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In this experimental and theoretical work we focus on the technique of pulsed laser annealing applied to the
metastable ferromagnetic semiconductor GaMnAs. Analytical heat-flow calculations are used to illustrate the
position and time-dependent temperature distribution during the whole laser annealing process. Such heat-flow
calculations will also play an indispensable role for the preparation of other new metastable diluted ferromag-
netic semiconductors by ion implantation and subsequent laser annealing. The structural, magnetic, and mag-
netotransport properties of ferromagnetic GaMnAs have been probed in dependence on the annealing param-
eters, e.g., the number of laser pulses and the pulse length. Annealing with a single KrF laser pulse of 30 ns and
0.26 J /cm2 with the photon energy above the GaAs band gap energy leads to similar magnetic properties like
annealing with a single 3 ns Nd:YAG laser pulse with the photon energy below the GaAs band gap energy. We
observed that possibly due to Mn diffusion and decreasing hole concentration, several laser pulses degrade the
structural and magnetic properties of GaMnAs. Our results reveal the largest saturation magnetization in
Mn-implanted GaAs annealed with a single KrF laser pulse.
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I. INTRODUCTION

Apart from low-temperature molecular beam epitaxy, ion
implantation is an alternative nonequilibrium method to in-
troduce several orders more Mn into GaAs than under solid
equilibrium conditions. However, the activation of dopant
atoms after ion implantation can only be achieved by post-
annealing. Rapid thermal annealing �RTA� above the growth
temperature of low-temperature molecular beam epitaxy �LT-
MBE� grown samples leads to the formation of secondary
phases in GaMnAs.1 For Mn-implanted GaAs conventional
RTA on a time scale of several seconds leads to the formation
of MnAs particles.2 In Ref. 3 we reported about Mn-
implanted GaAs followed by flash lamp annealing �FLA� on
the ms time scale resulting in low Curie temperatures and
small magnetic moments. The pulsed laser annealing on a
time scale of nanoseconds is the only effective technique to
fabricate a metastable diluted magnetic semiconductor
�DMS� from Mn-implanted GaAs �Ref. 4� or GaP.5 During
PLA, the near-surface region of the material melts, solidifies
epitaxially, and cools down within several microseconds.
Scarpulla et al. reported that Mn-implanted GaAs has a Cu-
rie temperature between 29 and 130 K depending on the
concentration of Mn ions and on the applied PLA
parameters.4,6 All samples exhibit the characteristic signa-
tures of diluted ferromagnetic GaMnAs grown by LT-MBE,
such as magnetotransport effects,6–8 nonmagnetic compensa-
tion by n-type dopants,9 magnetic anisotropy,10 passivation
by hydrogen,11 as well as the strong magnetic circular di-
chroism at the Mn L2,3 edge.12 Note that the fast cooling rate
of PLA, namely up to 1011 K /s, prevents the diffusion and
therefore the formation of secondary phases. As an advan-

tage of ion implantation, the lateral structuring can be easily
done by combining with lithography13 and by optical near-
field irradiation.11 This opens the way to fabricate nanostruc-
tured diluted magnetic semiconductors.

Despite the success in fabricating ferromagnetic
GaAs:Mn by PLA, to the best of our knowledge, there is no
significant increase in the Curie temperature compared to
LT-MBE grown GaAs:Mn. However, the explorable PLA pa-
rameter space is very large and may be optimized with re-
gards to the fabrication of metastable diluted magnetic semi-
conductors. Indeed, PLA has been used to activate implanted
dopants in semiconductors, e.g., Si �Ref. 14� and Ge.15 The
heat-flow calculation for Si has been presented in Refs. 16
and 17. A review on the interaction between laser light and
solid materials has been given by Allmen.18 The maximum
free carrier concentration in Si or Ge implanted by electrical
dopants, e.g., group III and V elements, followed by PLA
amounts to 1021 cm−3.14 By optimizing the PLA parameters,
it is expected that a large hole concentration may be realized
in Mn-implanted GaAs. Note that the Curie temperature of
GaAs:Mn is proportional to the amount of substituted Mn
ions and to the hole concentration19 and that the recrystalli-
zation and dopant activation strongly depend on the PLA
parameters. In this paper, we present a semianalytical heat-
flow model to visualize the cooling process of Mn-implanted
GaAs after PLA. The calculation can well predict the energy
threshold for recrystallization. One-dimension-like pulsed la-
ser annealing is proposed to effectively decrease the cooling
time and thus also possible Mn clustering and Mn acceptor
deactivation. We varied the PLA parameters, e.g., the pulse
duration and the pulse number, within our experimental fa-
cilities to obtain a more complete picture of the influence of
the PLA parameters on the sample properties.
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The paper is organized as follows. We present the sample
fabrication and briefly describe the applied experimental
methods in Sec. II

The heat-flow calculations and possible improvements of
the PLA technique are discussed in Sec. III. To fill a lack of
the literature of the 80s we will also report time-dependent
temperature profiles during and after a single laser pulse and
reveal large differences in the cooling rate for one-
dimensional stripe annealing and two-dimensional homog-
enous annealing. This may be of interest for processing ma-
terials containing fast diffusing dopant atoms.

In Sec. IV the structural properties of GaMnAs will be
presented. A probed recrystallization depth of ca. 170 nm is
supported by modeling Rutherford backscattering
spectrometry/channeling �RBS/C� and positron annihilation
spectroscopy �PAS� data. The high resolution x-ray diffrac-
tion �HR-XRD� pattern reveal an overcompensation of the
GaMnAs lattice after ten laser pulses. This effect is attributed
to randomly compressively strained crystallites inside a dis-
location network.

In Sec. V the magnetic properties of GaMnAs samples
annealed under different conditions will be discussed. We
present the degraded magnetic properties in Mn-implanted
GaAs after ten pulses, namely a reduced Curie temperature,
coercivity and saturation magnetization. The superconduct-
ing quantum interference device �SQUID� and Hall effect
measurement data reveal good agreement between hysteretic
magnetization and magnetotransport properties, respectively.

Finally, we conclude the paper and show how heat-flow
calculations may be used for the preparation of new diluted
ferromagnetic semiconductors by ion implantation and sub-
sequent annealing.

