)]. Again it was not possible to
extract a stable tunnel current within the band gap. We hav
not been able to detect any difference between the two m3
terials so far.

We also observed large elevations of bright cont(a&i.
3) with a diameter of 4—5 nm. These elevations superpose
the atomic-scale contrast of the clean surface. These locg
ized areas appear as elevations in the occupied and emp
state imagegboth polarities of the tunneling voltageThe
contrast is consistent with the scanning tunneling microscope FIG. 2. (a) Occupied andb) empty state images of the CdS
imaging of a downward potential surrounding a localized(1010) surface. The images were measured-&.9 and+2.4 V,
positive chargé? We thus attribute these charges to surfacerespectively(tunnel current 0.3 np
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calculations 0f1010) surfaces predict between one and three
occupied surface states close to the valence-band maximum.
These surface states and resonances are labgledls, and
Ag, 2 P, andP;,%* S, S,, and(in some casesSs, %" or
S;.28 The energetic location makes all these states prospec-
tive candidates for the state observed by photoemission and
STM. Other surface states far away from the band gap can-
not be imaged by STM and will not be discussed here. The
surface states found close to the band edge can be distin-
guished according to their properties.

(i) The state referred to dRef. 25—27 consists primarily
of a p, component localized at the top-layer anion anpa
component at the second-layer cation. The same result is

FIG. 3. Constant current image of the Cd$)1—0) surface show-

ing large elevations appearing bright in this gray scale representa- . . - .
tion. The elevations are the signature of the positively charged Iefound for theAs. (Fig. 15 in Ref. 23 or P, (Fig. 5 in Ref.

dopant atoms in different subsurface layers. The right-hand fram 4) state: Thi; state has a typicdangling-bond character
shows a dopant atom at a higher magnification. and are localized above the surface anigrere the Se at-
oms. The dangling bond extends quite far into the vacuum.
. _ It has an analog on the Ga@40 surface’®* where the
,18,20 )

meat\s_l:rementjg, d as vs_/ell e:js trt1eor(|at|ca| calcul?tlc?ﬁfx)fl (gccupied dangling bond above the As atoms almost entirely
wurtzile compound Semiconauctor cleavage surtaces. In aGyominates the STM images obtained at negative voltages,
dition, the STM images exclude the existence of other miq

) . eading to STM images like that shown in Figcl).
nority surface reconstructions.

(i) The S, state has an energy below tBeg state and is
mainly localized on the second layer close to the cation. It
may be viewed as a back bond state. Since its main localiza-
tion is in the second layer, it is unlikely to contribute signifi-

At this stage we discuss which surface states or resccantly to the tunnel current. The corresponding state on
nances give rise to the atomic contrast observed in the STNhP(110) surfaces contributes only little to the STM images
images. The frames denoted by the numbers 3 and 4 in Figind only at large negative voltag&s.

1 show schematic drawings of the atomic surface structure as (jii) TheA,,?* S;,% or P5 (Ref. 24 state has a density of

determined by LEED? A comparison with the STM images  states localized between the top-layer anion and cation. This
reveals that at one polarity only half as many maxima occuktate is best described as a bridge bond. It would lead to two
in each STM image as atoms present in a unit cell. Thugnaxima in the density of states along @01 direction
either two atoms give rise to one surface state or resonanggxt to a Se atom in the surface layer. This is not observed:;
or only every second atom has a state that can be imaged ynce this state is not imaged in the STM images.

STM at one polarity. First we turn to photoemission results.  of the states discussed above only the dangling-bond state

Photoemission measurements of the CdSe and @A®)  (j) contributes significantly to the STM images because it
surfaces indicate that these surfaces both have one occupigfiangs far into the vacuum. has the correct number of

surface state or resonance close to the top of the valen
band?? The state exhibits a relatively weak dispersiabout
1 eV wide and a maximum at thé& point of the surface
Brillouin zone (about 0.2 and 0.4 eV below the VBM for
CaS and Case, espectvelfs minmur inenery s atihe 2 cruons tnnel o it of e uface
The energy of this state agrees well with the voltages of thgrIIIOUIn zone into the tip becau§(_a the exponential energy
STM images. This suggests that the state observed by phé;j_ependence of the transfer coefficient favors states closer to
toemission corresponds to the one observed in the STM inthe valence-band maximum. At thé point the dangling-
ages of Figs. (b1) and 2a), i.e., the STM images show the bond band is closest to the VBM and a surface resonance.
spatial distribution of the state above the surface, whereas thehus the STM images of the occupied states on(flfH0)
photoemission probes the dispersion. However, photoemigurface show the lateral distribution above the surface of the
sion does not provide us with a detailed microscopic picturedangling-bond resonance close to fhgoint. This result is
i.e., the origin of the feature remains unknown. also_corroborated by a calculation of the wurtzite GaN
The next step is thus a comparison of our data with(1010) surface®
electronic-structure calculations of the cleavage surfaces of The interpretation of the empty states is complicated due
I1-VI semiconductor$3-22 We will discuss the results inde- to the lack of an inverse photoemission study of wurtzite
pendently of the specific material because the number of thesleavage surfaces. Thus we have to rely entirely on theoret-
oretical results is limited. Most of the results focus on theical results. Wang and Duke show the dispersion of an empty
specific systems investigated here anyway, and we did naturface resonance for Zm®,CdS?’ and CdSe(Ref. 27
observe any difference between CdSe and CdS by STM. Th@010) surfaces about 1 eV above the CBM. However, Poll-
theoretical results show that the different materials all have anann et al?® and Schrer, Kriger, and Pollmarft find a
similar electronic structure, only the band gap changes. Theimilar empty surface state or resonance for CdS about 2—-3

