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Ideal unreactive metalÕsemiconductor interfaces: The case of ZnÕZnSe„001…
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Zn/ZnSe~001! interfaces fabricated by metal deposition at room temperature onto ZnSe~001! c(232), 2
31, and 131 surfaces were studied by means of x-ray photoemission spectroscopy and current-voltage and
capacitance-voltage measurements. All junctions exhibited an ideal unreactive behavior and an identical
Schottky barrier height of 1.85 eV~for p-type conduction!. Ab initio pseudopotential calculations for model
interface configurations provide a microscopic explanation of the different behavior of Zn/ZnSe junctions as
compared to Al/ZnSe and Au/ZnSe junctions.
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I. INTRODUCTION

The physical mechanisms that control the band alignm
at metal/semiconductor interfaces are still the subject of
tense debate.1–4 The recent application of state-of-the-artab
initio computational methods is producing stimulati
results5,6 for the few epitaxial metal/semiconductor contac
available.7 Further important insight is being obtained by e
tending to metal/semiconductor interfaces linear-respon
theory concepts used earlier in the study of heterojunc
band offsets.3,8 In particular, the relative importance of th
chemical and structural properties of the two bulk mater
comprising the junction and of interface-specific effects
finally being quantitatively assessed.

All such theoretical approaches, however, are hindered
the lack of experimental information on the local atomic co
figuration of the interface. Information is usually derive
from the trends observed for simplified, model interface c
figurations. Common criticisms are that calculations
ideal, abrupt interfaces do not take into account atomic
termixing and defects, and also neglect the possible for
tion of interface reaction products. For example, in m
B/AC interfaces involving a metalB overlayer and anAC
compound semiconductor substrate, interface reactivity le
to a partialB-C exchange reaction in which the overlay
atoms react with the substrate anions~A!, and theC cations
displaced from the substrate are dissolved in the metal o
layer or segregated at the overlayer surface.2 The interface
heat of reaction calculated on the basis of the above phen
enology has been shown to correlate not only with the ex
of atomic intermixing, but also in many cases with electro
properties as well.2

In view of the above complications, it is surprising th
hardly any theoretical or experimental investigation has
cused on metal/semiconductor interfaces where the semi
ductor cation is also used to fabricate the metallic overla
(C/AC). First, such common-cation metal/semiconduc
junctions should minimize the interface heat of reaction, a
may represent a class of ideal, unreactive interfaces. Th
fore, they should be uniquely suited to experimental and t
oretical studies of the influence of the interface configurat
on the band alignment. Second, in common-cation juncti
0163-1829/2001/63~23!/235307~8!/$20.00 63 2353
nt
-

e-
n

s
s

y
-

-
r
-

a-
t

ds

r-

m-
nt
c

-
n-
r

r
d
re-
e-
n
s

the nature of the metal overlayer unequivocally determi
the chemical potential of the system, and this allows una
biguous theoretical determinations of the formation energ
of the different interfacial configurations.

Along these lines, we present here comparative exp
mental and theoretical studies of Zn/ZnSe~001! interfaces.
Junctions fabricated by molecular beam epitaxy~MBE! on
different initial semiconductor surface reconstructions w
investigatedin situ by monochromatic x-ray photoemissio
spectroscopy using protocols especially suited to the stud
common-cation interfaces. Selected junctions were also
amined ex situ by current-voltage (I -V) and capacitance
voltage (C-V) measurements. Calculations of the electro
properties and formation enthalpies of the different inter
cial configurations were performed usingab initio pseudopo-
tential methods.

II. EXPERIMENTAL DETAILS

All junctions were fabricated in a MBE facility that in
cludes twin solid-source growth chambers for III-V and II-V
semiconductors, a metallization chamber with effusion ce
for metal deposition, and an analysis chamber with x-
photoemission spectroscopy~XPS! capabilities, all intercon-
nected via ultrahigh-vacuum transfer lines.

