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Structural investigation of the ZnSe„001…-c„2Ã2… surface
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Zinc selenide is a model system for II-VI compound semiconductors. The geometric structure of the clean
(001)-c(232) surface has recently been the subject of intense debate. We report here a surface x-ray-
diffraction study on the ZnSe(001)-c(232) surface performed under ultrahigh vacuum using synchrotron
radiation which reveals the precise atomic geometry. The results are in excellent agreement with the Zn-
vacancy model proposed earlier on the basis of density-functional theory calculations and unequivocally
establish the correct equilibrium surface structure.
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The field of II-VI compound semiconductors has attrac
considerable interest recently due to important progres
the fabrication of electronic and optoelectronic devices1–3

and, in particular, due to the injection of spin-polarized el
trons into nonmagnetic semiconductors~see, e.g., Refs. 4 an
5, and references therein! which was achieved by alloying
II-VI semiconductor thin films with a magnetic material su
as Mn. Since interface effects are often important in thin-fi
systems a good knowledge of the electronic and geome
structures of surfaces and interfaces is indispensable for
vice design optimization. For example, to achieve hig
quality pseudomorphic growth of II-VI compound thin film
on III-V substrates a detailed knowledge about the II-V
III-V interface and the II-VI surface is essential. An examp
for recent progress in this field is thec(232)-reconstructed
ZnSe~001! surface. Marangoloet al. reported interesting
magnetic properties induced by one monolayer of Fe on
surface.6,7 However, there is still an ongoing discussion co
cerning the exact geometric structure of the cle
c(232)-reconstructed ZnSe~001! surface which is some
what surprising since this system has been extensively in
tigated in the past and is considered to be a model system
II-VI molecular beam epitaxy~MBE! growth.

The structural models described in the literature for
ZnSe~001! surface contain dimers or atomic vacancies at
surface.8–14 Most of the structural studies performed on t
c(232) reconstruction in the last decade8,13,14favor the Zn-
vacancy model shown in Fig. 1~a! which is also supported
theoretically.9,10 But reflection high energy electron diffrac
tion ~RHEED! rocking curve investigations of Ohtak
et al.12 on both the (231) and c(232)-reconstructed
ZnSe~001! surfaces cast doubt on the conventional wisdo
a Se-vacancy model@Fig. 1~b!# describes samples during th
atomic layer epitaxy growth process. The Se-vacancy mo
is very similar to the Zn-vacancy model but the Zn and
atoms are swapped and the atoms near the surface have
different relaxations. The similarity of the atomic positio
makes it difficult to distinguish between the two differe
vacancy models using techniques which lack chemical sp
ficity. Since the electron densities of Zn and Se are sim
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this generally also applies to surface x-ray diffracti
~SXRD!. However based on the different surface relaxatio
predicted by density-functional theory~DFT! calculations9 it
is possible to identify the correct model from our SXR
results.

The samples were grown in a combined III-V/II-VI MBE
system at the University of Wu¨rzburg using standard tech
niques. On an undoped GaAs~001! buffer layer a 165-nm-
thick ZnSe film15 was deposited at a substrate temperature
320 °C. Cooling the samples under Zn flux produces ac(2
32)-reconstructed surface. Subsequently the samples w
capped by a protective amorphous Se layer to avoid sur
contamination and were transported to HASYLAB under
trahigh vacuum~UHV! conditions (p,1029 mbar) using a
mobile UHV shuttle. The final surface preparation was p
formed by desorption of the Se cap and annealing the sur
at a temperature of 400 °C. This procedure recovers ac(2
32)-reconstructed surface with an average domain size
up to 800 Å.15 Afterwards the sample was transferred into
portable UHV chamber with a hemispherical Be windo
which was mounted at thez-axis diffractometer at the BW2
wiggler beam line at HASYLAB. The sample surface w

