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Ferromagnetic GaMnAs layers obtained by implantation of manganese

ions followed by pulsed laser annealing
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Using the methods of secondary ion mass spectrometry, X-ray diffraction, Raman scattering, measurements of

the Hall effect and magnetoresistance, and magnetic circular dichroism, an experimental study of the properties

of layers obtained by implanting manganese ions (energy of 180 keV) into semi-insulating gallium arsenide was

carried out, followed by annealing with a KrF excimer laser pulse. It has been shown that at ion doses from

1 · 1016 to 5 · 1016 cm−2 and a laser energy density of 300mJ/cm2, heavily doped layers of p-type conductivity are

formed, which, according to the results of studies by different methods, have ferromagnetic properties with a Curie

temperature that depends on the dose ions and reaching 120K. The influence of ion sputtering on impurity profiles

is considered and taken into account in this work. It was found that during subsequent laser annealing, segregation

of Mn atoms to the GaAs surface is observed.
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1. Introduction

Diluted magnetic semiconductors (DMS), which, in

addition to semiconductor properties, also have ferromag-

netic properties, are one of the main materials of spin

electronics, performing the functions, for example, of a

spin injector. Their production requires introducing into

the semiconductor of the impurities of transition elements

in concentrations of at least several at.% [1]. The canonical

DMS, on which many design options for spin electronics

devices are being developed [2], — GaMnAs, which usually

has a Curie temperature of about 100−110K. A feature

of manganese behavior in GaAs is that Mn atoms occupy

predominantly Ga positions, where, in addition to intro-

ducing into the crystal lattice of uncompensated magnetic

moments due to the unfilled 3d-shell, they are acceptors

with an ionization energy of 0.113 eV (at relatively low

impurity concentrations) above the valence band top [3].
The latter circumstance leads to the fact that GaAs heavily-

doped with manganese also has a high concentration of

free charge carriers, and this provides indirect mechanism

of the ferromagnetic ordering of the magnetic moments of

Mn atoms.

To obtain GaMnAs in laboratory conditions, low-

temperature molecular beam epitaxy (LT-MBE) is usually

used, but the high cost of equipment and low productivity

do not allow this method use for any large-scale production.

A solution may be to introduce manganese through the use

of ion implantation (II) — the only semiconductor doping

method used in modern technology of integrated circuit

manufacturing. However, a large concentration of radiation

defects created during the GaAs irradiation with Mn ions

(and, as a rule, amorphization) requires post-implantation

annealing to eliminate violations of the crystal structure and

to activate impurities.

At the first stages of testing the technology of GaAs ion

doping with manganese, thermal annealing was used for

post-implantation treatment with a process duration of about

tens of seconds (rapid thermal annealing) [4–6]. It turned

out, however, that the annealed layers contain clusters of the

ferromagnetic phase formed during thermal heating due to

the reaction of excess Mn atoms (above the limit of equi-

librium solid solubility, estimated as ∼ 3 · 1019 cm−2 [7])
with components of base semiconductor. In this case,

the formation of two systems of clusters was observed:

clusters of MnAs composition buried at a depth about the
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average projected range of Mn ions in GaAs, and surface

clusters of GaMn [5]. Therefore, the rapid thermal annealing

procedure is not suitable for the formation of a single-phase

semiconductor layer GaMnAs.

Further studies showed [8] that the use of the method (by
this time supposedly forgotten) of nanosecond pulsed laser

annealing (PLA) for treatment of GaAs irradiated with large

doses of Mn ions allows the effects minimization of cluster

formation due to a significant reduction in time of plate

heating and speed increasing of the recrystallization front

movement from the single-crystal substrate to the surface.

Studies, mainly by two groups (Dubon et al. [8] and S. Zhou

et al. [9]), showed the fundamental possibility of forming

a single-phase ferromagnetic semiconductor GaMnAs by

implanting large doses (up to 5 · 1016 cm−2) of Mn+ ions

into semi-insulating GaAs with subsequent annealing a

single pulse, usually from an excimer laser.

Our paper [10] confirmed the formation of GaMnAs

DMS as a result of II+PLA process implementation.

