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GaAq100) layers grown by low-temperaturd.T) molecular beam epitaxy were studied by means of
valence-band and core-level photoelectron spectroscopy. Small differences were found between valence-band
spectra from the LT layers and corresponding layers grown at high temperature. In thet $pacdra a new
component was found in the LT-GaAs. The relative intensity of this component was found to be practically
constant with varying probing depth. It is proposed that this component represents sites coordinated to the
five-atom As clusters formed at Asantisites. This interpretation implies a higher density of antisite defects in
the near-surface region than typically found in the bulk.
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I. INTRODUCTION In the present study we have investigated the electronic
structure of LT-MBE GaAs by means of valence-band and
GaAs layers grown by low-temperature molecular beancore-level photoelectron spectroscopy. Although this method
epitaxy (LT-MBE), at substrate temperatures below 300 °C,is not useful(in its present stajefor identification of defects
exhibit properties which deviate strongly from those of lay-in semiconductors, we find that the spectra from LT-MBE
ers obtained under “normal” conditiongi.e., at around GaAs deviate in several respects from those obtained from
600°C). Earlier reports include observations of extremelyG@As grown at high temperature. Some of the features are
high electrical resistivity, very short carrier lifetimed,and  interpreted as a direct effect of point defects. Thus, given the
even increased resistance against oxidatiédl. these fea- identity of these defects, their density can be estimated from
tures are believed to be caused by point defects, which arf@€ photoelectron spectra.
generated during the LT growth at densities exceeding by
orders of magnitude those prevailing at thermal equilibrium.
This has led to a number of theoretitaks well as experi-
mentaf’ studies aiming at identification of the various pos- The experiments were performed at the toroidal grating
sible point defects, and mechanisms of their incorporatiormonochromator beamlin@L 41) at the MAX | storage ring
in the lattice® It is established that Ag antisites are the of the Swedish National Synchrotron Radiation Center
predominant defects in LT-GaAs grown under As-rich MAX-lab. At this beamline an MBE growth system is di-
conditions®~1t rectly connected to the photoelectron spectrometer, allowing
While the properties of LT-GaAs are interesting enough tosample transfer under ultrahigh vacuum conditions. The
motivate extensive studies, there is an additional aspect thtBE system is equipped with five Knudsen-type effusion
has boosted the interest in LT-MBE materials recentlycells and an As valved cracker source. The growth is
namely, the possibility to include high concentrations ofmonitored by means of reflection high-energy electron dif-
magnetic impurities in the GaAs lattice, and the discovery offraction (RHEED) at 10 keV, and whenever possible, growth
carrier induced ferromagnetism in these systéfid.This  rates are calibrated by means of RHEED oscillations. Sub-
has opened prospects of combining magnetism with the welitrate temperatures down to 400 °C were measured by an
established GaAs-based technology. In this context the adnfrared pyrometer. Lower temperatures were estimated us-
commodation of Ag, antisites is extremely important, as ing a W-Rh thermocouple in contact with the backside of the
these defects act as donors. At high concentrations these asample holder and via the power supplied to the sample
tisites are suspected to counteract the ferromagnetic orderirggater, both calibrated versus the pyrometer at temperatures
in two ways. First of all, their donor character directly com- above 400°C. Also, the As condensation temperature
pensates the Mn induced holes, which are believed to b€l60 °Q was used as a reference. The uncertainty in the tem-
responsible for the ferromagnetic coupling of the Mn accepsperature determinations in the LT region is estimated to be
tor ions'*~1®Secondly, it has been found that the location ofabout=+15 °C.
the antisites relative to the Mn ions can be decisive for the The samples were approximately 00 mn? pieces of
magnetic orderind® epireadyn-type GaA$100) wafers, which were In glued on
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transferable Mo holders. The LT-GaAs growth was preceded LEED | ' ' ' '
by deposition of a few hundred A GaAs at 590°C. The 1(’;‘37;“
As,/Ga flux ratio was maintained at values around 10, and (1x1) %
the growth rates were typically 0.2 ML/s, calibrated by g
RHEED oscillations. During the LT growth very small at- ey S,
tenuation of the oscillation amplitude was observed— N :
typically a few hundred oscillations could be recordéd. O i F 1
In order to avoid unintentional excessive As adsorption AN SN
after growth, and to achieve similar As concentrations on N W AR50 |
surfaces prepared at different temperatures, all samples were GaAs(100) v
kept for 20—30 min in the MBE chamber at a temperature of normal emission 1300
around 200 °C. In the transfer system the vacuum was in the hv=29ev
low 10~ ° torr range, and in the electron spectrometer in the - : : : et
low 10~1° range. 80 60 40 20 00
Immediately after transfer the surfaces were checked with Binding energy rel. VBM (eV)

