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Heterointerface formation of aluminum selenide with silicon:
Electronic and atomic structure of Si(111):AlSe
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In this paper we present a new, stable, unreconstructed surface termination of siliddd):SiSe. The
structure forms the interface layer when aluminum sesquiselé€Aig8e;) is deposited on $111) by molecu-
lar beam epitaxy. The atomic structure of the interface layer was investigated using angle-resolved valence and
core-level photoelectron spectroscopy and diffraction. Th&S&V Si(111) interface forms an unreconstructed
bilayer structure similar to GaSe-terminated Si, with Al directly above the top Si atom and Se over the hollow
site, although the temperatures for bilayer formation and for Se re-evaporation from the film are higher for
AlSe than for GaSe. In addition, the valence band structure shows that the AlSe bilayer electronically passi-
vates the bulk Si, with all interface states lying within the bulk Si bands.
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[. INTRODUCTION readily integrated with silicon-based technologies.
Al,Se; is the least studied of the group Il chalcogenides,

Heteroepitaxy of dissimilar materials frequently leads towith little published literatur€1416and, to our knowledge,
the formation of interface compounds with properties thathone on its compatibility with silicon or other members of
are quite different from either the substrate or the overlayerthe IlI-VI family of semiconductors. The stable bulk form of
By forming the substrate for subsequent growth, these interAl ,Se; is a defected wurtzite structure with 1/3 of the cation
face compounds strongly influence the structure and propesites vacant. G&e; or In,Se;, on the other hand, form de-
ties of the heteroepitaxial film. They also control electronicfected zincblende structurés!’Both GaSe and InSe form a
transport and atomic interdiffusion across the heterointerlayered bulk structure whereas layered AlSe has not been
face. Of particular importance are the composition, thick-reported in either bulk or thin film form.
ness, structure, and stability of this interface layer. In this paper, we investigate initial interface formation for

A particularly important class of interface compounds areAl,Se; on Si(111), determining interface quality, stoichiom-
those that form a stable termination of the bulk substrateetry, and structure. This information is essential to under-
Passivation of the §111) surface has been achieved throughstand the growth process for further exploitation of3d,
monolayer arsenic terminatidrf, monolayer hydrogen and for establishing the role of the interface layer as a buffer
termination® and GaSe bilayer terminatidn® These passi- layer for heteroepitaxy.
vation layers, by removing the adatoms and complex surface Under a large range of growth conditiof00 °C<Tg,,
morphology of the $il11) 7X 7 reconstruction, provide <750 °C and flux<4 A/min), heteroepitaxial growth of
ideal templates for heteroepitaxy. In addition to preventingAl,Se; on Si111) is inhibited after the formation of an initial
interdiffusion and etching of the substrate by heteroepitaxiabilayer. This AlSe bilayer forms an unreconstructed termina-
materials, they may also serve as an interface strain buffer dion of the Si crystal and represents a new stoichiometry for
as a surfactant for further epitaxial growth. In this paper, wealuminum selenide. At lower substrate temperatures and/or
report on a new, stable, unreconstructed interface compourtagher fluxes, thin film growth of wurtzite ASe; is observed
on silicon, S{111):AlSe. after completion of the first AlSe bilay&f.A similar self-