However, note that the process of ion implantation includes

a complex set of phenomena, especially when introducing

heavy ions with high doses. Among these phenomena,

which are not sufficiently covered in papers on the GaMnAs

production, one can note ion sputtering (depending in turn

on the energy of the ions), uncontrolled heating of plates

irradiated by ions in the process of dose accumulation,

the influence of the surface condition on the migration of

radiation defects during storage and annealing of samples

irradiated by ions. Therefore, the comparison of the results

of ion-implantation formation of GaMnAs under different

experimental conditions is of significant interest both from a

methodological point of view and in terms of the practical

implementation of the method.

The purpose of this paper is to study the influence of

the conditions of GaAs irradiation with Mn ions (primarily

dose) on the electrical, optical and magnetic properties of

layers formed in the procedure of
”
ion implantation plus

pulsed laser annealing“.

2. Experimental procedure

Epi-ready semi-insulating GaAs plates with crystal-lattice

orientation of surface (100) were used as the initial material.

Implantation of ions Mn+ with an energy of 180 keV

was performed on accelerator Extrion 200-1000 (Varian).
Radiation doses were 1 · 1016, 3 · 1016 and 5 · 1016 cm−2.

It makes sense to explain the choice of energy for

implantation of manganese ions into GaAs. On the one

hand, the thickness of the layer, in which the main part

of the implanted ions is located, increases with increase in

irradiation energy (E). Thus, the thickness of the implanted

GaAs :Mn layer calculated using the SRIM-2013.00 pro-

gram [11] varies from ∼ 70 nm for E = 50 keV to ∼ 300 nm

for E = 240 keV. On the other hand, the ion sputtering

coefficient depends on the implantation energy. Sputtering

ratio (S), also calculated by the SRIM-2013.00 code,

increases from 6.49 (for E = 240 keV) to value of 9.63

for E = 30 keV. Consequently, at relatively low implantation

energies and high doses a significant portion of the doped

layer is etched away during the irradiation process, and high

dopant concentrations achievement can become a challenge.

The thickness of the etched down layer can be estimated by

the formula ds = (SD)/N, where N — number of target

atoms per unit volume, D — ion dose. For example,

at the implantation dose of 3 · 1016 cm−2 and energy of

50 keV the value ds = 64 nm (the sum of the calculated

average projected range Rp and straggling ranges 1Rpis

equal to 49.8 nm). For 180 keV and the same dose, the

calculated thickness of the etched down layer is 48 nm,

which is ∼ 31% of the value Rp + 1Rp = 154.3 nm (the
latter value can serve as rough estimate of the total range of

ions Mn). Based on these considerations and the capabilities

of the available accelerating technology, the implantation

energy was chosen to be 180 keV.

Post-implantation annealing of the samples was carried

out with a pulse from LPX-200 excimer laser with a

working mixture of KrF. A radiation beam was used,

the cross section of which at the sample location was

about 1× 1.5 cm. Laser pulse parameters: radiation

wavelength 248 nm, pulse duration 30 ns, energy density

300mJ/cm2 (this energy density value is close to the optimal

annealing conditions used in a number of papers and, in

particular, [9]).
The composition and distribution profiles of Mn atoms

over the depth of the doped layer were studied by secondary

ion mass spectrometry (SIMS) using IONTOF5 setup with

a time-of-flight mass analyzer. Probing was carried out

with a beam of bismuth ions (25 keV), and sputtering

was performed during layer-by-layer analysis using oxygen

ions with an energy of 1 keV. The sputtering time scale

was converted into a depth scale using measurements

of the final depth of the formed crater on a Talystep

profilometer with an error of no more than 2%. Calibration

for the concentration of Mn atoms was performed by

normalizing the integral under the experimental profile to

the implantation dose (taking into account the calculated

losses due to sputtering).
The structure of the implanted layers was studied

by high-resolution X-ray diffractometry (HRXRD) on a

Bruker D8 Discover diffractometer.

Raman scattering (RS) spectra were studied at 300K

using NTEGRA Spectra complex. A laser with a wave-

length of 473 nm was used; its radiation was focused by

a lens 100× with an aperture NA= 0.9. Laser radiation

power measured using 11PD100-Si (Standa Ltd) silicon

photodetector was equal to 0.5mW. RS spectra were ana-

lyzed within range 50−900 cm−1 with resolution 0.7 cm−1.