GaAs~001! 234 buffer layers 0.5mm thick were initially
grown at 600 °C on GaAs~001! wafers in the III-V MBE
chamber after thermal removal of the native oxide. Zn
epilayers 0.5 to 1mm thick were subsequently deposited
290 °C in the II-VI MBE chamber, with a typical growth rat
of about 0.3 mm/h. ZnSe growth with a Zn/Se beam
pressure9 ratio of 0.4 or 1.0 was used to obtain Se-termina
231 and Zn-stabilizedc(232) surface reconstructions, re
spectively, as monitored by reflection high-energy elect
diffraction ~RHEED!.10,11 The two reconstructions are be
lieved to correspond, respectively, to a fully dimeriz
monolayer of Se,12 and to half a monolayer~ML ! of Zn
atoms on a complete ML of Se, i.e., to an ordered array of
vacancies within the outermost layer of Zn atoms.13,14 The
Se-rich 131 reconstruction, which involves submonolaye15

or monolayer amounts12,16 of excess Se on top of a fully
Se-terminated~001! subsurface, was obtained here by dep
©2001 The American Physical Society07-1
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iting Se onto ZnSe~001! 231 surfaces at room temperatu
for a few seconds, until the 231 reconstruction disappeare

Samples fabricated for XPS studies included ZnSe epi
ers doped with Cl from a ZnCl2 source at variable levels in
the n5331016 to 131018cm23 range. Samples fabricate
for I -V measurements included ZnSe epilayers with a gra
doping profile, tailored in order to obtain a 300-nm-thickn1

layer (;431018cm23) near the interface with the GaA
substrate and decrease the series resistance due to the
GaAs heterojunction, while comparatively lower doping~3
31016 to 131017cm23! was employed within a 500-nm
thick region at the interface with the metal.

After the ZnSe growth was completed, an elemental
flux ~beam equivalent pressure 1.631026 Torr! from an ef-
fusion cell was used to deposit elemental Zn on the des
substrate kept at room temperature. The RHEED pattern
lowing Zn deposition indicated that the metal overlayer w
polycrystalline.

Overlayers 0.3 to 5 nm thick were typically used for XP
studies of the interface chemistry and to determine
Schottky barrier heightin situ. For this purpose the sample
were transferred to the analysis chamber where a spect
eter employing a monochromatized AlKa photon source
~1486.6 eV! and a hemispherical analyzer were used
monitor the valence-band and core-level emission with
overall energy resolution of about 0.8 eV.

I -V andC-V measurements requiredin situ deposition of
100-nm-thick Zn overlayers onto the different ZnSe surfac
A final Al layer was depositedex situto aid wire-bonding to
the metal overlayer. Circular mesas with diameters in
50–400mm range were fabricated by standard photolith
graphic techniques to define the top contacts. Indium w
used to fabricate the back contacts.

III. THEORETICAL METHODS

The ab initio calculations were performed within th
local-density approximation~LDA ! to density-functional
theory ~DFT!, using the nonlocal pseudopotentials
Stumpf, Gonze, and Scheffler17 and a plane-wave basis se
We used a 30 Ry kinetic-energy cutoff for the plane-wa
expansion of the electronic orbitals, and the exchan
correlation potential was taken from the work of Ceper
and Alder.18 A nonlinear core correction was used for Zn.19

Isolated Zn/ZnSe~001! interfaces were simulated using
slab geometry in supercells characterized by 17 semicon
tor layers and 13 metal layers. We obtained epitaxial
ZnSe~001! contacts by constraining the Zn atoms on fcc—
opposed to hcp—lattice sites. The Zn@001# axis was made
parallel to the ZnSe@001# growth axis, and the Zn fcc lattice
was rotated by 45° about the@001# axis relative to the cubic
substrate in order to satisfy the epitaxial conditionai

5aZnSe/&, whereai is the Zn in-plane lattice constant.
A similar epitaxial geometry was employed previously

simulate Al/GaAs~001! and Al/ZnSe~001! interfaces,5,15,20,21

and is known to give rise to experimentally observed pseu
morphic structures, at least in the case of Al/GaAs~001!.22,23

In Al/GaAs and Al/ZnSe~100! junctions, the experimenta
lattice mismatch is about 1% (&aAl.aGaAs'aZnSe), and
23530
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produces a small elongation~2%! of the metallic overlayer in
the @001# direction for pseudomorphic conditions. Th
atomic radius of Zn in a 12-fold coordinated metal structu
(r 1251.39 Å) is 3% smaller than that of Al (r 1251.43 Å),
and one therefore expects a contraction of the Zn overla
along the@001# direction in pseudomorphic Zn/ZnSe~001!
structures.

