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Angle-resolved photoelectron spectroscopy study of the IMR00)-(2x4)
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The InR100-(2x4) surface electronic structure was studied using angle-resolved photoelectron spectros-
copy together with synchrotron radiation. We identify three surface states occurring in the gaps of the projected
bulk bands. The highest level state, located at binding ereggy1.0 eV, is consistent with previous findings.

The second and third states, locatedEgt=1.8 and 4.3 eV, have not been reported previously. All three of
these surface states show no discernible dispersion as compared to the surface stated 00)4(24s1) and
GaAg100-(2x4). This result suggests that the elements of thg16B-(2X4) surface unit cells are more
isolated from each other than they are for the I(1A®-(2%4) or the GaA$100-(2x4) surface.
[S0163-182608)04903-0

I. INTRODUCTION Most previous electronic structure studies of the(lrt®)
surface have also suggested4x 2) surface reconstruction.

The (100 surface of group 1lI-V semiconductors is rec- None of these previous studies present a detailed band map-
ognized as being one of the most important surfaces to thging of the clean InRLO0) surface. Moison and Bensous8an
electronics industry. However, these surfaces exhibit mangtudied the surface density of states and discovered a surface
different reconstructions and debates reign regarding theitate near the valence-band maximum. Hetwal/”° and
electronic and geometric structure$.For example, three \wang present detailed studies of this surface state, but only
different surface structures were recently proposed for.thghOW normal emission spectra for Ii1P0). Lodderset al2
clean InR100) surface’™® The one area where these studiessydied the InPLOO) bulk electronic structure and map the
agree is that the true surface structure cannot be described By |ine by changing the photon energy; however, they also

the missing row dimer (MRD) modef familiar to e |13 :
. i present only normal-emission spectra. Wedssl. studied
GaAq100-(2x4) and {4x2). This assertion was recently the InR100 electronic structure, but concentrated on the

supported by Pahlket al The MRD model was originally CaF, coverage. In an inverse photoemission study, Riese,

proposed for the In00-(2%x4) surface by Howet al’ ; a ) .
Most authors studying the IEO0) surface geometry Milas, and MerZ* show the dls_persmn of an emp;y surface
have suggested @x2) reconstructed surfacé:” However, state along thex2 symmetry axis. The only theoretical study
we could find was completed by Chan and Ghgut they

the orientation of the model suggested by Swal? is ) . -
actually a(2x4) reconstruction. MacPherscet al® report ~ Only discuss the relative stability of théx2), ggéZA)' and
7> were the

that the surface indeed exhibits (@x4) reconstruction. (1x1) reconstructions. Finally, Mitchelt a
Pahlkeet al® concluded that thé2x4) surface reconstruc- first to suggest a study of tH@x4) reconstruction, but only
tion is obtained whether the surface is prepared by removingresent a detailed analysis and valence-band mapping of the
a passivation layer or by ion bombardment/anneal cyclessulfur-passivated surface.

We also recently confirmed that the surface ts4) sym- We present a detailed study of the clean(t(®)-(2x4)
metry using x-ray photoelectron diffraction in conjunction surface electronic structure. Using angle-resolved photoelec-
with low-energy electron diffractiodLEED).® The surface tron spectroscopyARPES together with synchrotron radia-
Brillouin zone (SBZ) and a schematic of the ide&lx1) tion, we mapped the valence bands around the ifeall)
surface are illustrated in Figs(d and Xb), respectively, to  SBZ; we did not map th€2x4) SBZ because of its small
clarify the[011] and the[ 011] crystal axes. The irreducible size in thex4 direction. The results are presented using a
(2x4) SBZ is highlighted with bold lines. valence-band imaging techniqtfé.
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a) [oT1]

and as infrequently as possible to maintain a high-quality
INP(100)-(2x4) surface. A commercial Vacuum Generators

=90° . .
¢s} ADES500 hemispherical electron energy analyzer was used
3o K(lxl) to collect the photoemission spectra. The angular resolution
(1’<1)F 3 T T was~=*1° and the total energy resolution wa220 meV at
ot Jor Mt 21

the two photon energies used in this study, 19.0 and 21.2 eV.
No carbon or oxygen contamination was detected by x-ray
photoemission spectroscofivlg K, 1253.6 eV. Other
Y10 Y measures ensuring the sample cleanliness include the good
E (2X4) LEED pattern and the existence of a low binding-

energy surface state in the valence-band spéctra.