II. SAMPLE FABRICATION AND EXPERIMENT

Ca. 1 �m thick GaAs films have been grown by metal-
organic vapor phase epitaxy �MOVPE� on �001�-GaAs sub-
strates with a p-doping level of 1.5�1016 cm−3 Zn atoms.
The Mn implantation was carried out at room temperature at
an angle of 7° to prevent channeling effects. The current
density was 0.75 �A cm−2. In Table I the energy and flu-
ences of Mn ions used for implantation are indicated. The
implantation with multi-energy ions results in a boxlike Mn
profile over a depth of 300 nm.

After implantation we annealed the samples with a KrF
excimer laser �248 nm� with a pulse duration of around 30 ns
or with a Nd:YAG solid state laser �1064 nm� with a shorter
pulse length of around 3–5 ns. We also increased the number
of laser pulses to ten and 100 and investigated possible clus-

ter formation being known from LT-MBE GaMnAs samples
that are heated up over their growth temperature on a longer
time scale.20–23

The effective laser energy irradiation per pulse on the
sample from the COMpex KrF excimer laser from Lambda
Physik was 130 mJ. For samples annealed with more than
one pulse, the repetition rate was 1 Hz. Note that with re-
spect to the cooling rate 1 s is sufficient to thermalize the
samples at room temperature and no smaller repetition rate
had to be chosen. The KrF laser pulse was homogeneously
expanded to around 0.5 cm2 �two-dimensional annealing�.
The Nd:YAG solid state laser EKSPLA NL-301 HT had a
Gaussian energy distribution with an FWHM diameter of
around 4 mm. The pulse energy of 110 or 140 mJ hit the
samples with a spot diameter of around 3 mm. Note, that the
Nd:YAG photon energy lies below the band gap of GaAs.
The KrF excimer laser melted the implanted GaMnAs layer
up to a depth of around 170 nm. Therefore, the liquid phase
epitaxy did not start from the unimplanted crystalline GaAs
bulk material. High-resolution transmission electron micros-
copy �HRTEM� images reveal some poly crystals with a size
of 30 nm near the maximum melting depth and a high crys-
talline quality with some dislocation lines near the surface.
We do not find hints for explosive recrystallization like re-
ported for laser annealed Si in Ref. 24.

Using structural and magnetic characterization methods,
we elucidated the recrystallization depth and the redistribu-
tion of Mn ions after PLA, as well as the corresponding
magnetic and transport properties. The RBS/C spectra were
collected with a collimated 1.7 MeV He+ beam at a back-
scattering angle of 170°. For that, the samples were mounted
on a three-axis goniometer with a precision of 0.01°. Depth
profiling by Auger electron spectroscopy was performed with
a scanning Auger electron spectrometer Microlab 310F
�Fisons Instruments�. PAS measurements have been per-
formed with monoenergetic positrons with a beam spot
diameter of 4 mm under high vacuum conditions at an accel-
erator voltage from 30 V to 36 kV. HR-XRD measurements
were carried out using a high resolution setup
�GEXRD3003HR�. Magnetic properties were obtained by
SQUID magnetometry down to 3 K using a MPMS XXL 7 T
system from Quantum Design. Magnetotransport measure-
ments were carried out in van-der-Pauw geometry with an
Hall effect measurement system 9700A from Lakeshore be-
tween 5 and 300 K.

III. HEAT-FLOW CALCULATIONS

In this section the calculated heat flow during a whole
laser annealing process of Mn-implanted GaAs will be dis-
cussed. First we show the sample temperature in dependence
on the distance from the surface and on the time after the
PLA pulse. Then, the heat-flow for the special case of one-
dimensional annealing, e.g., by scanning a stripelike laser
beam as narrow as few �m over the sample, will be dis-
cussed in detail. The presented heat-flow calculations neglect
enthalpy changes during melting and recrystallization and
will not reach the high accuracy of analytical approaches
applied to Si in the 80s. Here we intend to give the reader a

TABLE I. Energy and fluence of Mn+ ions used to implant 3 and
6 at. % Mn into GaAs.

Energy
�keV�

Fluence 3 at. %
�1015 cm−2�

Fluence 6 at. %
�1015 cm−2�

150 7 17

300 27 55
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tool for estimating the optimal energy density for PLA ap-
plied to new metastable ferromagnetic semiconductors. This
approach is reasonable because more accurate numerical cal-
culations need more detailed material parameters that are not
available for most “exotic” materials.

The annealing of GaAs with lasers, electrons, and ions is
reviewed in Ref. 25. Flash lamp annealing on the ms time
scale produces a GaMnAs DMS with a very low Curie
temperature.3 Laser annealing with a pulse duration as short
as ns is successful in the preparation of GaMnP �Ref. 5� or
GaMnAs �Ref. 6� DMS. The success stands on the very short
pulse and the high power density of the laser. This results in
a melting of the implanted layer. The solubility of magnetic
dopant atoms in the liquid phase is much higher than in the
solid phase.26 During the epitaxial regrowth the magnetic
dopants are incorporated over their room temperature solu-
bility limit in the solid phase. Higher regrowth velocities
result in a higher incorporation of magnetic dopant atoms.
The maximum regrowth velocity of the liquid/solid interface
should be around twice the diffusive transport velocity.27 De-
pending on the ratio k=CS /CL between the solubility in the
solid �CS� and in the liquid phase �CL�, for low values of k an
accumulation of dopants near the liquid/solid interface in the
liquid phase occurs. This regrowth mechanism is responsible
for the experimentally observed surface segregation of the
implanted ions. Furthermore, secondary phases are formed
when the concentration of dopants near the liquid/solid inter-
face in the liquid phase lies over the eutectic concentration.

For a better understanding of the temperature profile in
PLA samples, we performed heat-flow calculations for one
KrF laser pulse with a pulsed laser energy density of
260 mJ cm−2. Equation �1� represents the one-dimensional
heat transfer equation for the applied homogeneous two-
dimensional annealing. This equation is valid without exter-
nal heat sources. It is a partial differential equation of para-
bolic character,

�

�t
u�x,t� = a ·

�2

�x2u�x,t� , �1�

where u�x , t� can be interpreted as a scalar temperature
field in the sample that depends on time t and position x
normal to the sample surface. a is the thermal diffusion co-
efficient being related with the heat conductivity �, mass
density �, and heat capacitance cp as follows:

a =
�

�cp
. �2�

We used a value of a=26.5�10−6 m2 s−1 for crystalline
GaAs. The thermal diffusion length L can be estimated by
L=�4at. For a typical pulse duration of t=20 ns the thermal
diffusion length amounts to L=1.78 �m. Note that this
value is only valid for an infinitesimal short pulse where all
the energy is deposited immediately �t=0� at the sample sur-
face �x=0�. The time-dependent power density of the KrF
excimer laser varies over 40 ns. Therefore, a more detailed
heat-flow calculation, e.g., using Green’s functions, yields
the time-dependent temperature profile during the laser
pulse.