B. Electronic structure of the (10?0) surfaces

tfiaxima per unit cell, and has an energy close to the valence-
band maximum, which already allows electrons to tunnel
from the dangling-bond state into the tip at small volta@es
observed experimenta)lyFurthermore, it is possible to con-
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eV above the CBMdenotedC; in Ref. 23 andS; in Ref.  current. Therefore, the STM images of the occupied density
24). The latter energy would be too high above the CBM toof states show mainly an anion-derived dangling bond.
account for the features observed in the STM imagyes The situation of the empty states is less clear. Only the
find only the empty surface state at lower engrdysolution  dispersion of the empty state is imaged without further dis-
to this problem may be that the minimum of the empty Sur-cussi(_)n. The dispersion has some similarities to the_ empty
face state is resonant with the conduction band aftpeint ~ dangling-bond band ofL010) surfaces. Thus we tentatively
and close to the band edge, as predicted by Wang argb99est that the STM images show an empty dangling-bond
Duke?26:27 state.

Schrer, Kriger, and Pollmann show that the empty sur- 'I_'he result_that the STM probes the anion- and cation-
face state is localized at the surface anion and cation. Iferived dangling-bond states is corroborated by the fact that
principle, the STM should thus image maxima of the emptythe(1120) surface has a bonding geometry closely related to
states at anions and cations simultaneously. This is not opbat of the, e.g., GaA&10 surface: Each surface atom has
served:; hence the measurements suggest that one part of tRR¢ bond to a second-layer atom and two bonds within the
state must decay faster into the vacuum than the other one. gHrface atomic chain. In fact, the structure of (fh&20) sur-
comparable situation exists on {I20:%° the empty dan- face corresponds exactly to the_structure of a stacking fault
gling bond has a noticeable density of states above the aniofXP0osed on &110) surface. Stacking faults connected to par-
which decays faster in favor of the density of states localizedia! dislocations penetrating through a GaAK)) surface can
above the cation. Thus at larger distances, where the ST¥€ found in Figs. 3 of Refs. 32 and 33. The zigzag chain
probes the density of states, only one maximum above th§iSible in the high-resolution images of a stacking faig.
cation can be observed. Such a situation may exist on wurtz3 in Ref. 33 is the signature of the abab stacking of the local
ite surfaces too. This is corroborated by the distribution ofVUrtzite structuresee also the indication of the stacking in
the density of states at the anion: In Fig. 5 of Ref. 24 thd™19- 3 of Ref. 33. The abcabc stacking of th&11) planes in
empty density of states has two maxima close to the anior{€ cubic phase is indicated in Fig. 1 for comparison. Thus
also leading to two maxima in the STM images per unit cell.the stacking fault exhibits exactly the same zigzag pattern as
This is not observed, although the resolution was sufficienthat observed on the Cd32120) surface. In addition, the
to be able to observe this effect in principle. Thus the anionidn@ima in the stacking fault area have nearly the same
part of this state is likely to decay faster. In addition, theNneight and shape as the dangling bonds imaged on defect-
label C5 of this staté® clearly indicates its primarily cationic e (110 surfaces. In conjunction with the knowledge that
character, i.e., the empty resonance is mainly localized nedh€ dangling bonds dominate the contrast of the STM image
the cation. A direct experimental test of the relative location®f the GaA$110 surface§, " we conclude that the image
of the empty state maxima toward the occupied density ofeatures in the stacking _fault_arlse from a danglm_g bond too.
states maxima was not possible because the tip becomes ed$€ overlap of the maxima in the STM image with the po-
ily unstable on the weakly bonded CdSe and CdS surface§itions of the anions in the structural modeig. 4 of Ref.
From the above discussion we conclude that the STM image%3) supports this conplusmn. This further bapks the existence
of the empty states of thél010) surfaces show an empty _of an occupied_dangling bond above the anions on the wurtz-
dangling-bond resonance in the center of the surface Brillte Structure(1120) cleavage surfaces.
Isouuggozr?snghrErIg;tjrﬁol‘n|c—structure calculation of G&hD10) D. Effect of buckling on the STM images

