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Abstract
EFFECT OF ANNEALING ON DEFECT STRUCTURE OF GaMnAs AND Si:Mn

J. Bak-Misiuk, E. Dynowska, P. Romanowski, A. Misiuk, A. Shalimov, J. Z. Domagala,
E. Lusakowska, J. Sadowski, W. Caliebe, W. Szuszkiewicz, J. Trela

Effect of annealing on defect structure of thin GaMnAs layers and on Si implanted with Mn*
(Si:Mn) has been investigated by X-ray methods, Atomic Force Microscopy and Secondary Ion
Mass Spectroscopy. Before and after the treatment the layers were fully strained in respect to the
substrate. Decreased value of the GaMnAs lattice parameter is probably related to a decrease in con-
centration of As antisites and of Mn interstitials and created of MnAs clusters. Lattice parameter of
annealed GaMnAs with 2% Mn content was smaller than that of GaAs substrate. Mn concentration
remains unchanged after annealing. Defect structure of Si:Mn depends on treatment parameters.

Keywords: GaMnAs, Si, X-ray diffraction, thin layers, implantation, pressure, annealing, spin-
tronics.
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AHoTauig
BIIJINB BIIIIAJTY HA CTPYKTYPY JE®EKTIB GaMnAs I Si:Mn

HU. Bak-Mucwk, E. Jlinoscoka, I1. Pomanoecki, A. Miciok, A. Illaaimos, H. 3. Jlomazaaa,
E. Jlycaxoscvka, H. Cadoscki, B. Kaaebe, B. Illymxeeun, H. Tpeaa

Brius Bigmmany Ha cTpyKTypy AedekTiB ToHKMX mapiB GaMnAs i Ha KpeMHilt, JeroBanunii Mn*
(Si:Mn) Oyo mociiakeHO MeTOJaMU PeHTIeHOCKOITii, aTOMHOIT MiKPOCKOITi1 Ta MaC-CITIEKTPOCKO-
mii BTopuHHUX i0HiB. J1o i miciist 00poOKM piBHI OyM TTOBHICTIO AepOPMOBaHi BiZHOCHO ITiIKJIa-
JKW. 3MeHIIIeHHST 3HAaYeHHS TapaMeTpa KpucramigHoi rpatku GaMnAs iMOBipHO TTOB’s13aHe 3i
3MEHIIEeHHSIM KOHLEHTpalil 3amillieHb AS i Mi>kBy3710BOoro Mn i cTBOpeHHSIM KiiactepiB MnAs.
[MapameTp KpucTaaiuHOI rpaTku BinmmaneHoro GaMnAs 3 2%-HuM 3MicToM Mn OyB MeHIIe, HixXX
napaMeTp KpucTaniaHoi rpatku nigknagku GaAs. KoHmenTpanis Mn micis Bigmany 3aJuimniaacs
He3MiHHO0. [ledpexkTHa cTpykTypa Si:Mn 3aJIeXXUTh Bil mapaMeTpiB Bimmaiy.

Kmouogi cioBa: GaMnAs, Si, peHTreHiBcbKa qupaKilisi, TOHKI I1apy, iMIIaHTallis, TUCK, Bil-
TaJi, CIiHTPOHiKa.

AHHOTAIMA
BJINSHUE OT2KUTA HA CTPYKTYPY JTE®EKTOB GaMnAs U Si:Mn

H. Bak-Mucwr, E. Tunosecka, I1. Pomanoecku, A. Muciok, A. Illaaumos, H. 3. lomazaaa,
E. Jlycaxoscka, H. Cadoscku, B. Kaaebe, B. Illywxeeun, H. Tpeaa