Heterostructures combining 11I-VI semiconductors with terminating bilayer is observed for GaSe deposited on
silicon have attracted attentidrf due to their close lattice Si(111) at substrate temperatures between 500 °C and
matching and promising optoelectronic properties. For ex550 °C*°
ample, cubic Gs6g has a band gap reported as 1.9 eV We have measured the atomic and electronic structure of
2.6 eV and a lattice constant only 0.3% smaller thanthe AlSe/S{111) interface layer using energy and angle-
silicon** while layered GaSe has a 2.0 eV band gap and aesolved core and valence state photoemission. We find the
hexagonal lattice parameter 2.4% smaller thaf®).*> Al and Se form an unreconstructed bilayer, with Al directly
Here we investigate ASe; which has a 3.1 eV band g&p above the underlying Si, and Se over the hollow site, reflect-
and a hexagonal lattice constaBt89 A) 1.3% larger than ing an extension of the cubic Si lattice rather than the wurtz-
Si(111).* Aluminum sesquiselenide, 4$e;, is of interest for  ite structure of bulk AJSe,. Our measured Al-Se interface
heterostructures combining Ae; and GaSe;, with the po-  bond length is longer than that in bulk /Ae; or other tetra-
tential for a larger band gap analog to optoelectronic devicekedrally bonded Al-Se compounds. The bilayer has AlSe sto-
based on AlAs, GaAs, and the band gap engineering prdachiometry despite the ABe; source material; thicker film$
vided by ALGa,_, alloys!® The selenides have the advantageshow stoichiometry closer to 4$e;. The electronic structure
of being latticed matched to silicon and, therefore, may beof the passivated surface shows no states within the silicon
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energy gap; the Se lone-pair state is located just below the $ng period of time(several hours All growth experiments
valence band maximum. reported in this paper were performed after this initial out-
The rest of this paper is organized as follows. First, wegassing to remove the reacted surface layer from the source
present a description of the experimental sample preparatiamaterial.
and techniques$Sec. I). In Sec. lll we describe the experi- Photoemission experiments were performed both in Se-
mental results. We first present information on the symmetnattle, WA, using a Mg k x-ray source for x-ray photoelec-
and stoichiometry of the AlSe layer using core level photo-tron spectroscopyXPS and diffraction (XPD) measure-
emission spectroscopy and low energy electron diffractioorments and a 21.2 eV Hedischarge lamp for angle-resolved
(Sec. 1l A), followed by determination of the Al-Se bond valence band photoemission, and in Berkeley, CA, using
length and direction using high kinetic energy photoelectrorsynchrotron radiation at beamline 7.0.1 of the Advanced
diffraction (Sec. Il B). In Sec. Ill C we exploit the large Light Source(ALS). Base pressures of the experimental sys-
backscattering amplitude of electrons at low kinetic energiesem in Seattle were 8 10711 Torr in the deposition chamber
to determine the Si-Al bond length and lateral registrationand 3x 1071° Torr in the analysis chamber. At the Advanced
between the bilayer and substrate using normal emissiohight Source(ALS), base pressures werex20° Torr in
variable energy photoelectron diffraction. In Sec. Ill D we the deposition chamber andx11071° Torr in the analysis
further probe the structure and symmetry of the interfacechamber.
layer with low kinetic energy angle dependent photoelectron Core-level x-ray photoelectron spectroscogXPS),
diffraction. Finally, in Sec. Ill E we present the electronic which is both element specific and sensitive to the local
structure of Si111):AlSe obtained through angle-dependentchemical environment, was utilized to determine the cover-
valence band spectroscopy. The results are discussed in Sege and relative abundance of Al and Se and the number of
[l and summarized in Sec. IV. local chemical environments for Al, Se and Si, and to moni-
tor for possible interdiffusion or surface contamination. Low
energy electron diffractiofLEED), with its sensitivity to
Il. EXPERIMENTAL CONSIDERATIONS long-range order and surface symmetry, was used to probe
We deposited thin films of aluminum selenide orf1%i) possible surface reconstruction, Al vacancy ordering or other
using molecular beam epitaxX¥BE). The substrates were regular surface features of the film.
cut from commercialp-type S{111) wafers (p~ 1 Q cm) We probed the local atomic structure to establish the ori-
and were prepared using the etching method of Shifaki. entation and arrangement of the bilayer using both high and
Samples were outgassed in vacuum at 650 °C—750 °C for l@W kinetic energy angle-resolved x-ray photoelectron dif-
minimum of 8 h. The Shiraki oxide was then removed byfraction. To discern the registry of the bilayer relative to the
repeated annealing te-1000 °C for 5-10 s until a well- silicon substrate, as well as interatomic distances at the in-
ordered 7X 7 LEED pattern was observed. Samples wereterface, we utilized multiple-scattering effects and back-
heated by direct current; the temperature was monitored ugcattering, which are more apparent at low kinetic energies,
ing an optical pyrometer. The clean Si surface was free ofeasured by constant initial-state spectrosc@i).
carbon, oxygen and other residual elemental contaminants Additional information about interface quality was ob-
within an x-ray photoelectron spectroscopy detection limit oftained by studying the valence electronic structure with
~0.05 ML. angle-resolved photoelectron spectroscd®yRPES. The
Aluminum Sesquise|enide was evaporated fronlw valence band structure is sensitive to the Iong range atomic
granule®’ heated in a pyrolytic boron nitridé®BN) crucible  order of the film, contains information primarily from the top
to temperatures between 900 °C and 940 °C, yielding a flufew layers of the sample, and reveals information about the
of 1-4 A/min, as measured by a quartz crystal monitorchemical environment of atoms.
placed at the substrate position. The crucible temperature For experiments at the ALS, ARPES data were acquired
was measured using a thermocouple contacting the outsidésing a Scienta-SES 100 display analyzer, which yields two-
of the crucible. The silicon substrate temperature was hel@imensional images of photoelectron intensity as a function
constant during deposition and was varied among the differof both energy and angle. Data were acquired as a series of
ent samples between 500 °C and 750 °C. Deposition timekitensity maps with angular width 10 deg, moving the
ranged from 6 to 12 mins. After growth, the samples weresample 8 deg between images. Fifteen overlapping images
transferred under ultrahigh vacuum from the MBE growthwere then stitched together to yield a single image map
chamber to analysis chamber. over the full angular range. This imadéE, 6) was then
Al,Se; readily reacts with water vapor through the reac-rescaled intd(E, k;) for a subsequent analysiand a presen-
tion Al,Se;+6H,0— Al(OH)3;+3H,Se. When source mate- tation later in Fig. & via k= (1/%)\2mE,sin 6, where the
rial has been exposed to air, such as when th&dlcru-  kinetic energyEy, is related to the binding energi as
cible has recently been filled, large bursts of pressure anBy,=hv—|E|-¢, and ¢ is the work function.
flux are observed during initial degassing. Quadrupole mass
spectrometry measurements indicate that the major constitu- Ill. RESULTS AND ANALYSIS
ent released is jBe. Some Sds also detected. The chamber
pressure and growth rate on the crystal monitor attenuate,
and the flux settles to a repeatable value, once the cell has Under a wide range of deposition conditiofs00 °C
been heated to growth temperatures several times or for & T4,,<750 °C,1 A/min< Rgrowth<<4 A/min), exposure of