low energy electron diffractiofLEED), and were rotated to
keep thg110] azimuth in the plane of light incidence in the
following photoemission measurements. The photoemissio
spectra were excited with mainpypolarized light incident at
45° relative to the surface normal, and the electron energgnnealing. We ascribe this change to out-diffusion of As,
distribution curves were obtained with a hemisphericalwhich is incorporated in the crystal during the LT-MBE pro-
angle-resolving electron analyzer, movable around a verticatess. Such out-diffusion was recently proposed to explain
and a horizontal axis. The angular and energy resolutionshanges in magnetic properties of GaMnAs subject to
were ~2° and 0.15-0.25 eV, respectively. Only normal annealing® in the temperature range 220—260 °C. As will be
emission spectra will be discussed in this paper. After theshown below, the additional content of As on surfaces pre-
experiments the lattice constant along the growth direction irpared at low temperatures is in the submonolayer range. This
the fully strained overlayers was determined by symmetrigs sufficient to reduce the long-range order enough to remove
004 Bragg diffraction observed using a high-resolution x-raythe reconstruction pattern in electron diffraction.

FIG. 1. Valence-band photoemission spectra from Gad@
Hrown at different substrate temperatures.

diffractometer(Philips). Valence-band photoelectron spectra from LT-GaAs are
generally quite similar to those obtained from layers grown
Il RESULTS AND DISCUSSION at high temperature. Figure 1 shows normal emission spectra

