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Surface segregation of interstitial manganese in Ga;_,Mn, As studied
by hard x-ray photoemission spectroscopy
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The effects of low-temperature annealing and oxidation of the dilute magnetic semiconductor Ga,;_,Mn, As
are studied by photoemission spectroscopy in the hard x-ray regime (HAXPES), with special attention to the
depth profile of both concentration and chemical state of manganese. Annealing of Ga;_,Mn,As in air at
190 °C for up to 150 h leads to an enrichment of manganese at the surface accompanied by an increase in the
native oxide layer. These observations are consistently explained by thermally activated surface segregation of
interstitial Mn and its subsequent passivation by oxidation, thereby confirming a recently suggested mechanism
for an enhancement of the Curie temperature upon annealing.
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I. INTRODUCTION

Utilizing the electronic spin as information carrier opens
up new perspectives for electronic data processing and stor-
age. A prime goal in spintronics is an easier combination or
even unification of semiconductor-based processing units
and magnetic storage components.' This requires novel de-
vice concepts and suitable materials for alignment and injec-
tion of spin-polarized currents into integrated circuits. De-
spite the physical obstacles set by the basic incompatibility
of conventional semiconductors and ferromagnetic materials
large progress has been made in this field within the last
decade. In this context dilute magnetic semiconductors
(DMS) based on III-V compounds, especially Mn-doped
GaAs, have raised tremendous interest because they combine
ferromagnetism with conventional semiconductor technol-
ogy within the same material. Since its first epitaxial growth
in 1996 by Ohno and co-workers®> many research activities
were focused on Ga,_ Mn,As with x in the range 1%—8%,
which displays ferromagnetism at low temperatures. While
the ferromagnetism in (Ga,Mn)As is known to be mediated
by a Ruderman-Kittel-Kasuya-Yosida (RKKY)-type interac-
tion between the Mn atoms? a lot of effort has been spent in
order to empirically optimize the material for spintronics ap-
plications. The key property here is the Curie temperature 7.,
which initially was rather low (below 75 K)? but has since
been increased to values as high as 180 K.*

A key issue in the optimization of the magnetic properties
of Ga;_Mn,As is the thermal treatment after molecular
beam epitaxy. It was observed that annealing in air at mod-
erate temperatures (190 °C) for relatively long periods of
time (>100 h) enhances the Curie temperature as well as
the magnetic remanence and the electric conductivity.>* This
has been suggested to be related to a selective removal of
defects and is imagined as follows. In order to avoid com-
plete surface segregation of Mn and the formation of MnAs
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clusters, Ga;_,Mn,As thin films are grown at comparably
low temperatures (below 270 °C) on a GaAs substrate, re-
sulting in a significant amount of various defects. A previous
study’ showed that the contribution of arsenic antisites
[known to be the major defect in LT-grown GaAs!®]] is only
important at very low Mn concentrations. Hence, the mag-
netic and transport properties are essentially determined by
the manganese impurities, which can be distinguished into
substitutional and interstitial Mn. The ferromagnetism is
believed,’ supported by numerous experiments, to be medi-
ated by holes provided by substitutional Mn on Ga sites
which acts as single acceptor, i.e., supplies one hole per Mn
ion. In contrast, interstitial Mn is a double donor meaning
that in principle one interstitial Mn compensates two substi-
tutional Mn, thereby adversely affecting transport and mag-
netism. It is widely believed that annealing in air provides
enough activation energy for interstitial manganese to segre-
gate at the surface and be passivated by oxidation, whereas
the Mn on Ga sites remains widely unaffected.® However,
this model has been questioned.'® The annealing process is
very sensitive to both duration and temperature, and can also
lead to other diffusion effects like the formation of antiferro-
magnetically ordered Mn-Mn clusters, especially at high Mn
concentration. !

Annealing effects in Ga;_,Mn,As have been studied by
various techniques. Channeling Rutherford backscattering
(c-RBS) and channeling particle induced x-ray emission
(c-PIXE),'? x-ray absorption in magnetic circular
dichroism'? and Auger electron spectroscopy® have been ap-
plied as well as theoretical studies using first-principles
Monte Carlo simulations.'*!> The present paper utilizes the
chemical state information obtained by hard x-ray photoelec-
tron spectroscopy (HAXPES) for a systematic study of long-
term low-temperature annealing. The results provide detailed
information on the chemical depth profile and the oxidation
processes, with particular focus on the annealing time depen-
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dence. They confirm the above picture and give additional
insight into the mechanisms underlying the annealing-
induced 7', optimization of Ga,_ Mn,As.