The buckling of the surface bonds ¢hl10 surfaces is
, — known to induce a lateral movement of the maxima of the

C. Electronic structure of the (1120) surfaces density of states above the anions and cations. This lateral

Theoretical calculations of1120) surfaces yield a very shift was quantified for GaA%10) and directly correlated to
similar band structure compared to tfk010) surfaces, but the buckling via an electronic structure calculatfdr simi-
fewer data have been published as yet. All theoretical datkr effect can be expected to occur on wurtzite surfaces as
concern the occupied states. Two states are found on Zn@ell. On (1010) cleavage surfaces the shift is a relative shift
(Ref. 26 and CdSg1120).2° Only one state is predicted for between the occupied and empty state images in direct anal-
wurtzite ZnSe(1120) (Ref. 28 close to the VBM. ogy to the(110) surfaces. Or(1120) surfaces the shift also

(i) The state referred to & (Ref. 26 (andS; in Ref. 2§  affects the width of the zigzag chain. This allows us to de-
consists primarily of g, component of the top-layer anion termine the shift from one image thus increasing the accu-
and ap, component of the second-layer cation. The energyacy. We obtained a width of the zigzag chains of 0.23
of this state is 0.5—1.5 eV below the VBM. Its maximum and =0.01 nm. The value is larger that the ideal bulk separation
minimum are in the center and at the edge of the Brillouinof the atomg0.215 nm. In principle, it should even be pos-
zone, respectively. All these properties are in analogy to théible to measure the shifts of the anions and cations sepa-
occupied dangling-bond state Gt010) surfacegsee above  rately because of the symmetry of the atomic chains. How-
Thus, on(1120) surfaces the corresponding occupied state i€Ver, a more detail_ed analysis requires electronic-structure
also likely to be the dangling-bond state localized above thé&alculations not available so far.
anion (Se atomgin the surface layer.

(i) The S, state has an energy below tBe staté® and is
mainly localized on the second layer. It may be viewed again
as a back bond. Since its main localization is in the second A STM investigation of bulk point defects requires tiiat
layer, it is unlikely to contribute significantly to the tunnel the surface must be produced by cleavage in order to avoid

E. Suitability of the cleavage surfaces
for defect studies
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any changes by thermal cleaning procedures and the cleaunpinned. We can thus conclude that most properties of the
age surface should be preferentially perpendicular to thevurtzite cleavage surface are analogous to thos€lb6)
growth direction of interestin order to allow a real cross- cleavage surfaces of cubic compound semiconductors and
sectional view, (ii) the surface should have axil recon- the cleavage surfaces investigated here are suitable for bulk
struction because a dimerization would already obscure thdefect investigations by STM.

point defects,(iii) the electronic structure should allow an
atom-selective imaging by STM in order to distinguish be-
tween defects on the anion and cation sublattice,(arjdhe
charges of defects should be identifiable even for subsurface In conclusion, we present atomically resolved STM inves-
defects. The investigated surfaces have all these propertidigation of cleavage surfaces of II-VI compound semicon-
(i) and(ii) are fulfilled by the wurtzite cleavage surfaces asductors with a wurtzite structure. The analysis of the images
discussed above. An atom-selective imaging is possible besonfirmed the X1 reconstruction on both th€120) and
cause a charge transfer from the cations to the anions in th&010) cleavage surfaces of CdSe and CdS. The image fea-
surface layer occurs and yields a completely filled state lotures can be attributed in the occupied and empty state im-
calized at the anion and an empty state at the casee ages to the completely filled and empty dangling bonds
schematic side views in Fig).1The dangling-bond states are above the anions and cations, respectively. This is the signa-
pushed out of the fundamental band gap and thus the sutdre of a charge transfer from anions to cations in analogy to,
faces are unpinned. The dangling-bond states have beeng., GaA§110) surfaces. Thus the STM images are chemi-
found to dominate the contrast of the STM image and thereeally sensitive. No states in the band gap were observed. It
fore the STM images of all three cleavage surfaces aravas possible to observe charged dopant atoms. We conclude
chemically sensitivé® i.e., anions and cations are separatelythat the two cleavage surfaces studied are suitable for cross-
imaged. The combination of properti€g—(iii) in general sectional investigations of heterostructures as well as point
makes the observation of charged subsurface defects possililefects.
(iv) because on an unpinned surface the shallow band bend-

ing arising from localized charges is not obscured. The direct
observation of the charged dopant atoms in different subsur-

face layers(Fig. 3) further corroborates the result that no  The authors would like to express their thanks to K. H.
surface states are within the band gap and the surface Graf for technical support.

V. CONCLUSION
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