excited with 29-eV photons, from samples prepared at four

The atomic structure of GaAB00 surfaces has been a different substrate temperatures. The spectra have been
subject of extensive studies in the past, and the sequenedigned at the valence band maxif\éBM ), and we see that
from the Ga richc(8x2) to the ordered As-adlayer termi- this alignment results in coincidence of tig density-of-
natedc(4X4) phases, occurring with increasing surface Asstates(DOS) peak around 7 eV. The general similarity is
content, is well establishéd At surface temperatures below evident, and we note in particular the two structuSgsand
300°C a(1x1) structure is found in electron diffraction, S,, which reflect emission from two surface states character-
presumably due to adsorption of excess As in a disorderedtic of the c(4x4) reconstructiod? The fact that these
layer!® In the present studies th@x1) surface geometry structures are present in all spectra indicates that the under-
was seen in RHEED on samples grown below 220 °C. Varilying surfaces are basically the same. This supports the in-
ous observations indicate that also in this case (thel) terpretation of the(1x1) diffraction pattern as a result of
diffraction pattern is a result of excess-As induced surfaceandomly distributed As atom®r dimerg in excess of those
disorder rather than a sign of a true ordeféek1) surface defining thec(4X4) geometry. The apparent shift of tiSg
geometry. In photoemission we find similar surface-statesurface state peak is ascribed to modifications of the surface
structures for the(4x4) and(1x1) surfaces. In RHEED as dimers, as discussed in the section on core level sp&ssm
well as LEED we see that the transition between ¢ifé below). Before focusing on the differences between the spec-
X 4) and(1X1) patterns occurs via gradual weakening andtra, we should stress that the photon energy as well as the
broadening of the fractional order spots, and an accompanyshotoelectron emission angles were carefully checked to en-
ing increase in the background intensity. This backgroundure that the data represent excitations in the same phase-
remains relatively high after complete disappearance of thepace region. The most obvious difference is the varying
c(4x4) reconstruction pattern, even though the integer orintensity of peakB, which reflects a direct interband excita-
der spots are well defined. As mentioned above, all sampleson from thep, band. For samples grown below 300 °C the
were kept after growth at a temperature of approximatelyinterband excitation becomes clearly reduddte intensity
200°C in order to acquire similar surface concentrations ofatio between the 590 and 180 °C spectra is arouny ar&l
post-growth adsorbed As. Immediately after this annealinghe width of this peak is slightly increasé&WHM=0.65
thec(4x4) pattern could be seen only on samples preparednd 0.81 eV for the 590 and 180 °C spectra, respeciivAly
above 300°C. Thus, for the sample grown at 250 °C disthe same time we find that th; DOS peak is also reduced,
cussed below, the surface reconstruction was removed by thie fact its intensity is proportional to that of pe&kwithin
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the accuracy of our experiment. Attenuation of direct
interband-transition peaks is generally observed in angle-
resolved photoelectron spectra as a result of surface disorder,
in which case the photoelectron beams are dispersed over a
wide range of emission angles. Provided the spectra do not
probe directly the critical points in the Brillouin zone, how-
ever, the intensity of the DOS peaks is then relatively en-
hanced for the same reastThe reduced intensity of inter-
band excitation features observed hédirect as well as
indirect oneg, must therefore have another explanation. We
can also rule out the influence of the surface reconstruction
in this context, as a large reduction is seen between the 250
and 180 °C samples, both exhibitirigx 1) diffraction pat-
terns. Somewhat similar intensity variations can be seen be-
tween spectra from GaAs layers grown by MBE with,As
and As sources> Although in this case the authors empha-
sized the preparation dependence of surface-state structures,
one can see that also the intensities of the bulk-state features
depend on the preparation method. In the case of LT-MBE
growth it is known that very high densities of As antisite
defects(in the range of 1¢/cm?) are introduced in the GaAs
layers?~!! It is possible that similar defects are more com-
mon in the layers prepared with Athan with As. Another
case that should be mentioned in this context is the almost
total attenuation of bulk-state emission from the correspond- Kinetic energy (eV)

ing band in InAs, after adsorption of small amouii@s05 o ) .
monolayey Cs24The modification in the last case consistsin  F!G. 2. As 3 core-level photoemission spectra, excited with 81
supply of electrons from the Cs adatoms. In the case of LTEV Photon energy, from GaA®00 grown at different substrate
GaAs the As antisite defectsip to ~10?%cn®) act as do- emperatures.

nors, so there is a supply of free electrons in this case as

well. We propose speculatively that these modificationsobserved shifts are due to another effect. A possible explana-
cause a reduction of the amplitude mfderived band states tion is a changed inner potential, which is an effective pa-
in the near-surface region. A definite explanation obviouslyrameter that could well be sensitive to the modified dielectric
requires further detailed investigations. properties of LT-GaAs.

