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Experimental measurements of the magnitudes and azimuthal anisotropies of 4 kescatered
ion fractions from both the Cd- and S-terminated surfaces off@d%} exhibit high sensitivity to both
surface structure and electron density. Using a density functional approach, a clear correlation has been
demonstrated between these "Nin fractions and the lateral variation of the electrostatic potential
along the outgoing trajectories of the scattered Ne atoms. The observed anisotropy in the ion fractions
is a result of the variations in surface to atom electron transfer rates due to tunneling barriers introduced
by the electrostatic potentials. [S0031-9007(98)07848-X]

PACS numbers: 61.80.Ba, 61.80.Jh, 71.20.Nr, 79.20.Rf

Electron charge transfer processes play a fundamentédns are accelerated by the electric field, thereby separat-
role in many dynamical phenomena at surfaces [1-3]. Théng the ion and neutral fractions. The acceleration tube
interactions of atoms and molecules with metal surfaceacts as a lens which focuses the ions onto the detector.
are relatively well understood. Methods have been develfhe absolute values of the ion fractions [11] are obtained
oped for calculation of the energy shifts and broadenindyy correcting for this focusing factor by grounding the tube
of atomic and molecular levels near these surfaces [4,54nd using a set of deflection plates which deflect all of the
and for the description of dynamical interactions in atom-ions out of the scattered flux such that only the neutrals are
surface scattering experiments [6,7]. A general underdetected. The difference in the number of particles mea-
standing is beginning to emerge [8] for more complicatedsured with no voltage on the deflection plates (neutrals
charge transfer processes such as Auger neutralization ai@hs) and with a voltage (only neutrals) gives the absolute
deexcitation. number of ions. The detection efficiencies of keV neutrals

For semiconductors and insulators, the situation is lesand ions are similar [11].
well understood. No general understanding [9] of the neu- CdS has a wurtzite structure which gives rise to a crys-
tralization and deexcitation channels has emerged. Atallographic polarity; i.e., it is terminated in either a Cd or
experimental and theoretical investigation of the neutrala S layer. Because of the inversion plane, experiments on
ization probabilities of N& ions scattered from both the both the{0001} Cd-terminated and th®001} S-terminated
Cd- and S-terminated surfaces of Ga®1} are presented surfaces could be made on a single sample by rotating
herein. The electronic properties of the surface which inthe crystal. Measurements were made on three different
fluence ion neutralization have been identified. A pro-samples which were cleaned in UHV by several cycles
nounced sensitivity of the neutralization probability ofNe of 500 eV Ar" sputtering Q.5 uA/cn? for 10 min) fol-
to surface structure and electron density is revealed. Thewed by annealing at-700 °C for 10 min. Both surfaces
neutralization probability correlates with the variations ofexhibited a(1 X 1) LEED pattern, although considerable
the local electrostatic potential on these surfaces as calcdifferences in the brightness was observed. For the Cd
lated from a density functional approach. This may pro-termination, a sharp pattern was obtained after only two
vide the basis for the further development of a generabr three cycles of sputtering and annealing. For the S ter-
theory for charge transfer reactions on semiconductors amination, the pattern remained faint, even after repeated
insulators. sputtering cycles or longer annealing times as we have re-

The measurements were carried out in a time-of-flightently reported [12]. Both surfaces are unreconstructed
scattering and recoiling spectrometer (TOF-SARS) [10]and contain two different coexisting domains, rotated by
The technique uses a pulsed noble gas ion beam which &)° from each other [12]. This results in a 8zimuthal
scattered from a sample surface in a UHV chamber. Theeriodicity of the TOF-SARS scans, rather than the°®120
scattered and recoiled ions plus fast neutrals are measurpdriodicity expected for a single domain.
by TOF techniques. A 4 keV Neion beam with a pulse Spectra of 4 keV Né scattering from the Cd8001}
width of ~50 ns, pulse rate of 30 kHz, and average ionand{0001} surfaces both with and without the acceleration
current of~0.5 nA/cnm? was used. lon fraction measure- voltages are shown in Fig. 1. Without the acceleration
ments were made by using a 50 cm long acceleration tubeoltages, both surfaces exhibit an intense peak48 ws
located within the 90 cm sample to detector drift region.due to Ne scattering from CiNe(s)/Cd] and a weaker
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maxima of the peaks. These ion fractions (Fig. 2) exhibit

Ne°(s)ICd/' A_c.ci'%r?,tm Tube a periodic behavior as a function of azimuthal angle. They
g —e—-3kV are higher on the Cd- than the S-terminated surface and the

