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We have used soft x-ray photoemission spectroscopy (SXPS), Auger electron spectroscopy 
(AES), and low-energy electron diffraction (LEED) to investigate thermally induced changes 
in atomic composition, bonding, and geometric ordering at GaP(lOO) surfaces prepared by 
molecular-beam epitaxy. Following growth, GaP( 100) surfaces were coated with several 
monolayers of P, after which an ~2000 A-thick As cap was applied to seal the structure for 
transfer to analytical chambers. Surface-sensitive SXPS core-level spectra and more 
bulk-sensitive AES spectra collected at in situ annealed surfaces indicate complex changes in P, 
As, and Ga atomic ratios throughout the 350-650 ·e desorption temperature range. Core-level 
photoemission intensity ratios reveal rapid loss of both P and As for surface annealing 
temperatures below 450 ·C, a dramatic increase (decrease) in the P (As) concentration in the 
450-550·C range, and a relatively stable, stoichiometric GaP (1 00) surface composition for 
temperatures between - 550 and 640 ·e, above which thermally driven surface decomposition 
becomes noticeable. Existence of clear LEED patterns, (1 X 2) for desorption temperatures 
below - 450·C and (4 X 2) ~C( 8 X 2) above this temperature, indicates little sensitivity of 
GaP ( 100) surface reconstructions to details of surface stoichiometry and bonding. We propose 
that both this insensitivity and the abrupt changes in the P to As atomic ratios indicate strong 
competition between the two anions to form bonds with Ga surface atoms. In this context, 
compositional and structural details of decapped GaP( 1(0) depend sensitively on the interplay 
of surface desorption, atomic diffusion from the substrate to the free surface, and the 
anion-cation chemical bonding at the surface. Overall, our work demonstrates the success of As 
and P capping combined with subsequent thermal desorption in producing stable GaP( 100) 
surfaces with desired chemical and electronic properties. 

t INTRODUCTION 

Single-crystal GaP is a material of high technological 
importance, primarily because of its use in red, orange, 
yellow, and green light emitting diodes (LEDs)Y It also 
represents a useful substrate for the growth of ordered het­
erostructure and quantum wen devices.3

,4 In addition to its 
technological applications, the (100) surface of GaP ex­
hibits a number of scientifically intriguing properties. In 
analogy to GaAs( 100), the structural and physical prop­
erties of GaP (100) are significantly affected by its atomic 
composition.5

-
10 However, unlike GaAs( 100) which ex~ 

hibits several surface reconstructions throughout its com­
position range, 5-9 surface reconstructions reported for 
GaP (100) include only the P -stabilized (1 X 2) and the 
Ga-stabilized (4 X 2) reconstructions. 2

,10 It is both impor­
tant and interesting to understand the physical mecha­
nisms responsible for this difference, as wen as to establish 
precise conditions under which GaP( 100) surface ordering 
may be accomplished. Furthermore, establishing a meth~ 
odology for producing clean and ordered GaP ( 100) sur­
faces in ultrahigh vacuum opens new possibilities for the 
investigation of Schottky barrier evolution mechanisms on 
polar III-V semiconductor surfaces. I1

,ll 

faces with controllable surface composition, ordering, and 
electronic properties. The procedure involves in-vacuum 
thermal desorption of As and P protective layers from 
GaP (100) surfaces grown by molecular-beam epitaxy 
(MBE) and As and P capped prior to removal from the 
growth chamber. We use core-level and valence-band soft 
x-ray photoemission (SXPS) in conjunction with detailed 
line shape analysis to study changes in surface bonding and 
atomic ratios between the Ga, P, and adsorbed As atomic 
species as a function of surface annealing temperature. In 
addition, we use a more bulk-sensitive Auger electron spec­
troscopy (AES) to monitor composition changes in the 
region tens of angstroms below the surface, as well as to 
verify the absence of C and 0 contaminants on the surface. 
The low-energy electron diffraction (LEED) patterns 
which we obtain include a (1 Xl) pattern for a 350 0e 
annealed surface, a (1 X 2) pattern for the 350-425 °C an-

