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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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Àíîòàö³ÿ 

ÂÏËÈÂ Â²ÄÏÀËÓ ÍÀ ÑÒÐÓÊÒÓÐÓ ÄÅÔÅÊÒ²Â GaMnAs ² Si:Mn 

É. Áàê-Ìèñþê, Å. Ä³íîâñüêà, Ï. Ðîìàíîâñê³, À. Ì³ñþê, À. Øàë³ìîâ, É. Ç. Äîìàãàëà, 
Å. Ëóñàêîâñüêà, É. Ñàäîâñê³, Â. Êàëåáå, Â. Øóøêåâè÷, É. Òðåëà 

Âïëèâ â³äïàëó íà ñòðóêòóðó äåôåêò³â òîíêèõ øàð³â GaMnAs ³ íà êðåìí³é, ëåãîâàíèé Mn+ 
(Si:Mn) áóëî äîñë³äæåíî ìåòîäàìè ðåíòãåíîñêîï³¿, àòîìíî¿ ì³êðîñêîï³¿ òà ìàñ-ñïåêòðîñêî-
ï³¿ âòîðèííèõ ³îí³â. Äî ³ ï³ñëÿ îáðîáêè ð³âí³ áóëè ïîâí³ñòþ äåôîðìîâàí³ â³äíîñíî ï³äêëà-
äêè. Çìåíøåííÿ çíà÷åííÿ ïàðàìåòðà êðèñòàë³÷íî¿ ãðàòêè GaMnAs éìîâ³ðíî ïîâ’ÿçàíå ç³ 
çìåíøåííÿì êîíöåíòðàö³¿ çàì³ùåíü As ³ ì³æâóçëîâîãî Ìn ³ ñòâîðåííÿì êëàñòåð³â MnAs. 
Ïàðàìåòð êðèñòàë³÷íî¿ ãðàòêè â³äïàëåíîãî GaMnAs ç 2%-íèì çì³ñòîì Ìn áóâ ìåíøå, í³æ 
ïàðàìåòð êðèñòàë³÷íî¿ ãðàòêè ï³äêëàäêè GaAs. Êîíöåíòðàö³ÿ Ìn ï³ñëÿ â³äïàëó çàëèøèëàñÿ 
íåçì³ííîþ. Äåôåêòíà ñòðóêòóðà Si:Mn çàëåæèòü â³ä ïàðàìåòð³â â³äïàëó. 

Êëþ÷îâ³ ñëîâà: GaMnAs, Si, ðåíòãåí³âñüêà äèôðàêö³ÿ, òîíê³ øàðè, ³ìïëàíòàö³ÿ, òèñê, â³ä-
ïàë, ñï³íòðîí³êà. 

Àííîòàöèÿ 

ÂËÈßÍÈÅ ÎÒÆÈÃÀ ÍÀ ÑÒÐÓÊÒÓÐÓ ÄÅÔÅÊÒÎÂ GaMnAs È Si:Mn 

É. Áàê-Ìèñþê, Å. Äèíîâñêà, Ï. Ðîìàíîâñêè, À. Ìèñþê, À. Øàëèìîâ, É. Ç. Äîìàãàëà, 
Å. Ëóñàêîâñêà, É. Ñàäîâñêè, Â. Êàëåáå, Â. Øóøêåâè÷, É. Òðåëà 