- | maxima and minima have exactly the opposite behavior on
% y Ne(s)/Cd these two surfaces.
:3,« ,l ¥ For the Cd termination, théowestion fractions are
g F J\e Ne(s)/S found along the close-packed atomic rows, i.e., along the
% Ne'(s)ys 4 ¢ , azimuths 0 ((1000)), 60° ({(0100)), and 120 ((0010)). The
< Ne'(s)/Cd g Ne* neutralization probability is hen@nhancedor, com-
2 \5’ ]| parably, the ion survival probability idecreasedalong
3 %P Cd-terminated these dense Cd rows. Minima are also observed along the
i 50l surface 30° ({1100)) and 90 ((0110)) azimuths; however, they are

not as deep as those along the close-packed directions. The
observed periodicity of the oscillations is 30
For the S termination, theighestion fractions are found

Awe,e,aﬁo Tube along the principal azimuths, i.e.;,80°, 60°, and 90, and
—e— 0V they exhibit a 30 periodicity. Because of the low incident
—o—-3kV angle ofa = 11°, the trajectories of the incident Ndons

are influenced by grazing multiple collisions with 1st-layer
S atoms. Analysis of the trajectories using SARIC [14]
shows that this is particularly pronounced along the high
symmetry azimuths at°Q 30°, 60°, etc. This is known
as quasisingle scattering, where the projectile makes sev-
eral small angle deflection collisions with S atoms and a
S-terminated single large angle deflection collision with a Cd atom; the
surface latter collision determines the final scattered ion energy.
The structure of the CdS surface, with its short 1st-layer
S to 2nd-layer Cd spacings (0.84 A), long 2nd-layer Cd to
3rd-layer S spacings (2.51 A), and short lateral spacings
A A between the 1st-layer S and 2nd-layer Cd (1.19 A), em-
Fight Tme sy~ phasizes such multiple scattering collisions. The experi-
ment implies high ion fractions along trajectories close to
FIG. 1. TOF-SARS spectra of Arimpinging on the Cd- and  1st-layer S atoms. These results demonstrate that the scat-
S-terminated surfaces of CdS. Solid circles: neutral plus iofgred jon fractions are sensitive to both the surface struc-
spectrum. Open circles: ion accelerated spectrum. tural corrugation as well as the elemental composition.
First principles calculation of the probability for reso-
broad peak due to Ne scattering from[Se(s)/S] at nance or Auger charge transfer near a CdS surface is
~5.4 us. Upon application of-3 kV to the acceleration beyond the capabilities of our present methods. Our
tube, the Né& ions are accelerated, separating thégNe focus is to identify which properties of the surface will
Cd peak into its neutral Nés)/Cd (unshifted) and ionic influence the neutralization of atoms near a semiconductor
Ne®(s)/Cd (shifted to ~4.2 us) components and the surface such as CdS. Neutralization of the"Nen can
Ne(s)/S peak into its neutral Nés)/S (unshifted) and occur through resonant tunneling into the(Bkg level and
ionic Ne*(s)/S (shifted to~4.6 us) components. The through Auger deexcitation and neutralization [13]. In all
spectra from both surfaces are similar, with the exceptiogases, an electron is transferred from the crystal through the
of the different intensities of the Nés)/Cd peaks. The surface into the atom. Animportant factor in determining
Ne" (s)/Cd peak is more intense than expected due to théhe neutralization rate is the electrostatic potential barrier
focusing factor of the tube. The actual Nén fractions introduced by the surface.
for the Cd- and S-terminated surfaces average’% and The electronic structure of the CdS surface was calcu-
~4.2%, respectively. lated using a density functional approach [15]. The sur-
These scattered Neon fractions were highly sensitive face was approximated by using a cluster whose size was
to the alignment of the ion beam with the crystal azimuthalincreased until the charge density in an interior unit cell
directions. Azimuthal scans of the ion fractions weredid not change with increasing size. The resulting clus-
obtained by rotating the crystal about its normal andters contain up to 74 atoms partitioned in up to four layers
acquiring TOF spectra at’2antervals. The ion fractions (Cd-S-Cd-S-Cd-S-Cd-S).
were calculated [13] as the ratio of intensities'M&Ne” + The calculation shows that the CdS surface is slightly
Ne"), after correction of the Ne signal for the focusing ionic. A Mulliken charge analysis indicates that the sur-
factor, using the areas 6f3 us windows centered at the face Cd and S atoms carry net charges6f55 and—0.55,
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respectively. This is verified by a calculation of the elec-30° and 90 directions provide less dense Cd rows, hence
trostatic potential along the surface, which is found to bdower electron transfer rates, and shallower minima in
negative near S and positive near Cd atoms. The micrd=ig. 2. In between these Cd-rich rows, at’185°, 75°,
scopic origin of the spatial dependence of these electrcand 108, the electrostatic potential is repulsive due to the
static potentials can be determined by an investigation gbroximity of 2nd-layer S atoms. Exit paths over these re-
the density of states. gions experience lower neutralization rates than exit paths