II. EXPERIMENT

Ga;_,Mn As thin films with a nominal Mn concentration
of 5%—6% and a thickness of 60 nm were grown on a GaAs
substrate by low-temperature molecular beam epitaxy (LT-
MBE) at 270 °C.' The films were thermally treated in air at
190 °C for various periods of time in order to obtain snap-
shots of the chemical composition and chemical states during
the segregation process. For reference we also took data on a
bulk MnAs sample, whose surface was cleaned by in situ
filing, thus providing an oxide-free and hence intrinsic sig-
nal.

The HAXPES experiments have been performed at beam-
line BW2 of HASYLAB, DESY in Hamburg, Germany, us-
ing a SCIENTA SES-200 electron spectrometer optimized
for photoemission in the hard x-ray regime.!” By choosing
the excitation energy in the hard x-ray region (>2 keV) the
probed depth can be as large as 15 nm or even larger due to
the higher kinetic energy of the photoelectrons.!® The data
presented here were taken with an excitation energy of hv
=4.5 keV and an overall energy resolution of 0.7 eV. All
spectra shown are calibrated to the position of the 4f5,
(binding energy 83.9 eV) signal of a Au foil in electric con-
tact to the sample.

Core-level photoemission not only provides information
on the elemental composition of a solid, but also allows to
identify the different chemical states of the elements by their
respective binding energy shifts. In our study we utilized this
effect to distinguish between oxidized and nonoxidized spe-
cies. Moreover, angle-dependent photoemission allows a
quantitative determination of the surface oxide layer thick-
ness, assuming a reasonably sharp interface between the ox-
ide and the intrinsic bulk.! If both the elemental density and
the inelastic mean free path (IMFP) of the photoelectrons are
identical in the substrate and the oxide, the overlayer thick-
ness d,, is given by

dox=)\ln< ox +1>cos a, (1)
Lok

where I, and I, are the measured intensities of the bulk
and oxidized species of the same element, respectively, as
obtained from a Voigt profile fit of the core spectra. The
emission angle « is defined relative to the surface normal,
and the IMFP N has been taken from Ref. 20. It has been
shown that this technique provides reliable values for the
oxide layer thickness on GaAs.?!

An analysis of the stoichiometry is obtained from the
core-level intensities. Taking into account the photoioniza-
tion cross section, IMPF (which depends on the kinetic en-
ergy of the photoelectrons), the asymmetry factors of the
orbitals, the transmission function of the analyzer, and the
experimental geometry the relative concentrations of the
chemical constituents in a sample can be obtained.!” How-
ever, all these factors are affected by an error. Especially a
large uncertainty arises from the photoionization cross sec-
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FIG. 1. (Color online) Evolution of the As 2p3), core-level spec-
tra of a RTO sample as function of annealing time at 190 °C re-
corded in normal emission geometry. The oxide-related peaks gain
intensity at the expense of the intrinsic peak. Inset: Oxide layer
thickness as obtained from the spectra and Eq. (1). The native oxide
thickness of 1.4 nm increases up to 2.4 nm upon annealing and
saturates at this value.

tions, which are only calculated for the free atoms.?? The
IMPF and the transmission function can be controlled by
using a reference system with known composition (in our
case MnAs). For example, for our MnAs sample we would
thus obtain a Mn-to-As ratio of 0.56 from the measured
Mn 2p;), and As 2ps,, intensities, whereas its real composi-
tion is known to be close to the nominal one.?* We utilized
these reference data (which was fairly constant for a wide
range of detection angles, indicating that photodiffraction ef-
fects can be neglected) for a recalibration of the relative
cross sections, allowing us to determine precise Mn concen-
trations from our Ga;_Mn,As spectra. Only the background
subtraction for each core level and the integrated intensity
are still sources of error. Varying both procedures for all
relevant lines leaves us with an error bar of approximately
10% for all stoichiometric analysis.

III. RESULTS

Figure 1 shows the spectrum of the As 2p5, level as func-
tion of annealing time. It consists of two features, with the
peak at 1322.2 eV corresponding to the intrinsic As species,
while the broad side peak at higher binding energy (BE)
results from oxidized As at the surface. The term “intrinsic”
refers here to As bound to Ga. The different energy shift of
As bound to Ga and bound to Mn is too small to be resolved.
Furthermore, since only one out of ten As is stoichiometri-
cally bound to Mn the As main peak is dominated by the
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FIG. 2. (Color online) Evolution of Mn 2p5,, core-level spectra
recorded in normal emission geometry on a RTO sample as function
of annealing time at 190 °C. The oxide-related Mn component in-
creases at the expense of the intrinsic Mn peak of GajgsMng osAS.

signal from As bound to Ga. The main oxide component is
As,05 with a chemical shift of 3.6 eV in good agreement to
a value of 3.2 eV in the literature.?! The high BE tail of the
oxide peak is attributed to higher oxidation states such as
As,0s. For the further analysis of the spectra the intensities
have been decomposed into the intrinsic and an integral ox-
ide contribution.