In the present article we describe an in situ surface prep­
aration procedure which results in clean GaP{ 1(0) sur-

., nealing temperature range, and a (4 X 2) -c (8 X 2) pattern 
for anneals between 450 and 64O·C. The transition be­
tween the anion-terminated (1 X 2) and the Ga-terminated 
c( 8 X 2) surface reconstructions occurs within a very nar­
row (~20 DC) temperature range. However, each of the 
two LEED patterns becomes better defined and sharper 
with both increasing temperature and the duration of an­
nealing within its characteristic range of temperatures. 
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This trend, in analogy with our previous observations at 
annealed GaAs( 100) surfaces, appears to indicate an im­
provement in surface ordering and homogeneity with the 
duration of surface annealing. 9 However, secondary elec­
tron photoemission spectra near cutoff demonstrate the ex­
istence of varying degrees of surface patchiness throughout 
the range of desorption temperatures. 9 The surface Fermi 
level (EF ), measured by both the valence-band edge ex­
trapolation and rigid shifts in core levels, spans the range 
from 0.78 to 1.03 e V above the valence-band maximum 
(Ev) as a function of surface reconstruction andlor com­
position. This range of positions agrees very well with the 
measured deep level energy distribution at these surfaces 
and reveals the sensitivity of the electronic properties of 
clean GaP (100) surfaces to the details of surface bonding, 
composition, and geometry. 13 

II. EXPERIMENT AND DATA ANALYSIS 

We carried out SXPS experiments at the Synchrotron 
Radiation Center of the University of Wisconsin using a 6 
m toroidal grating monochromator (TGM) and beamline. 
Measurements were performed in an ultrahigh vacuum 
stainless-steel chamber equipped with a double-pass cylin­
drical mirror energy analyzer (CMA), LEED, and a setup 
for thermal desorption of As and P surface coatings. We 
excited Ga 3d, P 2p, and As 3d core-level spectra with 80, 
170, and 100 eV photons, respectively, and we monitored 
the valence-band (VB) emission at 47 eV incident photon 
energy. Photoemission measurements of the secondary 
electron near-cutoff' structure and surface ionization energy 
were carried out using 22 eV photons and with a negative 
(-7 V) sample bias relative to the analyzer ground. Sur­
face ionization energy can thus be derived from the energy 
separation between the top of the valence-band edge and 
the low-energy cutoff of the secondary electron emission, 
both determined by linear extrapolation of the spectral 
edge to the background emission.9•14,15 

Core-level photoemission spectra were analyzed in 
terms of Gaussian-broadened Lorentzians using a standard 
nonlinear least-squares line-shape fitting routine.9

•
16 

Lorentzian widths (defined as a full width at half maxi­
mum) were optimized from a number of fits and subse­
quently fixed at 155 meV for the Ga 3d, 180 meV for the 
As 3d, and 150 meV for the P 2p spectra. Spin-orbit split­
ting and branching ratio were also held constant for each 
core level, with the spin-orbit split values of 445, 690, and 
860 me V corresponding to the Ga 3d, As 3d, and P 2p 
levels, respectively. The remaining parameters, i.e., the 
Gaussian width, kinetic energy, intensity, and branching 
ratio, were allowed to vary freely in the fitting procedure, 
but they were monitored for self-consistency between dif­
ferent surface reconstructions and compositions. In anal­
ogy with the fitting procedure described in Refs. 9 and 17 
for decapped GaAs(100) surfaces, we maintained equal 
branching ratios and Gaussian widths between the sub­
strate and the surface-shifted components of the Ga 3d and 
P 2p spectra. 

The n-type Si-doped (Nd = 3XlO17 em 3) GaP(lOO) 
surfaces were prepared at the IBM T. J. Watson Research 
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FIG. 1. Representative LEED spectra from decapped GaP ( 100) surfaces: 
(a) OX!) at 350·C; (b) (IX2) at 42ST; (c) (4X2)-c(8X2) at 
450 ·C; (d) (4X2)-c(8X2) at 600 ·C. All spectra were assessed after a 5 
min surface anneal at a designated temperature and with electron beam 
energies of 75-77 eV. 