The macroscopic elastic deformation of the Zn~001! over-
layer on the ZnSe~100! surface was determined by minimiz
ing the total energy of a bulk Zn fcc metal with respect to t
lattice parametera' along the@001# growth direction, with
the constraintai5aZnSe/&. We used the theoretical equilib
rium lattice parameteraZnSe55.46 Å ~the experimental value
is 5.65 Å!. The calculations were performed in a four-ato
tetragonal unit cell, using a~6,6,4! Monkhorst-Pack grid for
the Brillouin zone integration.24 The resulting lattice constan
of the Zn overlayer along the growth direction wasa'

53.44 Å. Our calculated equilibrium lattice constant for Z
is aZn53.67 Å, which implies that the Zn overlayer con
tracts by 6% in our structures. This should be considered
an upper bound, as the polarization of the semicore Znd
electrons—not included in our computations—is expected
increase both the Zn and the ZnSe lattice constants, wi
larger increase for Zn.

Along the lines of our previous study of the Al/ZnSe~001!
system,15 the interface atomic geometries were generated
selecting simple configurations that would give an ideal c
tinuation of the semiconductor bulk, while taking into a
count the initial composition of the starting surface~see Sec.
IV B !. The structures that will be referred to as unrelaxed
the following include only the macroscopic elastic deform
tion of the Zn overlayer, with no local atomic relaxation
the interface. For these unrelaxed structures, we used a
terplanar spacing across the metal-semiconductor inter
the average of the interlayer spacings in the metal and in
semiconductor.

To evaluate the local atomic relaxation at the interfa
we first considered metal/semiconductor structures wit
thin Zn overlayer in contact with vacuum. The initial con
figurations prior to relaxation were generated by remov
five atomic layers from the middle of the Zn slab in supe
cells containing the unrelaxed Zn/ZnSe structures. T
atomic configurations were then fully relaxed, by incorpor
ing the Hellmann-Feynman forces in a gradient procedure
minimize the total energy with respect to the ionic position
Due to the presence of the vacuum, the metallic overla
could freely relax along the growth direction, and release a
residual stress in the junction. To examine the properties
the fully developed junctions, we then incorporated the
sulting interplanar distances in a new supercell includin
full Zn slab ~13 layers of Zn!. The interlayer spacings for th
additional layers at the center of the Zn slab were set to
bulk value. We then let this structure relax again to allow
small readjustments in the metal. The supercell calculati
for the metal/semiconductor structures were performed us
a ~6,6,2! Monkhorst-Pack grid for reciprocal-space integr
tions. A Gaussian broadening scheme with a full width
half maximum of 0.1 eV was used to take into account
partial filling of the bands.25
7-2
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The p-type Schottky barrier height was written as26

fp5DEp1DV, ~1!

whereDEp is the difference between the Fermi levelEF of
the metal and the valence-band maximumEv of the semicon-
ductor, each referenced to the average electrostatic pote
of the corresponding crystal, andDV is the potential-energy
lineup across the interface. TheDEp term was obtained from
band-structure calculations for bulk, strained, fcc Zn a
bulk ZnSe, using~16,16,16! and ~8,8,8! Monkhorst-Pack
grids to evaluate the charge density in the metal and in
semiconductor, respectively. TheDV term was derived from
the self-consistent supercell charge density via Poiss
equation, using planar and macroscopic averag
techniques.3 DV is the only contribution tofp that is in-
terface specific, and will depend, in general, on the ato
configuration established at the interface.

The values offp calculated within the LDA framework
were corrected to take into account many-body and rela
istic effects. As discussed elsewhere,3,15 DV should be accu-
rately described by LDA-DFT, butDEp may change sub
stantially, mainly because of relativistic and self-ener
corrections to the LDA band structure of ZnSe. Along t
lines described in Ref. 15, we incorporated spin-orbit~20.15
eV! and many-body~10.50 eV! corrections to the position
of Ev , resulting in an overall10.35 eV increase in the
p-type Schottky barrierfp relative to the LDA values. Be-
cause of the way the above correction was estimated,15 it
carries a substantial uncertainly, of the order of 0.2 eV. Ho
ever, since it is a bulk-dependent correction, identical for
different interface configurations examined, it will not affe
the variations in barrier height from one configuration t
another. The estimated uncertainty for such variations
therefore of the order of our numerical accuracy, i.e., ab
50 meV.