At first glance the relative oxide weight does not seem to
depend strongly on annealing time. However, a closer in-
spection reveals that the integrated intensity of the oxide
peak grows slightly at the expense of the intrinsic As signal.
The same behavior is observed in the Ga 2p5,, spectrum (not
shown here). These data allow a quantitative determination
of the surface oxide thickness using Eq. (1), the result of
which is shown in the inset of Fig. 1. The graph reflects the
evolution of the thickness as function of annealing time.>*?
The untreated, i.e., room-temperature oxidized (RTO) sample
gives an initial thickness of 1.4 nm which is only half as
much as that reported by Allwood et al.?® This discrepancy
may originate from the uncertainty of the IMFP \ in Eq. (1).
Figure 1 shows that the oxide layer thickness grows up to 2.4
nm with increasing annealing time and saturates at this value
after =100 h. This oxide layer is however not to be con-
fused with the surface layer mentioned by Kirby and
co-workers,?’ since our calculation takes only the host matrix
and their oxides into account. An additional surface layer
consisting of Mn would only reduce the overall intensity and
affects both the covalent and oxidized As peak.

A more pronounced oxidation effect is observed in the
Mn 2p spectra, as displayed in Fig. 2. Like in Fig. 1 the data
were recorded in normal emission geometry (a=0°), i.e., at
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FIG. 3. (Color online) Angle-dependent Mn 2ps3,, core-level
spectra of a GaggsMn ysAs sample annealed for 100 h at 190 °C.
The low-binding energy shoulder at =638.6 eV increases with the
probed depth. For each annealing time as well as the not-annealed
sample a similar behavior is observed.

highest volume sensitivity. Due to the low signal-to-noise
ratio caused by the low Mn concentration (especially for the
RTO sample) our discussion will focus on the Mn 2p5,, spec-
trum. However, everything stated here also holds for
Mn 2p;,. In the case of the RTO sample the spectrum shows
a broad double-peaked structure. Upon annealing in air, the
feature on the high BE side strongly gains intensity while the
low BE peak stays nearly constant.

Furthermore, after oxidation the Mn 2p spectrum displays
a clear depth dependence. Figure 3 displays a series of spec-
tra taken after 100 h annealing as function of electron escape
angle, where the probing depth scales as A cos(a). The spec-
trum taken at a=60° thus probes only half as deep as the
normal emission spectrum (0°) and therefore contains a
much stronger surface contribution. Since the intensity of the
low BE shoulder decreases with increasing surface sensitiv-
ity we attribute it to a Mn species in the bulk, whereas the
intense high binding energy peak results from Mn atoms at
or near the surface. In order to identify the valency of the
various Mn species the data were compared to spectra of
other Mn compounds. The low BE feature in our Mn 2p5),
resembles strongly the spectrum of bulk MnAs (Fig. 4) and
agrees with the XPS data on Ga;_ Mn, As by Okabayashi and
co-workers.2?® We therefore attribute it to bulk Mn, with its
low energy reflecting the covalent bonding to As. Despite the
higher resolution compared to Ref. 28 we cannot distinguish
between substitutional and interstitial Mn. In contrast, the
high BE peak reflects a strongly oxidized Mn species.?® To-
gether with its angle dependence it can thus be assigned to a
surface oxide. Our data are in contrast to an earlier report>
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FIG. 4. (Color online) Comparison of the Mn 2p3;, core-level
spectra of Ga;_Mn,As with reference data on MnAs and MnO
(data taken from Ref. 29). All spectra are measured in normal emis-
sion geometry. For details see text.

which ascribed the high BE feature to Mn covalently bound
to As. However, our reference data on MnAs bulk samples
show that the low BE feature is due to Mn bound to As,
while the high BE feature has to be identified as an oxide
component.