FIG. 1. ~Color online! Schematics of~a! the Zn-vacancy and~b!
the Se-vacancy models derived from DFT calculations~Refs. 9 and
10!. The reducedc(232) unit cell is shown as a gray area. Small

circles indicate atoms in deeper layers. A top view~along @001̄#)

and side views~along@110# and@11̄0#, respectively! are shown in
each case.
©2003 The American Physical Society14-1
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then aligned with respect to the incidence beam. A full d
set was recorded using a wavelength of 1.305 Å and a g
ing incidence angle of 0.35°. The intensityuFhklu2 ~where
Fhkl is the structure factor! of the reflection (hkl) was deter-
mined by rotating the sample about its surface normalv
scan!. The peaks were integrated, background subtrac
and corrected for Lorentz and polarization factors, act
sample area, and rod intercept in the standard manner16,17

The diffraction pattern revealed ac2mm symmetry. By av-
eraging symmetry-equivalent reflections of the in-plane d
set a systematic error inuFu2 of e512.4% was determined
The final data set consisted of 40 nonequivalent in-pl
reflections, 9 fractional-order rods with 324 reflections, an
crystal truncation rods with 156 reflections. For fitting t
data we used the code ‘‘fit.’’18 In the following discussion
standard low-energy electron-diffraction~LEED! coordinates
(aW 5 1

2 @11̄0#bulk ,bW 5 1
2 @110#bulk ,cW5@001#bulk) are used.

Usually the first step in a structure determination
SXRD is an analysis of the so-called Patterson funct
which immediately reveals interatomic distance vectors
the surface structure. The two-dimensional Patterson fu
tion P(xy)}(h,kuFhk0u2cos@2p(hx1ky)# is either calculated
using thein-plane structure factorsFhk0 obtained from the
measurement~for the experimentalPatterson function! or
calculated from a certain atomic model~for the theoretical
Patterson function!. Figure 2~a! shows the map of the exper
mental Patterson function obtained from our data wh
~b! and ~c! represent theoretical Patterson functions cal
lated for the Zn-vacancy and the Se-vacancy mod
respectively.9 Since onlyfractional-order in-plane data were
used the two-dimensional-Patterson map shows the di
ences between the surface reconstruction and the bulk. P
tive peaks in the maps identify interatomic distance vect
in the reconstruction. Negative peaks in the maps are a
cially produced by omitting the integer order data.19 Only
two inequivalentpositive peaks are visible in the experime
tal Patterson map@Fig. 2~a!# at ~0.60, 0! and ~0.83, 0!, all
others are due to the unit-cell symmetry. As will be discus
below they correspond to Zn-Se and Se-Se interatomic
tance vectors in the surface plane. These peaks are re
duced best by the theoretical Patterson map for the
vacancy model@Fig. 2~b!#. However it should be noted tha

FIG. 2. Two-dimensional maps of the Patterson functions ca
lated from~a! our measured fractional-order in-plane data,~b! from
the Zn-vacancy, and~c! from the Se-vacancy models~Ref. 9!. Posi-
tive peaks~white color coding! correspond to atomic distance ve
tors within the reducedc(232) unit cell, negative peaks are in
duced by omitting the integer order data~see text!. Axes are scaled
in LEED units.
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the Se-vacancy model@Fig. 2~c!# might also explain the ex-
perimental Patterson map. When Fig. 2~a! is rotated by 90°
~which might be allowed since it is difficult to distinguis
between the@110# and the@11̄0# directions in the experi-
ment! it compares quite well with Fig. 2~c! with one small
difference, namely, the change of the positions of the m

FIG. 3. ~Color online! Plot of the final fit~see Fig. 4 and Table
I! and the measured data.~a! In-plane data: The areas of the ope
and filled semicircles represent measured and calculated intens
Gray/white circles have been scaled by a factor 0.5 with respec
the black/white circles.~b! Fractional- and~c! integer-order rods:
Error bars and solid lines represent the measured and calcu
data, respectively.

-

4-2



nt
o
th

a

v
nc
cu
d
ca

th
er

ne
rs

of
s in
he
el
in

e
al

im-
the
ture
nly
ger
ire
con-
the
nSe
at a
for
ch

the
-
ac-
he

si-
h a
ic
le
ed
ent
tion
ss.
Zn

rk-
the
he

e-
e

s.