A schematic of the experimental geometry is illustrated in
Fig. L(c). The incident photon beam was fixed &=
— —45°; all angles are measured relative to the surface normal.
The sample was aligned to the plane defined by the incident
photon bearmh» and the photon polarization vectér The

surface normah and the photoemission directidn were

b)

[o11]

(O Indium
@ Phosphorus

c) &

maintained in this plane. The dispersions were measured
along the various symmetry axes by rotating the analyzer in
this plane to change the photoemission angdeand by ad-
justing the sample azimutfs appropriately. When scanning
the symmetry axes which do not include thg, origin, 6,
and ¢, were adjusted togethef, and ¢ were calculated
using the binding energigg= 0.7 eV (photoelectron kinetic
energyEx=18.3 eV} as representative of the relevant values
of the photoelectron wave vector's parallel comporignt

The raw data are a series of photoemission spectra plotted
as intensity versus binding energy relative to the Fermi en-

hv s ergy Er. These data are reduced to a valence-b@aril)
A 6; o, image that plots the spectral intensities with respect to the
%} binding energy(relative to E¢) and k,.*®-2° The resultant
_ Sample VB images are a direct and compact illustration of the

k

valence-band dispersion as well as the strength of each

valence-band feature throughout the SBZ. Thus, feature
identification is less arbitrary than the typical method of us-
ing filled and unfilled symbols.

FIG. 1. (a) Schematic of thg1x1) irreducible SBZ with the
(2x4) SBZ superimposedirreducible part in boly (b) the ideal
(1X1) surface illustrating th€011] and[011] directions, andc) a
schematic of the experimental geometry.

Ill. RESULTS AND DISCUSSION
Il. EXPERIMENT
_ ) ) Figure 2a) shows the raw VB spectra collected along the
The ARPES experiments were performed using beamllnfoﬂ] axis from Foo to 1720 at hy=19.0 eV. Figure @)

18A at the F_’hoFon Factory,_ Natlona}l Lgboratory fo_r High shows the raw VB spectra measured along [tB&1] axis
Energy Physics in Japan. This beamline is on a bending mag- =~ = — hye il h

net and is comprised of a constant-deviation-angle grazing?—rom T’ t0 'y @t hy=19.0 eV. Similar datanot shown
incidence monochromator. The accessible photon energ/ere collected along th11] and[011] axes at 21.2 eV to
range was 10-150 eV. identify bulk-related features such as those which disperse

The sample was p-type Cd-doped InfL.00) wafer sup- with changing photon energy and surface umklapp bands.
plied by MaTeck (Germany; the carrier density was Figure 3 shows the VB images obtained from these four data
2% 108 cm 3, The epitaxial-grade surface was oriented toSets. At a given photon energy, the bulk bands should show
within 0.5°. The sample was solvent degreased and thefimilar binding energies and dispersions along each symme-
chemically etched in b80,:H,0,:H,0 (3:1:1) for 10 s at Ty axis. The bulk BZ symmetry points are indicated at the
60 °C. The surface was then sulfur passivated by immersingottom of each image. Along a given symmetry axis, the
the sample in an (N§J,S, solution for 75 min at room tem- surfacg-relat_ed features should show similar binding energies
perature. Finally, the sample was rinsed with running dejon@"d dispersions for each photon energy. The surface BZ
ized water before insertion into the vacuum chamber. Th&Ymmetry points are indicated at the top of each image.
experimental chamber base pressure wad@ & Pa during As seen by Loddergt al,"* the lowest binding-energy
the data acquisition. feature associated with a bulk-band emisdio(dashed ling

The sulfur was removed and the surface was cleaned b§oWs little dispersion in this photon energy range at normal
Ar* bombardment500 V) followed by annealing to 300 °C  emission.I';1). However, at the)(1,c1) (J(1x1)) Point, B
for 5 min. To reduce thé® depletion caused by the sput- disperses to higher binding energy at the higher photon en-
ter/anneal cycles, the sample was sputtered at low currerrgy. Note that our definition of andJ’ is consistent with
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FIG. 2. Raw valence-band photoemission spectra collected at FIG. 3. Valence-band images derived from data takeiat

hy=19.0 eV for the(a) [011] and (b) [011] axes that include the
I'yo origin. 6;=—45°; ¢ was fixed as indicateds;, S,, andS;
indicate possible surface states.

that of Ivanov, Mazur, and Pollmarfh This is reversed from
the definition used by Larsen and co-work&s* There are,
however, two distinct bulk features &}, q) that disperse
with changing photon energy. In Figs(aB and 3c) (hv
=19.0eV), these are located Bz~ 1.8 eV (overlapping
S,) and 3.2 eV. In Figs. ®) and 3d) (hv=21.2 eV), these
are located aEg~2.0 and 3.8 eMoverlappingS;). Stietz
et al?® previously discussed these two bulk featureat
=21.2eV.