From the integrated Mn 2p signal we can also extract the
quantitative stoichiometry within the probed sample volume.
Figure 5(a) depicts the relative manganese content as func-
tion of annealing time as obtained for normal emission (high-
est bulk sensitivity) and a=60° (surface sensitive). The an-
nealing temperature was kept low enough to avoid
evaporation of As known from cleaning procedures on pure
GaAs.?! Figure 5(b) shows the angle dependence (and hence
an effective depth profile) of the Mn content for the RTO and
100 h annealed sample. For the RTO sample the Mn content
is 4.2%, slightly lower than the nominal content of 5%—6%
obtained by x-ray diffraction (XRD)!© after the MBE growth.
From its angle independence we conclude on a homogeneous
depth distribution. This is in clear contrast to the recent find-
ings of Olejnik er al.* who showed a significant increase in
Mn signal toward the surface for as-grown samples. Though
their samples were grown at even lower temperatures
(200 °C) surface segregation seems to occur in their case
whereas our samples show a homogeneous Mn distribution
after growth. Upon annealing the situation changes signifi-
cantly. The Mn content increases to 10.7% after 100 h and to
even 15.6% at the surface after 150 h. It is apparent that the
difference between bulk and surface concentration increases
with annealing time. The depth profile of the annealed
sample in Fig. 5(b) confirms a surface segregation of Mn.
The slight decrease in the Mn surface content after 200 h
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FIG. 5. (Color online) (a) Mn content as function of annealing
time for two different probing depths (“bulk” and “surface™ corre-
sponding to emission angles of 0° and 60° with respect to the sur-
face normal, respectively). (b) Mn content as a function of emission
angle for not-annealed and 100 h annealed samples.

annealing [Fig. 5(a)] may signal the onset of additional pro-
cesses, which require further investigation.

IV. DISCUSSION

The increase in the overall surface oxide upon annealing
as seen in Fig. 1 is intuitive. Progressive annealing and oxi-
dation of the RTO sample increases the oxide layer thickness
from 1.4 nm up to 2.4 nm. At this point the oxidation reaches
saturation. A possible slight deviation of the absolute values
from previous reports may be attributed to an uncertainty in
the IMFP, but it does not affect the overall trend.

The most prominent annealing effect is however the in-
crease in the Mn concentration by up to a factor of 4 in the
surface-sensitive spectra and up to a factor of 2.5 in the
normal emission data. Note that, while the latter is more
bulk-sensitive, it still probes only the first 15 nm from the
surface compared to an overall film thickness of 60 nm.
More precisely, due to the enhanced but exponentially de-
creasing depth sensitivity the normal emission data are still
affected by a non-negligible surface contribution. The overall
angle (or depth) dependence of the annealed in contrast to
the RTO sample in Fig. 5(b) can thus be well explained by a
strong surface accumulation of Mn upon annealing. This can
be explained by thermally activated segregation of Mn im-
purities to the surface and is further corroborated by the
growing difference between surface and bulk Mn concentra-
tion with annealing time as seen in Fig. 5(a). From other
experiments it is known that the oxidized Mn species at the
surface can be removed completely by chemical etching,
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while an intrinsic Mn bulk signal still remains.??> This sug-
gests that only one of the two intrinsic Mn species is subject
to surface segregation. Spectroscopically we cannot distin-
guish between interstitial and substitutional Mn. However,
the covalently bound Mn on substitutional sites has a higher
activation energy than Mn on interstitial sites. Therefore we
conclude that it is essentially interstitial Mn which accumu-
lates at the surface upon annealing.

Another question concerns the [passivation of Mn at the
surface. In contrast to other PESP3 and x-ray absorption
spectroscopy—magnetic  circular  dichroism (XAS-MCD)
(Ref. 11) experiments, which investigated annealing effects
of As-capped films in ultrahigh vacuum, our annealing was
done under oxygen atmosphere. Therefore, the formation of
MnAs as seen by Adell and co-workers®® or a complex hy-
bridization of different Mn species like in the data of Kronast
et al."' is not observed. The surplus surface Mn is completely
oxidized in our data.

We now turn to the identification of the oxidized species.
The Mn 2p5,, spectra of the RTO samples in Figs. 2 and 4
are composed of two different contributions. A comparison
of the data to the spectra of other Mn compounds identifies
the lower BE feature as similar to the Mn 2p5,, spectrum of
MnAs while the high BE peak has to be attributed to MnO.
No clear evidence is seen for higher oxidation states such as
in Mn,O3 or even MnO,, which both would have a larger
chemical shift relative to MnO by 0.5 eV and 1.0 eV, respec-
tively. The low BE peak is interpreted as intrinsic Mn signal.
Not only is the chemical environment of Mn in (Ga,Mn)As
similar to that in MnAs, but it is precisely this peak which
survives after chemical removal of the oxide layer by
etching.?? The increase in the MnO-related peak upon an-
nealing shows that the segregated Mn is oxidized to Mn?*.

