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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 ar{2x2), 2X 1, and 1X 1 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-stabilizé?x2) and Se-dimerized
2X lsurfaces, while substantially lower values of ggype barriers were predicted theoretically and observed
experimentally for junctions grown on the Se-riclx 1 surface[S0163-18208)51716-X

The possibility of tuning the Schottky-barrier height has In Fig. 1 we show SRPES results for the Stahd Zn 3
been attracting attention since the inception of the study o€ore-level emission at a photon energy of 120 eV from sur-
metal/semiconductor junctiofsRecently, renewed interest faces exhibiting the three types of RHEED patterns repro-
has been stimulated by the contact problems that plaguéucibly obtained in sequence upon annealing. After anneal-
wide-band-gap semiconductors such as ZnSe and“GaN. ing at ~260 °C, the Se-rich X1 surface gives rise to a

We report experimental and theoretical studies of theelatively broad Se & line shape which reflects a high
Schottky barrier at Al/ZnS&00) interfaces showing that the binding-energy contribution associated with Se-Se coordina-
barrier height is strongly dependent on the initial composition at the surfacé,and a Zn 8/Se 3 integrated intensity
tion of the semiconductor surface. The observed experimematio R=0.81+0.03. Following annealing at 330 °C, the
tal trend is that while the&(2X2) and 2<1 surface termi- Se-stabilized X 1 reconstruction gives rise to a sharper Se
nations correspond to similar barrier heights, a &R205  3d line shape, and a Znd#Se 3 integrated intensity ratio
decrease in th@-type barrier is found when the junction is R=0.95+0.03. This reconstruction is also observed during
fabricated on the Se-rich>d1 surface termination. The the- ZnSe MBE in Se-rich growth conditions, and is believed to
oretical trend in the barrier is compellingly similar, i.e., junc- correspond to a surface terminated by a fully dimerized
tions corresponding to the(2x2) and 2<1 terminations monolayer of S&. For higher annealing temperatures
are predicted to have relatively similar barrier heights(=430 °0O, the well-knownc(2x2) reconstruction*! is
(within 0.05 eV}, while those obtained for the Se-richkklL  seen to correspond to a single Se Boublet, a clearly de-
surface are expected to have a lowetype barrier, and spe- fined high binding-energy shoulder in the Zd 8ne shape,
cifically lower by 0.45-0.20 eV for the measured excess SeandR=1.21+0.03. This reconstruction is also observed dur-
coverage of 0.410.18 ML of the 1X 1 relative to the 2

X1 re_construction. .Our .first—princi.ples calculqtions for Se 3d hv_,—_l120 o 7nad

model interface configurations explain our experimental re-

sults in terms of a variable Se-induced local interface dipole. 7 L c(2x2) :
ZnSe epilayer$500 nm thick Wege grown by molecular- s F (1.21) .

beam epitaxy(MBE) on GaA4$100).° All epilayers were CI £ 3

doped o~1-3x10*®cm3). A thick Se cap layer was used i —j \“ —

to protect the samples during transfer in air to the photoelec- g . ot ‘“

tron spectrometer. The Se cap layer was thermally desorbed E 3 (0.95) s

in situ, and different surface reconstructions—as determined § / \ J A

by reflection high-energy electron diffractiotRHEED)— 2

were obtained by varying the annealing conditions. Al over- 2 $ 1%1 ”

layers 2—3 nm thick were evaporatadsitu on ZnSe sub- 2 $ (0.81) $s

strates kept at room temperature, with thickness determined / L

using a quartz thickness monitor. Surfaces and interfaces o T

were examined after quenching to room temperature by 58 60 62 64 102 104 106 108

monochromatic x-ray photoemission spectroscOfyS us- Kinetic Energy (eV)

