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Al/ZnSe„100… Schottky-barrier height versus initial ZnSe surface reconstruction
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Al/ZnSe~100! Schottky barriers fabricated onc(232), 231, and 131 reconstructed surfaces were studied
by means of photoemission spectroscopy and first-principles calculations. Relatively similar values of the
Schottky barriers were found for interfaces fabricated on Zn-stabilizedc(232) and Se-dimerized
231surfaces, while substantially lower values of thep-type barriers were predicted theoretically and observed
experimentally for junctions grown on the Se-rich 131 surface.@S0163-1829~98!51716-X#
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The possibility of tuning the Schottky-barrier height h
been attracting attention since the inception of the study
metal/semiconductor junctions.1 Recently, renewed interes
has been stimulated by the contact problems that pla
wide-band-gap semiconductors such as ZnSe and GaN.2–7

We report experimental and theoretical studies of
Schottky barrier at Al/ZnSe~100! interfaces showing that th
barrier height is strongly dependent on the initial compo
tion of the semiconductor surface. The observed experim
tal trend is that while thec(232) and 231 surface termi-
nations correspond to similar barrier heights, a 0.2560.05
decrease in thep-type barrier is found when the junction
fabricated on the Se-rich 131 surface termination. The the
oretical trend in the barrier is compellingly similar, i.e., jun
tions corresponding to thec(232) and 231 terminations
are predicted to have relatively similar barrier heigh
~within 0.05 eV!, while those obtained for the Se-rich 131
surface are expected to have a lowerp-type barrier, and spe
cifically lower by 0.4560.20 eV for the measured excess
coverage of 0.4160.18 ML of the 131 relative to the 2
31 reconstruction. Our first-principles calculations f
model interface configurations explain our experimental
sults in terms of a variable Se-induced local interface dipo

ZnSe epilayers~500 nm thick! were grown by molecular-
beam epitaxy~MBE! on GaAs~100!.8 All epilayers were Cl
doped (n;1 – 331018 cm23). A thick Se cap layer was use
to protect the samples during transfer in air to the photoe
tron spectrometer. The Se cap layer was thermally deso
in situ, and different surface reconstructions—as determi
by reflection high-energy electron diffraction~RHEED!—
were obtained by varying the annealing conditions. Al ov
layers 2–3 nm thick were evaporatedin situ on ZnSe sub-
strates kept at room temperature, with thickness determ
using a quartz thickness monitor. Surfaces and interfa
were examined after quenching to room temperature
monochromatic x-ray photoemission spectroscopy~XPS! us-
ing Al Ka radiation~1486.6 eV!, an overall energy resolu
tion ~electron plus photons! of ;0.8 eV, and an effective
photoelectron escape depth of;1.5 nm, or by soft-x-ray
synchrotron radiation photoemission spectroscopy~SRPES!
at the Synchrotron Radiation Center of the University
Wisconsin–Madison, with an energy resolution of 0.2 eV
570163-1829/98/57~16!/9431~4!/$15.00
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In Fig. 1 we show SRPES results for the Se 3d and Zn 3d
core-level emission at a photon energy of 120 eV from s
faces exhibiting the three types of RHEED patterns rep
ducibly obtained in sequence upon annealing. After ann
ing at ;260 °C, the Se-rich 131 surface gives rise to a
relatively broad Se 3d line shape which reflects a hig
binding-energy contribution associated with Se-Se coord
tion at the surface,9 and a Zn 3d/Se 3d integrated intensity
ratio R50.8160.03. Following annealing at;330 °C, the
Se-stabilized 231 reconstruction gives rise to a sharper
3d line shape, and a Zn 3d/Se 3d integrated intensity ratio
R50.9560.03. This reconstruction is also observed duri
ZnSe MBE in Se-rich growth conditions, and is believed
correspond to a surface terminated by a fully dimeriz
monolayer of Se.9 For higher annealing temperature
(>430 °C!, the well-known c(232) reconstruction9–11 is
seen to correspond to a single Se 3d doublet, a clearly de-
fined high binding-energy shoulder in the Zn 3d line shape,
andR51.2160.03. This reconstruction is also observed d

FIG. 1. Synchrotron radiation photoemission~SRPES! results
for the Se 3d and Zn 3d core-level emission from the Se-rich
31 ~bottom-most spectra!, Se-dimerized 231 ~midsection!, and
Zn-stabilized c(232) ~topmost spectra! reconstructions of the
ZnSe~100! surface. The corresponding values of the Zn 3d/Se 3d
integrated intensity ratioR are 0.81, 0.95, and 1.21, respectively
R9431 © 1998 The American Physical Society
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ing ZnSe MBE in Zn-rich growth conditions, and is believe
to correspond to a surface terminated by half a monolaye
Zn atoms on a complete ML of Se, i.e., to an ordered arra
Zn vacancies within the outermost layer of Zn atoms.9–11

