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Abstract  Ferromagnetic semiconductor Mn,Ga, ,Sb
single crystals were fabricated by Mn-ions implantation,
deposition, and the post annealing. M agnetic hyster esis-loops
in the Mn,Ga,_,Sb single crystals were obtained at room
temperature (300 K). The structure of the ferromagnetic
semiconductor Mn,Ga,_,Sb single crystal was analyzed by X-
ray diffraction. The distribution of carrier concentrationsin
MnGa, ,Sb was investigated by electrochemical capaci-
tance-voltage profiler. The content of Mn in Mn,Ga, ,Sb
varied gradually from X = 0.09 near the surfaceto X = 0 in
the wafer inner analyzed by X-ray diffraction. Electr ochemi-
cal capacitance-voltage profiler reveals that the concentra-
tion of p-type carriersin Mn,Ga,_,Sb is as high as 1X10*
crr 3, indicating that most of the Mn atoms in Mn,Ga,_,Sb
takethesite of Ga, and play arole of acceptors.

Keywords: Mn,Ga, ,Sh, ferromagnetic semiconductor, diluted mag-
netic semiconductors.

Magnetic semiconductors can combine the semi-
conducting properties with magnetic properties, and be
used in these applications, such as magnetic field sensors,
magnetic memory elements and, in long range, quantum
computation and communication. IT - VI based diluted
magnetic semiconductors (DMSs) have been extensively
studied* 3, because some magnetic ions are easily incor-
porated into II-¥I compounds by substituting group 11
atoms. It was conventionally considered that the equilibri-
um solubility of magnetic ions in OI-Y compounds is
quite low (=10 cm®). In fact, the content x in
MnGa,_ ,Sb can be as high as 15%“9. The difficulty in
growing [I-V based DMS epitaxy-layers is due to the
mismatch of lattice constants between 0I-V based DMS
and its substrate. Comparedwith 11-VI based DMSs, 0I- V
based DM Ss possess greater advantages, because doping
control is far more difficult in II-VI than in OI-V
compounds. Up to now, the highest Curie temperature
in OI-V based DMSs is about 110 K, i.e. for
GaysMn, A%, realized by molecular beam epitaxy
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(MBE) at low temperature (~200°C ),

In this report, zinc-blende ferromagnetic semicon-
ductor Mn,Ga,_,Sb single crystals were prepared by Mn-
ions implantation, deposition, and the post annealing.
Magnetic hysteresis-loops in the Mn,Ga,_ ,Sb single crys-
tals were obtained at room temperature (300 K). The
structure and Mn content in zinc-blende ferromagnetic
semiconductor Mn,Ga, ,Sb single crystal were analyzed
by X-ray diffraction. The distribution of carrier concen-
trations in Mn,Ga,_ ,Sb was investigated by electrochemi-
cal capacitance-voltage profiler (ECC-V).

The zinc-blende MnGa,,Sb single crystals were
prepared by a low-energy ion-beam deposition (LEIBD)
system. There are magnetic analyzers in the LEIBD sys-
tem, with which the manganese can be purified as pure as
isotope. First, the manganese ions with energy of 1 keV
were implanted into unintentionally doped p-type (001)
oriented GaSb wafer in the depth of about 70 nm at 200°C.
Then, the manganese ions with energy of 100 eV were
deposited on the surface of the wafer, which formed athin
layer about 5 nm thick. After the Mn-ions implantation
and deposition, the wafers were annealed at 400 °C in an
argon ambience for 30 min. The thin layer of manganese
on the surface of the GaSb wafer can prevent the implant-
ed manganese ions from diffusing out of the surface of the
wafer, and can keep the content of Mn at a high level near
the surface of MnGa,_,Sb while annealing.

The magnetic properties of the Mn,Ga,_,Sb samples
were studied using vibrating sample magnetometer (VSM)
LDJ9600, and the measurements were carried out at room
temperature (300 K). Fig. 1 shows atypical hysteresis-
loop measured by VSM from aMn,Ga,_,Sb sample. The
detailed results of the measurements were shown in Table
1. The highest saturation magnetization and residual mag-
netization are 9.331° 10-4“and 3.035" 10-4 em.u., respec-
tively. The largest coercive force in these samplesis
14916.63 A » m' 1. These results confirm that these
MnGa,. ,Sh samples are ferromagnetic at room tempera-
ture. It can also be seenin Fig. 1 that the absolute value of

0.0(H 04
0.00054
0.00004

—.0005

Magnetic moment (e.m.u.)

—0.0010 1

800000 -400000 0 400000 800000

Magnetic field/A-m™
Fig. 1. Magnetic hysteresis-loop measured by vibrating sample mag-
netometer fromaMnGa,_,Sb sample.
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Tablel Magnetic properties measured by vibrating sample
magnetometer

Sample Saturation mag- Residual mag-  Coercive force

number  netization (em.u) netization (e.m.u) /A = mrt
1012 4.201" 10+ 1.117°10* 6379.051
1024 9.331"10* 2.872°10* 11176.51
1026 3.517 10+ 6.804" 10° 13606.23
1028 8.549 10+ 3.035" 10+ 9611.628
1036 3.078" 10 9.218 10 14916.63

magnetization decreases after the magnetic field surpasses
the saturation value. The reason for this is that the GaSb
substrate is diamagnetic, and after the saturated magneti-
zation the diamagnetic moment in GaSb becomes obvi-
ous.