A second difference also concerns pedknamely, its Core-level spectroscopy has been applied very success-
energy position. We see that for the samples grown at lovfully in the past for characterization of semiconductor sur-
temperatures this peak shifts somewhat towards higher bindaces. In particular the AsBspectrum from GaA400) sur-
ing energy. A very similar observation in GgMn,As has faces has been subject to systematic investigations aiming at
recently been reported by Okabayashial, who, however, identifying the surface components and relating them to the
ascribe the shift to the presence of Mn in the LT-GaAs hoshature of the different surface reconstructiéh&?’ Focus-
matrix? In view of the present results that interpretationing on the most As-rich surfaces, which are of interest in the
appears questionable. It is well known that the lattice conpresent study, the(4x4) surface was found to occur for a
stant of LT-GaAs is increased relative to that of HT-GaAsrange of surface As contents, but its detailed geometry and
due to the high density of Ag antisitess** Assuming that even its composition is not as well established as that of the
the slight lattice expansion has negligible influence on thdess As-richc(2x 8) surface?®
band structure, the photoelectron spectra may still be modi- The As 3 core-level spectra obtained from the four
fied via shifts of the final free-electron-like states. Qualita-samples discussed above are displayed in Fig. 2. The energy
tively it is easy to see that a reduced size of the Brillouinscale in this figure refers to that of the 590 °C spectrum. The
zone(corresponding to an increased lattice constahbuld  other spectra have been shiftéd compensate for slightly
shift the final-state bands towards lower energy. In a photodifferent surface Fermi-level pinningslt is clear that the
emission experiment at fixed photon energy, this implies thaspectrum of thec(4x4) surface is rather complex, and al-
the initial state is also shifted in the same manner. Undethough there is fair agreement in literature on its general
these assumptions, and using a local dispersion of aroundnterpretation, differences are found in the detailed analysis.
—8 eV/A ! (according to photoemission experimerlfs  To obtain consistent fits of different spectra from this sur-
and a lattice expansiofa,/a,=7.5x 10 * (determined for  face, using a least-square fitting procedure, we found that
our 180°C sample we find that the energy shift due to four components must be considered, as in Ref. 27. Due to
lattice expansion alone should be around 10 meV in thighe extensive overlap between these components, it is clear
case. As this is more than an order of magnitude smaller thathat the fitting is nevertheless not uniqgue—slight changes in,
the observed shift, we must conclude that the experimentallfjor example, broadening parameters may influence strongly
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TABLE I. Fitting parameters and peak separations for the core-
level spectra in Figs. 2—4. HT refers to the sample grown at 590 °C
and LT to the 180, 230, and 250 °C samplése 300 °C-sample
displays intermediate component separatioddl energies are
given in eV. The peak separations for different Ad 8ts vary
within ~20 meV.

As 3d Ga d

HT LT HT LT
Spin-orbit splitting 0.69 0.44
Branching ratio 1.69 1.62
Lorentzian width 0.170 0.155
Gaussian width 0.42 0.46" 0.42 0.46
AE(B-S;) 0.77 0.77
AE(B-S,) -0.33 —0.47
AE(B—A) 0.48 0.36
AE(B-B') 0.41

8All except componens, in which case the Gaussian width was
0.53 eV.

the relative intensities as well as the precise peak positions.
Since the Ga 8 spectrum is considerably less compleee
below), the degree of arbitrariness could be reduced by im-
posing a fixed energy separation of 21.85 eV between the As
and Ga &5, bulk component8® As another aid in the fitting
process we generated difference spett@ shown to de-
termine the nature of the changes between the different spec-
tra. The energy location of the component reflecting the ex- FIG. 3. Ga 3l core-level photoemission spectra, excited with 81

cess surface atoms could be determined from differenceg, pnoton energy, from GaA®00) grown at different substrate
between the 180 and 590 °C spectra. The fitting parameteggmperatures.