A. Stoichiometry
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Si(111) to Al,Se flux results in a single AlSe bilayer uni- _ High Kinetic Energy XPD
formly covering the surface, as described below. Additional | asesd
exposure does not result in additional growth under these HAVaas —

conditions. At higher flux and/or lower substrate tempera-
ture, growth does not self-terminate. However, under those
growth conditions we find that the interface layer formed
when growth is stopped at or below one bilayer has the same
electronic and atomic structure as the self-terminated bilayer
discussed here, showing the self-terminating bilayer to be the i
relevant surface for subsequent heteroepitaxy @54l
Upon deposition of aluminum selenide, the low energy
electron diffraction(LEED) pattern changes from the char- -
acteristic 7< 7 pattern of clean $111) to a 1X1 pattern 80 60 -40 20 O 20 40 60 80
with sharp diffraction spots, low background intensity, and Polar angle (deg.)
3-fold symmetry. X-ray photoemission spectroscdpPS o )
measurements show the Se:Si ratio to be equal to that of the FIG- 1. Integrated photoemission intensity versus polar angle
previously studied GaSe bilayer on(Bi1),* indicating a full ~ along the[112] direction(6>0) and the[112] direction (< 0) of
monolayer of Se. Adjusting for XPS cross sectidhshe the Si substrate for Mg K (hv=1253.6 eV excited (a) Se 3,
Al:Se ratio is between 1.0:1.0 and 1.0:1.2. This is signifi-KE=1198 eV, andb) Al 2p, KE=1179 eV. Solid lines represent
cantly less Se than the 1:1.5 ratio of the source materiaqxper_imental datq and d_otted lines the calculated _pattern using a
(defected-wurtzite structure aluminum sesquiselenide selenium-on-aluminum bilayer modglee the texjt Vgrtlcal dashed
High-resolution, surface sensitivehy=160 e\j Al 2p  lines mark the Al-Se bond angle position along 1383.0 deg
and Se 8 core-level spectra show the presence of both eleand the Se alongIR (-75 deg determined from fitting the calcu-
ments in a single chemical environmemtithin an experi- lated pattern to the data.
mental resolution of 50 me)lV Likewise, surface sensitive Si
2p core-level spectra show the silicon to be single compo- The Se emissiofithe solid curve in Fig. (&) shows no
nent as well, within the experimental resolution. strong diffraction features except within about 15 deg of
The results strongly suggest that the interfacial bonding igrazing emission. The weak features at high angles, £75 deg,
between Si and Al, since selenium-silicon bonding wouldare first order diffraction peaks due to scattering from neigh-
produce a Si @ chemical shift to higher binding energy of at boring in-plane(90 deg selenium atoms, with higher order
least 0.5 eV relative to the Sip2bulk.?? This is further sup-  scattering appearing at slightly lower angles.
ported by photoelectron diffraction measuremese later. The aluminum diffraction scaiithe solid curve in Fig.
The single-component overlayer peaks indicate a sharp intei(b)), is also flat and featureless at low angles. However, two
face without interdiffusion. We can also conclude that if strong peaks are present at high angles, the larger peak at
there are cation vacancies, either they are not ordered or tlbout +63 deg and the smaller at about —76 deg. The size of
size of the ordered domains is less than about 20 nm, sindbe two peaks relative to other spectral features and the pres-
ordering on a scale larger than this would produce a supeence of the surrounding smaller peaks is strongly indicative
structure detectable by LEED. 8 X \3 pattern attributed to  of forward focusing. The smaller peaks at a slightly lower
Al vacancy ordering is observed on thicker,88; films 8 angle are the higher order diffraction rings of the main for-
ward scattering peaks.
The presence of higher order diffraction peaks in the se-
B. Bilayer structure lenium curve suggests that the selenium layer is well or-
dered; however, the lack of any pronounced features indi-
In this section we discuss the specific atomic structure otates that the selenium layer has no ordered structure above
the Al and Se atoms in the uniform chemical environmentit. The peaks in the aluminum diffraction scan, on the other
established by the spectroscopy and LEED measurementsand, indicate forward focusing by Se atoms. Combining the
We utilize high kinetic energy, forward focusing, x-ray pho- Al and Se results, we deduce that the deposited film consists
toelectron diffraction(XPD) to determine the relative posi- of a uniform Al layer beneath an ordered Se layer. Addition-
tion of the Al and Se layers. In Sec. Il C we utilize low ally, the asymmetry of the Al diffraction curve about normal
kinetic energy, backscattering photoelectron diffraction toemission implies that the film is a predominantly single ori-