ing Al Ka radiation(1486.6 eV, an overall energy resolu-  giG. 1. Synchrotron radiation photoemissi@BRPES results
tion (electron plus photonsof ~0.8 eV, and an effective for the Se @ and Zn 31 core-level emission from the Se-rich 1
photoelectron escape depth of1.5 nm, or by soft-x-ray x1 (bottom-most spectya Se-dimerized X1 (midsection, and
synchrotron radiation photoemission spectroscRPES  zn-stabilized c(2x 2) (topmost spectiareconstructions of the
at the Synchrotron Radiation Center of the University ofznSe100) surface. The corresponding values of the ZiiSe 3
Wisconsin—Madison, with an energy resolution of 0.2 eV. integrated intensity rati® are 0.81, 0.95, and 1.21, respectively.
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ing ZnSe MBE in Zn-rich growth conditions, and is believed Al/ZnSe
to correspond to a surface terminated by half a monolayer of
Zn atoms on a complete ML of Se, i.e., to an ordered array of
Zn vacancies within the outermost layer of Zn atots.
The shoulder on the low kinetic-energy side of the main
bulk-related Zn @ feature, in particular, is believed to be
associated with such Zn surface atomns.

Recent total-energy calculations have shown t{@
X 2) and 2x< 1 reconstructions to be the lowest energy con-
figurations among those examined for Zn-rich and Se-rich
surfaces, respectivel?.In fact, the Se-rich X 1 reconstruc-
tion is not observed during ZnSe MBE, and has only been
reported during desorption of a Se cap layer. Kahn and co-
workers reported a Se-richX1 reconstruction for an an-
nealing temperature of 200 °C, and tentatively associated
this reconstruction with the presence of 2—3 ML of excess Se
on the surfac& Lopinsky et al. studied the same surface and
reported strong similarities between the corresponding elec-
tronic states and those observed upon deposition of a single
amorphous monolayer of Se onto an unreconstructed, Se-

Photoemission intensity (arb. units)

terminated ZnSe surfac@. ol l el ALl ol ol sl

The R values in Fig. 1 were used to model the surface 740 72077 120 1007720 .0
composition under three main simplifying assumptiadinsa Binding energy (eV)
single photoelectron escape deptiindependent of the sur- FIG. 2. X-ray photoemission spectroscopy results for the pl(ft)

face termination—exists for the bulk and surface regidins; and Zn 31 (centej core-level emission, together with the corresponding
the photoemlSS'O” |ntens|ty can be expressed as the sum msition of the Ferml leveE 'in the gap for Al/ZnSEL00) junctions fabri-
the emission intensities from discret&00) atomic planes; ¢2ted by depositing 3-nm-thick Al overlayers o(2x2), 2x1, and 1x1
.. . surface reconstructiorighree topmost sections, top to bottom, respectively
(iii) the emission from a given plane ata deﬂtfﬁrom the For comparison we also shothottom-most spectjaSRPES results for a
surface is attenuated by %*. The measure® values are junction fabricated on the Se-richX1 reconstruction. The low binding-
then found to be consistent with an excess Se covexatfe energy 31 doublet(dashed lingreflects Zn atoms within the metallic over-
about half a monolayer for theXl1 surface used in this Iayer. The high binding-energy dnglé{lot-dashed Iin}adgri\_/es _from the
study as compared to the?l surfacé® semiconductor substrate. The position of the bulk ZneBnission is used to