Âëèÿíèå îòæèãà íà ñòðóêòóðó äåôåêòîâ òîíêèõ ñëîåâ GaMnAs è íà êðåìíèé, ëåãèðî-
âàííûé Mn+ (Si:Mn) áûëî èññëåäîâàíî ìåòîäàìè ðåíòãåíîñêîïèè, àòîìíîé ìèêðîñêîïèè 
è ìàññ-ñïåêòðîñêîïèè âòîðè÷íûõ èîíîâ. Äî è ïîñëå îáðàáîòêè óðîâíè áûëè ïîëíîñòüþ 
äåôîðìèðîâàíû îòíîñèòåëüíî ïîäëîæêè. Óìåíüøåííèå çíà÷åíèÿ ïàðàìåòðà êðèñòàëëè-
÷åñêîé ðåøåòêè GaMnAs âåðîÿòíî ñâÿçàíî ñ óìåíüøåíèåì êîíöåíòðàöèè çåìåùåíèé As 
è ìåæäîóçåëüíîãî Ìn è ñîçäàíèåì êëàñòåðîâ MnAs. Ïàðàìåòð êðèñòàëëè÷åñêîé ðåøåòêè 
îòîææåííîãî GaMnAs ñ 2%-ûì ñîäåðæàíèåì Ìn áûë ìåíüøå, ÷åì ïàðàìåòð êðèñòàëëè÷åñ-
êîé ðåøåòêè ïîäëîæêè GaAs. Êîíöåíòðàöèÿ Ìn ïîñëå îòæèãà îñòàëàñü íåèçìåííîé. Äå-
ôåêòíàÿ ñòðóêòóðà Si:Mn çàâèñèò îò ïàðàìåòðîâ îòæèãà. 

Êëþ÷åâûå ñëîâà: GaMnAs, Si, ðåíòãåíîâñêàÿ äèôðàêöèÿ, òîíêèå ñëîè, èìïëàíòàöèÿ, äàâ-
ëåíèå, îòæèã, ñïèíòðîíèêà. 

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

x
Si

1-x 
(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]. 

Ion 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 = 1015 — 1016 cm-2, 
at energy, E = 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

1.7 
[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 = 1x1016 cm-2, E = 160 keV). The projected ion 
range of Mn+ (R

p
) in the implanted samples was 

equal to 140 nm; ΔR
p
 = 50 nm. Substrate tempera-

ture during implantation was equal to 610 K. 
The samples were subjected to processing at 

various temperatures (T, up to 670 K for GaMnAs 
and up to 1270 K for Si:Mn, processing for 1 h) un-
der ambient (105 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 

 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

1-x
 Mn

x
As layers and relative decrease 

of out-of-plane lattice parameters (Δa/a) after HP-
T treatment. Samples A66, A94 were grown by MBE 

method; sample A144 — by ALE method. 

Sample
Layer 

thickness 
[μm]

Mn con-
centration 

[%]

Substrate 
temp. [K]

Δa/a

A66 0.8 2 500 0.0017
A94 0.8 5.5 490 0.0068

A144 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 2θ/ω scans (004 reflection) for the as-
grown and HP-T treated 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 
(a

GaMnAs
) 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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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

GaMnAs 
value is

 

given by the formula [12]: 

 a
GaMnAs

(x,y,z)
 
= a

0
 + 0.02x + 0.69y + 1.05z 

where: a
0 

—
 

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 2θ = 55.5° is asymmetric peak from 

Fig. 1. 2θ/ω scans (004 reflection) of as-grown (1) and HP-T (2) treated GaMnAs for samples: 
A94 (a), A66 (b) and A144 (c). 

           

Fig. 2. AFM images of A94 sample surface before (a) and after (b) treatment. 
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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, 870 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

4
Si

7 
phase were detected with the lattice 

parameters: a = 5.525 Å and c = 17.463 Å. 

 

Fig. 3. Synchrotron radiation (λ = 1.54056 Å) 2θ 
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

4
Si

7
 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 105 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. 

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; (c) 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

4
Si

7 
phase has been formed in processed Si:

Mn; the lattice a and c parameters of Mn
4
Si

7
 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. 

Acknowledgements 

The work was partially supported by the Minis-
try of Education and Science of Poland under the 
grant No. N20205232/1189. 