IV. RESULTS AND DISCUSSION

A. Experimental results

We monitored by XPS the emission from the Se 3d,
Se 3p, and Zn 3d core levels, as well as the valence-ba
emission, from the different Zn/ZnSe~001! interfaces as a
function of Zn coverage to rule out interdiffusion and gau
the Schottky barrierin situ. Relative to conventional meta
semiconductor photoemission studies, common-cation
tems present some additional experimental challenges
conventional photoemission studies the substrate cation
emission is most often used to gauge interdiffusion and
termine the Schottky barrier height.1,2 This is because its line
shape and intensity are least affected by interface chem
in the early stages of interface formation. In common-cat
metal/semiconductor junctions, however, there is a pa
superposition of substrate cation emission features and o
layer emission features, and the available XPS energy r
lution is insufficient to separate the two core features w
the necessary accuracy. Therefore, procedures based o
substrate anion core emission and the valence-band sp
have to be developed and tested.
23530
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As an example, we show in Figs. 1 and 2 selected res
for Zn overlayers fabricated at 15 °C on the 231 surface
reconstruction. In the inset of Fig. 1 we show in a semilog
rithmic plot the integrated intensity of the Se 3d doublet
~solid symbols! and Se 3p3/2 singlet~open symbols!, normal-
ized to the initial emission from the clean surface, as a fu
tion of Zn deposition time. Zn flux calibrations, and th
observed exponential attenuation rate in Fig. 1, were con
tent with layer-by-layer growth of the Zn overlayer at a ra
of 0.04 nm/s, and unity sticking coefficient. The dashed l
in the inset of Fig. 1 shows the expected ideal behavior
layer-by-layer growth in the absence of detecta
interdiffusion.27

In the main body of Fig. 1 we show the Se 3d line shape
~left! and the valence-band emission~right! from the
ZnSe~001! 231 surface prior to metal deposition~a!, and
following deposition of 2.4~b!, and 4.0 nm~c! of Zn at
15 °C. The zero of the energy scale corresponds to the Fe
level of the spectrometer,EF . The line shape of the Se 3d
core levels remains unchanged with increasing Zn dep
tion, as expected in the absence of any relevant interf
chemistry.

FIG. 1. Inset: Se 3d and Se 3p3/2 integrated photoemission
intensity as a function of Zn deposition time during Zn depositi
on ZnSe~001! 231 surfaces at room temperature. Se 3d ~left! and
valence-band photoemission~right! ~a! from a ZnSe~001! 231 sur-
face prior to Zn deposition;~b! following deposition of 2.4 nm of
Zn; ~c! following deposition of 4.0 nm of Zn. The zero of th
energy scale corresponds to the Fermi levelEF of the spectrometer.
At intermediate coverages the valence-band emission can be re
duced as a superposition of bulk like ZnSe~dashed line! and me-
tallic Zn ~solid circles! contributions.
7-3
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From the ZnSe valence-band emission in Fig. 1~a! and a
least-squares linear extrapolation of the leading edge~see
dashed line!, we determined the valence-band maximumEv ,
and the position of the Se 3d centroid relative toEv (53.24
60.03 eV). The valence-band emission in Fig. 1~c! is indis-
tinguishable from that of bulk Zn, with a well-defined Ferm
level cutoff with energy width consistent with the expe
mental resolution, as expected. At a coverage of 4.0 nm
Se 3d core intensity is reduced to less than 7% of the init
emission intensity, and the ZnSe valence-band emiss
which scales accordingly, is effectively negligible in Fi
1~c!, so that the metallic Zn valence-band emission do
nates.

At all intermediate coverages our results consisten
showed that the valence-band emission can be reproduce
a superposition of a bulklike ZnSe emission and a bulk-
emission, shifted by a suitable energy relative to each ot
This is exemplified in Fig. 1~b!, where the dotted line show
the overlayer bulklike Zn emission, and the dashed l
shows the leading valence-band edge of the substrate b
like ZnSe emission. The resulting valence-band emissio
consistent with the expected, ideal unreactive behavio
Zn/ZnSe~001! interfaces, and allowed us to read directly t
energy separation betweenEF and Ev in Fig. 1~b!, i.e., the
p-type Schottky barrier heightfp51.8660.05 eV.

The more conventional approach to Schottky barrier m
surements monitors the position of substrate core levels
affected by interface chemistry as a function of metal cov
age to infer the position of the valence-band maximumEv .
Using for this purpose the measured Se 3d binding energy of
53.2460.03 eV relative toEv , in Fig. 1~b! we would deter-
mine fp51.8260.07 eV, consistent with the result of th
previous determination.