The shoulder on the low kinetic-energy side of the m
bulk-related Zn 3d feature, in particular, is believed to b
associated with such Zn surface atoms.9

Recent total-energy calculations have shown thec(2
32) and 231 reconstructions to be the lowest energy co
figurations among those examined for Zn-rich and Se-r
surfaces, respectively.12 In fact, the Se-rich 131 reconstruc-
tion is not observed during ZnSe MBE, and has only be
reported during desorption of a Se cap layer. Kahn and
workers reported a Se-rich 131 reconstruction for an an
nealing temperature of;200 °C, and tentatively associate
this reconstruction with the presence of 2–3 ML of excess
on the surface.9 Lopinskyet al. studied the same surface an
reported strong similarities between the corresponding e
tronic states and those observed upon deposition of a si
amorphous monolayer of Se onto an unreconstructed,
terminated ZnSe surface.13

The R values in Fig. 1 were used to model the surfa
composition under three main simplifying assumptions:~i! a
single photoelectron escape depthl—independent of the sur
face termination—exists for the bulk and surface regions;~ii !
the photoemission intensity can be expressed as the su
the emission intensities from discrete~100! atomic planes;
~iii ! the emission from a given plane at a depthd from the
surface is attenuated bye2d/l. The measuredR values are
then found to be consistent with an excess Se coveragex of
about half a monolayer for the 131 surface used in this
study as compared to the 231 surface14

Prior to metal deposition, the positions of the Zn 3d and
Se 3d centroids relative to the valence-band maximumEV
were determined using a least-squares fit and a linear
trapolation of the leading edge of the valence band. Up
deposition of 2–3 nm of Al, new measurements of the co
level positions and the known position of the spectrome
Fermi levelEF were used to infer thep-type Schottky barrier
Fp;EF2EV and the n-type barrier Fn;EC2EF , with
EC2EV52.70 eV at room temperature. The procedure
illustrated in Fig. 2. Prior to metal deposition, the centroid
the Zn 3d core doublet was found 9.1660.04 eV belowEV
for all surfaces. Upon metal deposition, the Al 2p core-level
emission appears at the position expected for elemental
tallic Al for all interfaces examined. The position of the Z
3d centroid varies instead for the three interfaces, and ca
used to infer the position ofEV relative toEF .

From the results in Fig. 2 we determinedFn50.55
60.06 eV (Fp52.1560.06), Fn50.5960.06 (Fp52.11
60.06), andFn50.7960.06 eV (Fp51.9160.06) for in-
terfaces fabricated onc(232), 231, and 131 reconstruc-
tions, respectively. The quoted experimental uncertainty
plies to each individual value of the barrier, but th
uncertainty on the barrier heightvariation in the series, that
depends only on the determination of core-levelshifts, is
comparatively smaller~typically 0.03 eV!. Interface reac-
tions do not affect the Schottky-barrier determination in F
2. This is demonstrated by the SRPES results for a junc
fabricated on a 131 surface in the bottom-most section
Fig. 2. Prior to metal deposition, the position of the Zn 3d
of
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centroid was found 9.1360.03 eV belowEV . After metal
deposition, the Zn 3d line shape shows two contributions.
low binding-energy doublet develops during the early sta
of interface formation, and reflects Zn atoms displaced fr
the semiconductor and segregated in the metallic overla
This reacted component is visible as a shoulder in the X
results, and is emphasized in SRPES due to the higher
face sensitivity. The high binding-energy doublet deriv
from the ZnSe substrate, and can be used to obtainFn
50.7860.04 eV, in good agreement with the XPS result.

Previous determinations of then-type Schottky barrier for
Al/ZnSe junctions focused on thec(232) reconstruction
and yielded values of 0.5560.10 eV ~Ref. 15! and 0.58
60.10 eV~Ref. 10!, consistent with those reported here f
the same reconstruction. The 0.24 eV increase inFn ~de-
crease inFp! for interfaces fabricated on the Se-rich 131
reconstruction in Fig. 2 is among the highest barrier chan
versus semiconductor reconstruction which have been
ported to date.1 To investigate the microscopic mechanism
that may account for such a large change in the Scho
barrier, we performed first-principles calculations of the ba
alignment for a series of model interface configurations.