The 1-dimensional Green function of a �-function-like
temperature profile in a homogeneous medium with a con-
stant thermal diffusion coefficient a for x� �−� . . .+�� is
given by

G0�x,t� =
1

�4�at
exp�− x2

4at
� . �3�

We have to consider two different materials, ambient air
and GaAs with the sample surface at x=0. The thermal dif-
fusion coefficient of air amounts to aair�20�10−6 m2 s−1

and is comparable to the thermal diffusion coefficient of
GaAs. Therefore, the heat transfer in air and GaAs is similar
and Eq. �1� also holds in air. Note that the energy flow from
x=0 into the ambient air can be neglected because of the low
heat capacitance of air.

Now, with the Green’s function from Eq. �3� it is possible
to solve the heat transfer Eq. �1� for arbitrary time and posi-
tion dependent sources. Using a time-dependent source func-
tion Q�x , t�=��x−x0�f�t� the solution of Eq. �1� can be writ-
ten in the form

u�x,t� =� d3x��
−�

t

Q�x�,t��G0�x − x�,t − t��dt�. �4�

If we assume that the energy is deposited at x0=0 and that
the laser pulse starts at t=0, Eq. �4� simplifies to

u�x,t� = �
0

t

f�t��G0�x,t − t��dt�. �5�

The function f�t�� is proportional to the laser power den-
sity. Because it is not easy to expand the laser power in a
simple function, here we discretize f�t�� and obtain the tem-
perature distribution in the PLA sample after 42 ns in time
steps of 2 ns as follows:

u�x,t = 42 ns� = �
ti=0 ns

40 ns

f iG0�x,t − ti� . �6�

Later, the discretized sequence f i will be normalized so
that the temperature profile matches the deposited energy of
130 mJ.

The results of the heat-flow calculations for the KrF laser
are presented in Fig. 1. The inset shows the profile of the
laser pulse. It is visible that after around 20 ns the melting
temperature is reached at the surface. For t�20 ns the cal-
culated temperature near the surface is not correct, because
the value of the melting enthalpy of crystalline GaAs of
729 Jg−1 that should be smaller for amorphous materials,
was neglected. Therefore, the complete melting depth of
around 400 nm after 42 ns, i.e., after the laser pulse, is over-
estimated. If we calculate the melting depth from the energy
in the power profile ranging from 20 ns to 40 ns �60 mJ�, we
obtain a value of around 250 nm �not shown here�. Because
of the strong energy flow inside the sample and a high re-
flection above 60 % in the liquid phase �estimated�, this
value is also an overestimation. From RBS measurements
�shown later� the melting depth amounts to 150 nm, i.e., the
thickness of the melted and recrystallized layer is smaller
than the thickness of the implanted layer.
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After 26 ns the temperature is highest at the sample sur-
face. The maximum extension of the liquid layer is reached
after the laser pulse. The time duration in the liquid phase is
strongly correlated with the applied energy density.27 The
structural properties will depend strongly on the thickness of
the molten layer. If the liquid-solid interface reaches its
maximum extension in the unimplanted crystalline GaAs
bulk material, nearly perfect regrowth may start from crys-
talline bulk GaAs. If the molten layer does not exceed the
implanted GaMnAs layer, the recrystallization starts from
differently oriented recrystallization seeds in the implanted
amorphous GaMnAs and results in a polycrystalline re-
growth near the maximum melting depth. The influence of
the black body radiation emitted by the sample can be ne-
glected. At approximately 1500 °C the emitted power
amounts to only 28 W for a 0.5 cm2 large sample area and is
much smaller than the laser power of around 380 kW at 40
ns. Here we also neglect the convective flow of heat. In
summary, only the diffusive energy transfer into the sample
is important. Furthermore, because of the relatively low en-
ergy deposition of 130 mJ on an area of 0.5 cm2, the calcu-
lated temperature would not increase more than 250 K over
the melting temperature. Therefore, the calculated tempera-
ture profile for deeper regions and after longer times
�0.1 �s� should be correct. After 100 ns the temperature in
the implanted layer amounts to only 600 °C and after 1 �s
to only 200 °C. This is the typical temperature at which no
phase separation occurs in LT-MBE grown GaMnAs
samples. In general, the presented semianalytical model is
valid for small melting depths. Deeper melting leads to a
long recrystallization process and the latent heat is extending
the complete cooling process. However, we point out that for
a lot of “exotic” semiconductors, the basic thermodynamic
material parameters are widely scattering or even not avail-
able in literature. Therefore, it is hard to perform more accu-
rate numerical calculations for a lot of highly implanted
semiconductors.

For a FWHM pulse length of around 30 ns, the threshold
laser fluences for melting amorphous and crystalline GaAs

are 80 mJ /cm2 and 220 mJ /cm2, respectively.4 The
Nd:YAG laser used in our experiment is also sufficient to
melt an approx. 100 nm thick Mn-implanted GaAs layer or
even more. The shorter pulses of 3–5 ns lead to an increasing
melting depth for the same energy because of the reduced
heat flow into the substrate. Unfortunately, the large absorp-
tion length can compensate this effect. Note that a ps-laser
pulse may create a larger temperature gradient and a higher
cooling rate but it is not possible to melt several hundreds of
nm GaAs. Nevertheless, the Nd:YAG and the KrF-laser are
useful to investigate the PLA dependent magnetic properties
of GaMnAs.