The exposure time was 120 s. Backscatter geometry was

used.

Galvanomagnetic properties were studied by scanning

magnetic field applied perpendicular to the surface of

the structures in the range ±3600Oe. In this case, the

samples were placed in Janis CCS-300S/202 closed-cycle
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helium cryostat, and measurements were performed using a

Keithley 2400 source meter at temperatures 10−300K.

Magnetic circular dichroism (MCD) studies were carried

out in the spectral range 1.15−2.5 eV for the geometry

of reflection of circularly polarized light from the surface

of structures. The external magnetic field was applied

perpendicularly to the plane of the sample. The magnitude

of the MCD effect was determined as the ratio of the

difference in intensities of light reflected from the sample

with left and right circular polarization to the total light

intensity.

3. Experimental results

Figure 1 shows the distribution profiles of Mn atoms in

GaAs after implantation with dose 3 · 1016 cm−2. There

is good agreement between the experimental profile (2),
obtained by the SIMS method, and the profile (1), calcu-
lated using SRIM-2013.00 code and corrected for sputtering

(calculated ion sputtering coefficient S = 7.13 for energy of

180 keV). As a result of pulsed laser annealing, significant

changes in the profile occurred: (3) strong segregation

of Mn atoms to the surface is observed, and inside the

layer 60−170 nm — a non-bell-shaped distribution with an

average value Nav about 1 · 1021 cm−3. The initial impurity

distribution and the Mn profile after annealing coincide

well only in limited regions 35−60 and 180−220 nm,

where the concentrations of implanted Mn are relatively

low. Similar profiles (Mn segregation to the surface

and a decrease of concentration in the layer compared

to the initial distribution) are also observed for doses

1 · 1016 cm−2 (Nav ≈ 3.5 · 1020 cm−3) and 5 · 1016 cm−2

(Nav ≈ 2 · 1021 cm−3).
Analysis of X-ray diffraction spectra — HRXRD (Figu-

re 2) shows the presence of an inhomogeneously deformed

GaMnAs layer, as can be seen from the asymmetric

peak on 65.75◦ on 2θ to the left of the peak of

the GaAs substrate (on 66.05◦) with thickness contrast

oscillations located only on one side of the layer peak.

The deformation profile obtained by fitting the HRXRD

curve in the Bruker Diffrac.Leptos software package for

an implanted but unannealed sample is shown in Figure 1

(curve 4). The profile qualitatively corresponds to the

calculated and measured Mn distribution in the implanted

sample. The kink in the profile is a consequence of

the model limitations for specifying deformation gradients

used by the program. As a result of PLA, noticeable

changes in the HRXRD spectrum occurred (Figure 2):
oscillations to the left of the GaAs (004) peak disappeared,

the peak of the deformed material shifted slightly to the

angle 2θ = 65.8◦ closer to the substrate peak. A weak,

broad peak appeared to the right of the substrate peak.

Qualitatively similar patterns were observed for other doses

of Mn ions implantation.

A decrease in the peak shift after annealing indicates

decrease in deformation as a result of both defects annealing
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Figure 1. Depth distribution profiles of Mn atoms (implantation

with a dose 3 · 1016 cm−2 at energy of 180 keV) in GaAs:

1 — modeling with the SRIM code taking into account sputtering;

2 — SIMS data after implantation; 3 — SIMS data after annealing;

4 — GaAs deformation profile for implanted unannealed sample

according to HRXRD data.
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Figure 2. Diffraction patterns of GaAs plate irradiated with Mn

ions (dose 3 · 1016 cm−2 at energy of 180 keV) before (curve 1)
and after annealing (curve 3). The curve of the ion-implanted

unannealed sample was approximated (the fit is shown by curve 2)
using a gradient deformation model, see curve 4 in Figure 1.