Center by MBE growth on top of chemically etched, 
S-doped GaP(lOO) substrates. Before removal from the 
MBE chamber, the surfaces were encapsulated with several 
layers of P, on top of which a thick (> 2000 A) film of 
amorphous As was deposited. The specimens were then 
shipped to the Xerox Webster Research Center under vac­
uum. We obtained GaP( 100) surfaces free of oxygen and 
carbon contamination by thermal desorption of As and P 
in vacuum chambers equipped with ion and cryogenic 
pumps (base pressure _to-· 10 Torr). We performed des­
orptians in multiple steps, each one at a gradually in­
creased temperature. Two types of annealing cycles were 
used: one consisting of 5 min anneals at a desired temper­
ature, and the other involving a nearly linear temperature 
ramp (-5-10 ·C/s) with a ~5 s anneal at the maximum 
temperature. Following annealing, the sample was allowed 
to cool down and the measurements were carried out at the 
ambient temperature. 

m. RESULTS AND DISCUSSION 

In Fig. 1 we show representative LEED patterns ob­
served at in situ decapped GaP ( 100) surfaces. Annealing 
the surface to ~ 350 ·C produces a diffuse (1 Xl) pattern 
shown in Fig. lea), which also contains weak diffraction 
spots suggestive of a nascent (1 X 2) surface reconstruc­
tion. Upon annealing to this temperature, most of the As 
and P protective layer is removed. This process was visu­
ally accompanied by "defogging" of the specimen surface, 
which changed from a dull gray to a deep orange color. 
However, SXPS measurements reveal the presence of at 
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least a couple of monolayers of both the weakly phys­
isorbed As and P at this surface, in good agreement with 
the As desorption behavior observed at decapped 
GaAs(100) surfaces.9

,17 For annealing temperatures be­
tween - 350 and ~ 425 ·C, we observed the (1 X 2) LEED 
pattern which becomes sharper with increasing annealing 
temperature [Fig. 1( b)]. This surface reconstruction, cor­
responding to an anion-terminated surface, has been pre­
viously reported by van Bommel and Crombeen, who pro­
duced it at a sputtered-and-annealed GaP (100) surfaces 
exposed to 10-5 Torr PH3 overpressure. 1O In contrast, 
Baillargeon, Cheng, and Hsieh observed a (2X4) 
P-terminated surface structure during the gas-source MBE 
growth of GaP ( 100).2 These different surface reconstruc­
tions of P-terminated GaPe 100) may reflect the sensitivity 
of the surface reconstruction to the details of P incorpora­
tion process in post-growth versus in-growth processing. In 
addition, as we discuss later in this article, the bonding 
configuration at our decapped surfaces is further compli­
cated by the simultaneous presence of P and As atomic 
species at the surface, both of which have an affinity to 
form a bond with subsurface Ga atoms. 

In the temperature range between -425 and 450 ·C, we 
observe an abrupt transition from a sharp (1 X 2) to a 
well-defined (4 X 2) -c( 8 X 2) LEED pattern [Fig. 1 (c)]. 
This transition corresponds to the change from an anion to 
the Ga -dimer surface termination. 2, 10 The (4 X 2 ) -c ( 8 X 2 ) 
surface reconstruction, in analogy with the same recon­
struction observed at GaAs ( 100) surfaces, persists over a 
wide range of annealing temperatures and starts to deteri­
orate only as incipient surface decomposition begins to 
take place at temperatures approaching -650·C (as com­
pared to -620·C for GaAs). We speculate that this sur­
face reconstruction for GaP ( 100) originates from a miss­
ing Ga dimer at the Ga-terminated surface, in direct 
analogy with the scanning tunneling microscopy results 
obtained at GaAs(loo) surfaces. 18