In Ref. 28 the absorption length of amorphous GaAs at a
wavelength of 1.06 �m �Nd:YAG� is given with 260 nm and
at a wavelength of 0.53 �m with 15 nm. The assumption
that most of the energy is deposited near the surface in amor-
phous GaAs is reasonable for the Nd:YAG laser. Due to the
higher absorption coefficient of GaAs at the shorter wave-
length of the KrF laser, even more of the energy is deposited
at the surface during annealing with a KrF laser. Possible
calculation errors result from general assumptions. From
bulk Si it is known that the thermal diffusity decreases with
temperature.45 That increases the real temperature in com-
parison to the calculated temperature near the surface. On the
other hand there exist compensating effects like the partial
reflection of the laser at the sample surface that leads to a
lower temperature in comparison to the calculated tempera-
ture. For highly doped and damaged crystals only some of
the necessary material parameters are available and even in
numerical calculations a lot of assumptions have to be
made.17 Therefore, all presented temperature profiles have
been calculated with the values of crystalline GaAs. The
measured and calculated melting depths are in good agree-
ment. The presented semianalytical calculation allows a rela-
tively easy estimation of the threshold laser fluences for vari-
ous materials.

Finally, we discuss the potential of one-dimensional �1D�
scanning PLA compared to two-dimensional �2D� PLA ap-
plied here. The idea behind 1D PLA is the increased cooling
rate and the resulting higher activation of dopants. Until now
Mn diffusion and clustering after the epitaxial regrowth of
the heated up GaMnAs has been neglected. Mainly second-
ary phase separation in the solid phase has to be prevented
because this decreases the amount of substitutional Mn dop-
ants. Therefore, the time period during which the sample
remains above a certain temperature after applying the PLA
pulse is also a very important parameter.

The phase separation of a diluted system with a fast
quenching process was theoretically investigated by Sato et
al.29 The attractive forces between Mn ions in GaMnAs or
other wide-band-gap materials play an important role.30,31

We think that the time-dependent temperature profile after
one laser pulse also influences the decomposition of such a
material system. From a simple point of view, the tempera-
ture dependent diffusion coefficient in the solid phase is de-
scribed by D0 exp� −Q

kT �, where Q refers to the diffusion bar-
rier height.32 This indicates that with small energy density
variations and at higher temperatures during PLA the mate-
rial properties can also be largely influenced by possible sec-
ondary phase separation. Therefore, reducing the entire an-

FIG. 1. �Color online� Calculated temperature profile for various
times identified by the inset during the single laser pulse �solid� and
after 0.1 �s and 1 �s �scattered�. The melting temperature of
GaAs amounts to 1240 °C. The inset shows the power profile of the
KrF laser. The symbol color is corresponding with the line color in
the main panel.
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nealing process time remains an ongoing issue which can be
possibly addressed by 1D scanning PLA. In the case of 1D
scanning PLA with an infinitely long and very thin scan
stripe in z direction and a �-function like pulse at t=0 the
heat-flow equation reads

G0�r�,t� =
1

4�at
exp�− 	r�	2

4at
� , �7�

where r� lies in the x-y plane of the substrate.
For a better visualization of 1D PLA in comparison to 2D

PLA, some calculated temperature profiles are presented in
Fig. 2. As the initial condition, the temperature distribution
after 20 ns was set to identical values. The thermal diffusiv-
ity was chosen from GaAs. Applying Eqs. �3� and �7� for a
time of 200 ns shows the main advantage of 1D PLA com-
pared to 2D PLA, i.e., the enhanced cooling rate after a short
time of the laser pulse results in a faster cooling process. For
example in GaMnAs this temperature should lie below the
LT-MBE growth temperature of around 250 °C in order to
avoid further phase separation and to remove the easily dif-
fusing Mn interstitials which compensate holes. For material
systems with even lower threshold temperatures as deter-
mined by higher diffusion coefficients phase separation may
be much more pronounced. Temperatures of around 60 °C,
can be reached with 1D PLA much faster. Less than 1 �s is
needed after a 1D PLA pulse for reaching temperatures of
around 60 °C in GaAs in comparison to 20 �s after 2D
PLA pulse �inset in Fig. 2�. Note that in the case of 1D
scanning PLA we have a radial symmetry in z direction.
Therefore, the “area” under the graph is not a conserved
quantity during the temporal development in this diagram. In
Fig. 2 the depth at 0 �m for the 1D scanning PLA corre-
sponds to x=y=0 �m.

As a result, 1D PLA allows to improve the incorporation
and activation of dopants with the potential use for large
scale samples. The physical problem for the 1D scanning
PLA is the overlap of neighboring scan stripes that may lead

to a decreasing activation of dopant atoms. Therefore, here
we also investigated the influence of several PLA pulses on
Mn-implanted GaAs.

Also after the laser pulse, two processes in GaMnAs
should be considered: Mn diffusion and clustering. During
cooling after the PLA pulse the Mn solubility decreases and
diffusion of Mn may result in small clusters that decrease the
effective hole doping. Diffusion is the only way to reach the
thermodynamic equilibrium state after nonequilibrium prepa-
ration with PLA or LT-MBE. For the 2D annealing condi-
tions applied here we calculate a Mn diffusion length of 0.1
nm for substitutional Mn in the solid phase that is far away
from the mean distance of Mn in GaAs. The vacancy-
assisted diffusion mechanism of substitutional Mn plays the
major role for clustering processes in GaMnAs.33 The inter-
stitial diffusion becomes important for long time post growth
annealing at lower temperatures. Because of the low diffu-
sion length of substitutional Mn, the possibility of Mn clus-
tering during 2D annealing of Mn-implanted GaAs is low.
An extreme example is the long time annealing of LT-MBE
grown samples above their growth temperature that leads to
the formation of ferromagnetic MnAs clusters with a Curie
temperature TC of 310 K.20–23 Note, that the Mn diffusion in
the liquid phase is much higher, and expected to be not so
important for the clustering of dopants. The reason is the
higher solubility in the liquid phase that prevents clustering
processes. The equilibrium conditions of GaMnAs at room
temperature for Mn doping concentrations that are necessary
to create a diluted ferromagnetic semiconductor are charac-
terized by separated phases. The time to reach the equilib-
rium state at room temperature depends strongly on the Mn
diffusion coefficient and lies in the order of 	1010 years in
GaMnAs �t=L2 /D with D=6.5�10−5 m2

s exp� −2.5 eV
0.026 eV� and

L�nm�. At elevated temperatures the equilibrium state can
be reached much faster than at low temperatures. For other
combinations of materials the diffusion coefficient at room
temperature can exceed critical values and phase separation
occurs on much shorter time scales. For example, Mn in Si
diffuses much faster and the equilibrium state of Si:Mn is
reached within several seconds at room temperature
�D0=6.9�10−8 m2

s , Q=0.63 eV�. The reported silicide for-
mation in literature is the direct evidence for the discussed
thermodynamic picture.34,35 Therefore, there exists a thermo-
dynamical limit which is independent of the preparation
technique and strongly dependent on the diffusion coeffi-
cient. This limit prevents the operation of several metastable
ferromagnetic semiconductors at room temperature, e.g., Mn
doped Si.