The method of directly reading the band alignment fro
the superposition of bulklike substrate and overla
valence-band emissions is suitable only for ideally unre
tive interfaces, such as Zn/ZnSe~001!, and at overlayer thick-
nesses comparable with the escape depth. Whenever it c
be applied to the Zn/ZnSe~001! case, it confirmed the value

FIG. 2. XPS-determined values of thep-type Schottky barrier
height fp as a function of Zn coverageu for Zn/ZnSe junctions
fabricated by Zn deposition on initialc(232) ~crosses!, 231
~open symbols!, and 131 ~solid symbols! ZnSe~001! surface re-
constructions. Different symbol shapes correspond to different
perimental runs.
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obtained using the Se 3d core doublet. At relatively low and
high Zn coverages as compared to the escape depth, onl
latter method could be applied.

There is substantial evidence in the literature that the
tial semiconductor surface reconstruction may influence
final value of the Schottky barrier height.1,2 For ZnSe inter-
faces, in particular, Chenet al. have reported a 0.25 eV re
duction infp for Au/ZnSe~001! junctions fabricated on the
131 as opposed to the 231 surface reconstruction.12 Laz-
zarino et al. recently found a 0.24 eVp-type barrier reduc-
tion when comparing Al/ZnSe~001! interfaces fabricated on
ZnSe~001! 131 surfaces to those fabricated onc(232) and
231 surfaces.15 This effect was associated with a local in
terface dipole created mainly by charge transfer from the fi
metal monolayer to the excess Se atoms at the interface,
a large relaxation in the Se-Se interatomic distances at
interface playing a major role in determining the value of t
local dipole moment.15

We therefore repeated the type of studies summarize
Fig. 1 on interfaces fabricated through Zn deposition at ro
temperature on ZnSe~001! c(232) and ZnSe~001! 131 sur-
faces. Both types of interface showed an ideal unreac
behavior consistent with that exhibited by Zn/ZnSe~001!231
interfaces. For all three types of interface, XPS determi
tions of the p-type Schottky barrier height through th
valence-band and core-level methods at different overla
coverages are summarized in Fig. 2. Crosses, open sym
and solid symbols denote results obtained following
deposition on ZnSe~001! c(232), 231, and 131 surfaces,
respectively. Different symbol shapes correspond to differ
experimental runs, and the vertical error bars reflect the o
all experimental uncertainty of60.07 eV. The resulting
XPS-determined best values of thep-type Schottky barrier
heights were fp51.7860.07, 1.8560.07, and 1.86
60.07 eV for the three types of interface. Such values
consistent with one another within the XPS experimental
certainty.

To improve the accuracy in the determination of the b
rier height and gauge the ideality of the corresponding ju
tions, we performedI -V andC-V measurements at 300 K o
selected junctions. TypicalI -V characteristics are shown i
Fig. 3, where open circles, solid squares, and solid circ
correspond to junctions fabricated through Zn deposition
ZnSe~001! c(232), 231, and 131 surfaces, respectively
The corresponding numerical values of then-type Schottky
barrier height fn and ideality factor n were fn50.82
60.02, 0.8260.02, and 0.8360.02 eV, and n51.07
60.01, 1.0760.01, and 1.0660.01, respectively, for the
three interfaces.28 C-V measurements on the same samp
~not shown! yielded only slightly higher values of then-type
barriers, i.e., fn50.8760.02, 0.8660.02, and 0.89
60.02 eV, respectively.

The transport results clearly rule out any Schottky barr
tunability. Takingfn;Ec2EF;Eg2fp , whereEc is the
conduction-band minimum in ZnSe, from theC-V transport
values we would inferp-type barrier heightsfp;1.83
60.02, 1.8460.02, and 1.8160.02 eV, respectively, for in-
terfaces fabricated onc(232), 231, and 131 surfaces.
Within the combined transport and XPS experimental unc

x-
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tainties, such barrier heights are fully consistent with
results of the XPS studies in Fig. 2.

In summary, XPS and transport studies consistently sh
that the Schottky barrier height for ideal unreactive Z
ZnSe~001! interfaces is independent of the initial reconstru
tion and composition of the ZnSe surface, in sharp cont
with the behavior exhibited by Au/ZnSe~001! and Al/
ZnSe~001! junctions. A possible explanation is that the loc
interfacial configurations responsible for Schottky barr
tuning in Al/ZnSe~001! and Au/ZnSe~001! junctions corre-
spond to more similar Schottky barrier heights in Z
ZnSe~001!. Alternatively, such configurations might simp
not occur, i.e., might be unstable for Zn/ZnSe~001! junctions.
Our calculations allowed us to discriminate between th
two explanations.