9

List of references 

1. Ohno O., Ferromagnetic semiconductors for spin-
tronics // Physica B — 2006. — No. 376-377. — 
P. 19-21. 

2. Ohno O., Making Nonmagnetic Semiconductors 
Ferromagnetic // Science — 2006. — No. 281. — 
P. 951–956. 

3. Matsukura F., Ohno H., Shen A., Sugarawa Y., 
Transport properties and origin of ferromagnetism 
in (Ga,Mn)As // Phys.Rev. B — 1998, No 57. — 
P. R2037-R2040. 

4. Dietl T., Ohno H., Matsukura F., Cibert J., Ferrand 
D., Zener Model Description of Ferromagnetism in 
Zinc-Blende Magnetic Semiconductors, Science — 
2000 — No. 287. — P. 1019-1022. 

5. Zaj¹c M., Gosk J., Kamiñska M., Twardowski A., 
Szyszko J., Podsiad³o S., Paramagnetism and anti-
ferromagnetic d-d coupling in GaMnN magnetic 
semiconductor, Applied Phys. Letters, — 2001- 
No.79. — P. 2432-2434. 

6. Moreno M., Trampert A.. Jenichen B., Daweritz L., 
Ploog K., Correlation of structure and magnetism in 
GaAs with embedded Mn(Ga)As magnetic nanoclus-
ters. J. Appl. Phys — 2002 — No. 92. — P. 4672-4676. 

7. Nakayama H., Ohta H., Kulatov E., Growth and 
properties of super-doped Si:Mn for spin-photonics 
// Phys. B — 2001 — No.302-303. — P. 419-424. 

8. Bolduc M., Awo-Affouda C., Stollenwerk A., Huang 
M.B., Ramos F.G., Agnello G., LaBella V.P., Above 
room temperature ferromagnetism in Mn-ion im-
planted Si // Phys. Rev. B — 2005. — No. 71. — 
P. 033302-1 — 033302-4. 

9. Shegqiang Zhou, Potzger K., Gufei Zhang, Muck-
lich A., Eichhorn F., Schell N., Grotzschel R., 
Schmidt B., Skorupa W., Helm M., Fassbender J., 
Geiger D., Structural and magnetic properties of 
Mn-implanted Si // Phys. Rev.B — 2007 — No 75. — 
P. 0852003-1 — 085200-6, 

10. Misiuk A., Bak-Misiuk J., Surma B., Osinniy W., 
Szot M., Story T., Jagielski J., Structure and mag-
netic properties of Si:Mn annealed under enhanced 
hydrostatic pressure // J. Alloys Comp. — 2006. — 
No.423. — P. 201-204. 

11. Misiuk A., Surma B., Bak-Misiuk J., Barcz A., Jung 
W., Osinniy W., Shalimov A., Effect of pressure an-
nealing on structure of Si:Mn // Mater. Sci. Semi-
cond. Process. — 2006. — No.9. — P. 270-274. 

12. J. Masek, J. Kurdnowsky, F. Maca, Lattice constant 
in dilluted magnetic semiconductors (Ga,Mn)As 
// Phys. RevB. — 2003 — No.67 — P.153203-
153206. 

13. Moreno M., Kaganer V.M., Jenichen B., 
Trampert, L. A. Daweritz L, Ploog K., Microme-
chanics of MnAs nanocrystals embedded inGaAs 
// Phys.Rev.B — 2005 — No.72. — P.115206-1 — 
115206-8. 

14. Moreno M., Jenichen B., Daweritz L., Ploog K., 
Lattice distortion of MnAs nanocrystals embedded 
in GaAs : Effect on magnetic properties // Appl. 
Phys. Lett. — 2005 — No. 86 — P. — 161903-1 — 
161903-3. 

15. Holy V., Pietsch U., Baumbach T., High resolution 
X-Ray scattering from thin films and multilayers — 
Germany, Berlin.: ed. by Springer Tracts in Modern 
Physics, 1998 — 170 p. 

J. Bak-Misiuk, E. Dynowska, P. Romanowski, A. Misiuk, A. Shalimov, J. Z. Domagala, E. Lusakowska...