in the GaMnAs layer, and a decrease in Mn concentration

in the layer due to segregation. The appearance of

a weak and broad peak to the right of the substrate

peak in some publications [12] is associated with the

formation of MnAs clusters, which, however, is not directly

confirmed. Comparing the HRXRD data with SIMS, it

can be assumed that the appearance of the weak and

broad peak to the right of the substrate peak is associated

with thin near-surface layer (thickness about 10 nm) of

GaAs with a high concentration of
”
non-structural“ man-

ganese. The formation of islands of the GaAs defect
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Figure 3. Raman scattering spectra GaAs samples irradiated with

Mn ions with dose 5 · 1016 cm−2 before (1) and after (2) pulsed

laser annealing. The insert shows decomposition of the spectrum 2

into Lorentzians.

phase stretched in the plane in this layer cannot be

excluded. At the same time, the main volume of the

implanted layer, according to both SIMS and HRXRD, is

an DMS GaMnAs.

Figure 3 shows the Raman scattering spectra of samples

irradiated with Mn ions before and after laser annealing.

In the spectrum of the unannealed sample irradiated with

ions, a rather wide asymmetric band is observed near the

wave number 263 cm−1. After laser annealing the spectrum

changes significantly: an asymmetric peak appears, which

can be represented by the sum of three Lorentzians:

two low-intensity bands with maximum positions of 282

and 266 cm−1, and one intense peak with a maximum

position of about 261.5 cm−1 with width at half maximum

of about 10 cm−1.

The first two lines can be identified as corresponding to

the longitudinal optical (LO) and transverse optical (TO)
phonons of GaAs [13]. We believe that the intense line

corresponds to a coupled mode of longitudinal optical

phonon and a hole plasmon (coupled phonon-plasmon

mode — CPLP) [14], the existence of which is supported

by electrical measurements showing a high concentration of

free holes (see below).
Electrical measurements at 300K showed that the Hall

effect is normal (the Hall resistance linearly depends on

the magnetic field strength) for laser-annealed GaMnAs

layers, and the conductivity type is hole for all doses

used. The electrical parameters of the layers calculated

from these measurements (layer, or surface resistance, layer

concentration of holes ps and their effective mobility) are

presented in the Table.

The coefficient of electrical activity of Mn (the ratio ps to

the ion dose D) decreases with D increasing from 21%

for 1 · 1016 cm−2 to 7% for dose 5 · 1016 cm−2. The

Electrical parameters of ion-implanted and laser-annealed GaMnAs

layers at 300K

Ion dose, cm−2 1 · 1016 3 · 1016 5 · 1016

Layer

resistance RS, �/sq
822 457 345

Effective

mobility µeff, cm
2/V · s

3.6 4.4 5.1

Layer concentration
2.13 · 1015 3.11 · 1015 3.54 · 1015

of holes ps , cm
−2

average acceptor concentrations (for a layer of 150 nm

thick) are 1.4 · 1020 and 2.3 · 1020 cm−3 for the indicated

ion doses, respectively. The effective mobility of holes is

low ∼ 3−5 cm2/V · s.

As the measurement temperature decreases, the re-

sistance of the samples increases, showing generally

semiconductor behavior (Figure 4). At the same

time, the dependences for implantation doses 3 · 1016

and 5 · 1016 cm−2reveal a clear maximum of layer resistance

at certain temperature (35 and 120K, respectively), which

is usually interpreted as the Curie temperature. For Mn

dose equal to 1 · 1016 cm−2, only a small kink is observed

in the region 30−40K. As the measurement temperature

decreases, the Hall effect of annealed samples becomes

anomalous. Figure 5 shows the magnetic field dependences

of the Hall resistance RH (i.e., the ratio of the Hall voltage

to the current) for a sample irradiated with Mn ions with

dose 5 · 1016 cm−2 and annealed by laser pulse.

It can be seen that the magnetic field dependence of the

Hall resistance corresponds to the known in [15] expression
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Figure 4. Resistance vs/measurement temperature for GaM-

nAs layers obtained by implantation of Mn ions with doses

1 · 1016 (curve 1), 3 · 1016 (curve 2) and 5 · 1016 cm−2 (curve 3)
followed by laser annealing.
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Figure 5. Magnetic field dependences of the Hall resistance when

varying the measurement temperature for GaAs sample irradiated

with Mn ions with dose 5 · 1016 cm−2 and annealed by laser pulse.