probe the Al-Si bonding. _ entation. The large peak located 63 deg towdrii?] from
__The solid-line curves in Fig. 1 represent the integrated,,mga) indicates the Al-Se bond is roughly parallel to a Si-Si
intensity of Mg Ko excited Se 8 (Fig. 1@) and Al 20 (Fig.  yonq in the diamond-structure substrétype A" orienta-
1(b)) as a function of the polar angle alopgj12]. At these tion), a zinchlende extension of the silicon bulk rather than
high kinetic energies, forward focusing dominates most multhe wurtzite orientation of bulk ABe;.

tiple scattering effects and highlights neighboring atoms The bond angle, and hence the Al-Se bond length, may be
along bond directions. Both Al and Se curves have beemletermined by comparing the experimental data with simu-
normalized to remove the angle-dependent transmissiolated diffraction patterns. We have employed the multiple
function of our experimental system. scattering calculation programscp (Ref. 23 to model the
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Energy Dependent Photoelectron Diffraction
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FIG. 2. Possible high-symmetry sites for Al on th&13il) sur-
face: Top, directly above a top layer Si atofy, above a second-

layer Si atom; andH3, above a fourth-layer Si atom. 8;% -
experiment d)
diffraction. Using the inferred selenium-on-aluminum bilayer 0.0 W/\ L
structure and an in-plane spacing commensurate with the \/
silicon substraterequired by the X1 LEED patters, the 03k | L 1 L L L
Se-Al layer spacing was varied and the calculated curves for e B0 R0 % e
Al compared to the experimental data to obtain a quantitative
best-fit value. The reliability factoR, was minimized, where FIG. 3. Al 2p y functions versus electron wave vectkytaken
Ris given by normal to the sample surface. Calculated diffraction scans for alu-
minum occupying(a) an Hs site, (b) a T, site, and(c) a Top site
E (Xci _Xei)z relative to the silicon surfacdd) Experimental energy-dependent
- photoelectron diffraction. The photon energy range for this data is
> A+ X2 ' 250 eV to 500 eV with 5 eV steps.
1

the interface Si @ component precludes use of Si photoelec-

where . and x, are the normalized intensities for the calcu- tron diffraction to obtain information on Si-Al bonding.
lation and experiment, respectively, and are summed oveHowever, by taking advantage of multiple scattering effects
each data point of the curve, x is obtained following the at lower kinetic energies due to interference between the di-
method employed by thescp code:x=(1-1p)/lIowherel is  rect and scattered wave, we are able to utilize constant
the absolute intensity arlg is a background function derived initial-state Al 20 photoemission to infer the local arrange-
from a smoothing of the absolute intensity. ment of neighboring atoms. In particular, a comparison of