RAPID COMMUNICATIONS

STRUCTURAL INVESTIGATION OF THE ZnSe(001)-c(232) SURFACE PHYSICAL REVIEW B68, 241314~R! ~2003!
mum at~0,0.41! and the maximum at~0, 0.59!. This may be
explained by a slightly different atomic arrangeme
namely, a smaller lateral distance between Zn and Se at
in the uppermost bilayer. In conclusion the analysis of
Patterson maps confirms the presence of a vacancy site
favors Zn rather than Se vacancies.

In order to identify the correct model we performed se
eral refinement runs for both the Zn- and the Se-vaca
models. Atomic positions, Debye-Waller factors, and oc
pancies of several atomic layers of the model were varie
order to minimize the difference between measured and
culated intensities in a standard least-squares-fit routine.17 In
a first series of fits performed on the Zn-vacancy model
atomic positions of an increasing number of atomic lay
were refined ending in a fit of three ZnSe bilayers~atoms
1–6 in Fig. 4! which resulted inx252.39 for the complete
data set. Including more than three bulk layers in the refi
ment increasedx2 due to the larger number of fit paramete
Subsequently isotropic Debye-Waller~DW! factors for each

FIG. 4. ~Color online! Structural model for the ZnSe(001)-c(2
32) surface viewed~a! from the top,~b! and ~c! from the side.
Gray bars represent covalent bonds. The reducedc(232) unit cell
is shown as a gray area. Small arrows indicate the direction
relaxation of the atoms. Dash-dotted lines indicate mirror plane
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individual atom in the first two bilayers and two bulk DW
values were varied which reducedx2 to 1.57, a reasonable
small value. Another series of fits in which the occupancy
the surface atoms was varied revealed that all atomic site
the model are fully occupied. In the following we discuss t
final fit which is shown in Fig. 3. The corresponding mod
is illustrated in Fig. 4 and all fit-parameters are listed
Table I.

As demonstrated in Fig. 3~a! the in-plane data and th
fractional-order rods are very well reproduced by the fin
Zn-vacancy model. The integer order rods which are an
portant part of the SXRD data set since they contain
information about the registry between the surface struc
and the bulk show some deviations which are visible mai
close to the bulk Bragg points. Beside the fact that inte
order SXRD data in general are difficult to fit since the ent
surface including disordered or unreconstructed areas
tributes to their intensity another possible explanation for
discrepancy in our case is the small thickness of the Z
layer of 165 nm. As the measurements were performed
grazing incidence angle of 0.35° above the critical angle
total reflection of 0.26° the penetration depth was mu
larger than the thickness of the ZnSe film. Therefore
ZnSe layerand the GaAs bulk crystal contribute to the inte
ger order intensities, a fact which cannot be taken into
count by our model. However for the fractional-order t
intensity arises uniquely from thec(232) reconstruction.
Thus the fit to the fractional-order data yields atomic po
tions which are not influenced by the GaAs substrate. Suc
fit gave x251.10, an excellent value, and yielded atom
positions which are—within the error bars given in Tab
I—identical to the best fit of the Zn-vacancy model describ
above. This confirms that the derived model is in excell
agreement with the data despite the imperfect reproduc
of the integer-rod data due to the finite ZnSe layer thickne

The Zn-vacancy model consists of half a monolayer of
atoms~called the adlayer in the following! on the~001! sur-
face of a Se-terminated ZnSe bulk crystal. The most rema
able structural feature of the refined Zn-vacancy model is
fact that the Zn ad-layer is almost completely pulled into t
plane of the uppermost Se layer@see Fig. 4~c!#. This strong
vertical relaxation is illustrated by the height difference b
tween the Zn adatoms~1 in Fig. 4! and the uppermost S

of
the
ns without
mn 5
TABLE I. Atomic parameters of the Zn-vacancy model. Column 2 details the isotropic Debye Waller~DW! factors in Å2 ~SXRD results!.
DW factors for the atoms 5 Zn and 6 Se~and in deeper layers! were fixed at bulk values. Columns 3 and 4 show LEED coordinates of
atoms obtained from SXRD and DFT, respectively. Standard deviations were calculated assuming uncorrelated parameters. Positio
error were not refined due toc2mm symmetry constraints. In the DFT calculations only the atomic positions 1–3 were refined. Colu
contains the deviations between both methods in angstroms.