The labelsS;, S,, andS; (solid lines indicate features

=19.0 and 21.2 eV along the) and(b) [011] as well as théc) and
(d) [0 ] symmetry axesS,;, S,, andS; indicate possible surface
states.

that do not disperse with changing photon energy and are
believed to be surface related. Becalseoes not disperse
with changing photon energy at normal emission and be-
causeB andS,; have similar binding energies, one must con-
sider thatS; could be a bulk-related surface umklapp band.
If S; was a surface umklapp band, however, one would ex-
pect its intensity to be greater Bf; and lower afl’,g in Figs.

3(a) and 3b).?® Due to the small SBZ size in the4 direc-
tion, the result would be a very flat band&{~ 1 eV across

the entire SBZ. However, there is no distinguishable peak or
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shoulder at thd’; point. Additionally, although bulk-related
surface umklapp bands are repeated at the symmetry points
defined by the surface reconstruction, their dispersion is di-
rected by the bulk symmetry because they are directly related
to a bulk band®® However, in Figs. &) and 3d), there is no
indication thatS; mimics theB dispersion.

The possibility of surface umklapp bands giving risesto
is best considered by analyzing Fig¢cj3and 3d). If S, at
I'h; was a surface umklapp band relating to bulk banfygt
with a similar binding energy, the®, would disperse to
higher binding energy at the higher photon energy as the
bulk band does. AlthougB, has a relatively lower intensity
athv=21.2 eV, its binding energy is constant with changing
photon energy.

S; is a bit more ambiguous because it is completely ob-
scured by a bulk band d@v=21.2 eV. However, ahv
=19.0 eV, there appear to be no bulk bands in the vicinity of
S;.12 Additionally, we will show thatS, has anincreased

Photoemission Intensity (arb. units)

N SPECTROSCW®P. . 10 135

a) Ty, 51:21

ee’ ¢S
3.2°,398°T,,

20.9°,78.7°

20.5°,90°Ty,

intensity where we expect there to be a window in the bulk- Cera b b b b ] Ne209°,101.3°
band projection. Surface umklapp bands are detected in the 6 5 4 3 2 1 0
gaps of the bulk-band projection, but their intensity is typi- T Ex
cally lower than the principle bulk band to which they are Binding Energy (eV)
related?® Thus, if S; was a surface umklapp band, then we = =
=Pp A b) Io-Is

would expect its intensity to be higher B§; andI',q and
lower aroundl’,, [cf. Fig. 5a)].
Figures 4a) and 4b) show the raw VB spectra measured

along thely;-I'11-1'51 and thel,g- b¢- Iy, sSymmetry axegcf

Fig. 1(a)] at h»=19.0 eV. These represent tfiel1] and
[01] directions, respectively, for two symmetry axes that
do not include thdy origin. Mapping the idea{1x1) SBZ

is useful because the edge of the bulk-band projection
reaches an energy-position minimum at ke, ;1 point*?3
This in turn makesS; and S, easier to identify. Also, a
window in the bulk-band projection directly below this mini-
mum allows the intensity db; to be enhanced in these spec-
tra.

Figure Fa) is the valence-band image plotting binding
energy(eV) versusk, (A~ constructed from the four data
sets presented in Figs. 2 and ., S,, and S; are high-
lighted with solid lines. The edge of the bulk-band projection

Photoemission Intensity (arb. units)

