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Photoemission spectroscopy of the evolution of In-terminated InP„100…-„2Ã4… as a function
of temperature: Surface- and cluster-related In 4d lines
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The evolution of clean, In-terminated InP(100)-(234) surfaces is investigated by synchrotron-radiation-
excited photoemission spectroscopy as a function of annealing temperature. As-prepared InP(100)-(234)
surfaces are found to be free of metallic indium, and the 4d core level shows two clear surface components. A
third, indium-cluster-related component appears after annealing above 360610 °C, due to phosphorous de-
sorption, and is accompanied by a corresponding reduction in intensity in the In-P surface component. Further
annealing leads to a decrease in binding energy of the indium-cluster-related peak due to increased metallicity
and hence core-hole screening in the clusters. The increasingly metallic nature of the indium clusters is also
revealed by the appearance and growth of a Fermi edge in valence-band spectra.

DOI: 10.1103/PhysRevB.66.075323 PACS number~s!: 73.20.At, 79.60.Jv, 73.61.Ey, 61.46.1w
po

F
t

th
n
d
m
o-

in
-

t
r-
n
s
th

, a

ric
is
t

he

s-
e
b
ti

e
i

ru
o

the

n
al-
us-
rs
the

ion

et-

s-
d

,
at-

ex-

n
ry in
n
s

ed

em-
ce
ion
y

InP
Despite the large body of literature regarding the com
sition and structure of the In-rich InP(100)-(234) ~Refs.
1–7!, surface there is still disagreement in several areas.
example, in photoemission studies it has been difficult
assign the number of low-binding-energy components of
In 4d core line which are associated with ‘‘free’’ indium i
an unambiguous way. The In 4d core level has been fitte
with three surface and one bulk component by so
groups,1,2 while others have fitted with two surface comp
nents and one bulk component.4,5,7Perhaps the main problem
is that researchers are unable to distinguish the low-bind
energy component~s! related directly to the surface recon
struction from that due to ‘‘free’’ indium~by ‘‘free’’ indium
we mean indium in excess of that required for a perfec
34 reconstruction! found in the form of clusters on the su
face. An additional difficulty in the unambiguous assignme
of a particular In 4d component to indium clusters is that, a
we shall demonstrate in this paper, the binding energy of
cluster-related component changes according to the size
hence screening efficiency, of the indium clusters.

The above debate about possible models for the In-
(234) InP~100! surface reconstruction arises from the d
covery that this surface does not behave analogously to
GaAs~100! surface.8 It has recently been suggested on t
basis of scanning tunneling microscope~STM! studies,6,9 to-
tal energy calculations,10,11 and angle-resolved photoemi
sion spectroscopy8,11 that simple In-In dimers or trimers ar
not solely present on this surface, as originally expected,
that there is evidence that there is also a considerable frac
of mixed In-P dimers6,8–11 or even P-P dimers6,12 present.
Our recent studies of the chemisorption of C60 on
InP(100)-(234) ~Ref. 13! are in agreement with thes
findings—chemisorption of a fullerene leads to changes
the spectral features of both the fullerene and phospho
but not of the indium. This result requires the presence
0163-1829/2002/66~7!/075323~6!/$20.00 66 0753
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phosphorous atoms at the outermost layer of
InP(100)-(234) surface, which are likely to desorb from
the surface in the initial stages of annealing.

In addition to providing further insight into the way i
which the InP(100)-(234) surface changes under anne
ing, information gleaned about the nature of the indium cl
ters is important in its own right. The properties of cluste
have been the focus of much research interest over
years14–17partly due to the desire to understand the transit
from the atomic to bulk solid state18 and partly due to the
potential applications of clusters in fields as diverse as h
erogeneous catalysis,19 nonlinear optics,20,21 and nanoscale
electronics.22,23There are a number of ways of growing clu
ters on substrates, such asin situ size and energy-selecte
cluster deposition24 and thermal evaporation25,26 andex situ
chemical preparation.27 In the case of III-V semiconductors
clusters of the group-III elements are formed simply by he
ing, sputtering, or reacting with atomic hydrogen.15,26,28–30

Once prepared and then oxidized, indium clusters, for
ample, might become important in the formation of InOx thin
films, widely known as sensor elements.31,32