In summary, we presented a short overview over the time-
dependent heat-flow characteristics after a ns-laser pulse. Not
only the pulse length but also the size of the laser beam play
an important role in the cooling process. Fast cooling down
the sample after liquid phase epitaxy is essential. Otherwise
the sample material tends to cluster and deactivation pro-
cesses occur if the magnetic dopant concentration lies over
the solid solubility limit.

IV. STRUCTURAL PROPERTIES

In order to correlate structural and magnetic properties,
we investigated the recrystallization after one and ten PLA

FIG. 2. �Color online� Calculated depth and time-dependent
temperature profiles for a single deltalike pulse at t=0. We assumed
the same temperature profile at t=20 ns as starting condition for
the 1D and 2D heat-flow calculation. The insets show the time-
dependent temperature in a typical depth of 100 nm.
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pulses by means of RBS/C, PAS and HRXRD measure-
ments. Basically, an incomplete recrystallization has been
proven by RBS and PAS and it seems that the sensitive and
nondestructive PAS technique will become the technique of
choice for probing the depth distribution of vacancies after
PLA. This is from general interest because liquid phase epi-
taxy can create vacancy-type defects that reduce the Curie
temperature in GaMnAs.

A. RBS

The imperfect recrystallization of the implanted GaMnAs
layer after PLA can be investigated by depth dependent
RBS/C measurements. The crystalline quality can be charac-
terized by 
min, the channeling minimum yield in RBS/C
measurements. 
min is the ratio between the backscattering
yield at channeling conditions and the backscattering yield
for a random beam incidence.36 Therefore, 
min labels the
lattice disordering degree upon implantation. An amorphous
sample exhibits a 
min of 100%, while a perfect single crystal
corresponds to a 
min of 1–2%. The channeling spectra were
collected by aligning the sample to make the impinging He+

beam parallel with the GaAs
001� axis. In Fig. 3 selected
RBS spectra are plotted to compare the recrystallization after
PLA.

After implantation of Mn, the 270 nm thick top layer
reveals the expected amorphouslike structure. This is verified
by a comparison between the random spectrum �labeled “a”�
and the channeling spectrum of the as-implanted sample �la-
beled “b”�. Both spectra overlap with each other in the top
layer of around 270 nm, corresponding to 
min of 100%. The
virgin GaAs shows clearly channeling behavior �“e”�, with
two surface peaks at channel Nr. 765 and Nr. 780 corre-
sponding with the energy of He+ ions scattered at Ga and As
atoms from the surface, respectively. After annealing with
one laser pulse �“c”�, the surface structure changed to crys-
talline character with a 
min of 40%. The channeling charac-
ter of the sample becomes even better after ten pulses, which

is reflected by a further decrease of 
min to 19% �“d”�. How-
ever, in both annealed samples the RBS yield is increasing
from channel 725 to 675. This channel numbers are related
with depths from around 150 to 270 nm. It is due to the
melting depth limitation that in this regions no liquid phase
epitaxy occur and at lower temperatures �as shown in Fig. 1�
the solid phase recrystallization is not effective. Mostly, the
transition area between the deep amorphous region and the
crystalline surface region have polycrystalline character.
Note that in the work of Scarpulla et al.,4 after PLA with one
pulse the implanted region is almost completely recrystal-
lized and has a 
min comparable to a virgin GaAs wafers.
This is due to the higher pulse energy of 0.41 J /cm2 and the
complete melting of the 250 nm thick implanted GaAs layer
in Ref. 4.

B. PAS

Using PAS it is possible to analyze the depth distribution
of vacancy-type defects.37 Especially after the imperfect re-
crystallization, many vacancies should lie in the range of the
maximum melting depth. PAS measurements were carried
out with the monoenergetic positron beam “SPONSOR” at
Rossendorf38 at which a variation of the positron energy
from 30 eV to 36 keV is possible. The energy resolution of
the Ge detector at 511 keV is �1.09�0.01� keV, resulting in
a high sensitivity toward changes in material properties from
surface to depth. About 5�105 events per spectrum were
accumulated.

The motion of the electron-positron pair prior to annihi-
lation causes Doppler broadening of the 511 keV annihila-
tion line and can be characterized by the line-shape param-
eter S. In brief, the value of S is defined by the ratio of counts
in the central region of the annihilation gamma peak to the
total number of counts in the peak. It is common to define
the central region for a certain material to obtain Sbulk=0.5
for a perfect GaAs reference sample. Then a S-parameter
higher than 0.5 �or S /Sbulk	1� refers to vacancy-type defects
in the sample due to the more likely annihilation of positrons
with low momentum electrons in this region. For a more
general discussion of the S-parameter we refer to Refs. 37
and 39. Figure 4�a� shows the energy-dependent depth pro-
file �Makhov distribution� of the implanted positrons. By as-
suming such Makhov profiles it is possible to fit a box-
shaped, depth-depending layer structure from the S�E�
curves using the software package “VEPFIT.”40 In Fig. 4�b�
the S�E� curve and the fitted layer structure of a virgin GaAs
sample are shown. A damaged layer with a thickness of
�49�18� nm on top of the sample is visible. The
S /Sbulk=1.02 of the deeper bulk material is a little bit higher
than that one for the reference sample. This might be caused
by negatively charged Zn acceptors. After ion implantation
three different layers can be detected as shown in Fig. 4�c�.
The highly destroyed layer of �33�22� nm on top of the
sample is the result of the further damage of the thin surface
layer mentioned above. The observed As loss at the surface
after implantation surely contributes to this damage. The fol-
lowing deeper lying region between 33 and 240 nm charac-
terizes the open-volume defects created by Mn implantation.