•
19 With increasing de­

sorption temperature, as wen as the duration of the anneals 
between 450 and 620 ·C, the c( 8 X 2) LEED pattern be­
comes gradually sharper, as shown in Fig. 1 (d). Interest­
ingly, we find the c(8X2) LEED pattern on GaP(lOO) 
generally sharper and stable over a wider range of temper-

. atures than in the case of As-capped and annealed 
GaAs( 100) surfaces. This is possibly due to the higher 
Ga-P bond strength relative to Ga-As, with their respec­
tive bulk heats of formation being - 88 and - 71 kJ/mot 20 

In addition, both the SXPS and AES measurements indi­
cate that large variations in the P to As atomic ratios take 
place in the temperature range corresponding to the c( 8 
X2) surface reconstruction. The insensitivity of the c(8 
X 2) surface reconstruction to the changes in the relative 
anion concentration at the surface may be due to the in­
sensitivity of the surface geometry to the bonding details 
between the Ga dimers and the anions in the second layer 
(P, As, or both). However, this insensitivity may also be 
due to the insensitivity of the LEED technique itself to the 
possible presence of disordered P and As patches on the 
surface which could cause the observed variations in sur­
face composition. 
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FIGo 2. GaP( 100) valence-band spectra show minor and gradual changes 
with surface annealing temperatures below ~ 580 'C, and virtually no 
change above this temperature. The changes mainly occur in the relative 
prominence of the peaks at 35 and 38.8 eV kinetic energies, marked with 
the vertical lines in the figureo 

Figure 2 shows valence-band photo emission spectra rep­
resentative of decapped GaP ( 100) surfaces. These spectra, 
taken at 47 eV photon energy and normalized to the same 
height, undergo gradual changes with annealing tempera­
ture in the 35Q...450"C temperature rangeo The spectral 
shape changes as the feature at - 35 e V kinetic energy 
becomes sharper and more pronounced relative to the 
highest kinetic-energy feature at ~ 38.8 eV. Both of these 
features are highlighted with vertical bars in Fig. 2. The 
changes in the valence-band emission parallel the transi­
tion in surface reconstruction from the anion-terminated 
(tXl) and (lX2) to the more Ga-rich (4X2)-c(8X2) 
surface geometry. Furthermore, gradual evolution of the 
valence-band features continues for desorption tempera­
tures between 450 and 580 ·C, which indicates significant 
changes in surface composition andlor morphology in 
spite of the same well-defined c(8X2) LEED pattern. For 
desorption temperatures :;;.580°C neither the surface 
LEED pattern nor valence-band emission exhibit any fur­
ther changes with temperature, which is consistent with 
the existence of a relatively stable and stoichiometric 
GaP(100) c(8 X 2) surface in this temperature rangeo Only 
the topmost valence-band spectrum in Fig. 2, which cor­
responds to the 640 °C annealed surface, displays a shOUl­
der at the high kinetic-energy end of the spectrum. Based 
on the simultaneous changes which occur in the Ga 3d 
core-level spectra in this temperature range, we associate 
the new emission with metallic states produced by Ga clus­
ters on the surface. 

Valence-band spectra in Fig, 2 also provide an indica­
tion of the surface EF position (not shown) at decapped 
GaP ( 100) surfaces 0 Our results, based on the combined 
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valence-band edge and core-level shift analysis,9 indicate 
that the EF at P- and As-capped GaP( 100) stabilizes -O.S 
eV above the valence-band maximum (EJ for highly As­
and P-rich surfaces annealed to below _400°C. Thermal 
desorptions in the 450-550 °C temperature range move the 
Fermi level to -l.0 eV above Ev' For desorption temper­
atures between 550 and 620·C and the Ga-dimer stabilized 
stoichiometric c( 8 X 2) surface, the E F stabilizes at a new 
position -0.9 eV above Ev' The (EF-E,,) hence spans the 
range from ~O.8 to -1.0 eV at decapped GaP ( 100) sur­
faces. This movement of the surface Fermi level as a func­
tion of surface composition and/or reconstruction under­
lines the sensitivity of the surface electronic structure to its 
chemical composition and bonding. In addition, this move­
ment emphasizes the lack of strong surface "pinning" and 
suggests decapped GaP( 100) as a useful substrate for the 
Schottky barrier studies. 