DW Positions~SXRD! Positions~DFT! ~Ref. 9! Difference (Å)

1 Zn 3.64~7! 1 0 20.208(4) 1 0 20.2312 0 0 0.132
2 Se 1.33~2! 0.557~1! 1 20.240(4) 0.5588 1 20.2470 20.007 0 0.040
3 Zn 1.98~2! 1.5 0.5 20.499(2) 1.5 0.5 20.5016 0 0 0.015
4 Se 0.75~2! 1 0.494~1! 20.753(2) 1 0.5 20.75 0 20.024 20.017
5 Zn 1.2 1 1 20.996(2) 1 1 21 0 0 0.023
6 Se 0.60 0.502~1! 1 21.251(1) 0.5 1 21.25 0.008 0 0.006
4-3
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atoms ~2! of only 0.18 Å. The bulklike height difference
between a Zn- and a Se-layer is 1.42 Å. As a conseque
the Se atoms~2! are pushed away laterally from their bu
positions. The atomic shifts are illustrated by small arrows
Fig. 4. All bond distances are very close to the sum of
covalent radii of Zn and Se (2.45 Å). The distance betwe
the Zn adatoms~1! and the uppermost Se atoms~2! is 2.23 Å
and corresponds to the maximum at~0.60, 0! in the Patterson
function mentioned above@see Fig. 2~a!#. The bond length
between atoms 2 and 3 (2.49 Å) is even closer to the co
lent bond length. The second peak in the Patterson func
at ~0.83, 0! corresponds to the distance of 3.53 Å betwe
the Se atoms in the top layer~2!. The atomic positions ob
tained from our SXRD analysis are in very good agreem
with the positions calculated by Park and Chadi9 ~see Table
I!. Thez coordinate of the Zn adatom differs by only 0.13
which is a small value compared to the shift of the ato
from its bulklike position (1.18 Å). For all other atoms th
deviations are below 0.04 Å.

Despite the very good agreement of SXRD and DFT
sults for the Zn-vacancy model it is not cleara priori that the
Se-vacancy model can be excluded. Since the atomic n
bers of Zn and Se are very similar it is impossible to dist
guish the atoms in a conventional x-ray-diffraction expe
ment. In other words a model with the same atomic positi
but with the atomic species exchanged would result in a fi
similar quality. However the fact that the ad-atoms are pul
into the surface of the ZnSe crystal is an important resul
our fitting procedure and allows to identify the corre
model. For the Se-vacancy models~for both by Park and
Chadi9 and by Ohtakeet al.12! the atomic configurations in
the ad-layer and in the uppermost bulk layer differ fro
those of the Zn-vacancy model not only by an exchange
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Zn and Se atoms, but also by the fact that the ad-atoms~Se in
this case! arenot pulled into the surface. The key features
the Se-vacancy models are a largeheight differenceof
1.65 Å between the uppermost Se and Zn atoms, and co
quently a reducedlateral distancebetween them@the atoms
are labeled A and B in Fig. 1~b!#. These characteristics are i
contradiction to our experimental finding. The reduced l
eral distance disagrees with the experimental Patterson f
tion ~see above! and the bulklike height of the Se-atom cou
not be verified in the fitting procedure: When the Se-vaca
model is used as a starting model for the data analys
relatively smallx2 of 1.93 is obtained by the refinement b
the final arrangement is very similar to the Zn-vacan
model with the two atoms exchanged. In particular the
ad-atoms are shifted downwards to almost the same leve
the first bulklike Zn layer. This represents a characteris
feature of thec(232) reconstruction and provides clear ev
dence that the Zn-vacancy model is the correct descriptio
the ZnSe~001! surface.

In summary we have performed a study of thec(232)-
reconstructed ZnSe~001! surface using surface x-ray diffrac
tion, and presented a detailed structural model with rat
accurate geometric parameters. Despite recent suggestio
the contrary we find that the equilibriumc(232)-surface
structure is best described by the Zn-vacancy model.
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