The magnetic field was applied perpendicular to the sample plane.

for ferromagnetic materials

RH = (R0/d)H + (Ra/d)M, (1)

where R0 — normal Hall effect coefficient, d — thickness

of the doped layer, Ra — anomalous Hall effect coefficient,

M — magnetization depending on the strength of the

external magnetic field.

At relatively low values of the magnetic field strength,

the term associated with the magnetic field dependence

of magnetization predominates and has the form of a

hysteresis loop. Saturation of magnetization occurs for low

temperatures (10−60K) at magnetic fields about 2000Oe,

and then with H increasing the magnetic field dependence

RH is determined by the first, linear in the field, term

of equation (1). The hysteresis loop is observed at mea-

surement temperatures up to 100K, and the nonlinearity

of the Hall resistance is observed even at 120K. As the

temperature decreases from 100 to 10K, the coercive

field monotonically increases, and the saturation attainment

field also increases. From the slope of the magnetic field

dependence RH in the region of magnetization saturation,

one can estimate the layer concentration of holes at low

temperatures. For the curve shown in Figure 5 for 100K

this estimate gives the value ps = 2.3 · 1014 cm−2, which is

by an order of magnitude lower than for 300K. Assuming

that the layer resistance at 100K is about 400�/sq, the

approximate estimate of hole mobility gives the value

∼ 70 cm2/V · s for this temperature.

Samples obtained by irradiation with Mn ions with doses

1 · 1016 and 3 · 1016 cm−2 followed by laser annealing show

an anomalous Hall effect with a hysteresis loop up to 40K.

As can be seen from Figure 5, at temperatures below

the Curie temperature the anomalous Hall effect generally

predominates, and the Hall resistance in this case can be

approximately considered as RH ≈ Ra M/d . This approxima-

tion is used to determine spontaneous Hall resistance

RS
H which is proportional to spontaneous magnetization

MS and characterizes ferromagnetic ordering. Arrott’s

procedure [16] was applied comprising plotting dependence

M2(H/M) and finding MS by extrapolation of its linear

portion up to the intersection with the axis of ordinates.

RS
H was calculated in the same way, but using depen-

dences R2
H(H/RH). If linear extrapolation R2

H(H/RH) to

value H = 0 gives (RS
H)2 > 0, then ferromagnetic ordering

is present for this measurement temperature. If value

(RS
H)2 < 0, then the ferromagnetism is absent.

Figure 6 shows the dependences RS
H(T ) obtained by the

method described above, they make it possible to determine

the temperature of the ferromagnetic/paramagnetic phase

transition for each sample studied. Comparison of the data

obtained with the results of the Curie temperature estima-

tion by he position of the maximum on the corresponding

temperature dependences of the resistance (Figure 4) shows
that the coincidence in the determination of TC by both

methods is observed only for the sample with the Mn

implantation dose D = 5 · 1016 cm−2, and for the sample

with lower implantation dose (3 · 1016 cm−2), the estimate

TC by the position of the maximum resistance gives the

underestimated value (35 versus 60K).
Figure 7 shows the magnetic field dependences of

magnetoresistance (MR) for the sample obtained at the

maximum dose of Mn ions implantation.
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Figure 6. Spontaneous Hall resistance vs. measurement

temperature, calculated using the Arrott’s procedure, for GaAs

samples obtained by implantation of Mn ions followed by laser

annealing, for three irradiation doses. Curve 1 corresponds to

the dose 1 · 1016 cm−2, curve 2 — 3 · 1016 cm−2 and curve 3 —
dose 5 · 1016 cm−2 . The insert shows the relationship between

the value of the spontaneous Hall coefficient and the surface

resistance of layers at measurement temperature of 10K (the
dots show experimental results, and the straight line is the linear

approximation).
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nealed GaMnAs samples obtained by ion implantation with

different doses: 1 · 1016 (curve 1), 3 · 1016 (curve 2)
and 5 · 1016 cm−2 (curve 3). The insert shows the MCD signal

at 1.66 eV vs. the magnetic field for the above-mentioned implan-

tation doses. Measurement temperature= 13K; the magnetic field

is applied perpendicular to the surface of the samples.