Figure 3 (a) shows surface sensitive Ga 3d spectra taken 
at 80 e V incident photon energy (estimated escape depth of 
-5 A).2! In close analogy with the Ga 3d spectra from 
decapped GaAs(100) surfaces, the line-shape decomposi­
tion of these spectra shows the presence of the substrate Ga 
3d component (1) and of two surface-shifted components, 
(2) and (3), at the high and low binding energy side of the 
substrate, respectively.9 In contrast to GaAs( 100) sur­
faces, for which the relative binding energies of the surface­
shifted components showed systematic variations with the 
annealing temperature, the surface shifts of components 
(2) and (3) for GaP(1oo) remain stable at 0.46±O.04 eV 
and 0.55±0.04 eV throughout the 400-620°C range of 
annealing temperatures. Larger deviations in surface­
shifted component energies from these values were ob­
served only at the extremes of the annealing temperature 
range, corresponding to the As- and P-covered (1 Xl) sur­
face after a 350°C desorption (spectrum now shown), and 
to the slightly decomposed surface annealed to 640 "C [Fig. 
3(a), top spectrum]. The latter surface also shows a well­
defined new feature (4) at the lowest binding energy rela­
tive to the substrate, which is attributed to the formation of 
metallic Ga clusters at the decomposed portions of the 
surface. In contrast to the relatively minor changes in the 
surface-shifted component binding energies relative to the 
substrate, Fig. 3(a) shows a large and systematic change in 
the relative intensity of the two surface-shifted components 
in the Ga 3d spectra at annealed GaP ( 100) surfaces. For 
desorption temperatures between 400 and 500 "C, compo­
nent (2) contributes - 25 % of the total Ga 3d line emis­
sion, whereas component (3) contributes only ~5%-7% 
of the total emission intensity in the same temperature 
range. Conversely, for higher desorption temperatures be­
tween 580 and 620°C, component (2) contributes less than 
-1 % of the total emission intensity (meaning that it is de 
facto absent from the Ga 3d spectra), whereas the com­
ponent (3) contribution is stabilized at its maximum value 
of - 21 %. For temperatures between these two character­
istic regions, a gradual attenuation of component (2) and 
a complementary enhancement of surface shifted compo­
nent (3) is observed. Significantly, these highly reproduc­
ible variations in the Ga 3d line shape with surface anneal-
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FIG. 3. Effect of desorption temperature induced changes in surface com· 
position and reconstruction on Ca) Ga 3d and (b) P 2p surface sensitive 
photoemission spectra for dean Gal}(lOO). Ga 3d core levels show the 
substrate (1) and two surface shifted components, (2) and (3), while 
there is only a single surface shifted component in the P 2p spectra (3); 
Incipient surface decomposition produces a distinct component (4) at the 
low binding energy side of the Ga 3d emission. 

ing temperature and/or composition are observed within 
the temperature range ofa single, c(8X2), GaP(lOO) sur­
face reconstruction. It is thus unlikely that the two surface­
shifted components may be assigned to differently posi­
tioned Ga dimers within the (4 X 2) surface unit ceUY In 
agreement with our recent observations at decapped 
GaAs(100) surfaces, the two components possibly reflect 
the relative concentration of As at the surface.9 In that 
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case, an As-rich environment would give rise to a promi­
nent surface-shifted component (2) at the high binding 
energy side of the substrate, whereas an As-deficient (and 
P-rich) surface would result in a complete absence of com­
ponent (2) and a dominant presence of surface shifted 
component (3) at the low binding energy side of the spec­
trum. 

