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Effect of annealing on the depth profile of hole concentration in (Ga,Mn)As
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The effect of annealing at 250 °C on the carrier depth profile, Mn distribution, electrical conductivity, and
Curie temperature dfGa,MnAs layers with thicknessex200 nm, grown by molecular-beam epitaxy at low
temperatures, is studied by a variety of analytical methods. The vertical gradient in hole concentration, re-
vealed by electrochemical capacitance-voltage profiling, is shown to play a key role in the understanding of
conductivity and magnetization data. The gradient, basically already present in as-grown samples, is strongly
influenced by post-growth annealing. From secondary ion mass spectroscopy it can be concluded that, at least
in thick layers, the change in carrier depth profile and thus in conductivity is not primarily due to out-diffusion
of Mn interstitials during annealing. Two alternative possible models are discussed.
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I. INTRODUCTION face. This finding is in agreement with the results of spin-

Semiconductor-based spintronic technology, where boti{/ave resonance experiments which manifest the existence of
L . . . 7

the electrical charge and the spin of carriers are utilized foft 9radient in the magnetic propertiés. - -
signal processing and storage, calls for the development of FOr (G&MnAs, it is well known that, within a limited
new ferromagnetic materials. The IlI-V dilute magnetic temperature range, a slight increase of the growth te[Qpera'
semiconductorGa,MnAs, being compatible with conven- (Ure results in a pronounced enhancement of bgtandp.
tional semiconductor technology, is considered a potential? 2ddition, a significant increase of the surface temperature,
candidate for spintronics and has been intensely studied dugjdtucfd d%y heatL_rraﬁ/:gtllzon franr?] tr;th:lfLugzlg)?hceII?, has been
ing the past few years3 The ferromagnetic properties of etected auring growth o X eretore, we

: L suppose that besides annealing effects during growth, a
Ga,MnAs, successfully explained within the Zener mean- :
gield mrgdel“ arise from %/hdS:pS/ZSpins of Mn atoms incor- gradual increase of the surface temperature due do free-

. X . carrier absorption is likely to account for the observed gra-
porated on Ga lattice sites. The ferromagnetic Mn-Mn cou P Y 9

SO ; . . dient. Even though it is disregarded by most other groups so
pling is mediated by delocalized or weakly localized holesfar, the presence of the gradient seems to be a general phe-

which are s_upplled by the l\_/ln atoms acting as acceptors Ofpmenon, whereas its specific profile depends on several pa-
Ga lattice sites. The Mn spin system undergoes a ferromagameters such as sample thickness and growth conditions.
netic phase transition at the Curie temperafligewhich is  From thep dependence ofrc, it becomes obvious that a
suggested to strongly depend on both the Mn content and th&ronounced variation ip along the growth direction must
hole concentratiofi(Ga,MnAs is grown by molecular-beam have a strong impact on the electrical and magnetic proper-
epitaxy (MBE) at low temperature$~250 °Q. In most ties of (GaMn)As.

cases,T¢ is increased by post-growth annealing at tempera- In this work, the effect of annealing at 250 °C on the
tures near or even below the growth temperature, resulting idepth profile of hole concentration iiGa,MnAs epilayers
values of up to 160 K inNGa,MnAs single layers, as re- with thicknesses between 0.2 and L& is studied by ECV
ported so faP~*?This is commonly explained by the removal profiling, micro-Raman spectroscopy, conductivity measure-
or rearrangement of highly unstable compensating defectsients, superconducting quantum interference device
such as Mn atoms on interstitial lattice sit€s* The en- (SQUID) magnetization measurements, and secondary ion
hancement of the ferromagnetism associated with lowmass spectroscopisIMS). It is shown that the gradient in
temperaturéLT) annealing is suppressed in the presence of ghe carrier density plays a key role in the understanding of
thin GaAs capping layer, indicating that diffusion of defectsannealing-induced effects, such as the increase in conductiv-
towards the surface plays a crucial role in the annealingty and Curie temperature. From our SIMS and ECV data we
process112|t has been revealed by electrochemical capaciinfer that, at least in thick layers~1 um), out-diffusion of
tance voltagdECV) profiling and Raman spectroscopy that Mn interstitials is not the dominant mechanism for the
in general the hole concentratipris not constant throughout annealing-induced enhancement of the hole density, as re-
the (Ga,MnAs layer but exhibits a vertical gradiettStart-  cently proposed for thin layers<100 nm.%12 While most