In air the InP~100! surface naturally oxidizes so that a
ion bombardment and annealing treatment are necessa
order to obtain an In-rich (234) reconstruction and has bee
studied in the past.33–35 The periodicity of the surface ha
been confirmed by low-energy electron diffraction~LEED!
and STM.6 Indium clusters produced by annealing oxidiz
InP~100! over a wide temperature range~250–550 °C!, have
been observed by photoemission spectroscopy~PES!.33 No
detailed studies of the In clusters were made since the
phasis of that work was mainly to investigate the influen
of Sb deposition on the surface thermal stability. Reflect
electron microscopy34 ~REM! has also been used to stud
the growth of indium clusters on InP~110! at 650 °C~above
the thermal decomposition temperature 370 °C of the
©2002 The American Physical Society23-1
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surface30!. PES has also been used to investigate argon-
bombardment-treated InP~110! surfaces over a wide tem
perature range.35 The starting surface in that work was a
ready cluster covered, due to preferential phosphor
sputtering above ion energies of 60 eV.36 To our knowledge,
no work has been done on the growth of clusters of indi
starting with cluster-free In-terminated InP(100)-(234) sur-
faces. In this work we study the effects of heating a perf
~to within experimental sensitivity! InP(100)-(234) surface
in a temperature range between 360 and 500 °C, and pre
a detailed analysis of the changes induced in In 4d and
valence-band spectra. Clean InP~100! as a high-carrier-
mobility material has rising technological potential, and
surface core-level shifts~SCLS’s! and morphology has bee
studied widely by x-ray photoemission spectroscopy~XPS!,
short-range PES~SRPES!, and STM.1–6,35,37–42In studies of
the InP(100)-(234) surface the proposed that number of
4d core-level components for the clean surface varies
mentioned above, with the presence of three surface and
bulk component suggested by some groups,1,2 while others
use two surface components and one bulk component4,5,7

The aim of this work is to try directly to identify and assig
the low-binding-energy component of the In 4d core line by
following its development as a function of temperature.
addition, STM work suggests that the most probable mo
for a InP(100)-(234) surface is a two-phosphorus dimer—
two missing dimer model, with the prediction of a high
mobile second layer of In-In dimers which may decompo
to form the In clusters.6

The samples used in these experiments were cut f
polished InP~100! wafers ~S-doped, n-type with n52
31017 cm23, wafer thickness 400mm, reported resistivity
1.531022 V cm, purchased from Wafer Technology Ltd!.
The samples were cleaned by chemical etching using a
phuric acid and hydrogen peroxide solutio
@H2SO4:H2O2:H2O(3:1:1)# for 10 min at 60 °C.8,43 They
were then rinsed with de-ionized~DI! water and dipped in an
(NH4)2Sx solution for 20 min at 65 °C to avoid oxide forma
tion. Subsequently, they were again rinsed in running DI w
ter and then rapidly introduced into an ultrahigh-vacuu
~UHV! chamber at a pressure below 5310210 mbar.
Samples were mounted on a Ta plate and, in general, ev
heated by electron bombardment. However, one of
samples was unevenly heated in order to get a full temp
ture gradient across the surface. This was achieved by fi
one end of the sample tightly to the sample holder while
other end was loosely held~henceforth we will call this the
‘‘temperature-gradient-heated sample’’!. All the data pre-
sented in this paper correspond were obtained from
evenly heated samples unless explicitly stated otherw
Sample temperatures were measured by aK-type thermo-
couple in close proximity to the sample holder, using sl
heating and cooling to ensure proper temperature equilib
tion. An In-terminated InP(100)-(234) reconstruction2,7,8,43