Bnustnue otkura Ha CTpyKTypy AedeKToB TOHKUX ciioeB GaMnAs m Ha KpeMHMUI, JIETUPO-
BaHHBIT Mn™ (Si:Mn) ObIJTO McCIenOBaHO METOAAMM PEHTTEHOCKOTUM, aTOMHON MUKPOCKOITUHN
M MacC-COeKTPOCKOIUU BTOPUYHBIX MOHOB. [0 U mocje o6padboTKyi YpOBHU ObLIM MOJHOCTBIO
nehopMUPOBaHbl OTHOCUTEIBHO IMOIIOXKHU. YMEHBIIEHHNE 3HAaUeHMSI MmapamMerpa KpUCTasiu-
yeckolt pemeTkn GaMnAs BepOSITHO CBSI3aHO C YMEHBIIICHUEM KOHIIEHTpALIMM 3eMelleHU As
U MexXa0y3eabHoro Mn u cozgaHuem kjactepoB MnAs. [TapameTp KpUCTaIIU4YEeCKON pelIeTKA
oToxkeHHOro GaMnAs ¢ 2%-bIM comepkaHueM Mn ObLT MEHBIIIE, YeM ITapaMeTp KPUCTaINYEC-
Koii pemretku nomnoxku GaAs. KoHuieHTpaiuss Mn mocie oTKura octajgach Heu3MeHHoM. [e-

¢exTHag cTpyKTypa Si:Mn 3aBUCHUT OT IMapaMeTpPOB OTXKUTA.

Kmouesbie ciioBa: GaMnAs, Si, peHTreHoBcKas AU paKLvs, TOHKWE CJIOW, UMILJIAaHTalUs, JaB-

JICHUEC, OT2KUI, CIIMHTPOHUKA.

Introduction

In recent years a rapid development of spintron-
ics is observed. This exciting new field of research
combines magnetism and electronics (or optoelec-
tronics). The goal is to create conceptually new de-
vices utilizing spin of electron.

The key to the spintronics success is availability of
suitable materials for device manufacturing. Follow-
ing features of such materials are desired: their band
structure should be strongly dependent on electron
spin polarization, injection of spin-polarized elec-
trons should be possible, and certainly they should be
easily integrated into circuits (ICs). Unfortunately,
the presently available magneto-electronic devices
are based on metallic multi-layers, integration of
which into common ICs is not easy and injection of

spin-polarized electron into attached semiconductor
is not very effective. On the other hand, typical semi-
conductors are nonmagnetic. The natural choice are
so called diluted magnetic semiconductors (DMS),
i.e. mixed crystals based on classical semiconduc-
tors, with a controlled fraction of nonmagnetic
cations being substituted by magnetic ions [1, 2].
It is believed that the best candidates for spintronic
materials are DMS based on III-V semiconducting
compounds, since they can be doped for both p- and
n-types, relatively easily integrated into ICs; ferro-
magnetism has been found for some of them [2, 3].
Obviously the room temperature ferromagnetism is
necessary for commercial applications.

Although large effort has been done during re-
cent years all over the world to prepare room tem-
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perature ferromagnetic III-V semiconductors [4],
no satisfying material has been fabricated as so far.
Either ferromagnetism is observed only at below
room temperature (e.g. in GaMnAs and InMnAs
[4]) or no ferromagnetic ordering is detectable (e.g.
in GaMnN) [5]. On the other hand, it has been
demonstrated that, during the growth of magnetic
III-V semiconductors, ferromagnetic (often at
room temperature) precipitates are fairly easily pro-
duced, yielding multi-phase materials [6]. Epitaxi-
ally grown Mn Si, (x = 5 at. %) thin film produces
a material with anomalous Hall effect around 70 K
which suggests the presence of internal magnetiza-
tion of local Mn spins [7].

Ton implantation has also been utilized to achieve
ferromagnetism in semiconductor crystals. Ferro-
magnetic ordering in silicon implanted with Mn*
ions (Si:Mn) has been reported recently; this or-
dering is evidently related to the structure of Mn-
enriched near-surface layer in implanted material
[8]. It has been found that, for Si:Mn produced by
implantation with Mn* doses, D = 10" — 10" cm™,
at energy, £ = 300 keV, Curie temperature exceeds
400 K after rapid thermal annealing at 1070 K. Fer-
romagnetic properties of annealed Si:Mn have been
attributed to creation of MnSi_, [9]. As it has been
stated earlier [10, 11], not only temperature, but also
HP applied at processing of implanted silicon affect
structural and ferromagnetic properties of DMS.

This paper is focused on investigation of the de-
fect structure of GaMnAs and Si:Mn subjected to
annealing.