ing at the GaAs(Ga, MnAs interface,p monotonously in- reports in the literature are ofGa,MnAs epilayers with
creases and reaches its maximum value near the sample sthicknesses in the range of 10—200 nm, where the gradient is
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probably less pronounced, thicker samples, as considered imometers by passing a dc currdnbetween the anodically
this work, allow us to map the depth profiles, e.g., of the holepolarized semiconductor and a carbon counter electrode. The
and Mn concentration over larger distances, and therefore temoved layer thickness, is calculated from the accumu-
get more detailed information on the understanding of thdated transferred charge using Faraday’s law of electrolysis,
defect dynamics. Provided that the fundamental diffusion
processes during annealing are primarily independent of the W, = f Idt, (3)
layer thickness, the findings reported in this paper may be zFpA

helpful in the interpretation of experimental data obtained
frorFr)w much thinner 2amples as Weﬁ. where M(144.6, 2(6), p(5.36 g/cm), and

F(96 490 As mott) denote the molecular weight, effective
dissolution valence, density of GaAs, and Faraday’s con-
Il. EXPERIMENTAL DETAILS stant, respectively. Additionallyy, is controlled by mechani-

_ cal surface tracing. The diode ar@zof 0.005—0.008 cris

h_(Ga,Mr?As Iayersdwere _g_rowr|1 n a 5'55%32 '\1/|BE k;na- defined by a plastic sealing ring. Normall§, is not accu-
chine on In-mounte sgml—in;u aémg I (?mh) SlIJ. ) & rately known at the beginning of an ECV profiling run, but is
strates using a conventional Knudsen cell and a hot-lip e uFoutinely measured subsequently. Relevant recalculation pro-
sion cell to provide the Ga and Mn fluxes, respectively. Acedures considering the measured value& ahd the series
valved arsenic cracker cell was used in the noncraCkingesistancd?s are implemented in the original Bio-Rad soft-
mod_e to supply Agwith a maximum V/Ill flux ratio ofabout 4 of the PN 4200 ECV profiler. The measured ECV pro-
3. First, a GaAs buffer layer around 10.0 nm thick was 9roWNgies are reproducible within an uncertainty in the absolute
at a temperature of;=585 °C(conventional substrate tem-

. values of about 15%. More information about ECV profilin
perature for GaAs then the growth was interrupted angd can be found in Refo 22 P 9
was lowered .t0~250 C. The Mn concentrations in the Hole concentrations iGa,MnAs can also be estimated
0.2—-1.2um-thick (Ga,MnAs layers under study were deter- fro

: ' m Raman scattering by coupled plasmon-LO-phonon
mined by flux measurements, which have been checked b%odes"f&z“ Therefore gmic?/o-Rangan rﬁ:easurements were
elastic recoil detection measuremerftSRD). For details '

performed at room temperatu(BT) using the 514-nm line
abOELg\/Ezr?élsse:sRvsgrgl'erformed using a Bio-Rad PN420 f an Ar" laser as an excitation source. The Raman signals
profiler They electrolytg (250 mL aqugeous solution of ere detected in the backscattering configuraiony)z us-

2.0 g NaOH+9.3 g EDTAIs in contact with the semicon- ing a DILOR XY 800-mm triple-grating spectrometer with a

ductor forming an electrolyte-semiconductor diode. A IOW_confocaI entrance optics and a ooled charge-coupled
. g ar y . ' device detector. Further experimental details of the micro-
resistance Ohmic contact can be established for th