In order to quantify the ratio of oxidized to intrinsic Mn
integrated intensities of the various components have been
determined by a fit routine. The contribution of the intrinsic
covalently bound Mn was modeled by a single Voigt profile,
whereas the oxide part was simulated by the sum of three
Voigt profiles, accounting for multiple components and the
charge transfer (CT) satellite of MnO around 646 eV.?’ The
fit position, width, and relative intensity of the oxide-related
peaks were fixed and only the intensity ratio of oxide to
intrinsic peak was varied. The results are shown in Fig. 6
(the inset gives a fit example). For bulk-sensitive geometry
the initial intrinsic-to-oxide ratio is 80%, whereas for the
surface-sensitive spectra we find only 50%. The ratio de-
creases further for both experimental geometries with an-
nealing time reaching a minimum after 150 h, with hardly
any intrinsic signal left at the surface. This confirms the com-
plete oxidation of the segregated interstitial Mn atoms.

Figure 7 shows the influence of the thermal treatment on
the magnetic transition temperature and thereby correlates
for one and the same sample the findings by HAXPES on
Mn surface segregation and oxidation with the magnetic
properties. In agreement with the literature,® T, is signifi-
cantly enhanced by annealing in air, for this sample from 64
K up to a maximum value of 118 K after 100 h annealing. By
further annealing, 7. is slightly reduced, most likely due to
the slow out-diffusion of Mn on substitutional sites which
means a loss of magnetically active Mn, a reduction of the
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FIG. 6. (Color online) Intensity ratio of oxidized vs intrinsic
Mn 2p5,, components as function of annealing time for two differ-
ent probing depths (“bulk” and “surface” corresponding to emission
angles of 0° and 60° with respect to the surface normal, respec-
tively). Inset: Example of decomposition of a Mn 2p3,, spectrum
into the various components. For details see text.

hole concentration, and hence a drop of 7,. The initial in-
crease in the magnetic transition temperature occurs much
faster than the increase in the Mn concentration in Fig. 5.
This is simply due to the fact that superconducting quantum
interference device (SQUID) measurements monitor an im-
provement of the magnetic response over the whole sample
while the concomitant Mn diffusion appears in HAXPES
only through an enhanced Mn concentration at the surface,
i.e., with some delay. For the sake of completeness we note
that the efficiency of the annealing depends on various fac-
tors such as temperature, film thickness—both kept constant
in our study—or the oxide layer itself.*!%3* E.g_, recently it
was reported that a frequent removal of the oxide layer by
etching during the annealing procedure* can lead to a further
increase in T, on a time scale 2 orders of magnitude shorter
than in our case.

We thus arrive at the following picture. Thermal treatment
of Ga;_,Mn,As causes interstitial Mn to diffuse to and accu-

120|| T T T T j

Curie temperature T_ (K)

1 1
0 25 50 100 150 200 250
annealing time (h)

FIG. 7. (Color online) Curie temperature as a function of an-
nealing time as derived from SQUID measurements. The increase
by thermal treatment is clearly visible. It reaches a saturation value
of 118 K after 100 h of annealing. This is followed by a slight
decrease which is attributed to the out-diffusion of substitutional
Mn.
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mulate at the surface, while the substitutional acceptorlike
Mn atoms remain largely unaffected. The annealing in air
leads to a passivation of the segregated Mn atoms by oxida-
tion, so they can no longer act as unwanted donors and com-
pensate the hole carriers. These findings thus corroborate the
suggested mechanism for an improvement of the Curie tem-
perature by annealing in oxidizing atmosphere.

V. CONCLUSION

In summary, we have provided quantitative information
on the segregation of Mn in Ga;_,Mn,As. The amount of Mn
at the surface increases by a factor of 4 while the overall
oxide layer thickness grows by 60%. In contrast to the RTO
sample, which shows a homogenous Mn distribution within
the probing depth, the annealed samples show a clear Mn
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depth profile. Furthermore, the surplus Mn at the surface is
passivated by oxidation to MnO. However, the loss of Mn
for longer annealing times is not yet fully understood. Both
the comparatively high activation energy as well as measure-
ments on oxidized and subsequently etched samples exclude
a major contribution of substitutional Mn to the segregation
process. Our study also demonstrates the high potential of
photoemission in the hard x-ray regime for the qualitative
and quantitative analysis of ex sifu prepared samples.
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