FIG. 3. �Color online� RBS spectra of the implanted sample
with 6 at. % Mn. a—random spectrum for a virgin sample, and
channeling spectra: b—as-implanted, c—PLA with one pulse,
d—PLA with ten pulses and e—channeling spectrum of the virgin
sample.
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It is in agreement with the amorphouslike structure observed
by RBS �Fig. 3�. Finally, the bulk material is reached at a
depth of 240 nm. PLA changed the layer structure in a region
down to 210 nm as demonstrated in Fig. 4�d�. The highly
damaged layer with a thickness of 33 nm on top disappeared
and the new first recrystallized topmost layer is extended
down to a depth of �209�53� nm. The S /Sbulk ratio of this
layer amounts to 1.042 and is lower than that of the remain-
ing implanted region between 209 and 240 nm. That means
that down to a depth of about 209 nm a decrease of the
vacancy-type defects has been probed. However, the laser
energy was not high enough in order to melt the whole im-
plantation region. If the molten layer does not penetrate the
implanted region, solidification starts from the seeds of the
remaining amorphous implantation region. The solidification
of the molten layer led to an incomplete and flawed recrys-
tallization. This is reflected by the high S-parameter. In this
transition area, TEM images show big crystals with different
orientations.

C. HR-XRD

Extensive structural analysis and TEM measurements
were carried out by Moreno et al. on synthesized ferromag-
netic MnAs particles in LT-MBE grown GaMnAs after long
time annealing above the growth temperature.20–23 In our
case, a longer annealing time of Mn-implanted GaAs was
“simulated” with ten laser pulses at a frequency of 1 Hz. One
second is enough time to cool down the sample to room
temperature �Fig. 2�. SQUID measurements do not give hints
for ferromagnetic MnAs cluster formation. Therefore, as the
next step in our experiment high resolution x-ray diffraction
�HR-XRD� and reciprocal space mapping �RSM� were car-
ried out on the 3 and 6 at. % sample and provided mainly
similar information about lattice constant, strain, relaxation,
and crystalline perfection related to the dislocation density,
mosaicity, and composition. In Fig. 5 the RSM of the sym-

metrical �004�-reflex of the 3 at. % sample is presented.
From the �004�-reflex of the virgin sample �Fig. 5�a�
 one
can conclude that the MOCVD-grown GaAs film has a good
structural quality, as there is almost no broadening of the
GaAs substrate peak. The Mn implantation for 3 at. % �Fig.
5�b�
 and 6 at. % �not shown here� causes a damaged
strained layer that is located close to the surface. The broad-
ening of the GaAs substrate peak after implantation can be
attributed to the damaged surface. The implantation leads to
a lattice expansion only perpendicular to the sample surface;
this was proven by measuring the asymmetric �224� reflex.
The lattice expansion perpendicular to the surface was deter-
mined by the simulation program RCREFSIMW version 1.09
�not shown�. The thickness of the strained layer amounts to
140 nm for 3 at. % and to 280 nm for 6 at. % Mn implan-
tation. In addition, a single laser pulse annealing causes a
slight relaxation of the system �Fig. 5�c�
. The ten pulse laser
annealing does not return the system to its initial unstrained
state. But at l=4.02, i.e., at higher 2� values, an additional
weak peak appears �Fig. 5�d�
. The calculated distance be-
tween two adjacent planes for this peak does not differ
strongly from d004=1.413 Å for the GaAs substrate and its
value corresponds to dhkl=1.406 Å �for both cases�. If we
interpret the implanted and annealed layer as an area consist-
ing of perfect but strained mosaic blocks separated by a dis-
location network, this peak can be attributed to almost ran-
domly compressively strained crystallites inside the
dislocation network which compensate the strain caused by
implantation. It should be noted that the RSM peak at
l=4.02 �Fig. 5�d�
 corresponds as well to the �202� hexago-
nal MnAs lattice constant. But additional x-ray investiga-
tions did not reveal any other reflections of randomly ori-
ented hexagonal MnAs.

In this section the structural properties of GaMnAs have
been presented. The RBS and PAS results indicate a recrys-
tallized, ca. 120–150 nm thick GaMnAs top layer. Below this
layer a slowly increasing RBS yield indicates a transition
layer with increasing number of structural defects. The fitting
results of the PAS measurements hint toward many defects in

FIG. 4. �Color online� �a� Distribution of the implanted posi-
trons for some selected positron energies. PAS-spectrum of the vir-
gin sample �b� the implanted sample with 6 at. % Mn �c�, and the
sample annealed with a single KrF-pulse �d�

FIG. 5. �Color online� RSM of the �004�-reflection of �a� virgin
GaAs, �b� GaAs implanted with 3 at. % Mn, �c� annealed with one
pulse and �d� annealed with ten pulses.
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the depth from 210 to 250 nm. It seems that in the unim-
planted region below 300 nm the heat during the PLA pro-
cess does not create any damage in bulk GaAs. The XRD
results show a continuously strained layer after implantation.
In LT-MBE grown GaMnAs on GaAs there exists one addi-
tional peak for lower l which represents the larger lattice
parameter of GaMnAs.41 After implantation and PLA the in-
homogeneous Mn distribution leads to a XRD �004� reflec-
tion which continuously changes between l=3.98 and 4.00.
After ten pulses the probed additional overcompensation rep-
resents an increasing imperfection of the lattice.

V. MAGNETIC PROPERTIES

In the following, the magnetic properties of Mn-implanted
GaAs after PLA with different pulse duration and pulse num-
ber will be discussed. Briefly, annealing with a single KrF
laser pulse of 30 ns and 0.26 J /cm2 with the photon energy
above the GaAs band gap energy leads to similar magnetic
properties like annealing with a single 3 ns Nd:YAG laser
pulse with the photon energy below the GaAs band gap en-
ergy. We observed that possibly due to Mn diffusion and
decreasing hole concentration, several laser pulses degrade
the structural and magnetic properties of GaMnAs.