It can be seen that, in general, the magnetoresistance is

negative up to the Curie temperature, and at the lowest

temperatures near zero magnetic field there is a positive

section of MR (
”
ears“ appear). Arrows indicate direction

of magnetic field change (bypass). At measurement

temperatures up to 60K, the hysteretic behavior of the

magnetoresistance is noticeable. The position of the local

maximum of MR on the magnetic field scale approximately

coincides with the saturation field (∼ 1700Oe at 10K). The
value of positive MR in this local maximum reaches 0.8%

at 10K. With temperature increasing the local maxima shift

to zero magnetic field and decrease through height (700Oe
and 0.08% at 60K). A similar type of magnetic field depen-

dence of MR (the presence of a positive component at low

magnetic fields and a negative component) is characteristic

of the manifestation of anisotropic magnetoresistance in

ferromagnetic systems [17,18].
At temperatures of 100 and 120K magnetoresistance

becomes negative. This behavior of the dependences

MR(H), as well as the appearance of the hysteresis loop

in the magnetic field dependences of the Hall effect, is

evidence of the ferromagnetic properties of GaMnAs layers

obtained using the described technology.

A generally accepted method of proving one or another

nature of ferromagnetism in layers of semiconductors doped

with transition metal impurities is the study of magnetic

circular dichroism (MCD) [19]. Figure 8 shows the

MCD spectra at 13K in magnetic field of 3500Oe at

different photon energies for GaMnAs layers obtained by

implantation with different doses of Mn ions and annealed

by a laser pulse. A pronounced spectral dependence of the

MCD is observed: a positive peak at a quantum energy

of approximately 1.66 eV and a negative peak at ∼ 2 eV,

which is especially noticeable for the maximum implantation

dose. The intensities of these peaks increase with dose

increasing of irradiation with Mn ions. The insert to Figure 8

shows the magnetic field dependences of the magnitude

of the MCD signal obtained at photon energy of 1.66 eV.

Magnetic field dependences are hysteresis; in this case,

the MCD signal in saturation also increases with the ion

dose. The Curie temperature of structures determined from

MCD studies by varying the measurement temperature is

in good agreement with the Curie temperature obtained

from magnetic transport studies. For samples implanted and

annealed by laser pulse the magnetization was also studied

at 300K using the method of alternating magnetic field

gradient, which showed the absence of ferromagnetic signal

(only a linear magnetic field dependence of magnetization

was observed).

4. Discussion of results

First, let’s pay attention to the fact that the experimental

depth distribution of implanted Mn (Figure 1, profile 2)
before laser annealing has a bell-like shape, which does

not differ too much from the distribution calculated using

the SRIM code and modified taking into account ion

sputtering (Figure 1, profile 1). As it was expected,

at implantation energy of manganese ions of 180 keV,

the position of the maximum of the experimental depth

distribution (∼ 80 nm) is somewhat less than the value

Rp = 105.2 nm, calculated using the SRIM program not

considering the ion etching. Of course, the experimental

profile shall not shift toward the surface by the amount of

the ion-etched down layer (ds = 48 nm for the ion dose

3 · 1016 cm−2), since we are dealing with a dynamic process
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when, as the dose of ions increases, both the GaAs layer,

already containing manganese atoms, is etched down, and

the ions travel to an average depth Rp, measured from

the new surface. We only state that the resulting ion

doses, taking into account etching losses, are, according

to our calculations, 9.83 · 1015 (the dose set by the ope-

rator D = 1 · 1016 cm−2), 2.83 · 1016 (D = 3 · 1016 cm−2)
and 4.38 · 1016 cm−2 (D = 5 · 1016 cm−2).
The result of irradiation with Mn ions at the used doses

is amorphization of the implanted GaAs layer. This is

confirmed by the shape of RS spectrum shown in Figure 3

(curve 1). Similar RS spectra were obtained earlier by other

authors during ion irradiation of GaAs: a broad line centered

at 255 cm−1 for implantation of ions Si+ with energy of

100 keV and dose 3 · 1015 cm−2 (above the amorphization

dose) [20] and also wide band at ∼ 260 cm−1 for implan-

tation of ions As+ with energy of 270 keV and dose of

3.2 · 1014 cm−2(above the amorphization threshold) [21].
Laser annealing, performed to restore the crystalline