. " " derive the position of the valence-band maximé&y and the conduction-
Prior to m?ta' dep(_)smon, the positions of the Z(.j and band minimpurTEC relative to the Fermi leveEg atltir?:e interfacéright-most
Se 3 centroids relative to the valence-band maximip  section.
were determined using a least-squares fit and a linear ex-
trapolation of the leading edge of the valence band. Upomentroid was found 9.180.03 eV belowE,,. After metal
deposition of 2—3 nm of Al, new measurements of the coredeposition, the Zn 8 line shape shows two contributions. A
level positions and the known position of the spectrometetow binding-energy doublet develops during the early stages
Fermi levelEg were used to infer thp-type Schottky barrier  of interface formation, and reflects Zn atoms displaced from
®,~Er—Ey and then-type barrier®,~Ec—Eg, with  the semiconductor and segregated in the metallic overlayer.
Ec—Ey=2.70 eV at room temperature. The procedure isThis reacted component is visible as a shoulder in the XPS
illustrated in Fig. 2. Prior to metal deposition, the centroid ofresults, and is emphasized in SRPES due to the higher sur-
the Zn 3 core doublet was found 9.#60.04 eV belowE,  face sensitivity. The high binding-energy doublet derives
for all surfaces. Upon metal deposition, the Ad ore-level  from the ZnSe substrate, and can be used to obiajn
emission appears at the position expected for elemental me=0.78+0.04 eV, in good agreement with the XPS result.
tallic Al for all interfaces examined. The position of the Zn  Previous determinations of timetype Schottky barrier for
3d centroid varies instead for the three interfaces, and can b&l/ZnSe junctions focused on the(2Xx2) reconstruction
used to infer the position dt relative toEg. and yielded values of 0.550.10 eV (Ref. 15 and 0.58

From the results in Fig. 2 we determinel,=0.55 *0.10 eV (Ref. 10, consistent with those reported here for
+0.06 eV @,=2.15-0.06), ®,=0.59+0.06 (@,=2.11 the same reconstruction. The 0.24 eV increasejn(de-
*=0.06), and®,=0.79+0.06 eV @,=1.91*0.06) for in-  crease in®,) for interfaces fabricated on the Se-rictkx1
terfaces fabricated on(2x2), 2X1, and 1X1 reconstruc- reconstruction in Fig. 2 is among the highest barrier changes
tions, respectively. The quoted experimental uncertainty apversus semiconductor reconstruction which have been re-
plies to each individual value of the barrier, but the ported to daté.To investigate the microscopic mechanisms
uncertainty on the barrier heighariation in the series, that that may account for such a large change in the Schottky
depends only on the determination of core-lesaifts is  barrier, we performed first-principles calculations of the band
comparatively smalleftypically 0.03 eV). Interface reac- alignment for a series of model interface configurations.
tions do not affect the Schottky-barrier determination in Fig.  As in recent studies of Al/GaA$00) junctions® the cal-
2. This is demonstrated by the SRPES results for a junctiogulations were performed within the local-density approxi-
fabricated on a X1 surface in the bottom-most section of mation to density-functional theopFT), using the pseudo-
Fig. 2. Prior to metal deposition, the position of the Zd 3 potential plane-wave methdf.To model the isolated Al/
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For convenience the Schottky barrier was decomposed as
®,=AE,+AV. The band-structure terdE, is the differ-
ence between the Fermi energy of the metal and the valence-
band edge of the semiconducté&s,, in the bulk, each mea-
sured relative to the average electrostatic potential of the
corresponding crystdl.This term does not depend on the
interface, and was determined from standard bulk band-
structure calculations for ZnSe and Al. The second tAvh
is the electrostatic potential-energy lineup across the inter-
face, and contains all interface-specific features. This is the
only term in®, which may change in the presence of inter-
facial perturbations.

The potential energy lineufpV was derived via Poisson’s
equation from the self-consistent supercell charge density us-
ing the macroscopic average techni§uehe supercell cal-

V (eV)

V (eV)

4 culations were performed with a plane-wave kinetic-energy
3t cutoff of 20 Ry. The other computational details are as in
S i Ref. 6. In Fig. 3 we show the macroscopic average of the
) . . .
NG potential energy and the potential lineup across the relaxed