As in recent studies of Al/GaAs~100! junctions,6 the cal-
culations were performed within the local-density appro
mation to density-functional theory~DFT!, using the pseudo-
potential plane-wave method.16 To model the isolated Al/

FIG. 2. X-ray photoemission spectroscopy results for the Al 2p ~left!
and Zn 3d ~center! core-level emission, together with the correspondi
position of the Fermi levelEF in the gap for Al/ZnSe~100! junctions fabri-
cated by depositing 3-nm-thick Al overlayers onc(232), 231, and 131
surface reconstructions~three topmost sections, top to bottom, respectivel!.
For comparison we also show~bottom-most spectra! SRPES results for a
junction fabricated on the Se-rich 131 reconstruction. The low binding-
energy 3d doublet~dashed line! reflects Zn atoms within the metallic over
layer. The high binding-energy doublet~dot-dashed line! derives from the
semiconductor substrate. The position of the bulk Zn 3d emission is used to
derive the position of the valence-band maximumEV and the conduction-
band minimumEC relative to the Fermi levelEF at the interface~right-most
section!.
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ZnSe~001! interfaces, we used supercells consisting of
layers of ZnSe and 7 layers of Al. In view of the good latti
matching between ZnSe and GaAs, many of the struct
considerations put forth in Refs. 6 also apply to the pres
case. In particular, the Al@100# direction was made paralle
to the ZnSe@100# growth axis, and the Al fcc lattice wa
rotated 45° about the@100# axis relative to ZnSe cubic lattic
in order to satisfy epitaxial relations. The Al overlayer w
tetragonally elongated~4%! following macroscopic elasticity
theory, and the local atomic structure at the interface w
fully relaxed.

The starting interface configurations17 prior to atomic re-
laxation are schematically illustrated on the right-hand s
of Fig. 3. We selected simple configurations correspond
to ideal continuations of the semiconductor bulk while taki
into account the initial composition of the starting surfac
For Al/ZnSe fabricated on thec(232) surface we posi-
tioned Al atoms at the Zn vacancy sites of the outerm
semiconductor layer~configurationA in Fig. 3!. For Al/ZnSe
fabricated on the 231 surface we terminated the semico
ductor with a full layer of Se atoms at the ideal bulk po
tions ~configurationB!. For Al/ZnSe fabricated on the 1
31 surface, we used a virtual crystal approach to termin
the semiconductor with a 50% Se-50% Al atomic layer~con-
figurationC!.

FIG. 3. Right: Starting interface configurations employed in the sup
cell calculations. ConfigurationA involves Al atoms positioned at the Zn
vacancy sites of thec(232) surface, below the Al fcc lattice rotated 45
about the@100# axis relative to ZnSe to satisfy the epitaxial relation. Co
figuration B involves a ZnSe surface terminated by a full Se monola
below the fcc metal. ConfigurationC involves a ZnSe surface terminated b
a 50% Se–50% Al atomic layer on top of a full Se monolayer. Left: Ma
roscopic average of the electrostatic potential energyV and potential energy
lineupDV across the relaxed junctions. Relaxation is graphically illustra
at the bottom for each atomic plane. Double atomic symbols denote
equivalent relaxation at different sites. Since an increase inDV corresponds
to an identical decrease inEF2EV , the calculations predict a 0.05 eV
decrease inFp in going from the relaxed configurationA to the relaxed
configurationB, and a further decrease by 0.56 eV in going from the rela
configurationB to the relaxed configurationC. The calculated values ofFp

are also shown.
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For convenience the Schottky barrier was decompose
Fp5DEp1DV. The band-structure termDEp is the differ-
ence between the Fermi energy of the metal and the vale
band edge of the semiconductor,EV , in the bulk, each mea
sured relative to the average electrostatic potential of
corresponding crystal.6 This term does not depend on th
interface, and was determined from standard bulk ba
structure calculations for ZnSe and Al. The second termDV
is the electrostatic potential-energy lineup across the in
face, and contains all interface-specific features. This is
only term inFp which may change in the presence of inte
facial perturbations.

The potential energy lineupDV was derived via Poisson’s
equation from the self-consistent supercell charge density
ing the macroscopic average technique.6 The supercell cal-
culations were performed with a plane-wave kinetic-ene
cutoff of 20 Ry. The other computational details are as
Ref. 6. In Fig. 3 we show the macroscopic average of
potential energyV and the potential lineup across the relax
junctions. Since an increase inDV corresponds to an identi
cal increase inEC2EF ~decrease inEF2EV!, the calcula-
tions predict a 0.05 eV increase inFn ~decrease inFp! in
going from the relaxed configurationA to the relaxed con-
figurationB, and a further increase ofFn ~decrease inFp!
by 0.56 eV in going from the relaxed configurationB to the
relaxed configurationC. The direction and order of magni
tude of the predicted shifts are consistent with those
served experimentally~see Fig. 2!, suggesting that although
the model configurations employed may not describe the
tail of the actual atomic reconstructions,18 they do capture
the basic electrostatic trend as a function of interface co
position.