The dotted-line curves in Fig. 1 are best(fR=0.035 for  experimental and simulated normal emission Aligtensity
Al) curves produced from a comparison of the calculatedas a function of photon energyand hence electron wave
diffraction curves to the data. The Se-Al layer spacing isvectop yields the lateral alignment of the Al with the Si
1.13+0.02 A, corresponding to an Al-Se bond angle ofsubstrate as well as the Al-Si spacing.
63.0 deg+0.4 deg from sample normalghlighted with a The three-fold symmetry observed in LEED, as well as in
dashed line in Fig. land an Al-Se bond length of 2.49 A.  the stereographic XPD projections discussed in Sec. I D,

This layer spacing is significantly larger than the averageequires that the Al atoms occupy one of three possible high-
0.78 A spacing in bulk wurtzite ABes, in which the Al-Se  symmetry sites on the Qil1) surface shown in Fig. 2,
bond direction is 71 deg frortl11). The smaller bond angle (above a fourth layer siliconT, (above a second layer)Si
in the bilayer film can only partially be attributed to lateral or top (above a top layer silican The XPD results of the
compression that would cause the selenium layer to expangtrevious section would then place the Se aboveTtheop,
vertically, as that would typically conserve the bond length.or H; sites, respectively. Intensity variations of normal-
The 2.49 A measured Al-Se bond length is 0.15 A longeremission, Al 2 photoelectrons with respect to electron wave
than the average Al-Se bond lengfthin either ALSe; or  vector were calculated usingsco for these three possible
Al,ZnSe, indicating a change in the local bonding. One pos-sites. For each symmetry site, the Al-Si layer spacing was
sible origin of this difference is the full aluminum layer, as varied. Then, a quantitative, best-fk factor between the
opposed to the vacancy structure of the bulk crystals, preexperiment and simulation was obtained using the same
venting Se relaxation in the presence of vacancies. Anothanethod as for the XPD curves in Fig. 1. Figurds)33(c)
contributing factor may be a reduction in the ionicity of the show the best-fif functions determined for each site. Figure
Al-Si bond relative to the Al-Se bond in bulk Se;. 3(d) shows the normalized experimentally measured Bl 2
variation y.. For both the experimental and calculated curve
the normalized intensityy, was obtained following the
method described in Sec. Il B.

In this section we address bonding of the AlSe layer to the A quick glance at the calculated curves shows the best
Si substrate. The absence of a measurable chemical shift glialitative agreement for the top sif:factor analysis finds

C. Bilayer-substrate alignment
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2.49A . .
76° | 63° o a1 Data Calc
G [112]
2.36A
. 4 O Se
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FIG. 4. Experimentally determined structural parameters for the
AlSe bilayer on the $111) surface.

the data and calculation also have the best quantitative agree
ment for the Al in the top site. A summary of the determined
structural parameters is shown in Fig. 4. The determined
Si-Al bond length of 2.36+0.02 A is much smaller than
the Al-Si bond length in $111):Al(v3x \3), 2.49 A25 put

the relationship is similar to that between the Ga-Si bond
length in S{111):GaSe, 2.35 &, and S{111):Ga3x3),
2.50 A28

D. Surface structure symmetry

Additional information about the element-specific struc-
ture and symmetry of the surface may be obtained through
the full angular dependence of the photoemission intensity.
Figure 5 shows the measurdl&ft) and calculatedright)

stereographic.prpjecf[ion Of_ the Sel &op) and Al 2p (bot- FIG. 5. Low kinetic energy holograms for Sel 8) experiment
tom) photoemission intensity at photon enerigy=320 eV, (b) theory, and Al ® (c) experiment and(d) theory.