24.1°,31.0°

0.9°, 11.3°
0.5°,0° Ty

B is indicated with a dashed line. We obtained fhe, 1) iii bbb Lo Ly N20.9°, -11.3°
point and theK; .1y point binding energies by relating bulk- 6 5 4 3 2 1 0
band structure calculations to the bulk Brillouin zone Binding Energy (eV) Ex

geometry*>2’-29|n the absence of a calculated bulk-band

projection for InR100), we used the GaA$00 clazlgulated FIG. 4. Raw valence-band photoemission spectra collected at
bulk-band projection to estimate the shapeBof'** After  ,,=19.0 eV for(a) [011] and (b) [01L] axes that do not include
additionally considering the available bulk projection calcu-ihe 1y origin. 6= — 45°; 6, and ¢, were varied together to main-

lations for InS1§100 (Ref. 30 and INA$100),* we expect a tain k, for Eg=0.7 eV constant along thés) Jsz)— K1) and
window in the projected bulk bands to be centered below th%b) Jixy—Kix1) axes.Sy, S,, ands, indicate possible surface

K(1x1) point. states.
Figure 5a) clearly illustrates thaS; andS, occur in the
bulk band gap. The intensity & is enhanced in the region mum (VBM) is ~0.9 eV below the Fermi edge arf§} is
where we expect the window at the; .,y point. A conser- ~0.1 eV below the VBM. Neithe6,, Eg=1.8 eV, norS;,
vative assignment of this window is drawn in Fighbby  Eg=4.3 eV, have been reported previous§. and S; are
noting the region wher&; has enhanced intensity; we ex- easily detected in the gaps of the bulk-band projection and
pect the true window to encompass more than just the arethey are not surface umklapp bands, as already discussed.
indicated. Thus, S, and S; are surface states. Similar arguments have
The surface stat8; has been reported previously-*in  been applied to the In$b00 (Ref. 30 and InAZ100) (Ref.
agreement with these earlier studies, the valence-band max3d) surfaces.
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FIG. 5. (a) Valence-band image for IifP00)-(2x4) data pre-
sented in Figs. 2 and 3. TH&X1) SBZ symmetry axes are indi-
cated at the bottom of the figure and those for(he4) SBZ at the
top. The edge of the bulk-band projecti@is indicated with a
dashed line while solid lines indica® , S,, andS;. (b) Schematic
of the VB image in(a). The hashed part illustrates the bulk-band
projection. The squares represent INE¥)-(2X4) surface states
from Ref. 31; the triangles represent G&2&0)-(2x4) surface
states from Refs. 23 and 24.

Figure 8b) superimposes our IfP00-(2x4) data with
the InNAS100-(2x4) data from H&anssoret al®! (squares
and with the GaAdO00-(2x4) data from Larsen and
co-workeré®?4 (triangles. The InAs and GaAs geometric

surface structures are similar to each other. Both are com-
prised of an extended array of As dimers and their respective
scanning tunneling microscop{STM) images are nearly
identical®?3® Although the InAs and GaAs surface states
shown in Fig. 8b) have different binding energies, states on
both surfaces show dispersion resulting from the delocalized
nature of their geometric structures.

In contrast, the InAL00 STM images differ from the
InAs and GaAs STM images The surface electronic struc-
ture comparison in Fig.(®) also shows differences. Unlike
the InAs and GaAs surface states, the InP surface states show
no discernible dispersion. This result suggests that the ele-
ments of the InP surface unit cells are more localized than
those of the InAs or GaAs surface unit cells. Note that
Pahlke et al® also suggested that the detailed (BBO)-
(2x4) geometric structure differs from the accepted
GaAq100)-(2x4) structure. Structure-dependent valence-
band calculations should be completed and compared to the
experimental valence-band data presented here to provide
more information about the local atomic geometry. Such cal-
culation results will also help to identify the origins of the
INP(100)-(2x4) surface states.

IV. CONCLUSION

We studied the InAL00)-(2X4) surface electronic struc-
ture using angle-resolved photoelectron spectroscopy to-
gether with synchrotron radiation. We identify three surface
states occurring in the gaps of the projected bulk bands. The
highest level stateEg=1.0 eV, is consistent with previous
findings. The second statEg=1.8 eV, and the third state,
Eg=4.3 eV, have not been reported previously.

In contrast to the surface states reported for (AAS)-
(2x4) and GaA$100)-(2x4), the InR100-(2x4) surface
states exhibit no discernible dispersion. This result indicates
that the elements of the surface unit cells are more isolated
from each other on the InP surface than they are on the InAs
or GaAs surfaces. These InP valence band data alone are not
sufficient to yield information regarding the local atomic ge-
ometry or the origins of the three surface states. Structure-
dependent valence-band calculations are required to learn
more about the physics behind the three(li®)-(2x4) sur-
face states.
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