structure of the layer and electrical activation of Mn atoms,

leads to change in the RS spectrum (Figure 3, curve 2): RS
signal intensity increases, and the dominant line significantly

narrows. If we used the electrically inactive type of ions

(in [22] these are isovalent ions In with dose higher than the

amorphization dose), then after laser annealing two narrow

peaks should be observed in RS spectrum, corresponding

to LO- and TO-modes (as in [22]). But in our case, due

to the high concentration of electrically active Mn, which

acts as the acceptor and ensures hole concentration higher

than 1020 cm−3, these LO and TO modes practically do not

appear, and the coupled phonon-plasmonic mode predomi-

nates in the spectrum similarly to paper [14]. Thus, we can

state that the selected conditions of annealing with excimer

laser pulse (energy density 300mJ/cm2) ensure restoration

of the GaAs crystal structure after ion implantation. This

conclusion is also confirmed by electrical measurements,

since the experimental Hall mobility of holes at 300K is

∼ 5 cm2/V · s (see Table), and this value noticeably exceeds

the mobility during the hopping mechanism of carrier trans-

fer (< 1 cm2/V · s). Calculation of the holes mobility in

GaAs with the predominance of scattering on ionized carri-

ers using formula (116) from [23] gives for the acceptor con-
centration 2.3 · 1020 cm−3 the mobility value 1.1 cm2/V · s,

which even is below the results of our measurements.

As a result of laser annealing, dramatic changes in the

profile occurred: a significant part of the implanted Mn

atoms was displaced to the surface.

When exposed to laser pulse with a wavelength of

248 nm, even in single-crystal GaAs, the depth of light

absorption is approximately 5 nm [24]. In GaAs amorphized

by ion implantation, the light shall be absorbed at an

even smaller distance from the surface [25]. The energy

released during the absorption of light is converted into heat,

spreading from the surface into the depth of the sample. It

was shown [9] that at an excimer laser pulse energy of

260mJ/cm2 GaAs melts to a depth of 150 nm. Meanwhile,

it was established [25] that the melting temperature of

amorphized GaAs (a -GaAs) is approximately by 160K

lower than that of crystalline GaAs, so we can assume that

in our case the melting depth irradiated with GaAs ions is

approximately equal to or greater the implantation depth.

After the end of the laser pulse the sample begins to

cool, and the crystallization front moves from the undis-

turbed single-crystal substrate to the surface. According to

estimates [12,25], the crystallization front moves with speed

of up to 10m/s. At such a high speed of the crystallization

front movement, the distribution coefficient defined as the

ratio of the impurity concentration in the solid phase to the

concentration in the melt (K = CS/CL) at the liquid/solid

interface, and which in the equilibrium case (Mn in GaAs)
is equal to 0.05 [3], can increase significantly. However, Mn

segregation during PLA to the surface (Figure 1, curve 3)
clearly indicates that KMn < 1 even under nonequilibrium

conditions of laser annealing.

Calculation of the temperature distribution during PLA in

the case of ion implantation is difficult, since many data for

amorphous GaAs are unknown, primarily the dependence

of thermal constants on temperature.

Segregation-type profiles for Mn in GaAs after PLA were

already noted in the literature [12,17]. Note, however, that

according to [17] Mn atoms in this near-surface layer are

in electrically and magnetically inactive state (possibly in

the form of an oxide) and do not affect electrical and

galvanomagnetic measurements.

We can state that GaMnAs layer formed under the se-

lected conditions of implantation and pulsed laser annealing

is a ferromagnetic semiconductor with Curie temperature

that depends on the ion dose. Evidence of the ferromagnetic

state is: hysteresis loops on the magnetic field dependences

of the Hall effect and the magnitude of the magnetic

circular dichroism signal, negative magnetoresistance, and

the presence of spontaneous Hall coefficient calculated using

the generally accepted Arrott’s procedure.