: o : aman measurements are given in Ref. 23.
(Ga,MnAs sample without metallization. The potential of For the electrical measurements, Hall bars with

cleaved samples without annealing. The contacts were
%hecked to be Ohmic with negligibly low resistance. The
samples were annealed in air using a LINKAM THMS 600
heating chamber equipped with an electrical feed through,

are selected to obtain optimum Schottky characteristics o hich enabled us to perforrim situ measurements of the
@c P y onductivity. They were mounted on a silver block which

the _eIectronte-;emponQu_ctor contact. The correspondlngould be heated electrically or cooled by liquid nitrogen over
equivalent circuit which is implemented in the analysis soft—the temperature range from —200 to 300 °C within 2 min
ware consists of the space-charge layer capacitGraed of To measure depth profiles of the Mn fraction, SIMS éx-
resistancesR, and Ry connected in parallel and in series, periments were performed using a commerc}al Cameca
respectively.Rs_is obtained from the aqlmittance data mea-; 1t £6 spectrometer with Csas primary ion beanfnet
sured at two different frequencies;. Using Y, d¥/dV, and impact energy 5.5 keVat a sputter rate of about 1 nm/s. In

Ry, \{vetpar,ll?et;arnt"n;?]é: agddC]{ ?PY yéeldlmtg the cgrnerfco!f:j—th the absence of appropriate calibration standards for Mn, the
centrationiwg) at the edge ot the depietion region of wi quantitative analysis of the Mn fraction refers to the flux
wqy according to measurement of sample B313, which gave us a value of 6%.
cd /dc\ ! A detailed introduction into the SIMS measuring method is
N(wg) = ——2<—> (1) given in Ref. 25.
esA°\ dV L . .
The magnetization measurements were carried out in a
with QUANTUM DESIGN MPMS 5 SQUID magnetometer ap-
plying an in-plane magnetic field of 5 mT.

electrolyte-semiconductor contact is determined by ac me
surements under reverse biasat Additionally, the bias
voltage V,,, is wobbled at a considerably lower modulation
frequency to yield the differential admittand&/dV. V,,, and

eA
Wd:E,

2

wheree(0.12 nF/m) ande are the permittivity of GaAs and Il RESULTS AND DISCUSSION
the electron charge, respectively. Controlled amounts of The phenomena discussed in this paper have been quali-

(Ga,MnAs are removed in increments of a few tens of na-tatively observed in allGa,MnAs layers grown at V/III flux
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FIG. 1. ECV profiles recorded from sample B313 before and FIG. 2. ECV profiles recorded from sample B352 before and
after annealing at 250 °C for 30 and 370 min. after annealing at 250 °C for 30 min. Depth-dependent hole con-
centrations determined from Raman spectroscopy are depicted for
ratios <3, exhibiting thicknesses between 200 nm andcomparison.

1.2 um. The specific influence of the V/III flux ratio on the
structural, electric, and magnetic propertie§®a,MnAs is  initial surface were prepared on seve(@h,MnAs layers by

not a subject of this work and will be discussed elsewhere. Inwvet chemical etching. Micro-Raman spectra were taken from
the following, we present experimental results obtained froneach of the individual terraces, and the carrier densities, ob-
several pieces of a 1,2m-thick (Ga,MnAs epilayer with a  tained from a line-shape analysis of the Raman signals, were
Mn fraction of 6% (sample B318 and of a 240-nm-thick compared with the ECV data. Figure 2 shows, as an ex-
epilayer with a Mn fraction of 4.5%sample B352 These ample, such a comparison for the as-grown sample B352.
epilayers are representative for all other samples investigatéd/ithin the error margin of the two-analysis methods, the
so far. measured depth profiles coincide almost perfectly.

As mentioned above, ECV profiling reveals the presence The Raman spectra corresponding to the data points in
of a vertical gradient in the hole concentration. Figure 1 deFig. 2 are depicted in Fig. 3. The high hole concentration in
picts the ECV profiles of sample B313 before and after an{Ga,MnAs leads to the formation of a phononlike coupled
nealing at 250 °C for 30 and 370 min. It is clearly seen thatmode of the longitudinal-opticgL.O) phonon and the over-
the gradient, already present in the as-grown sample, igamped hole plasmadi.With increasing hole concentration,
strongly enhanced by post-growth annealing, leading to &his mode shifts from the frequency of the LO phonon to that
hole density near the sample surface which is almost twicef the transverse-opticlfO) phonon. It is clearly seen in
as high as near the GaA®a,MnAs interface. As a Fig. 3 that the coupled mode broadens and shifts to higher
consequence, the electric and magnetic properties of thiequencies with increasing etch depth, indicating a decrease
(Ga,MnAs layer are affected in a dramatic way, as will be in the hole concentration. At an etch depth of 175 nm, the
shown below. Whereas the total hole concentration, averagg@maining layer thickness nearly matches the information
over the layer thickness, increases froit8.8+0.6  depth of 1/2r=50 nm of the Raman measurement, where
X100 cm3 in the as-grown sample to(4.3+0.6 denotes the absorption coefficient at a 514 nm wavelength of
X102 cm™@ in the 30-min-annealed sample and to the Ar* laser. Therefore, the narrow Raman line of the pure
(4.9+0.7 X 10 cm™2 in the 370-min-annealed sample, the e —
local hole density near t_he sample §urface almo'st saturates 4% Mn (B352) |TO LLO
after annealing for 30 min. The particular evolution of the