The results from Auger electron spectroscopy �AES� mea-
surements and from the corresponding SRIM2008
simulations46 �Fig. 6� reveal that the magnetic layer is not
boxlike homogeneous. The SRIM calculation neglects sput-
tering effects. The shift of the AES spectrum from the as-
implanted sample with respect to the simulated Mn profile
amounts to approximately 40 nm and clearly shows that
sputtering effects cannot be neglected. Furthermore, with in-
creasing number of PLA pulses Mn tends to segregate to the
surface. One PLA pulse is enough to realize a relatively ho-
mogeneous Mn distribution over the topmost 150 nm. The
maximum Mn content after one PLA pulse is detected close
to the surface at a depth of 120 nm. Nearly no Mn is lost

after one pulse, but a relatively large amount of Mn was
detected in a depth of around 340 nm. This is possibly due to
a small channeling effect during implantation in this sample.
After ten pulses around 20 % of the Mn is lost and the
maximum peak lies at 25 nm. The estimated Mn diffusion
coefficient under PLA conditions amounts to approx.
10−7 m2 /s being seven orders of magnitudes higher than the
expected diffusion coefficient at 1500 K.42

A. SQUID magnetometry

The magnetic properties have been investigated by means
of SQUID and magnetotransport measurements. Using
SQUID it is possible to measure the entire magnetic moment
of the sample. With magnetotransport it is possible to mea-
sure the anomalous Hall effect �AHE� in the current trans-
porting layer. If the sample is not homogeneous, there should
exist differences in the shape of the SQUID and AHE hys-
teresis loops.

We carried out hysteresis loop measurements and tem-
perature dependent saturation magnetization measurements.
All SQUID results are normalized with respect to the number
of implanted Mn ions. The diamagnetic background has been
subtracted by fitting the linear part in the high-field region.
Figure 7 shows in-plane loops probed at 5, 40, and 80 K on
the 6 at. % sample annealed with one and ten laser pulses.

It is clearly visible that with increasing temperature the
saturation magnetization decreases. The magnetic moment
reaches only values up to 0.25�B per implanted Mn ion,
much smaller than the value in LT-MBE samles. It is due to
the fact that the energy of the single laser pulse was not
enough to anneal the entire implanted 300 nm thick layer as
evidenced by our heat-flow calculation and by RBS/C mea-
surements �Sec. IV A�. The microstructure of the as-
implanted layer shows dislocation lines and polycrystalline
regions. These characteristics were not removed completely
in the non molten layer after PLA. After applying ten laser
pulses the saturation magnetization at 5 K decreases by 40%
�Fig. 7�b�
. This is more than it can be expected from the Mn
lost at the surface after annealing with ten laser pulses.
Moreover, annealing with one pulse induces a large coerciv-
ity of around 400 Oe at 5 K while annealing with ten pulses
leads to a strong reduction of coercivity �insets in Fig. 7�.

We also probed the hysteresis loops on the 3 at. % Mn
sample annealed with one, ten, and 100 pulses. With increas-

FIG. 6. �Color online� Simulated and experimentally observed
implantation profile for the as-implanted 6 at. % sample and the
6 at. % samples annealed with one and ten KrF-excimer-laser
pulses. The largest surface segregation of Mn is visible after ten
pulses.

FIG. 7. �Color online� Hysteresis loops of the 6 at. % PLA
sample measured at 5, 40, and 80 K. �a� one pulse. �b� ten pulses.
The insets show the region near the origin.
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ing number of laser pulses the saturation magnetization de-
creases like in the 6 at. % sample. After 100 pulses the mag-
netic susceptibility, coercivity, and remanence have very low
values �not shown here�. The reduced ferromagnetic proper-
ties are also visible in the M�T� measurements. The magne-
tization of the ten pulses samples strongly decreases with
increasing temperature �Fig. 8�b�
 in comparison to the one
pulse samples �Fig. 8�a�
. At temperatures higher than 120 K,
no additional drop in the magnetization is visible, especially
in the ten pulses sample, where the risk for the build up of
ferromagnetic phases is much higher. Therefore, the forma-
tion of ferromagnetic MnAs precipitates seems to be pre-
vented. The one pulse samples have higher Curie tempera-
tures of 70 K for the 3 at. % and 85 K for the 6 at. % Mn
implantation. The SQUID results also indicate a stronger
paramagnetic interaction.

In order to investigate the influence of the PLA conditions
we annealed samples with 3 at. % Mn also with one
Nd:YAG laser pulse. Due to the longer wavelength of the
Nd:YAG laser, the absorption length increases to 260 nm in
amorphous GaAs.28 This effect reduces the temperature gra-
dient in the sample during annealing. On the other hand, the
relatively short energy deposition time of 3–5 ns should heat
up the implanted layer faster. Both parameters have a com-
pensating effect on the temperature gradient and therefore on
the cooling rate.

After Nd:YAG annealing all samples show clear ferro-
magnetic hysteresis loops. We found no significant difference
�not shown� in the Curie temperature compared to the sample
annealed with one KrF-excimer laser pulse �Fig. 8�a�
. The
higher power density of the Nd:YAG laser only leads to a
deeper melting and a larger magnetic moment. Therefore, we
conclude that the free hole concentration is not increased
after applying the Nd:YAG laser annealing. The influence of
the energy density, thickness of the molten layer, wavelength
of laser light, absorption length, and resulting cooling rate on
the magnetic and electric activation has to be clarified in
further detailed investigations.

B. Magnetotransport

Magnetotransport measurements have been performed on
samples in the van-der-Pauw geometry. The field was applied
perpendicular to the sample surface. From the AES measure-

ments �Fig. 6� we know the depth of the layer with the larg-
est Mn concentration and presumably also with the largest
hole concentration. At 290 K the unimplanted Zn-doped
layer has a sheet resistance of 38 k
 and was not measur-
able at low temperatures. Therefore, we assume that the
highly resistive Zn-doped GaAs layer underneath the Mn-
implanted GaAs layer has no influence on the transport prop-
erties. The top GaMnAs layer with the largest hole concen-
tration mainly determines the magnetotransport properties. In
the following we compare the shape of the magnetization
and the Hall resistance under the assumption that the ordi-
nary Hall resistance is negligible. In Fig. 9 the 5 and 40 K
hysteresis are presented. It is clearly visible that at 40 K the
magnetization and the anomalous Hall effect hysteresis are
strongly correlated with each other. There exists a small dif-
ference at 5 K in the hysteresis shape �Fig. 9�a�
. This can be
attributed to slightly different current paths at 5 K. At 40 K
the SQUID and AHE hysteresis reveal the same hysteresis
shape �Fig. 9�b�
. From that we conclude that the magneti-
zation probed by SQUID is due to hole-mediated ferromag-
netism related with free holes and localized magnetic mo-
ments in the current transporting GaMnAs layer. Thus, it is
clearly visible that implantation with subsequent pulsed laser
annealing is a possible technique to create a GaMnAs DMS
with similar transport properties as for homogeneously
grown LT-MBE GaMnAs.7,8