X-ray diffraction was utilized to investigate the
structure and contents of the samples. Two diffraction
modes, i.e. q -2q and the small angle of incidence were
used in the investigation. No new diffraction peak was
found in these X-ray diffraction measurements except
those diffracted from GaSh. A typical g-2q diffraction
curve (solid line) from a Mn,Ga,_,Sb sample near (002)
reflection is shown in Fig. 2. Compared with the diffracti-
on curve from a GaSb wafer (dotted line) in the same
figure, the left site of the diffraction curve, from A to B, is
obviously bulging. The implantation of Mn-ions and their
diffusion in the GaSb wafer are responsible for this bulge
of the diffraction curve. The Mn-ions take the sites of Ga
in GaSh and make the lattice expand. Because the Mn-
ions diffused into the GaSh continuously, the content of
Mn gradually decreases with the increase of depth, and so
does the lattice expanse. Point A in Fig. 2 is correspond-
ing to the maximum lattice expanse in MnGa,_,Sh. Ac-
cording to a model dealing with the substitutes in zinc-
blende crystal™*¥ and its modification*?, the maximum
content of Mnin Mn,Ga,_,Sb resulting in the maximum
lattice expanse can be calculated as x = 0.09. Therefore,
the content of Mn gradually decreases from x = 0.09 near
the surface tox = 0 in the Mn,Ga,_,Sb wafer inner. The
lattice strain also gradually decreases from

-— GaSb substrate
— MnGaSh/GaSh

Count/s

an")

Fig. 2. X-ray diffraction curves from MnGa,_,Sh/GaSb (solid line) and
GaSb (dotted line) near (002) reflection.
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Da/a, = 0.005 near the surface to Da/a, = 0 in the
MnGa,_,Sb wafer inner. This gradual change in lattice
constant enables Mn,Ga, ,Sb to keep its zinc-blende
structure stable.

On the other hand, if Mn atoms take the sites of Ga
in GaSh, the antisites Mng, will play a role of acceptors.
For making it clear, the concentration profile of carriersin
MnGa,_,Sh/GaSb was measured by ECC-V technique.
The typical depth profile of carrier concentrations in
MnGa,_,Sh/GasSh is shown in Fig. 3. The carrier concen-
tration near the surface of the sample is about
1x 10% cnmr8, and it drops abruptly to 1 x 10% cnv 2 within
a depth of 70 nm. The drop in carrier concentrations re-
sulted from the Mn-ion implantation and the diffusion of
Mn atoms during the annealing. Then the carrier concen-
tration drops flatly to about 9 x 10% cm 2 in the depth of 4
mm. The major carriers in Mn,Ga, ,Sb are holes, which
indicates that the Mn atoms play a role of acceptors in
MnGa,_,Sh.

1075
" ] —o— GaMnSb/GaSh
5 - l —o— undoped GASb
5 E
‘a‘ 3
£ ]
g 10"
3
E 10"
,\')

167 ] : :

0 1 2 3 4 >
Depth/um

Fig. 3. Depth profile of carrier concentrations in Mn,Ga,_,Sb/GaSh
(upper) and in unintentionally dope GaSb (lower).

For comparison, the carrier concentration profile in
unintentionally doped p-type GaSb wafer was &lso meas-
ured with ECC-V (Fig. 3). The concentration of carriersis
about 2.9 10" cm 3, and distributes uniformly.

The density of atoms in GaSb is 1.78 X102 cm3,
and the highest concentration of carries in MnGa, ,Sb is
about 1 x 10 cmr3. So the ratio of the highest carrier
concentration to the density of atomsis 5.6%, or x = 0.10
in MnGa,_,Sh. This result is consistent with X-ray analy-
ses, and indicates that most of the Mn atoms in
MnGa,_,Sh take the sites of Gain GaSh.

In summary, room-temperature ferromagnetic
semiconductor Mn,Ga,_,Sb single crystals have been
prepared by implanting Mn-ions into GaSb wafers
exploiting alowenergy ion-beam deposition system, and
the post annealing. Magnetic hysteresis-loops were
obtained from the Mn,Ga,_ ,Sb samples at room
temperature. X-ray diffraction analyses show that the
Mn,Ga,_,Sb samples are thermally stable zinc-blend
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structure, and the content of Mn gradually decreases from
X = 0.09 near the surface to x = 0 in the MnGa, ,Sb wafer
inner. Electrochemistry capacitance-voltage profiler re-
veds that the concentration of p-type carriers in
MnGa, ,Sb is as high as 1 x 10% cm3, indicating that
most of the Mn atoms in MnGa,_,Sb take the sites of Ga,
and play arole of acceptors.
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