1

—_ [}
carrier depth profile in the course of the annealing seems to Z(xy)z i Sf p=1.6cm?/Vs
corroborate the assumption that out-diffusion of compensat- Ay =514nm o0 oo (10%cm™)
ing defects towards the surface accounts for the increase in etch depth P O
hole density during post-growth annealifg!? 175 2

The ECV profiles of sample B352, recorded before and
after annealing at 250 °C for 30 min, are shown in Fig. 2.
The gradient in the as-grown sample is much more pro-
nounced than in B313 and flattens upon annealing with a
concomitant increase in the total hole concentration. The
ECV profiles resemble those of sample B313 in the range
from the surface down te-240 nm after annealing for 30
and 370 min.

In order to make sure that ECV profiles reflect the correct
depth distribution of the hole concentration, confirmative op-
tical experiments were performed. To this end, steplike sur- FIG. 3. Raman spectra recorded from sample B352 for different
face profiles with flat terraces at different depths below theetch depths.

1250m 4 4o

Raman intensity (arb. units)

75 nm

unetched _&°

200 220 240 260 280 300 320
Raman shift (cm™)
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FIG. 4. In situ monitoring of the conductivity of sample B313
during annealing at 250 °C. FIG. 5. Raman spectra recorded from sample B313 before and
after annealing at 250 °C. The solid lines are calculated line shapes.

LO-phonon mode in the undoped substrate appears at
292 cm'. The values for the hole densities were obtainedthe as-grown as well as for the annealed samples.
from line-shape analyses of the Raman spectra using a value Raman spectra, recorded from sample B313 before and
for the hole mobility of 1.6 crVVs. The calculated line after annealing at 250 °C for 30 and 370 min, are shown in
shapes are drawn as solid lines in Fig. 3. Details concerninfjig. 5. Whereas a strong increase in the hole concentration
the calculation of Raman line shapes in heayydoped within the first 30 min of annealing can be deduced, the Ra-
semiconductors can be found in Refs. 23 and 26. man spectrum recorded from the 370-min-annealed sample

Under the assumption that the hole mobility does not sig<does not significantly differ from that of the 30-min-annealed
nificantly change during the annealing process, an increase gample. This is in agreement with the ECV profiles in Fig. 1,
the hole concentration, as seen from Figs. 1 and 2, shoulhich reveal that near the sample surface the hole density is
result in an increase in the electrical conductivity of theonly slightly enhanced by annealing for more than 30 min.
(Ga,MnAs layer. In fact, such an increase has been observedor the interpretation of the Raman spectra, one should keep
by several authord”-21%In the present work, the effect of in mind that the Raman signal, as already mentioned above,
annealing at 250 °C on the conductivity of sample B313 isstems from the near-surface region. The solid lines represent
shown in Fig. 4. model calculations of the Raman line shapes using a hole