and the relative energy positions of the different components
are listed in Table I. Referring to previous studies, the commentioned, we ascribe this increased surface content of As to
ponents are ascribed to As atoms in the dimers defining theut diffusion of atoms incorporated during the LT growth.
c(4x4) surface unit cell §;), As atoms in the last full As The fact that theS, component, representing As atoms in the
layer of the substrates), atoms in the bulkB), and atoms last full As layer of the substrate, remains relatively unaf-
(or moleculey in the adsorbed amorphous overlayéx)( fected indicates that only small amounts of As are involved
This assignment justifies the somewhat larger broadening afin the removal of thec(4X4) surface reconstruction. It is
plied in the fitting of the last componelgee Table). The also noted that the relative positions of the four components
energies of thes; and A doublets are in fairly good agree- are somewhat different in the spectra from the LT samples.
ment with those found in Ref. 26, but the position®fis  The shifts associated with componénare interpreted as an
about 0.16 eV higher in the present fit. On this detail our fitindication that this component represents a set of peaks of
is in good agreement with Ref. 23. similar nature, not individually resolved in the present analy-
With lowering growth temperatures we see that the oversis but taken into account by the use of a larger Gaussian
all spectral shape is gradually changed. The sequence actwidth for A. We conclude that apart from a small increase in
ally resembles that found in Ref. 26, in which case the specthe surface As content, the spectra from LT-GaAs do not
tra were recorded after sequential annealings. However, idiffer in any qualitative way from those of surfaces grown at
the present case the spectral changes are not due to losshijh temperature. Considering the complexity of the Ak 3
surface As—on the contrary, we find that the relative Asspectra, we are not able to extract any further details that
intensity is increasing somewhat with decreasing growthmay be hidden in the mixture of the four components. In
temperature. The fits show that the changes occurring for thearticular, any search for a component that might arise due to
samples grown below 300 °C can be mainly ascribed to inpopulation of Ag, antisites in the bulk at a concentration
creasing amplitude of componeAt The accompanying re- level of 1% is of course futile. However, as will be shown
duction of theS; surface component could then be explainednext, indirect evidence of such antisite defects are found in
as an effect of gradual incorporation of tlt¢4x4) As  the Ga 3l spectrum.
dimers into the disordered As overlayer, in the sense that the In Fig. 3 we show a set of Gad3spectra, recorded par-
top-layer As atoms get adsorbed As molecules as neareatlel with the As spectra discussed above. Since previous
neighbors. The combined relative intensity $f and A is  studies of GaAs have been mostly concerned with the As-
about 10% larger for the 180 and 250 °C samples. As alreadsich surfaces, the Ga spectra have attracted significantly less

Kinetic energy (eV)
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attention. Starting with the spectrum from the high-
temperature GaAs we see that it is significantly “cleaner” LT-GaAs
than the corresponding As spectrum. This is not so surpris-
ing, as the surface is fully As covered, and thus practically all
Ga atoms are fourfold coordinated to As. Using the same
Lorentzian broadening as adopted in previous studiege

have to include three components for the best fit, but by a

slightly increased broadening the two additional components 56 57 58

can be eliminated entirely. The bulk component is thus com-

pletely dominating, and there is no indication of any signifi-

cant structure that could be ascribed to Ga in surface sites as

inferred from ion scattering experimerffs The spectrum 51eV
from the 300 °C sample is very similar to the high tempera-

ture spectrum. Turning to samples grown at still lower tem-

peratures, a gradual development of a tail towards high ki- e b b b besaabassa boaa bas
netic energy is easily seen. The least-squares fitting analysis

reveals that the LT-GaAs spectra are fitted with two compo-

nents. The appearance of a new component in the LT-GaAs

spectra is not expected, since the surface As content is not

reduced to change the coordination of the Ga atoms in the dleV
outermost surface layers. The intensity of the new compo-