—_

junctions. Since an increase &V corresponds to an identi-
cal increase iIrEc—Eg (decrease iIrE—Ey), the calcula-
tions predict a 0.05 eV increase i, (decrease inb) in
®Se OZn eSe Al ©Al going from the relaxed configuratioh to the relaxed con-
FIG. 3. Right: Starting interface configurations employed in the super-figuration B, and a further increase @, (decrease irb )
cell calculations. ConfiguratioA involves Al atoms positioned at the Zn by 0.56 eV in going from the relaxed configuratiBnto the
vacancy sites of the(2Xx2) surface, below the Al fcc lattice rotated 45° relaxed configurationﬁ. The direction and order of magni-

about the[100] axis relative to ZnSe to satisfy the epitaxial relation. Con- . . . .
figuration B involves a ZnSe surface terminated by a full Se monolayertude of the predicted shifts are consistent with those ob-

below the fcc metal. Configuratid® involves a ZnSe surface terminated by Served eXperimemal!fﬁee Fig. 2, suggesting that al-lthOUgh
a 50% Se—50% Al atomic layer on top of a full Se monolayer. Left: Mac- the model configurations employed may not describe the de-

roscopic average of the electrostatic potential en&@ynd potential energy  tail of the actual atomic reconstructio}f’sthey do capture

lineup AV across the relaxed junctions. Relaxation is graphically illustratedihe hasic electrostatic trend as a function of interface com-
at the bottom for each atomic plane. Double atomic symbols denote in-

) . . ) . ; position.
equivalent relaxation at different sites. Since an increageMrcorresponds hasi h . | . h M
to an identical decrease iB-—E,, the calculations predict a 0.05 eV We emphasize that atomic relaxation at the A Z(i5e)

decrease inb, in going from the relaxed configuratioh to the relaxed interfaces is substantial, and has an important efieicthe
configurationB, and a further decrease by 0.56 eV in going from the relaxedorder of 0.5—1 eYon the Schottky-barrier height, especially

configurationB to the relaxed configuratioB. The calculated values d for the Se-rich conﬁguratioﬁ:, In this case, from the initial
are also Sho"‘_’”- o configurationC we found that the Se—#LSe, 5 interplanar
ZnS&00)) interfaces, we used supercells consisting of 13spacing at the interface increased by 40% after convergence,
layers of ZnSe and 7 layers of Al. In view of the good lattice 54 pecame comparable to the, A, s—Al and Se—Al in-
matching between ZnSe and GaAs, many of the structurgh .,y gistances of configuratioAsand B, respectively.

gggzldﬁr?,t;?{;su?;rt ft?\réhAEIrl]OF(z)]egsi.re?:t?(lnsnOv?aF\)sp%;%éh:aféﬁgﬁ "his large relaxation in configuratidd reflects the increased
to the ZnSe[100] growth axis, and the Al fcc lattice was Zetasllg): ;Tg;%??;yg: the bonds between the Se and the
rotated 45° about thgl 00] axis relative to ZnSe cubic lattice 052705 '

EL00) To calculate®,, the LDA band-structure terrk, and

in order to satisfy epitaxial relations. The Al overlayer was -
tetragonally elongateth%) following macroscopic elasticity therefore AE, should be corrected to take into account

theory, and the local atomic structure at the interface waghany-body and relativistic effects. As a ground-state prop-
fully relaxed. erty, AV is instead accurately determined within DFT. The