Monitoring the conductivity by arin situ measurement mobility of x=1.2 cn?/Vs and hole concentrations of 4.3
for 400 min reveals that the conductivity monotonously risesx 10?° cm™ and 7.8< 10?° cm2 for the as-grown and the
with a rate that gradually decreases with increasing annealingnnealed samples, respectively.
time. After total annealing times of 30, 60, and 180 min, the According to the relatich
annealing process was interrupted for 10 min and the tem- T x X plf3 4
perature was rapidly lowered to 25 °C in order to probe the cxEXXP 4)
RT conductivity (dashed ling During the first 30 min, the between Curie temperatufg. and hole densityp, with x
RT conductivity increases from 91 to 188" cm®. After  denoting the concentration of magnetically active Mn ions
annealing for 370 min, the RT conductivity has almost satuon Ga sites, an increase in the hole density should result in
rated at a value of 118" cm™. According to these values, an enhancement of the Curie temperature. In fact, such an
the conductivity is enhanced by factors of 1.13 and 1.27%nhancement is shown by the SQUID magnetization curves
upon annealing for 30 and 370 min, respectively. In contrasin Fig. 6, recorded from sample B313 before and after an-
to Ref. 6, no decrease of the conductivity for annealingnealing at 250 °C for 30 and 370 min. Note that the curves
times longer than 2 h is observed. Note that the resultare normalized to the values at 5 K, and thus cannot be used
of our in situ measurements are in qualitative agreemento obtain information about the influence of post-growth an-
with those obtained from much thinne(Ga,MnNAs  nealing on the saturation magnetization. We suggest that the
epilayers (10—-100 nm at lower annealing temperatures extended tails of the magnetization curves arise from the
(<200 °Q."10 vertical gradient of the hole density in the (Ga,MnAs

We may now compare the annealing-induced increase dayer. According to Eq(4), this gradient results in a depth-
the conductivity with that in hole concentration. From the dependent Curie temperatufg, and thus the curves in Fig.
averaged hole concentrations, derived above from the EC¥ can be viewed as superpositions of individual magnetiza-
profiles in Fig. 1, we obtain an increase in hole density bytion curves. Then, the values ®f indicated by arrows have
factors of 1.13+0.3 and 1.29+0.4, which are in excellentto be attributed to the near-surface region, similar to the hole
agreement with the values obtained for the conductivitydensities obtained from the Raman measurements. Whereas a
Thus, the assumption of at most a small change in hole moCurie temperatur&: of 60+5 K is deduced for the as-grown
bility during annealing is clearly confirmed. From the valuessample, a constant value of 100+5 K is obtained for the two
of the conductivity and the averaged carrier concentrationsannealed samples, yielding an increasd ghy a factor of
effective hole mobilities of 1.5+0.3 chVs are deduced for 1.7+0.3. In contrast, an enhancementTef by a factor of
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FIG. 6. Normalized magnetization of sample B313 as a function F!G. 8. Mn depth profiles of sample B313 before and after an-
of temperature before and after annealing. nealing at 250 °C for 30 and 370 min measured by SIMS. The

dashed and dotted lines represent the calculated Mn profiles of the

only 1.2+0.1 would have been expected from Ej.and the 30-min and 370-min-annealed sample, respectively, using Egs.

ECV data measured near the sample surface, yielding and ().

increase of the local hole density by a factor of 1.7+0.5. The

discrepancy between the two values may be explained by @iffusion of Mn, necessary to completely account for the

reduction of the number of antiferromagnetically ordered Mnobserved ECV profiles, would result in a significant and

atomg* during annealing. measureable change in the Mn depth profile at all. Therefore,
The increase in hole density, conductivity, and Curie tem-Simple considerations are made in the following to estimate

perature upon post-growth annealing is commonly explaine#he annealing-induced changes in the Mn depth profiles ex-

by the removal of compensating defects(@®a,MnAs. The pected for the extreme case that the increase in the hole

results of ion channeling experiments point to a reduction oflensities in Figs. 1 and 2 was entirely due to the out-

Mn interstitials (Mn,), acting as compensating double diffusion of Mn.

donors!® Based on the observation of Mn accumulation at The hole concentratiop is given by the densityMnc,]

the sample surface and on theoretical calculations, this redf substitutional Mn acceptor@ving,) minus the total den-

duction has been traced back to an out-diffusion of kn  sity of compensating donors,

wards the surface followed by oxidatidéth?27 In order to

verify the latter suggestion for the thidkGa,MnAs layers p=[Mng,] - C X [Mn] -d, (5

under study, the Mn depth profiles of the as-grown and the,pere[\n, ] denotes the density of Mandd the density of
annealed samples were experimentally determln_ed by SIMR) other compensating defects. Note that the terms in(‘&q.
measurements recorded from the same sample pieces as used’|ocal quantities which may in general vary with depth

for ECV profiling. The Mn profiles are depicted in Figs. 7 within the sam :
. . ple. The factdC accounts for the fraction of
and 8 for B352 and B313, respectively. Whereas Fig. 7 SugMn, acting as donors as well as for the corresponding va-

gests a slight annealing-induced lowering of the Mn fractionIency (2 for double donos Therefore, the inequalitg <2

in the 240-nm-thick sample, no significant difference be-h ; : :