nent is quite high—in the spectra from the 250 °C sample it
is around 12%, and for the 180 °C sample it is around 18% of
the total Ga intensity. Suspecting that the new component is 16 17 18
not surface relatetas a consequence of the high As content Kinetic energy (eV)
at the surfacke we must consider the possibility that it is bulk
derived. As already pointed out, the LT-GaAs is quite rich in  FIG. 4. Ga 3l core-level photoemission spectra from LT-GaAs
point defects, dominated by neutral As antisites. For growthigrown at 230 °C substrate temperajyrexcited with 41, 51, and
temperatures around 200 °C the defect densities are ve@Bi eV photon energies.
high, in the range of X 10?°%cn?, i.e., 0.5—-1% of the As
atoms in the bulk are in such defect sites. Considering eachating sequence of atomic Ga and As layers along the growth
antisite as a center of an Asluster, it is clear that the 12 Ga direction. Using the above mean free paths, it is then
atoms coordinated to this cluster can be expected to deviasdraightforward to calculate the fraction of the spectral inten-
from those in “normal” bulk sites. Thus, provided that the sity contributed by the first Ga layer. For the shortest mean
combined effect of modified charge transfer, Madelung po{ree path we thus obtain a fraction of 51%, and for the long-
tential, and final-state screening at these defect-coordinatezbt mean free path this fraction is reduced to 36%. These
sites is sufficiently large, it becomes likely that a new com-numbers are to be compared withAB% observed in the
ponent in the Ga core-level spectrum should be observabl@resent data for the relative intensity of the high-energy Ga
with a relative intensity in the range of 10% of the total component. The practically constant relative contribution of
intensity. Qualitatively it is reasonable to expect a shift to-the additional component confirms its bulk nature.
wards larger kinetic energy because of the donor character of In consequence of this reasoning we find that the appear-
the antisite defects. ance of the new Ga component in spectra from samples
To test this hypothesis further and examine whether thgrown below 250 °C, and the increasing magnitude of this
additional structure is surface or bulk derived, we have excomponent with lowering growth temperature, clearly sug-
ploited the tunability of probing depth with varying kinetic gest that its origin is related to the As antisites. From the
energy of the photoelectrons. The sample examined in thigelative intensity of the new component we can make an
case was one grown at 230 °C substrate temperature, so thelependent estimation of the abundance of these defects.
intensity of the additional component is expected to be simiAssuming the perfect coordination conditions mentioned
lar to that in the 250 °C spectrum in Fig. 3. In Fig. 4 we showabove, we find that the density of As antisites is around 3.3
spectra obtained in normal emission, using three different 10°%cm® and 2.4 10°%cm® for the 180 and 250°C
photon energies. With 81-eV photons the kinetic energy osamples, respectively. These numbers are a factor of 2-3
the photoelectrons is around 57 eV, which is in the range ohigher than those derived from studies of thick LT-GaAs
the minimum mean free path in GaASslightly less than 4.0 layers® A possible reason for this deviation is that the density
A. With reducing kinetic energies the mean free path is in-of defects is higher in the first few atomic layers, since the
creasing, and at 17 eV kinetic energy, obtained with 41-e\surface is very As riciithough the possibility that the new
photons, the mean free path is around 6.2 A. Since theomponent originates from only the first atomic layer is ex-
growth was observed to proceed layer-by-layeery nice  cluded. To our knowledge the layer thickness dependence
RHEED oscillations were recorded during the whole growthhas not been studied systematically, but it is worth noting
proces§ the sample is known to consist of a regularly alter-that scanning tunneling microscopy studies of 20 nm thick

115335-5



ASKLUND, ILVER, KANSKI, SADOWSKI, AND KARLSTEEN PHYSICAL REVIEW B 65 115335

layers? clearly reveal higher densities of antisite defects tharthat it is bulk derived. It is proposed that the new component
reported for the thick layer$.To the extent that this en- in the Ga 3| spectrum represents atoms in second-nearest-
hanced concentration of defects is surface related it is ofieighbor sites relative to the As antisite point defects, which
course not significant for the magnetic properties in the bullkare known to occur at very high densities in LT-GaAs. The

of GaMnAs (grown at similar LT conditions clearly higher concentrations of antisite defects deduced
from the photoemission data than typically observed by bulk
IV. SUMMARY probes such as x-ray diffraction could be due to a higher

) ) o density of defects in the near-surface region.
By comparative studies of photoemission spectra from

GaAg100 layers grown at high and low substrate tempera-
tures we have found that the bulk energy bands are some-
what modified in the near-surface region in LT-GaAs. The As
3d core-level spectra are also modified, but the spectral de- We are pleased to acknowledge the technical support
convolutions indicate that essentially the same componentsf the MAX-lab staff. This work was supportet by grants
are present in LT- and HT-GaAs, and that the modificationdrom the Swedish Natural Science Research Couh#R),

are less dramatic than suggested by the overall appearancetbé Swedish Research Council for Engineering Sciences
the spectra. On the other hand, in the Ghspectra a new (TFR), and, via cooperation with the Nanometer Structure
component is clearly appearing for LT-GaAs. By examiningConsortium in Lund, the Swedish Foundation for Strategic
the probing-depth dependence of this component, we finResearchSSH.
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