The surface-sensitive P 2p core-level spectra, shown in 
Fig. 3(b), undergo fewer changes with desorption temper­
atures than do their. Ga 3d counterparts. The bottom spec­
trum in Fig. 3 (b), obtained after a 5 min desorption at 
350°C, comprises a substrate component (1), a component 
(2) shifted 0.70 eV to higher binding energies, and a very 
weak (-4% of the total intensity) component (3) shifted 
-0.48 eV in binding energy relative to the substrate. Sub­
sequent desorption to 450°C results in a tenfold decrease in 
the relative emission intensity of component (2), which for 
this desorption temperature contributes only - 3 % of the 
total P 2p emission intensity. Its rapid attenuation with 
annealing and its chemical shift to higher binding energies 
lead us to assign component (2) to a relatively weakly 
physisorbed P capping layer at the surface. Component 
(3) increases in intensity relative to the substrate (1) for 
desorption temperatures between 350 and 550°C, after 
which it saturates at ~ 18% of the total emission intensity. 
In analogy with decapped GaAs ( 100) surfaces, feature (3) 
is hence identified as a surface shifted component (-0.49 
±0.02 eV shift relative to the substrate) which is indica­
tive of a different bonding environment of P atoms at or 
near the Ga-dimer terminated c(8X2) surface.9

,17 The 
constant P 2p line shape for anneals above 550·C agrees 
very wen with our previous observations regarding the Ga 
3d and valence-band spectra in this temperature range. 
Along with the LEED pattern which also shows no change 
in this temperature range, these results suggest that we 
are able to produce stable and stoichiometric GaP(100) 
c ( 8 X 2) surfaces for in vacuo desorption temperatures be­
tween 550 and 640"C. 

Understanding temperature-dependent composition 
changes of decapped GaP ( 100) surfaces requires simulta­
neous monitoring line shapes as well as emission intensities 
of the Ga 3d, P 2p, and As 3d core levels. In Fig. 4 we plot 
ratios between the total emission intensities of thes.e core 
levels as a function of annealing temperature. Integrated 
intensities were obtained after subtraction of a cubic poly­
nomial background and were subsequently normalized to 
their respective ionization cross sections. 22 The As 3d/Ga 
3d ratio decreases monotonically from - 2.34 at 350°C to 
-0.06 at 550 "C, and then saturates between 0.03 and 0.04 
for temperatures between 580 and 640°C. This residual As, 
equivalent to several hundredths of a monolayer surface 
coverage, exhibits a strong affinity for the Ga-terminated 
GaP ( 100) surface and cannot be removed at temperatures 
below the GaP ( 100) surface decomposition temperature. 
Indeed, analysis of the As 3d spectra (not shown) reveals 
a nearly constant As 3d line shape for desorption temper­
atures ;;;.550 0c. The line shape is comprised of two spectral 
components, which indicates that chemisorbed As atoms 
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FIG. 4. Total emission intensity ratios between the P 2p and Ga 3d 
spectra (circles), and between the As 3d and Ga 3d core-level spectra 
(triangles) as a function or the GaP( 100) surface annealing temperature. 
As is continuously desorbed from the surface below 550·C while P re­
mains on the surface as a result of the outdiffusion from the substrate. 
Dashed line indicates the total anion (P 2p + As 3d) emission normalized 
to the Ga 3d signal intensity. 

occupy two inequivalent bonding sites at the c ( 8 X 2) re­
constructed GaP ( 100) surface. 