. . olds, where the sign of equality applies for the case that all
F\’Veeﬂ_the_ thr_ee proflles_ of the 1,2 "th'(.:k Samp'e can be Mn, act as doublegdonorg. Thg tg& dendityin] of Mn
identified in Fig. 8. Inevitably the question arises if an out—atoms is given by

R AR AN AR AR [Mn] = [Mng] + [Mn] + [Mn], ©®)

as-grown

with [Mn;,] denoting the density of electrically inactive Mn
—————————— atoms. Let us now consider the hypothetical case that the
increase inp, revealed by ECV profiling, is solely due to
out-diffusion of Mn and that inside th€¢Ga,MnAs layer,d,
[Mng,], and[Mn;,] remain unaffected upon annealing. Then,

J 4.5% Mn (B352) - ysing Eqgs(5) and(6), the local de_nsit_iMn]annof Mn atoms
inside the annealed sample>0) is given by

Mn fraction (%)
S
o 73
T T

w
i
|

000 005 010 015 020 025 [MN]ann= [Mn]ag= (Pann— Pag)/C, (7)
Depth z (um)

w
=

where the subscripts “ann” and “ag” stand for annealed and
FIG. 7. Mn depth profiles of sample B352 before and after an-25-grown, respectively. The increase in the Mn concentration
nealing at 250 °C for 30 min measured by SIMS. The dashed lin@®n the surfacéz=0) due to the accumulation of out-diffused
represents the calculated Mn profile of the annealed sample usifygln, can be calculated from the conservation of the total
Egs.(7) and(8). amount of Mn as follows:
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t nism. Further experiments such as depth-resolved investiga-
(IMN]apn= [MN]ag) =0 X 5=J dZpann—Pag/C,  (8)  tions on the Mpdistribution and theoretical studies have to
0 be performed in the future to clarify this point. We close with
a brief discussion of two potential mechanisms.

wheret denotes the thickness of the as-grot@®a,MNAs  The first mechanism is based on a weak depth-dependent
epilayer andb the thickness of the Mn surface layer, which is gifusion of Mn, towards the surface associated possibly with
of the order of nm. a change of lattice site location. Initiated by an out-diffusion

The dashed and_ dotted lines in Eigs. 7 and 8 represent thsy Mn, in the near-surface region, Matoms deeper in the
calculated Mn profiles for the 30-min and 370-min-annealedyyk successively diffuse towards the surface while forming
samples, respectively, using Eq2) and(8) with C=2, and  gjectrically inactive Mn clusters and/or MnAs. Due to the
taking into account that a Mn fraction of 1% corresponds tggy diffusivity of Mn,, this process gradually becomes inef-

a concentration of Mn atoms of 2:210°° cmi™®. For[Mnl.g  fective with increasing sample depth. Thus, depending on the
the experimental SIMS profiles of the as-grown samplesinnealing time, different diffusionlike profiles of Mavolve
were used, whilgp,g andpa,, Were taken from Figs. 1 and 2. which result in the hole density profiles shown in Figs. 1 and
In the case of sample B352, the calculaf®dn]a,, curve 2. This explanation also accounts for the fact that, compared
inside the(Ga,MnAs layer has qualitatively the same form to the total amount of Mn inside tH&a,MnAs layer, only a

as the measured Mn profile, but quantitatively the annealingnegligibly small fraction of Mn effectively migrates out of
induced decrease in Mn fraction is about twice as strongthe bulk.