(KE=245 eV for Al; KE=265 eV for Sk _ White indicates the greatest intensity and black the lowest
The pattern depicts the integrated intensity of the respegniensity.

tive core-level emission at each angle; the sampled points
were evenly distributed in solid angle. In the Al patterns E. Valence band structure

(Fig. 5(c) and Fig. %d)) the strongest features arise from  The valence band for bilayer AlSe on (811) along

forward scattering by the overlying Se, centered at the SAME_ K _M was measured with angle-resolved photoemission

angles as the peaks seen above in the high-energy polar an%ISectroscopy(ARPES, using both synchrotron radiation

tsr?:)n (I'hnfh:%?n .;]n.nF:g. 15 |§eiglr113/:rler:jt_f;c&czio\;]e:.t:]casl gpee (hry=130 eV, Figs. 6 and)7and a Hel sourcehv=21.2 eV,
ug 'gin in 9. yd lon ring Fig. 7(b). As described in Sec. I, several overlappiig, 6)

also visible. At these lower kinetic energigslative to Fig. . .

. ) : images have been merged in angle, and then rescaled from
1), multiple-scattering and backscattering are more apparent. . "\ varallel momenturfk), to produce the composite
The Se diffraction pattern shows a mottled pattern> 9 P ), 0P P

attributed primarily to the scattering from in-plane Selntensity distribution as a function of binding energy and
atoms. The Se stereographic projection, like the high kineti®arallel momentum alonf110] shown in Fig. 6. Thd",K

energy angle scan in Fig.(d), contains no prominent fea- andM points of the surface Brillouin zone are denoted by the
tures indicative of forward focusing. The pattern is similar tosolid black vertical lines. At this photon energy, 130 eV,
that for Se in Si111):GaSe, with a full multiple scattering k=0 corresponds to the bulk point in the fourth Brillouin
calculation required to reproduce all the experimentalzone(the bulk valence band maximynThe escape depth at
features® this energy is~3—4 A, maximizing the surface sensitivity.

Simulated diffraction patterns for the same atomic posi- The solid white lines overlaid on the image depict the
tions deduced from Figs. 1 and(8nd shown in Fig. #are  boundary of the calculated bulk Si projected barfatde-
shown on the right hand side of Fig. 5. A comparison of thegrated overk, for a particulark,). The areas shaded with
data and calculations indicates that the input parameters deertical bars are forbidden regions of the bulk Si bands. The
termined above through XPD and CIS are consistent with thelots are the calculated emission for bulk Si. The full Si band
data here. Additionally, the three-fold symmetry observed irstructure was produced from a simple pseudopotential calcu-
the hologram agrees with that seen in the LEED pattern. Theation utilizing the three, nonvanishing pseudopotential form
presence of subtle diffraction features at similar angles irfactors for a diamond structufé,and the bands along the
both experiment and calculation indicate that the surface iscan direction were derived from the calculated full band
well ordered and that the bilayer is primarily of a single structure assuming a free electron final state and an inner
orientation. potential of 11 eV.
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M K T K ™M FIG. 6. Valence band of an
AlSe bilayer on Sil111) in the

[110] and [110] directions,

I'-K-M. Solid white lines repre-

sent the boundaries of the calcu-
lated Si projected bulk bands, with
vertical black stripes marking for-
bidden regions below the valence
band maximum. Dots represent
the calculated bulk Si valence
band emission along the scan

0.0, 05 10 15 direction. Photon energy hv
KII[A] =130 eV.

Binding Energy [eV]

-1.5 -1.0 -0.5

In addition to bulk Si states, we expect additional bandsThe two different photon energies, 130 eV and 21.2 eV,
from the surface termination. Electron counting argumentgorrespond to different positions within the bulk Brillouin
based on the §111):AlSe atomic structure predict a doubly zone. Therefore, features which appear as overlapping
occupied lone pair orbital on the Se similar to that for As onopen circles and solid lines in Fig.(l5) highlight states
the S{111):As surface? In addition to the lone pair state, we that do not disperse with changink,; they therefore
expect states from within the terminating layer, the Se-Alare associated with the bilayer termination, i.e., surface
bonds, and from the interaction of the bilayer with the sub-states and resonances. Note that all the bold data points
strate, the Al-Si bond. (taken at hr=130e\) fit this description, as does the

In Fig. 6, the positions of the calculated Si bands all co-topmost band in region A. The true surface states fall within
incide with states in the measured band structure, indicatinthe forbidden regions of the bulk Si projected bands, the B
the near-surface silicon is in a very bulklike environment.region of Fig. 7.