While the As 3d/Ga 3d ratio decreases monotonically 
for desorption temperatures below 550 ·C, the P 2p/Ga 3d 
ratio in Fig. 4 undergoes dramatic changes in the same 
temperature range: it starts off at -1.5 for the 350·C an~ 
nealed surface, reaches a minimum of -0.84 at the 450·C 
annealed surface, and then rises again toward its saturation 
stoichiometric value (defined as ~ 1.0) which it attains 
upon a 550·C anneal. The initial decrease in both the P 2p 
and As 3d emission intensities relative to the Ga 3d emis­
sion with annealing may be directly associated with the 
thermal desorption of the P and As protective coating from 
the GaP surfaceY Interestingly, since both the P vapor 
pressure and the P desorption rate from a clean GaP( 100) 
surface are higher than the As vapor pressure and desorp­
tion rate from a GaAs( 100) surface, one might expect a 
faster removal of the P protective layer relative to that of 
the As cap on our surfaces.23 However, the results in Fig. 
4 indicate that the initial As removal (for desorption tem­
peratures ,;;;450 ·C) is faster than that of P. This is likely 
caused by the geometry of our protective coating (As atop 
of P), as well as by the fact that in our case the As layer is 
adsorbed on top of the P layer rather than the GaAs sur­
face. Furthermore, the subsequent increase in the P 2p/Ga 
3d ratio for temperatures between 450 and 550°C cannot 
be explained in terms of the P desorption process alone. 
This increase may be due to the thermally driven P diffu­
sion from the GaP substrate toward the free surface. In­
deed, our AES measurements of decapped GaPe 100) sur­
faces, which have a higher probe depth than the SXPS 
measurements, also indicate a relative P enrichment of the 
surface for annealing temperatures above - 450 ·C. Then, 
the relatively stable stoichiometry of the c( 8 X 2) 
GaP( 100) surface in the 550-620°C temperature range 
must be maintained through a delicate balance between the 
P diffusion from the bulk to the surface and the P desorp-
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tion (and possibly readsorption) from the surface into the 
vacuum. It is also conceivable that both of these processes 
may be affected by the geometric structure and chemical 
bonding in the topmost layers of the surface, and that the 
reconstructed surface itself acts as a moderator of the ther­
mally stimulated atomic transport across the GaP Ivacuum 
interface. 

At this point we can also offer several remarks regarding 
our GaP(100) surface preparation technique. In compari­
son with the thermally decapped GaAs (100) , the ratio 
between the total anion (P 2p + As 3d) and the Ga 3d 
photoemission signal intensities, shown in Fig. 4, under­
goes gradual changes which are similar the As 3d/Ga 3d 
ratio variations at As-capped and in situ annealed 
GaAs( 100) surfaces.9 This indicates that the simultaneous 
presence of both the P and As anions at decapped 
GaP( 100) possibly results in a competition between the 
two anions to form bonds with surface Ga atoms, but that 
these anion exchange reactions do not have a negative im­
pact on the GaP surface stability and ordering, On the 
contrary, the quality of LEED patterns suggests that de­
capped GaP ( 100) surfaces are better ordered and less af­
fected by either the length of the annealing cycles or by the 
vacuum condition in the chamber, Furthermore, we ob­
serve analogous surface atomic ratio and core-level evolu­
tion trends with desorption temperature between the sur­
faces prepared by rapid thermal annealing cycles (ramp to 
a desired temperature followed by quenching) and those 
using 5 min anneals at a desired temperature. The only 
difference between the two types of surface preparation 
techniques is that the transition temperatures between dif­
ferent surface regimes are shifted systematically to higher 
values for rapid anneal cycles. This is to be expected since 
rapid anneals do not allow the surface to fully achieve its 
equilibrium atomic distribution at a given temperature. 
This difference is confirmed by the secondary electron pho­
toemission spectra near the low~energy cutoff which show 
higher variations in the near-cutoff features for rapidly an­
nealed surfaces. As discussed by Ranke, the multiple fea­
tures near the cutoff are indicative of the presence of dif­
ferent work function phases on a surface, and therefore 
serve as a fingerprint of surface inhomogeneity.9,14 

In Fig. 5 we schematically summarize our analysis of 
the evolution of decapped GaP ( 100) surfaces in situ an~ 
nealing. Upon a 350°C anneal, the bulk of the As cap is 
removed from the surface which is still covered with a 
couple of monolayers of As and/or P. Photoemission re­
sults in Fig. 4 indicate that for this annealing temperature 
there is ~ 50% more As than P coverage at the surface. 
This might be due either to the preferential thermal re­
moval of the P interlayer (in which case As would be in 
direct contact with a large portion of the GaP surface), or 
to the fact that As stays on top of the thin P film and 
thereby attenuates the P 2p signal. The surface exhibits a 
diffuse (I Xl) LEEO pattern and a weak indication of a 
( 1 X 2) reconstruction, possibly arising from exposed sur­
face patches with a reduced anion composition. Annealing 
between 350 and 425°C results in a gradual improvement 
(sharpening and increased contrast) of the (l X2) LEED 
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FIG. 5. Schematic of the atomic distributions and transport across the 
surface at decapped GaP( 100) surfaces as a function of surface annealing 
temperature. 