Note that our estimate would yield an even more pronounced The second mechanism is more hypothetical and rests
reduction of the Mn fraction if a value less than 2 had beenypon an assumed out-diffusion of highly mobile, possibly
used for the facto€. Thus, it seems that in the 240-nm-thick compensating, defects other than Macting at least par-
sample, only a small portion of the enhancement in holeijally as a trigger for the rearrangement of MArsenic lo-
density is actually due to Mrout-diffusion. In the case of cated in interstitial positionéAs;) may be a potential candi-
sample B313, the calculatdtin],,, curves inside the epil-  date for such a defect. Similar to LT GaA&3the LT MBE
ayer show a clear deviation from the Mn distribution in the growth of (Ga,MnAs leads to the incorporation of excess As
as-grown sample, beginning at a depth of about 0.5#07  up to 2%, acting at least partially as compensating donor
and increasing strongly towards the surface. This behavior igefects313 Even though controversially discussed, several
not even qualitatively reflected by the measured Mn profilesauthors suggest that in LT GaAs a considerable fraction of
Therefore, we conclude that at least in thitkl um)  the excess As atoms is located in interstitial positions, acting
samples, the observed increase in hole concentration in thes highly mobile defects, while the rest of the excess As is
bulk is not primarily due to out-diffusion of MnThis find-  believed to be in antisite positiori&sg,).31 32 Asg, defects

ing is in agreement with the low diffusivity of Mrat 250 °C  are known to remain stable up to 450 °C and are therefore
derived in Ref. 10. Moreover, the calculated narrow peaks afot expected to play a significant role in the physical pro-
the surfaces, arising from the accumulation of out-diffusectesses taking place at 250 ®&Whereas a rearrangement of
Mn,, are not seen in the measured SIMS profiles. Calculationn, could be revealed itGa,MnAs by combined channel-
yields ([Mn]a,-[Mn]ag,=0=6% for B352 and([Mn]y,,  ing Rutherford backscattering and by particle- induced x-ray
—[Mn],g) 0= 11% for B313 withd< 10 nm. Note, however, emission experiments, out-diffusion of As is difficult to
that the SIMS data presented in Figs. 7 and 8 may be toverify. As atoms, which diffuse from interstitial sites to the
rough to resolve an extremely thin Mn-rich oxide layer onsample surface during annealing, efficiently desorb at the
the surface, if present. surface and are therefore hardly detected by surface-sensitive

Our findings discussed above do not contradict the modehethods.
deduced for much thinnéa,MnAs layers(<100 nn) that
out-diffusion of Mn plays a dominant role. In fact, the ex-
perimental data available so far suggest that, due to the low
diffusivity of Mn; at 250 °C, a significant out-diffusion of The depth profile of the hole concentration in thick
Mn, occurs in the near-surface region, whereas in the bulki=200 nm) MBE-grown (Ga,MnAs layers, measured by
the highly unstable Mnatoms rearrange and form electri- ECV profiling, as well as its strong change upon post-growth
cally inactive randomly distributed precipitates, as proposednnealing at 250 °C, has been shown to play a key role in
in Ref. 13. Within the framework of our simple consider- the interpretation of conductivity and magnetization data.
ations above, this means that in the bulk the rise in holerhe annealing-induced increase in the total hole concentra-
concentrationp is mainly due to a local increase p¥In;,]  tion, derived from ECV profiling, is in excellent quantitative
and/or[Mng,| at the expense dMn,]. From the ECV pro- agreement with the change in electrical conductivity mea-
files in Fig. 1, it follows that this rearrangement [¥In,]  suredin situ during annealing. The pronounced enhancement
does not take place homogeneously throughout the wholef the hole density near the sample surface, confirmed by
(Ga,MnAs layer, leading to an overall upshift of the hole micro-Raman measurements, is accompanied by a distinct
density, but exhibits a pronounced dependence on sampiacrease of the Curie temperature. The particular evolution of
depth. At present, there is no final explanation for this parthe measured ECV profiles under continued annealing sug-
ticular evolution of the carrier depth profile on annealing,gests that diffusion processes play a major role in the post-
which seems to be governed by a diffusion-based mecharowth annealing of(Ga,MnAs. From a comparison be-

IV. SUMMARY
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tween the ECV profiles and the Mn distributions determineddiffusion of other highly mobile defects, such as,Akas

by SIMS, it is concluded that, in contrast to thin layers, thebeen tentatively discussed.

increase in hole density upon post-growth annealing in thick

(~1 wm) samples is not primarily due to out-diffusion of

Mn,. We suppose that a depth-dependent rearrangement of ACKNOWLEDGMENTS
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