B. Theoretical band alignment and interface formation energy

The simple unrelaxed atomic configurations selected
our calculations of the Zn/ZnSe~001! interface properties are
illustrated in Fig. 4. For Zn overlayers fabricated on t
c(232) surface we positioned the Zn atoms at the Zn
cancy sites of the outermost semiconductor layer. This
sults in a full layer of Zn atoms at the ideal zinc-blen
position below the first fcc atomic layer of metallic Zn~see
configurationA in Fig. 4!. For Zn overlayers deposited o
the 231 surface we terminated the semiconductor with a
layer of Se atoms at the ideal bulk zinc-blende positions
put the Zn atoms in the next layer on ideal fcc sites~configu-
ration B!. For Zn overlayers fabricated on the 131 surface,
we used a virtual-crystal approach to terminate the semic
ductor with a 50% Se–50% Zn atomic layer~see shaded
symbols in Fig. 4! on top of the Se~001! subsurface layer
~configurationC!. The 50-50 composition was selected b
cause the excess Se coverage of our 131 surfaces relative to
the 231 surface was about 0.5 ML.15

The equilibrium interplanar spacings along the@001#
growth direction, as obtained after full atomic relaxation, a

FIG. 3. Current-voltage characteristics for Zn/ZnSe junctio
fabricated by Zn deposition on initialc(232) ~open symbols!, 2
31 ~solid squares!, and 131 ~solid circles! ZnSe~001! surface re-
constructions. The corresponding values of then-type Schottky bar-
rier heightfn and ideality factorn are also shown.
23530
e

w
/
-
st

l
r

/

e

r

-
e-

ll
d

n-

-

e

illustrated in Fig. 5, for the three configurations examined.
the unrelaxed structures, each layer of Zn metal includes
inequivalent sublayers, with Zn atoms occupying either s
stitutional (Zn(S)) or tetrahedral interstitial (Zn(I )) sites in
the continuation of the zinc-blende lattice. The relaxations
the Zn(S) and Zn(I ) sublayers are different, and produce som
buckling of the Zn~100! planes. The two sets of interplana
distances reported on the metal side of the junctions, in
5, correspond to the largest and smallest distances betw
relaxed Zn sublayers in adjacent planes.

The bulk interlayer spacings, denoted by solid horizon
lines in Fig. 5, are recovered only beyond the sixth~for con-
figurations A and B! or the seventh~for configurationC!
semiconductor layer and beyond the fourth~C! or fifth ~A
andB! metal layer from the junction. We note that conve
gence to the semiconductor bulk interlayer spacing is sign
cantly slower here than in a system such as Al/GaAs~001!,
where the bulk value is already recovered beyond the sec
semiconductor plane.29 Such a slow convergence is also o
served in Al/ZnSe~001! junctions, and reflects the increase
ionic character of ZnSe as compared to GaAs.

Except for the buckling in the metal, the largest chang
in interlayer spacing as a result of relaxation concern
metal-semiconductor interlayer distance across the junc
in configurationsA and B, and the Se-Zn0.5Se0.5 interplanar
separation in configurationC. The average separation be
tween the last semiconductor layer and the first Zn(S) and

s

FIG. 4. Initial Zn/ZnSe~001! interfacial configurations employed
in the supercell calculations, prior to atomic relaxation. Configu
tion A involves Zn atoms positioned at the Zn vacancy sites of
c(232) surface, below the Zn fcc lattice rotated 45° about t
@001# axis relative to ZnSe to satisfy the epitaxial relation. Config
rationB involves a ZnSe surface terminated by a full Se monola
below the fcc metal. ConfigurationC involves a ZnSe surface ter
minated by a 50% Se–50% Zn atomic layer on top of a full
monolayer.
7-5
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Zn(I ) sublayers of the metal increases by 10% in configu
tion A and by 30% in configurationB, while the Se-Zn0.5Se0.5
interlayer distance increases by 25% in configurationC.
Such changes relative to the unrelaxed geometries, which
quite substantial, are qualitatively similar to those obser
in the Al/ZnSe~100! system, where relaxation yielded a 5
and a 20% increase in the average metal-semiconducto
terplanar separation for configurationsA andB, respectively,
and a 40% increase in the Se-Al0.5Se0.5 interlayer distance for
configurationC.15