was prepared by performing several cycles of sputter
~Ar1 ions, 0.5 keV beam energy, 1mA sample current! and
annealing according to a well-established recipe, until no
phur, carbon, and oxygen could be detected by XPS,
sharp LEED patterns characteristic of a clean surface w
07532
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observed.8,43 Photoemission spectra were acquired with
SCIENTA SES-200 analyzer using beamline 4.1 of the s
chrotron radiation source~SRS!, Daresbury. All In 4d spec-
tra shown in this paper were obtained with 50 eV phot
energy. All spectra were acquired in normal emission w
the synchrotron light incident at 60° to the normal. The ov
all resolution of spectra acquired using synchrotron radiat
is estimated at;0.3 eV, using the Fermi edge of the metall
clusters. In addition, we acquired spectra with He II radiat
from a discharge lamp where the overall resolution was
proved to ;0.09 eV.13 Spectra acquired at this improve
resolution were used to determine initial fitting paramet
such as the number of surface components, their energy
sition, and the position and width of the bulk In 4d compo-
nent. Binding energies were referenced to the Fermi leve
a Ta plate in good electrical contact with the sample, a
care was taken to ensure that no observable surface ph
voltages were generated over the range of flux and ener
used. The temperatures of the temperature-gradient-he
sample were calibrated by comparing area ratios of all co
ponents with those of other spectra that were taken fr
evenly heated samples~in all cases the samples were heat
for an equal time of 2 min!. We estimate that the temperatu
variation across the spot exposed to synchrotron light~;1
mm! on the temperature-gradient-heated sample was
more than 10 °C. Area ratios for a given component are
fined as the sum of the In 4d3/2 and 4d5/2 peak areas for tha
component divided by the total area of the core line~sum of
all components!.

Figure 1~a! shows In 4d core-level photoemission spectr
obtained with 50 eV photon energy from clean and hea
samples. Each curve indicates a new sample evenly heat
the labeled temperature. One can see a rise in the should
the low-binding-energy side of the In 4d core line, associ-
ated with formation of In clusters due to the loss
phosphorus.35 As the temperature of the surface becom
higher, the number and/or size of the clusters increases.
actly the same behavior was observed on the tempera
gradient-heated sample: see Fig. 1~b!. Initial atomic force
microscopy ~AFM! measurements, to be publishe
elsewhere,44 of a gradient-heated sample, across the wh
length of the surface indicated the presence of a large n
ber of clusters with strong increase in cluster coverage w
temperature. In addition to the obvious growth of the clust
related component, as we scan from the end annealed a
lower temperature to the higher, one can see an additio
effect: an asymmetric narrowing of the In 4d line on the
higher-binding-energy side~indicated with an arrow!. In or-
der to understand this behavior and follow the cluster grow
mechanism further we studied the evolution of the shape
the In 4d core levels for both evenly heated samples and
temperature-gradient-heated sample in detail. Figures~a!
and 2~b! show the In 4d photoemission spectra of the clea
surface and after annealing at 470 °C, respectively. The
perimental spectrum was fitted to three~for the clean sur-
face! or four ~for the annealed surface! mixed doublets with
a Shirley background. During the fitting procedure, sp
orbit splitting was kept fixed at 0.86 eV; the branching ra
was 0.65. The position of the bulk component was kept fix
3-2
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within 60.02 eV, and the width was allowed to vary b
60.05 eV. The initial parameters for fitting the In 4d core
lines were obtained from fits to spectra of the cle
InP(100)-(234) surface13 obtained with He II radiation—
these spectra were acquired at an improved resolution of
eV, but at the expense of enormously increased acquis
time. The clean surface was fitted to three rather than f
components since the addition of a fourth component led
no significant increase in the quality of the fit, as would
expected if a fourth doublet was genuinely present. It sho
be noted that the full width at half maximum~FWHM! of the
In 4d lines is slightly larger for the clean (234) surface
than for the annealed surface~0.60 and 0.51 eV, respec
tively!. We attribute this difference to the presence of defe
on the as prepared (234) surface, which are subsequent
reduced in density by the annealing procedure.

The In 4d core-level spectrum of the clean surface can
decomposed into a bulk-related doublet~In-1! and two sur-
face contributions~In-2 and In-3!, which exhibit core-level

FIG. 1. ~a! In 4d photoemission spectra (hn550 eV) of the
cluster-free InP~100!-(234) surface and of four samples heated
the temperatures denoted in the figure. A clear rise of the shou
on the low-binding-energy side is observed.~b! In 4d photoemis-
sion spectra (hn550 eV) of the temperature-gradient-heat
sample.
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shifts compared to the dominant bulk component of20.40
60.03 eV and10.3060.03 eV, respectively, which is con
sistent with previous studies.4,5,38 The In-3 component has
been attributed to three-fold coordinated indium surface
oms, which exhibit charge transfer, to three-fold coordina
P surface atoms.7,38 The component labeled In-2 might b
associated with four-fold coordinated surface indium atom

er

FIG. 2. ~a! In 4d photoemission spectrum (hn550 eV) of clean
InP~100!-(234). The experimental spectrum~dotted line! was fit-
ted to a Shirley background and three mixed doublet compone
: bulk ~1! and surface~2! and~3! components. The line markedR
shows the residuals of the fit.~b! In 4d photoemission spectrum
(hn550 eV) obtained after annealing a clean surface at 470
The experimental spectrum~dotted line! was fitted with a Shirley
background and four mixed doublet components: bulk~1!, surface
~2! and~3!, and indium cluster~4! components. The line markedR
shows the residuals of the fit.
3-3
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which are characterized by charge accumulation.38 After the
sample was heated above 360 °C, the surface showed the
decomposition, as a result of which the In 4d spectra had to
be fitted with four doublets and a Shirley background.1,2 The