The insert to Figure 6 shows the relationship between

the surface resistance of GaMnAs layers obtained at three

doses of Mn ion implantation and the corresponding values

of the spontaneous Hall coefficient. A direct proportionality

between the indicated quantities is visible, which indicates

the predominance of the skew scattering mechanism in

the occurrence of the anomalous component of the Hall

effect [1].
The pronounced spectral dependence of magnetic circular

dichroism for samples with GaMnAs layers obtained by us

(Figure 8) is characteristic of single-phase GaMnAs lay-

ers [26]. The absence at room temperature of measurements

of the ferromagnetic magnetization signal also indicates the

absence in the formed layers of ferromagnetic clusters such

as MnAs or MnGa, for which the Curie temperature is

higher than room temperature [5].
A separate discussion is required for the difference in

determining the Curie temperature by different methods: by

the peak of the temperature dependence of the resistance,

by the temperature dependence of the spontaneous Hall

coefficient, and by the presence of hysteresis loop in the
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Figure 9. Coercive field in the magnetic field dependences of the

anomalous Hall effect for three doses of Mn ions implantation:

1 · 1016 (1), 3 · 1016 (2) and 5 · 1016 cm−2 (3) at different

measurement temperatures.

magnetic field dependence of the Hall effect. Figure 9 shows

data on the coercive field dependence on temperature for

three Mn ion implantation doses used in the paper.

It can be seen that, taking into account the temperature

step used in the experiment when measuring the Hall effect,

the data shown in Figure 9 are in good agreement with the

results of calculations of the spontaneous Hall coefficient

(Figure 6): ∼ 40K for dose 1 · 1016 cm−2, 60K for dose

3 · 1016 cm−2 and 120K for dose 5 · 1016 cm−2.

Note, however, for the results of measurements of the

temperature dependence of the surface resistance that

although with implantation dose increasing the peak shifts

to higher temperatures, there is no strict correlation with

the Curie temperature determined from measurements of

the Hall effect at low temperatures. This behavior contra-

dicts the measurement data of the dependences R(T ) for

GaMnAs samples grown by LT-MBE method when the Mn

concentration varied from 2 to 6% [27]. In that paper a good

correlation was observed between the position of the peak

R(T ) and measurements of the temperature dependence of

magnetization and temperature diffusivity, which indicated

that the critical point determined by the R(T )method corre-

sponded to the temperature of the phase transition of second

kind, i.e. Curie temperature. The reason for the difference

in the position of the peak R(T ) for the dose 3 · 1016 cm−2

from the Curie temperature (∼ 60K), determined by us

by other methods, and the peak absence for the dose

1 · 1016 cm−2 is not yet clear and requires additional studies.

5. Conclusion

Thus, GaMnAs layers formed by implantation into semi-

insulating GaAs of ions Mn+ with energy of 180 keV,

doses from 1 · 1016 to 5 · 1016 cm−2 and subjected to single

annealing pulse of the excimer KrF laser, reveal both semi-

conductor and ferromagnetic properties. The p-type con-

ductivity, high hole concentration (up to ∼ 2.3 · 1020 cm−3

depending on the dose), temperature dependence of the

layer resistance of the semiconductor type, Hall mobility of

charge carriers ∼ 5 cm2/V · s, approximately corresponding

to the measured acceptor concentration, the Raman scatter-

ing spectrum with coupled phonon-plasmon mode charac-

terizes GaMnAs as the semiconductor. The ferromagnetic

behavior of GaMnAs is proven by measurements of the

anomalous Hall effect with hysteresis-type magnetic field

dependences, observations of negative magnetoresistance

with anisotropy at low magnetic fields, the characteristic

spectral dependence of magnetic circular dichroism, and

spontaneous Hall resistance. In this case, the Curie temper-

ature of GaMnAs as a ferromagnet increases monotonically

with the ion dose and reaches 120K at D = 5 · 1016 cm−2.

X-ray diffraction studies confirm the improvement in the

crystal structure of the layers as a result of laser annealing,

and profiling of the impurity through the depth of the

doped layer using secondary ion mass spectrometry shows

significant segregation of Mn atoms to the surface in this

process.
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