pattern due to the increased exposure of P and/or As ter­
minated GaP surface. The (1 X 2) surface reconstruction 
corresponds to the GaAs (l 00 ) (2 X 4) -c (2 X 8) recon­
struction in terms of the effective anion coverage of -0.75 
monolayers (ML).9 Photoemission spectra indicate com­
plete removal of both weakly physisorbed P and As species 
in this temperature range. Although the P desorption is 
expected to exceed As loss in this temperature range be­
cause of the higher P vapor pressure, it is probably kinet­
ically limited by the presence of As coating. Nevertheless, 
the atomic ratios in Fig. 4 indicate that at _450 oe the 
surface becomes P deficient and nearly stoichiometric in 
terms of the As 3d/Ga 3d ratio. For desorption tempera­
tures between 450 and 550 oe, the LEED pattern abruptly 
switches from (l X 2) to (4 X 2 )-c( 8 X 2) symmetry indi­
cating that the GaP(100) surface is terminated with or­
dered Ga dimers. The c( 8 X 2) LEED pattern becomes 
increasingly sharp in this temperature range as both the P 
and As atoms continue to be desorbed from the surface. 
However, while the As loss from the surface proceeds con­
tinuously due to the thermal removal of the As cap, the P 
to Ga ratio begins to rise again. The increase in the P 
surface concentration requires a new supply of phosphorus 
atoms and we speCUlate that such supply is provided by the 
thermally activated P diffusion from the substrate. In the 
temperature range between 550 and - 640 DC, there is a 
limited steady-state flow of P across the interface as the 
surface achieves its optimum Ga dimer-terminated geom-
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ctry through the balance of P supply from the substrate 
and its desorption from the surface. The LEED pattern 
retains its sharpness and all the core-level and valence­
band photoemission spectra remain unchanged. The pres­
ence of As on the surface is reduced to several hundredths 
of a monolayer, which is possibly chemically bonded to 
defect sites on the surface. Finally, at temperatures below 
- 640 ·C, incipient surface decomposition takes place. This 
decomposition accelerates at even higher temperatures and 
results in the removal of dissociated P atoms and the for­
mation of Ga agglomerates at the surface, observed via 
valence-band and core-level SXPS spectra. 

IV. CONCLUSIONS 

Surface-sensitive SXPS core-level spectra and more 
bulk-sensitive AES spectra collected at in situ annealed 
GaP (100) surfaces indicate complex but systematic 
changes in the P, As, and Ga atomic ratios throughout the 
350-650 ·C desorption temperature range. The existence of 
clear LEED patterns, the (1 X 2) for desorption tempera­
tures below ~ 450°C and the (4 X 2) -c (8 X 2) above this 
temperature, indicates little sensitivity of the GaP(100} 
surface reconstructions to details of surface stoichiometry 
and bonding. We propose that this insensitivity may be 
partially due to the strong competition between the two 
anions to form bonds with surface Ga, and that a well­
ordered anion-terminated surface may result from either 
As or P bonding to Ga. The Ga-rich c( 8 X 2) surface re­
construction is optimized upon a nearly complete removal 
of surface As and possibly acts as a moderator of the P 
transport across the free surface. Surface Ep lies 0.8 eV 
above Ev for the more Ga-rich surfaces annealed to be­
tween 550 and 620°C, and 1.0 eV above Ev for the more 
anion-rich surfaces in the 400 and 450°C desorption tem­
perature range. Our work reveals the dependence of struc­
tural, chemical, and electronic properties of GaP (100) on 
the specifics of surface processing. It also demonstrates 
that in situ thermal decapping can be utilized to produce 
stable MBE GaP( 100) surfaces with desirable structural 
and electronic properties. 
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