We emphasize that atomic relaxation at the Al/ZnSe~100!
interfaces is substantial, and has an important effect~of the
order of 0.5–1 eV! on the Schottky-barrier height, especial
for the Se-rich configurationC. In this case, from the initial
configurationC we found that the Se–Al0.5Se0.5 interplanar
spacing at the interface increased by 40% after converge
and became comparable to the Al0.5Zn0.5–Al and Se–Al in-
terplanar distances of configurationsA and B, respectively.
This large relaxation in configurationC reflects the increased
metallic character of the bonds between the Se and
Al0.5Se0.5 atomic layer.

To calculateFp , the LDA band-structure termEV and
therefore DEp should be corrected to take into accou
many-body and relativistic effects. As a ground-state pr
erty, DV is instead accurately determined within DFT. Th
spin-orbit correction onDEp was derived from experiment
and amounts to20.15 eV. The many-body corrections to th
band structure of ZnSe have been evaluated in Ref. 19
the LDA band-gap values in our calculations and in Ref.
are different, due to the different pseudopotentials employ
we used the valence band-edge correction of Ref. 19
scaled it by the ratio of the difference between theGW band
gap19 and the LDA band gaps in the two calculations. T
resulting estimate for the many-body correction onDEp was
10.50 eV. Using these two corrections, we obtainFp
52.00, 1.95, and 1.39 eV for the relaxed configurationsA,
B, andC, respectively. We emphasize that while thevaria-
tion of the calculated Schottky barrier with interface comp
sition is independent on the magnitude of the self-ene

r-

r

-

d
n-

d



g

e

o
v
to
le

e

on-
eta-

ity

in
f
ug-
er-
be
ed

of

Se

ole

first
rge
role
he

er
n-
un-

u-
nce
us-

l
S
e
o

RAPID COMMUNICATIONS

R9434 57M. LAZZARINO et al.
correction, the absolute value of the barrier depends on
magnitude of such a correction, which was not calculated
our work, but simply rescaled from that of Ref. 19. There
therefore a substantial uncertainty (60.2 eV! in the absolute
values of the theoretical barrier.

The mechanism responsible for the large reduction inFp
for interfaces fabricated on the 131 surface is illustrated in
Fig. 4, where we plot the difference in the electronic char
distribution and in the electrostatic potential calculated b
tween an interface terminated with two full Se monolaye
and a single Se monolayer. The latter corresponds to
relaxed configurationB, while the former corresponds to th
limiting case of a type-C configuration forx.1. Charge
transfer from both the metal and the Se-terminated semic
ductor to the excess Se atoms at the interface is clearly
ible, and the asymmetry in the charge transfer gives rise
well-defined dipole-field across the interface. The dipo
induced change in the electrostatic potential lineup

FIG. 4. Difference in the charge distribution~top! and average potentia
energy~bottom! calculated between an interface terminated with two full
monolayers, and a single Se monolayer. The latter corresponds to th
laxed configurationB, while the former corresponds to the limiting case
a type-C configuration forx.1.
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roughly proportional to the Se excess coveragex on the Se-
terminated semiconductor surface for 0,x,1. A 0.95 eV
decrease inFp is obtained forx51 ~see Fig. 4!, and a 0.56
eV decrease is calculated forx50.5 ~Fig. 3!. Therefore a
0.4560.20 eV decrease in the barrier is expected forx
50.4160.18 ~Ref. 14!.

Recently, Chenet al. reported a 0.25-eV reduction in th
p-type barrier for Au/ZnSe~100! junctions by introducing a
2–3 ML Se interlayer between the metal and the semic
ductor, and proposed an electronegativity-based interpr
tion of the barrier reduction.15 The similar 0.25-eV barrier
reduction in the presence of vastly different electronegativ
variationsDX (DX50.94 for Al-Se versus 0.01 for Au-Se in
Pauling’s scale!, and the expected saturation of the dipole
Fig. 4 forx.1, call into question the general applicability o
a simple electronegativity-based approach. Our results s
gest that lattice relaxation plays an important role in det
mining the Schottky barrier in these systems and should
taken into account to improve upon electronegativity-bas
estimates of the interface dipole.

In summary, experiment points to an important effect
the initial ZnSe surface composition on the Al/ZnSe~100!
Schottky barrier. In particular, the presence of an excess
coveragex at the 0.5 ML level on top of a fully Se-
terminated ZnSe surface gives rise to a local interface dip
that lowers substantially thep-type barrier. Theory shows
that the dominant related charge transfer occurs from the
Al monolayer to the excess Se atoms, and that the la
relaxation of the Se-Se interatomic distance has a major
in determining the actual value of the dipole moment at t
interface.
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