Experimental

001 oriented GaMnAs was grown by the MBE or
ALE (Atomic Layer Epitaxy) methods. Layer thick-
ness and Mn concentration for investigated samples
as well as temperature of substrate during growth
are presented in Table 1. Si:Mn was prepared by
implantation of the Czochralski silicon with Mn*
(D = 1x10" cm?, E = 160 keV). The projected ion
range of Mn™* (Rp) in the implanted samples was
equal to 140 nm; ARp = 50 nm. Substrate tempera-
ture during implantation was equal to 610 K.

The samples were subjected to processing at
various temperatures (7, up to 670 K for GaMnAs
and up to 1270 K for Si:Mn, processing for 1 h) un-
der ambient (10° Pa) and high hydrostatic pressure
(HP = 1.1 GPa) in argon atmosphere.

The defect structure of samples was deter-
mined by high resolution X-ray diffraction methods
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using the conventional and synchrotron radia-
tion sources (HASYLAB-DESY). Conventional
X-ray investigations were carried out using MRD-
PHILIPS diffractometer in the double (DAD) and
triple (TAD) axis configurations. Lattice param-
eters for GaMnAs, before and after the treatment,
were measured. Reciprocal space maps (RSMs) for
(004) symmetrical reflections of Si:Mn were regis-
tered. Simulations of RSMs were performed using
kinematical theory of X-ray diffraction.

Table 1

Investigated Ga, Mn As layers and relative decrease

of out-of-plane lattice parameters (Aa/a) after HP-

T treatment. Samples A66, A94 were grown by MBE
method; sample A144 — by ALE method.

Layer Mn con- Substrate
Sample | thickness | centration temp. [K] Aa/a
[pum] [%] )
A66 0.8 2 500 0.0017
A9%4 0.8 5.5 490 0.0068
Al44 0.3 10 430 0.0086

Atomic Force Microscopy measurements (AFM)
were performed with Digital Instrument in tapping
mode; the root mean square (RMS) roughness was
determined (RMS is defined as a standard deviation
of the roughness in the direction perpendicular to the
surface). Secondary Ion Mass Spectroscopy (SIMS)
was used for determination the Mn depth profile.

Results and discussion

a) GaMnAs samples

The X-ray 26/ scans (004 reflection) for the as-
grown and HP-Ttreated GaMnAs layers are present-
ed in Fig. 1. The layer thickness, calculated before
and after the treatment from the interference fringe
distance, was practically the same. However, the
positions of 004 peaks coming from the layers were
shifted into direction of the GaAs peak. It means
that the out-of-plane lattice parameters of layers
(@G aima,) decrease. The out-of-plane lattice param-
eter of the A144 sample was equal to the lattice pa-
rameter of the substrate, but for the A66 sample was
smaller than that of GaAs (Fig. 1). Layer of the sam-
ple A66 is under tensile strain. It is worth to mention
that Mn concentration remained unchanged before
and after the treatment (SIMS results).

AFM images for the A94 sample show on a
creation of precipitates at the surface (Fig. 2). The
structure and composition of these precipitates re-
mains still unknown.
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Fig. 1. 20/ scans (004 reflection) of as-grown (1) and HP-T (2) treated GaMnAs for samples:
A94 (a), A66 (b) and Al144 (c).
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Fig. 2. AFM images of A94 sample surface before (a) and after (b) treatment.

Contraction of the lattice parameter can be re-
lated to the decreased concentrations of interstitial
Mn atoms and / or of arsenic antisites. The contri-
bution of arsenic antisites and of Mn atoms, both
substitutional and interstitial, to the a value is
given by the formula [12]:

GaMnAs

AgoinaXsY,2) = a, +0.02x +0.69 + 1.05z
where: a, — lattice constant of defect-free
GaAs, y — concentration of As antisites,

z — concentration of Mn in the interstitial posi-
tions.