FIG. 3. ~a! Binding energy positions of all components fo
evenly heated samples and~b! binding energy position of the
indium-cluster-related component against temperature for ev
heated samples.
07532
al

fourth doublet~In-4! we relate to contributions from metalli
indium clusters, formed from surface indium liberated duri
the annealing process.

It is worth mentioning the differences in In 4d fitting
procedures between our work and that of others. So
groups fit the In 4d photoemission spectrum of thecluster-
free InP~100! surface with four doublets and a Shirle
background1,2 and others with three doublets and a Shirl
background.4,5,38,40After experimentation with fitting param
eters we found that three doublets~one bulk and two surface
components! were enough; after annealing to temperatu
beyond the P thermal desorption point, metallic indium a
peared on the surface, requiring a fourth doublet. During
fitting procedure, the branching ratio and spin-orbit splitti
should be kept fixed for all components, though in Ref. 2
branching ratio was allowed to vary considerably. In F
3~a! we show the general trend of all four components
evenly heated samples. It is obvious that a shift in the b
surface components and the cluster-related component is
served. Since the In-3~second surface component! is related
to charge exchange between the indium and phosphorus38 it
is to be expected that, as one begins to lose phosphoru
oms, this component will become weaker and probably so
redistribution of charge will occur. The reduction in intensi
of this component is the main reason for the apparent n
rowing of the In 4d with temperature in Fig. 1~b!.

Figure 3~b! shows in greater detail how the position of th
cluster-related spectral component of the evenly hea
samples shifts with annealing temperature. When the ann
ing temperature is increased gradually from 420 to 470
the cluster-related component position shifts to lower bin

ly

FIG. 4. Valence-band spectra (hn550 eV) collected at norma
emission from InP~100!-(234) surfaces after various annealin
steps.
3-4
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ing energy by 0.2 eV. Examination of the coverage dep
dence of core electron photoemission intensity and bind
energy for simple, noble-metal, and transition-metal clus
supported on amorphous carbon16 has shown that very sma
metal-atom clusters, containing fewer than 30 atoms, are
fully metallic and final-state core holes are screened by
larization of neighboring atoms. Consequently, the bind
energy depends only weakly on the cluster size.16 In larger
metallic clusters, conduction electrons screen the hole, w
the missing charge appearing at the surface of the cluste
this regime, the core electron binding energy shifts to low
values with increasing cluster size.16,23The variation in bind-
ing energy of the cluster-related component of the In 4d line
indicates that, for temperatures above 420 °C, the ind
clusters fall into the latter regime.

To further investigate the evolution of the InP surface d
ing annealing, we recorded valence-band spectra after
nealing at each temperature. Figure 4 shows the normal
valence-band spectra. After annealing to 440610 °C and
above, a Fermi edge begins to become apparent in the s
tra, indicating that the indium clusters, or a proporti
thereof, have become fully metallic. By carefully inspecti
the features of the valence band, one can also find tha
valence-band maximum~VBM ! shifts from 1.70 to 2.05 eV
when the annealing temperature is increased from 400
500 °C. This might be interpreted as the appearance of
donor states in the gap during the annealing procedure w
donate electrons and shiftEF closer to vacuum level. This
oi
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appears as a shift of the valence band to a higher bind
energy.

In conclusion, the annealing of clean InP(100)-(234)
surfaces, free from excess indium, was investigated by P
Above the thermal desorption temperature of phosphor
~360 °C!,31,34a metallic indium component gradually appea
in the In 4d line. As-prepared In(100)-(234) surfaces are
free of metallic indium and the 4d core level shows only two
clear surface components. A third component, indium clus
related, due to phosphorous desorption appears after an
ing and is accompanied by a corresponding reduction in
tensity in the In-P surface component. By careful inspect
of the features of the In 4d and valence-band spectra, it
found that a visible Fermi edge appears when the temp
ture approaches 440 °C. The cluster component of the Ind
line shifts by 0.2 eV in binding energy when the anneali
temperature is raised from 420 to 470 °C. This shift in t
binding energy of the cluster-related core-level componen
interpreted in terms of improved core hole screening w
increasing cluster size.