In the next step, we measured the Hall resistance �Fig.
10�a�
 and MR �Fig. 10�b�
 at different temperatures. In Fig.
10�a� the Hall resistance of the 1 pulse sample is presented.
The hysteresis of the Hall resistance is visible at 5 and 40 K,
but not at 80 K. The Hall resistance of the ten pulses sample
at 5 K �not shown here� is ten times larger than for the 1
pulse sample possibly due to its lower effective hole concen-
tration. Structural defects or other limitations may also de-
crease the hole scattering time and therefore the measured
Hall voltage. Especially, in the regime above the Curie tem-
perature at 120 and 300 K the Hall resistance is around three
times larger for the ten pulses sample. The reduced sheet
hole concentration �Table II� explains the observed lower
Curie temperature and is in good agreement with the Zener
model. Note that the sheet hole concentration is underesti-
mated because a possible paramagnetic background may
cause a higher Hall resistance and therefore a lower hole

FIG. 8. �Color online� Temperature dependent magnetic moment
probed at a field of 0.1 T on samples implanted with 3 and 6 at. %
Mn and annealed with one �a� and ten laser pulses �b�. The diamag-
netic background has been subtracted.

FIG. 9. �Color online� Magnetotransport and SQUID data �out-
of-plane� at 5 K �a� and 40 K �b� of the 6 at. % sample annealed
with one KrF laser pulse normalized with respect to the saturation
values. There is a clear correlation between magnetization and
anomalous Hall resistance. The inset shows the shape near the
origin.
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concentration calculated from the measurement results. The
typical negative magnetoresistance for ferromagnetic GaM-
nAs can be reproduced after one pulse and is shown in �Fig.
10�b�
. In comparison to that, the MR of the ten pulses
sample at 5 and 40 K �not shown here� amounts to 20% at a
field of 6 T. We explain the strongly decreased resistance at
high fields with the reduced scattering of spin polarized holes
at localized Mn ions if their magnetic moments are aligned at
high fields. Above the Curie temperature �120 and 300 K� the
MR is similar for the one pulse sample �Fig. 10�b�
 and the
ten pulses samples. This indicates that magnetic properties
play a fundamental role in the magnetoresistance of GaM-
nAs.

Figure 11 represents the temperature dependent resistivity
of the 6 at. % one pulse and ten pulses samples. The resis-
tivity of the sample annealed with one pulse reaches its
maximum at the Curie temperature amounting to 80 K. This
behavior is already known from the LT-MBE samples and is
explained by the misalignment �spin fluctuation� of Mn ions
and the resulting maximum scattering at the Curie tempera-
ture. The increasing resistivity at temperatures below 15 K is
also an effect known from LT-MBE samples. The Kondo

effect43 or electron-electron interactions have been ascribed
to this resistivity behavior.44 The ten pulses sample reveals a
monotonically decreasing resistivity with increasing tem-
perature. Only a small kink is visible at around 25 K having
probably the same origin like for the 1 pulse sample at TC,
only in a strongly reduced manner. In general, the decreasing
resistivity with increasing temperature is a typical semicon-
ductor transport property, but different fittings to the experi-
mental data do not reveal a certain conduction mechanism.
However, the large influence of the Mn ions on the transport
properties in GaMnAs is clearly evident.

In this section the magnetic properties of GaMnAs
samples annealed under different conditions have been dis-
cussed. The samples annealed with one laser pulse show the
best magnetic properties. After ten pulses, i.e., after ten sub-
sequent heating and solidification processes, the hole con-
centration in GaMnAs is reduced. Further investigations
have to point out if the hole concentration monotonously
decreases as a function of the number of PLA pulses.

VI. CONCLUSIONS AND OUTLOOK

In this paper we investigated Mn-implantion into GaAs
followed by PLA using a KrF or a Nd:YAG laser. Our results
show that the PLA parameters have to be chosen carefully. A
single short PLA pulse creates a GaMnAs DMS, but several
laser pulses degrade the magnetic and structural properties of
GaMnAs. Also secondary effects like the loss of As during
Mn implantation in GaAs may degrade the properties of
GaMnAs. The epitaxial regrowth at the liquid-solid interface
and the depth and time-dependent temperature profile in the
solid phase are the most important parameters that influence
the magnetic and structural properties of Mn-implanted
GaAs after PLA. Further developments of the PLA technique
can make magnetic ion implantation followed by pulsed la-
ser annealing another candidate for the synthesis of new
metastable DMS systems. For example even higher cooling
rates can be achieved by means of 1D scanning PLA and
open the way to create new metastable DMS that cannot be
prepared by means of LT-MBE or by magnetic ion implan-
tation followed by the established 2D PLA. However, the
degree of magnetic ion dilution in bulk semiconductors rep-
resents a thermodynamic limit because the diffusion of mag-
netic ions in metastable DMS systems leads to unwanted

TABLE II. Sheet carrier concentration in units of cm−2 and mo-
bility in units of cm2 /V s of the PLA annealed samples implanted
with 6 at. % Mn at 300 K

PLA sample
Sheet carrier conc.

�cm−2�
Mobility

�cm2 /V s�

1 pulse 7�1015 3.0

10 pulses 2.4�1015 2.9

FIG. 10. �Color online� �a�: Hall resistance and �b� magnetore-
sistance of the 6 at. % PLA sample annealed with one laser pulse
measured at 5, 40, 80, 120, and 300 K. The insets show the region
at low field in more detail.

FIG. 11. Sheet resistance of the 6 at. % PLA sample annealed
with �a� one laser pulse and �b� with ten laser pulses.
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secondary phase formation. For example the large and small
diffusity of Mn ions in the solid phase of metastable Si:Mn
and GaMnAs leads to unwanted phase separations on a time
scale of several seconds or more than billion years, respec-
tively. Therefore, GaMnAs is metastable-robust for practical
spintronics purposes.
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