The sharp, well-defined states show that there is very little The uppermost surface stafeold circles in region A of
scattering at the surface, indicating a well-ordered surface.Fig. 7) is associated with the Se lone pair, as it has similar

The local intensity maximé#éspectral peaksin Fig. 6 are  dispersion and location to the As and Se lone pair states for
plotted as open circles in Fig. 7. The solid lines on the leftSi(111):As and S{111):GaSe, respectiveRz8-30 As men-
side of Fig. 7 are the calculated bulk Si valence emissiortioned above, electrons emittediqt 0 with hy=130 eV are
(shown as dots in Fig.)6 We see excellent agreement for at I' in the Si bulk Brillouin zone, which is the Si valence
these states, plus additional bands not associated with bulkand maximum. Here the Si band-edge overlaps the Se lone
Si, highlighted as bold open circles. The assignment of thespair state. At this energy, the lone pair state is only visible as
features as surface states and resonances is confirmed &yeparate resonance in the second surface (bahe circles
comparison with data taken with the same parallel momenin Fig. 7), and is, therefore, difficult to resolve. With 21.2 eV
tum and different perpendicular momentuire., different excitation, however, the highest bulk statekagtO is about
photon energy shown in Fig. ). an eV lower, and the topmost stdsmlid line) is the lone pair

The states represented by solid lines in Figb)7are  emission. A comparison of the bulk calculatidimes in Fig.
the measured band structuimilk and surface contributions 7(a)) and the 21.2 eV datéines in Fig. 7b)) with the 130
of Si(111):AlSe taken athr=21.2 eV using a He source. eV data(topmost open circles dispersing downward from the

o

] @ o o. )
5_2__ o o O o O IA
5 )
E) i o@ o o 5 [e} =
U 4@ o ©
2 19 0°%p0000° W B
he) A o o] (o]
s . o o090 o 0000 00 ;o ¥
. 5o ~00029000 o) 00 c
i _— o —_ 00
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15 1.0 0.5 0.0 0.5 1.0 15

KIITA™)

FIG. 7. Valence band of an AlSe bilayer on(Hi1) in the [110] and[110] directions,I'-K—-M. Open circles are the plotted peak
positions from the image in Fig. 6. Shaded regions are forbidden regions in the calculated Si projected bulk bands. Solid lines on the left half
of the graph are the calculated Si bulk emission along the scan directioa80 eV(shown as dots in Fig.)6Solid lines on the right half
of the graph are the measured band structure of the bilayer on the silicon taken wjthi4€1.2 eV. Bold open circles are those that do
not overlap a silicon bulk state on the left, but note that they do correspond with a state observed at theasmhwbfferentk, on the
right—indicative of their two-dimensional nature.
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valence band maximurtVBM)) shows the single observed and photoelectron diffraction to investigate the composition,
peak to lie between thealculated bulk and(21.2 eV data  structural, and electronic properties of this system.

surface states. We thus assign it to the overlap of the Se lone The local chemical environment closely resembles that of
pair with the Si band edge. We observe no occupied statehe GaSe bilayer on silicon despite differences in the bulk
in the bulk Si band gap for this passivated surface. Sincerystal structure of Al and Ga selenides. The Al sits directly
Al,Se has such a large band g&p.1 eV), it is expected above the top layer silicon with the Al-Se bond 63° toward
that the AlSe/Si termination has no states within the Si bangl112], so that the single-orientation interface bilayer follows
gap. . _ . . the zincblende form, contrary to the stable wurtzite form of

The surface-associated states in RegioitbBld circles,  he pulk. The interface silicon is in a bulklike environment,

3-5 eV below the VBM pass through or near forbidden gimilar to the isoelectronic structures(8il):As, Si111):H

regions in the bulk Si bands. Calculations of similar statepg s{111):GaSe. The electronic structure shows extremely
for Si(111):As attribute these states to Si-As backbdratsd  sharp states, indicating a well-ordered surface with no occu-

in Si(111):GaSe to Ga-Spy-p, orbitals?® the equivalent pieq states in the silicon band gap.

states for this system are Al-Se bonds. One of these three The high-temperature stability, high degree of order and
bonds lies in the plane of measurement, Iea_dln_g to two sepgihsence of dangling bonds make$1$i):AlSe a good can-
rate states away from the zone ceriteB eV binding energy  gjgate as a low surface energy growth platform for heteroepi-
atI'). Region C, consisting of deep states 6-8 eV below theaxy of next-generation silicon-based self-assembled nano-
VBM are most likely Si-Al bonds, as they have similar en- structures.

ergy and dispersion to Ga-Ga bonds in layered Ga%and

similar states were attributed to Si-Ga bonds in ACKNOWLEDGMENTS
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