In Fig. 6 we show the macroscopic average of the el
trostatic potentialV across the interface for the configur
tions A, B, andC examined after full atomic relaxation. Th
relaxed positions of the different~001! atomic planes are
illustrated by the atomic symbols below each electrost
potential profile. The horizontal dashed lines in Fig. 6 a
used to illustrate the calculated electrostatic potential lin
DV across the three Zn/ZnSe~001! interfaces. We caution the
reader that the negative sign has been omitted fromDV in

FIG. 5. Equilibrium interplanar spacings in Zn/ZnSe~001! junc-
tions with interfacial configurationsA, B, andC. The sequence o
atomic planes prior to atomic relaxation is indicated at the bott
of each graph. Each Zn~001! plane in the unrelaxed structure in
cludes two inequivalent sublayers; the two sets of interplanar
tances reported in the plots, on the metal side of the junctio
correspond to the largest and smallest distances between re
sublayers in adjacent planes.
23530
-

re
d

in-

-

ic
e
p

Fig. 6 for clarity, and that the calculated values are20.57,
20.44, and20.74 eV, respectively, for configurationsA, B,
andC.

The LDA values of the Schottky barrier height can
obtained from Eq.~1! using the above values ofDV and the
calculated LDA value of the band-structure termDEp
51.92 eV. For configurationsA, B, andC we obtained LDA
p-type Schottky barrier heights of 1.35, 1.48, and 1.18 e
respectively. Finally, by adding the combined relativistic a
many-body correction of10.35 eV, we estimatedfp
51.70, 1.83, and 1.53 eV for the three configurations exa
ined.

The predicted differences in barrier height are subst
tially larger than the experimental uncertainty in the determ
nation of the barrier height. Therefore the three types of c
figurations that were used to explain the Schottky bar
tunability in Al/ZnSe~001! junctions,15 if implemented in the
case of Zn/ZnSe~001!, should give rise to clearly detectab
differences in the Schottky barrier height, in contrast w
the experimental results in Figs. 2 and 3.

As to the absolute values of the calculated barrier heig
the large uncertainty carried by the many-body correct
complicates comparison with experiment. Since the exp

s-
s,
xed

FIG. 6. Macroscopic average of the electrostatic potential
ergy V and potential energy lineupDV across the relaxed Zn
ZnSe~001! junctions. The negative sign has been omitted for clar
and the calculated values are20.57,20.44, and20.74 eV, respec-
tively, for configurationsA, B, and C. Relaxation is graphically
illustrated at the bottom for each atomic plane. Double atomic sy
bols denote inequivalent relaxation at different sites. The calcula
values offp are also shown.
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mentally observedp-type Schottky barrier value in Figs.
and 3 remains at about 1.85 eV irrespective of the ini
reconstruction of the ZnSe~001! surface, predictions for both
configurationsB andA would be consistent with experimen
Finally, we note that the calculated trend in the barrier hei
with interface termination is different from that of the A
ZnSe~100! system, wherefp was found to decrease from
2.00 eV for configurationA ~Se-Zn0.5Al0.5-Al interface! to
1.95 eV for configurationB ~Zn-Se-Al interface!, and to 1.39
eV for configurationC ~Zn-Se0.5-Al0.5-Al interface!.

The different trend is primarily the result of a large d
crease in the calculated value offp for configurationA in
going from Al/ZnSe to Zn/ZnSe. A local interface dipo
produced by the increased negative ionic surface charg
the Zn-terminated semiconductor surface in Zn/ZnSe rela
to the Zn0.5Al0.5-terminated semiconductor surface in A
ZnSe and the corresponding positive image charge in
metal cause the observed decrease.30 Specifically, starting
from Se-Zn0.5Al0.5-Al ~configurationA! in Al/ZnSe~100!, the
local dipole generated by replacing the group-III Al atoms
the Al0.5 sublayer at the interface with group-II Zn atom
decreasesfp(A) by 0.6 eV. The subsequent replacement
the Al atoms in the metal overlayer with Zn atoms increa
fp(A) by 0.07 eV, while atomic relaxation further increas
fp(A) by 0.23 eV. The latter two contributions thus redu
only somewhat the effect of the local dipole, which is r
sponsible for the change in the barrier trend.31

The formation energiesEf of the three Zn/ZnSe~001! in-
terface configurations examined were calculated as

Ef5
1

2 S Etot2(
i

nim i D , ~2!

whereEtot is the calculated total energy of the supercell,ni
and m i are the number of atoms and the chemical poten
for each atomic speciesi in the supercell, and the12 factor
takes into account that there are two equivalent interfa
within the supercell.