The valence orbitals of CdS are composed primarilyalong the Cd-rich regions, forming the maxima of Fig. 2.
of the §3p) and Cd5s) atomic states. Aninvestigation of  The case is even more apparent for the S termination.
the projected density of states (PDOS) for the CdS clusteBince the 1st-layer S atom dictates the valence charge
allows determination of the spatial distribution of the va-density, S-rich incident paths alond @nd 60 and S-
lence electrons at the surface. For both terminations, thech exit paths along 30and 90, averaged over the two
largest contribution to the occupied DOS near the Ferméexperimental domains, present repulsive surface potentials,
level comes from the Sp) states. The calculated PDOS lower electron transfer rates, and higher'Nen fractions.
for Cd(5s) provides a negligible contribution to the occu- At a collision energy of 4 keV and scattering angle of
pied DOS near the Fermi level. The accumulation of elec# = 50°, the impact parameter for Nescattering from
tronic charge near the S atoms introduces an electrostatied is 0.790 a.u. as calculated from the Ziegler-Biersack-
potential energy barrier. Since electron transfer processdsttmark (ZBL) potential [17]. The positive ions can be
must occur through this barrier, the probability of electronneutralized in the close encounter with the Cd atoms or
transfer is reduced near S atoms. Conversely, the depléy electron capture along the trajectories. Neutralization
tion of electronic charge around the Cd atoms lowers theluring the close encounter can be an efficient process [13];
potential energy barrier, thus increasing the electron trangiowever, it is not likely to introduce an azimuthal variation
fer rates in the vicinity of Cd atoms. This is analogousof the ion fractions, we neglect the electronic processes
to the finding [16] of strongly increased (decreased) elececcurring during the close encounter. On the contrary, the
tron tunneling rates near electropositive (electronegativeprobabilities of surface to atom electron transfer processes
impurities on metals. will be sensitive to the incident and exit trajectories.

A gqualitative explanation of the periodic charge trans- We assume that neutralization of scattered dan be
fer patterns is obtained from the lateral dependence ddescribed by a rate equation [18]
the neutralization rates of a Neion outside the sur- =
face. S-rich paths yield low electron transfer rates and dn(t)/dt = —TTR(®)]n(z), (1)
high ion fractions. Cd-rich paths (thus S-poor) yield highwhereR () is the trajectory of the scattered Ne aiidR ()]
electron transfer rates and low ion fractions. For the Cdis the instantaneous neutralization rate of "Nat posi-
termination, after averaging over the two experimental dotion R(z). The electron transfer probabiliti®y(z) will be
mains (rotated 60with respect to each other), the Cd-rich modulated by the potential barriers caused by the inho-
rows occur at € 60°, and 120. This correlates with the mogeneous electrostatic potential near the surface. For
deepest minima observed experimentally in Fig. 2. Thesimplicity, assume that for the Cd (S) terminatidn,is

5155



VOLUME 81, NUMBER 23 PHYSICAL REVIEW LETTERS 7 BCEMBER 1998

enhanced (decreased) by 100% (67%) within a cylindricab atoms. In this case, maxima are calculated for the 0
region of radius 2.5 a.u. above the Cd (S) atoms. Equat0°, and 120 S close-packed directions. Slightly narrower
tion (1) is integrated along the Netrajectory. In order maxima are calculated along the°38nd 90 directions,
to model the relatively complicated XN& multiple colli-  which are composed of less dense rows of S atoms.
sions on the S-terminated surface, two simplified trajec- The magnitudes and azimuthal anisotropies of" Ne
tories were used. Examples of these trajectories alongcattered ion fractions from both the Cd- and S-terminated
the (1000) azimuth are the following: (1) A trajectory surfaces of Cd®001} are highly sensitive to both surface
with a turning point at 0.79 a.u. above a 2nd-layer Cdstructure and electron density. There is a clear correlation
atom. (2) A trajectory along1000) which is displaced by between the experimentally observed ion fractions and
4 a.u. in{0110). The final charge transfer alogg00) of  the lateral variation of the electrostatic potential on the
the S termination is taken as the average charge transfeurfaces. This correlation is believed to be caused by the
for these two trajectories. The dependence of the neurariations in surface to atom electron transfer rates due to
tralization rate as a function of distan¢e) to the sur- tunneling barriers introduced by the electrostatic potential
face layer is assumed to be a saturated exponential; i.en the surfaces.
I'[z] = 0.01 a.u. for ion-surface distances< 3 a.u. and This work was supported in part by the MRSEC Pro-
I'[z] = 0.01exd—(Z — 3)] a.u.forz = 3 a.u. Thesepa- gram of the National Science Foundation under Award
rameters have reasonable magnitudes based on previoNs. DMR-9632667 and by the National Science Founda-
studies [4,11,13,15]. The essential physics is the predidion Grant No. DMR-9521444.
tion of a decreased neutralization probability near S atoms
and an increased neutralization probability near Cd atoms.
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