The starting interface configuratidfisprior to atomic re-  spin-orbit correction ol\E,, was derived from experiment,
laxation are schematically illustrated on the right-hand sideand amounts te- 0.15 eV. The many-body corrections to the
of Fig. 3. We selected simple configurations correspondindpand structure of ZnSe have been evaluated in Ref. 19. As
to ideal continuations of the semiconductor bulk while takingthe LDA band-gap values in our calculations and in Ref. 19
into account the initial composition of the starting surface.are different, due to the different pseudopotentials employed,
For Al/ZnSe fabricated on the(2x2) surface we posi- we used the valence band-edge correction of Ref. 19 and
tioned Al atoms at the Zn vacancy sites of the outermosscaled it by the ratio of the difference between &%/ band
semiconductor layefconfigurationA in Fig. 3. For Al/ZnSe  gap® and the LDA band gaps in the two calculations. The
fabricated on the 2 1 surface we terminated the semicon- resulting estimate for the many-body correction/oB, was
ductor with a full layer of Se atoms at the ideal bulk posi- +0.50 eV. Using these two corrections, we obtain,
tions (configurationB). For Al/ZnSe fabricated on the 1 =2.00, 1.95, and 1.39 eV for the relaxed configuratiéns
X 1 surface, we used a virtual crystal approach to terminat®, andC, respectively. We emphasize that while thaia-
the semiconductor with a 50% Se-50% Al atomic lag@m-  tion of the calculated Schottky barrier with interface compo-
figurationC). sition is independent on the magnitude of the self-energy
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roughly proportional to the Se excess coveragm the Se-
terminated semiconductor surface forx@<1. A 0.95 eV
decrease irb, is obtained fox=1 (see Fig. 4, and a 0.56
eV decrease is calculated far=0.5 (Fig. 3). Therefore a
0.45+-0.20 eV decrease in the barrier is expected Xor
=0.41+0.18 (Ref. 14.

Recently, Cheret al. reported a 0.25-eV reduction in the
p-type barrier for Au/ZnSE00 junctions by introducing a
2-3 ML Se interlayer between the metal and the semicon-
ductor, and proposed an electronegativity-based interpreta-
tion of the barrier reductiof The similar 0.25-eV barrier
reduction in the presence of vastly different electronegativity
variationsA X (AX=0.94 for Al-Se versus 0.01 for Au-Se in
Pauling’s scalg and the expected saturation of the dipole in
Fig. 4 forx>1, call into question the general applicability of
a simple electronegativity-based approach. Our results sug-
FIG. 4. Difference in the charge distributiétop) and average potential gest that lattice relaxation p|ays an important role in deter-

energy(bottom) calculated between an interface terminated with two full Se __. . P
monolayers, and a single Se monolayer. The latter corresponds to the rgjlnlng the SChOttky barrier in these systems and should be

laxed configuratiorB, while the former corresponds to the limiting case of t2KeN into account to improve upon electronegativity-based
a typeC configuration forx>1. estimates of the interface dipole.
correction, the absolute value of the barrier depends on the [N summary, experiment points to an important effect of
magnitude of such a correction, which was not calculated ighe initial ZnSe surface composition on the Al/Z15@0)
our work, but simply rescaled from that of Ref. 19. There isSchottky barrier. In particular, the presence of an excess Se
therefore a substantial uncertainty Q.2 e\) in the absolute coveragex at the 0.5 ML level on top of a fully Se-
values of the theoretical barrier. terminated ZnSe surface gives rise to a local interface dipole
The mechanism responsible for the large reductio®jn  that lowers substantially thp-type barrier. Theory shows
for interfaces fabricated on thexil surface is illustrated in that the dominant related charge transfer occurs from the first
Fig. 4, where we plot the difference in the electronic chargeAl monolayer to the excess Se atoms, and that the large
distribution and in the electrostatic potential calculated berelaxation of the Se-Se interatomic distance has a major role
tween an interface terminated with two full Se monolayersin determining the actual value of the dipole moment at the
and a single Se monolayer. The latter corresponds to thiaterface.
relaxed configuratio, while the former corresponds to the ~ The work in Trieste was supported in part by INFM under
limiting case of a types configuration forx>1. Charge the TUSBAR Advanced Research Project. The work in Min-
transfer from both the metal and the Se-terminated semicomeapolis was supported in part by the National Science Foun-
ductor to the excess Se atoms at the interface is clearly vigiation under Grant No. DMR-9116436. The work in Lau-
ible, and the asymmetry in the charge transfer gives rise to aanne was supported by the Swiss National Science
well-defined dipole-field across the interface. The dipole-Foundation under Grant No. 20-47065.96. Useful discus-
induced change in the electrostatic potential lineup issions with A. Kahn are gratefully acknowledged.
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