In a genericB/AC metal/semiconductor junction, ther
would be three atomic species and therefore three chem
potentials to contend with. The chemical potentialmB and
mAC5mA1mC can be obtained from the calculated total e
ergy of the corresponding bulk materials, but this is n
enough to specify all three of theatomicchemical potentials
in Eq. ~2!. Because the supercell contains a different num
of A andC atoms, the interface formation energy will depe
linearly on the isolatedA or C chemical potential. For a
generalB/AC interface, therefore, the relative stability of th
different interfacial configurations depends on the isola
anion~or cation! chemical potentials, which, in turns, shou
be influenced by the experimental conditions. This very
gument has been used recently to explain how the rela
stability of As- and Ga-terminated Al/GaAs~001! and Al/Si/
GaAs~001! interfaces could be determined by the grow
conditions,5,29 and to account for the wide experimental tu
ability of the corresponding Schottky barrier heights.32–34

In Zn/ZnSe~001!, however, as for any other common
cation metal/semiconductor junction, the situation is intrin
23530
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cally different. The chemical potentialsmZn and mZnSe
5mZn1mSe can be determined from the calculated total e
ergies of bulk, strained fcc Zn and bulk ZnSe, respective
and in thermodynamic equilibrium conditions they are su
cient to unequivocally define the interface formation ene
in Eq. ~2!.

For the relaxed configurationsA andB we obtained inter-
face formation energies of 0.53 and 0.62 eV, respectiv
per semiconductor interface atom. Although for the absol
values of our formation energies we estimated an uncerta
of 0.2 eV per semiconductor interface atom,variationsin the
formation energy between two configurations carry an unc
tainty of only 0.01 eV per semiconductor interface atom. T
implication is that configurationA is significantly more
stable than configurationB.

ConfigurationC is of special interest, since for interface
fabricated on the ZnSe~001! 131 surfaces charge transfe
to the excess Se atoms at the interface has been assoc
with an important reduction of thep-type Schottky barrier
height.15 A reduction infp is also observed in Fig. 6 whe
comparing the configurationC with configurationsA andB.
The corresponding calculated interface formation ener
however, is 1.90 eV per semiconductor interface atom. T
more than threefold increase in interface formation ene
relative to the other two interfaces makes it exceedingly
likely that this interface would ever be encountered in pr
tice.

We caution the reader that the above discussion is ba
solely on thermodynamic arguments, and neglects all p
sible kinetic effects associated with the growth of a Zn ov
layer on ZnSe surfaces with different initial composition
On the other hand, the calculated interface formation en
gies do capture the eminently reasonable trend that Se
semiconductor terminations are unlikely to remain stable
der Zn deposition even at room temperature, and that
presence of a Zn flux during overlayer fabrication preve
the tunability of the interfacial configurations and of th
Schottky barrier associated with the variable cation~or an-
ion! chemical potential during interface fabrication.

V. CONCLUSIONS

Zn/ZnSe~001! metal/semiconductor junctions exhib
ideal unreactive properties, with layer-by-layer growth a
no detectable atomic interdiffusion. Transport and pho
emission measurements indicate ap-type Schottky barrier
height of 1.85 eV, independent of the growth conditions a
of the initial reconstruction and composition of th
ZnSe~001! surface within experimental uncertainty. This
in contrast with the behavior of Au/ZnSe~001! and Al/
ZnSe~001! contacts, which reportedly exhibit marked
lower p-type Schottky barrier heights for interfaces fab
cated on the metastable Se-rich 131 surface.

The absence of any observable tunability of the Schot
barrier for Zn/ZnSe~001! is consistent with the calculate
formation enthalpies of model interface configuration
which suggest that all Se-rich semiconductor terminatio
are unlikely to remain stable, and that the presence of a
7-7
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flux during overlayer fabrication prevents the tunability o
the local atomic configurations associated with the varia
cation ~or anion! chemical potential.
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