ACKNOWLEDGMENTS

Y.C. is grateful to the scholarship panel of The Univers
of Newcastle for support. L.Sˇ . is grateful to EPSRC and Th
Royal Society for financial support. We thank G. Miller fo
valuable technical support and are grateful to Professo
Fukuda for providing detailed information on cleaning InP
nu,

ys.

K.

s.

ys.

B

v. B
1V. Chab, L. Pekarek, I. Ulrych, J. Suchy, K. C. Prince, M. Pel
M. Evans, C. Comicioli, M. Zacchigna, and C. Crotti, Surf. S
377, 261 ~1997!.

2M. Shimomura, N. Sanada, G. Kaneda, T. Takeuchi, Y. Suzuk
Fukuda, W. R. A. Huff, T. Abukawa, S. Kono, H. W. Yeom, an
A. Kakizaki, Surf. Sci.413, 625 ~1998!.

3D. Pahlke, J. Kinsky, C. Schultz, M. Pristovsek, M. Zorn,
Esser, and W. Richter, Phys. Rev. B56, R1661~1997!.

4R. K. Gebhardt, A. B. Preobrajenski, and T. Chasse, Phys. Re
61, 9997~2000!.

5S. Sloboshanin, R. K. Gebhardt, J. A. Schaefer, and T. Cha
Surf. Sci.431, 252 ~1999!.

6Q. Guo, M. E. Pemble, and E. M. Williams, Surf. Sci.433–435,
410 ~1999!.

7W. G. Schmidt, F. Bechstedt, N. Esser, M. Pristovsek, C. Schu
and W. Richter, Phys. Rev. B57, 14 596~1998!.

8W. R. A. Huff, M. Shimomura, N. Sanada, G. Kaneda, Y. Suzu
H. W. Yeom, T. Abukawa, S. Kono, and Y. Fukuda, Phys. Rev
57, 10 132~1998!.

9M. Shimomura, N. Sanada, Y. Fukuda, and P. J. Moller, Surf. S
359, L451 ~1996!.

10W. G. Schmidt and F. Bechstedt, Surf. Sci.409, 474 ~1998!.
11A. M. Frisch, P. Vogt, S. Visbeck, Th. Hannappel, F. Willing, W

Braun, W. Richter, J. Bernholc, W. G. Schmidt, and N. Ess
Appl. Surf. Sci.166, 224 ~2000!.

12W. G. Schmidt, E. L. Briggs, J. Bernholc, and F. Bechstedt, Ph
Rev. B59, 2234~1999!.
,

.

B

e,

z,

,

i.

r,

s.

13Y. Chao, K. Svensson, D. Radosavkic´, V. R. Dhanak, L. Sˇ iller,
and M. R. C. Hunt, Phys. Rev. B64, 235331~2001!.

14D. Dalacu, E. Jolanta, E. Klemberg-Sapieha, and L. Marti
Surf. Sci.472, 33 ~2001!.

15T. D. Lowes and M. Zinke-Allmang, Phys. Rev. B49, 16 678
~1994!.

16G. K. Wertheim and S. B. DiCenzo, Phys. Rev. B37, 844~1988!.
17G. K. Wertheim, S. B. Dicenzo, and D. N. E. Buchanan, Ph

Rev. B33, 5384~1986!.
18W. A. de Heer, Rev. Mod. Phys.65, 611 ~1993!.
19M. Valdem, X. Lai, and D. W. Goodman, Science281, 1647

~1998!.
20H. B. Liao, R. F. Xiao, J. S. Fu, H. Wang, K. S. Wong, and G.

L. Wong, Opt. Lett.23, 388 ~1998!.
21D. Ricard, P. Roussignol, and C. Flytzanis, Opt. Lett.10, 511

~1985!.
22S. H. M. Persson and L. Olofsson, Appl. Phys. Lett.74, 2546

~1999!.
23U. Kreibig and M. Vollmer,Optical Properties of Metal Clusters

~Springer-Verlag, Berlin, 1995!.
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