Taking into account the high concentrations of
Mn interstitials and of antisites, related to the high
Mn concentration and growth of GaMnAs at low
temperature, the decreased concentrations of in-
terstitial Mn atoms and of arsenic antisites can be
assumed to be responsible for the decreased lattice
parameters. However, removal of interstitials can
not explain experimental result: the layer lattice
parameter is lower than that of the substrate in the
case of sample A66. A creation of MnAs nanoclus-
ters can modify diffraction from the layer which

indicates change of strain (from compressive to
tensile) in the layers [13, 14]. A creation of hexago-
nal MnAs nanoclusters has been observed for the
GaMnAs sample subjected to rapid thermal anneal-
ing at about 970 K; zincblende Mn(Ga)As clusters
have been reported to grow at 870 K in effect of an-
nealing under MBE conditions [14]. In both cases
the matrix develops a small tensile strain of similar
value. Due to lower annealing temperature, a crea-
tion of zinclende nanoclusters only can be expected
in our experiments.

b) Si:Mn samples

Synchrotron radiation in the grazing incident
diffraction geometry was applied to examine the
near-surface region of Si:Mn. The structure of Si:
Mn was found to be dependent on T (Fig. 3). Par-
tial re-crystallization of the near-surface (buried)
area for the as-implanted sample is detected. The
diffraction peaks 111, 220 and 422 coming from
polycrystalline Si have been found (Fig. 3) (diffrac-
tion peak 311 at 26 = 55.5%is asymmetric peak from
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monocrystalline Si matrix). After the treatment at
610 K, the originally observed diffraction peaks,
originating from polycrystalline Si, disappeared.
However, for higher treatment temperature, 8§70 K,
and HP = 1.1 GPa, the diffraction peaks originat-
ing from the presence of polycrystalline Si were
observed (Fig. 3), evidencing gradual recovery of
damages. In this case and also for the sample treat-
ed under ambient pressure, the peaks from the te-
tragonal Mn,Si. phase were detected with the lattice
parameters: a = 5.525 Eand ¢ = 17.463 E.

log [intensity]

90 100 110 120 130

20 30 40 50 60 70 80
20 [deg]

Fig. 3. Synchrotron radiation (A = 1.54056 E) 260
scans in grazing incidence diffraction geometry for Si:
Mn samples: 1 — as — implanted; 2 — treated under
atmospheric pressure at 610 K; 3 — treated under
atmospheric pressure at 870 K; 4 — treated at 870 K
under 1 GPa. Reflexes originating from Mn,Si, phase are
marked by arrows.

The 004 reciprocal space maps of Si:Mn are pre-
sented in Fig. 4. The inserts in the figures present
simulation of these maps. X-ray diffuse scattering
was not observed for the samples treated at 610 K
under 103 Pa (Fig. 4a). This scattering was very weak
after the treatment under HP, showing on presence
in the sample crystallites with preferred orienta-
tion. The presence of crystalline near-surface layer
is responsible for enhanced diffuse scattering from
the samples annealed at high temperature (Fig. 4b).
From simulation of RSM’s it follows that process-
ing at 1270 K results in a creation of weak type of
defects for example dislocation loops or of stacking
faults [15]. The surface of samples after annealing
remains unchanged as follows from the AFM im-
ages. The depth profiles of Mn were practically un-
changed after the HP—T treatment.
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Fig. 4. 004 reciprocal space maps of Si:Mn treated for
1 h: (a) at 610 K under atmospheric pressure; (b) at
610 K under 1.1 GPa; (¢) at 1270 K under atmospheric
pressure; (d) at 1270 K under 1.1 GPa.

Conclusions

In the case of GaMnAs layer treated at about of
600 K under enhanced pressure, the lattice param-
eters decreased. This decrease of lattice parameters
is probably related to the smaller concentration of
As antisites and of Mn interstitials in the GaMnAs
lattice. The strain changes from compressive to ten-
sile are related to a creation of precipitates.

The temperature-pressure treatment makes it
possible to modify the Si:Mn structure. The tetrago-
nal Mn,Si, phase has been formed in processed Si:
Mn; the lattice a and ¢ parameters of Mn,Si, were
determined. More pronounced re-crystallization
of amorphous material was observed for the sample
annealed under enhanced pressure. Enhanced pres-
sure applied at processing affects also diffusivity of
Mn atoms as well as of Si interstitials and vacancies.
On the basis of X-ray diffraction and RSM simula-
tion the defect structure of Si:Mn was determined.
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