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Abstract—Un-doped GaN film of thickness 1.90 um, grown on
sapphire substrate were uniformly implanted with 325 kevV Mn* ions
for various fluences varying from 1.75 x 10°- 2.0 x 10 ions cm™ at
350° C substrate temperature. The structural, morphological and
magnetic properties of Mn ion implanted gallium nitride samples
were studied using XRD, AFM and SQUID techniques. XRD of the
sample implanted with various ion fluences showed the presence of
different magnetic phases of GaMn, GaeMnys and MmnyN.
However, the compositions of these phases were found to be
depended on the ion fluence. AFM images of non-implanted sample
showed micrograph with rms surface roughness 2.17 nm. Whereas
samples implanted with the various fluences showed the presence of
nano clusters on the surface of GaN. The shape, size and density of
the clusters were found to vary with respect to ion fluence. Magnetic
moment versus applied field curves of the samples implanted with
various fluences exhibit the hysteresis loops. The Curie temperature
estimated from zero field cooled and field cooled curves for the
samples implanted with the fluence of 1.75 x 10%, 1.5 x 10" and 2.0
x 10% ijons cm? was found to be 309 K, 342 K and 350 K
respectively.
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I. INTRODUCTION

ALLIUM nitride based diluted magnetic semiconductor

(GaMn)N has potential applications in optoelectronic
devices, such as blue ultra-violet light emitting diodes and
laser diodes, as well as high-temperature and high power
devices [1-3]. In past, many methods i.e. molecular beam
epitaxy, metal oxide chemical vapor deposition, hydride vapor
epitaxy etc. have been developed to synthesize (Ga,Mn)N
structure but obstacle occurs to maintain certain percentage
of Mn to achieve I11-V semiconductors magnetic [4-7]. lon
implantation has been obvious advantages to overcome this
problem by introducing impurities without solubility limit.
Magnetic and structura properties of 180 keV Mn ions
implanted p-type GaN with the fluence of 5 x 10" ions cm™
were investigated using SQUID and XRD techniques. The
result of SQUID study showed the strongest ferromagnetic
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behavior after rapid thermal annealing of the sample at 800° C
for 30 s and XRD study showed Mn-N binary phases of
MngN, .55 and MngN, after annealing at 900 °C [4]. SQUID and
XRD studies of 1 keV Mn ion implanted GaN/Al,Os for the
fluence of 2.5 x 10" ions cm™ showed hysteresis loop at 293
K and the (GaMn)N structure respectively [5]. SQUID,
AFM and PL studies of 200 keV Mn" ion implanted GaN for
the fluence of 5 x 10" ions cm? showed the ferromagnetic
behavior up to the temperature 270 K. AFM images showed
the magnetic clusters and PL measurement showed the
transitions a 2.5 and 3.0 eV corresponds to (e,Mn) and
(D,Mn) respectively after rapid thermal annealing at 850° C
for 20 s. [6]. XRD and SQUID studies of 200 keV Mn ion
implanted GaN for the fluence of 1 x 10 ions cm™ showed
the shift in the diffraction peak towards lower angle and
ferromagnetic properties after annealing the sample at 900 °C
[7]. In this paper, we reported structural, morphological and
magnetic properties of 325 keV Mn" ions implanted gallium
nitride at different fluences.

Il. EXPERIMENTAL DETAILS

Un-doped GaN film of thickness 1.90 pum, grown on
sapphire substrate by metal organic chemical vapor deposition
(MOCVD) were uniformly implanted with 325 keV Mn*? ions
a 350 °C substrate temperature using 1.7 MV Tandetron
accelerator a IGCAR, Kalpakkam, India. The beam current
density was about 50 nA cm™ during implantation. The
scanned beam was further collimated through a collimator of
diameter 12.5 mm for uniform implantation over the entire
area of the sample. During implantation, the vacuum in the
target chamber was maintained at 107" mbar. Three samples of
galium nitride were implanted with manganese ions for
fluence of 1.75 x 10™, 1.50 x 10" and 2.0 x 10" ions cm™.
The structura properties of samples were recorded using X-
ray diffractometer (X’ pert PRO, PANalytical model) equipped
with Cu Ka (A~ 0.1540 nm) radiation source. The primary
excitation current for the experiment was 30 mA at 40 kV.
The detection period and step size were kept 1.0 degree per
minute and 0.02 degree respectively. Atomic Force
Microscope measurements of non-implanted and implanted
samples were performed using diCaliber form Veeco
instrument. The quantitative analysis was carried out using
Veeco SpmLab anaysis software. All the AFM measurements
were performed in tapping mode (for both trace and retrace
information) using a silicon nitride tip at ambient temperature.
The magnetic properties of Mn* implanted gallium nitride
samples were studied using superconducting quantum
interference devices (SQUID) magnetometer (MPMSXL-
Quantum design Co. Ltd.). The implanted samples were

36 1SN1:0000000091950263



Open Science Index, Physical and Mathematical Sciences Vol:6, No:1, 2012 publications.waset.org/3376.pdf

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences
Voal:6, No:1, 2012

mounted plane parallel to the applied field duri@@UID

experiment. Magnetization was measured as functbn
applied magnetic field and temperature to determine

coercive field and other magnetic properties. Zéto-cooled

(ZFC) and field-cooled (FC) magnetization curveduasction

of temperature were recorded. In the ZFC mode stmeples
were cooled in zero fields from 350 K to 1.8 K. é\ft
stabilization of the temperature, the constantdfis00 (Oe)
was applied and the data were recorded while hgpdtie

sample. In the FC mode, the samples were cooled §80 K

to 1.8 K in the presence of a constant magnetid 680 (Oe)
and then the measurements were carried out whiengethe
sample in the same field.

Ill. RESULTS AND DISCUSSION

A. X-ray Diffraction (XRD) Studies

X-ray diffraction spectra of gallium nitride filgrown on
sapphire substrate and implanted with 1.75 %,1050 x 16°
and 2.0 x 18 ions cn? recorded in the@range between 40

samples implanted with the fluence of 1.75 *°1&nhd 1.5 x
10" cm? were found to be 0.0973 and 0.0982 nm
respectively. Whereas the corresponding estimatgthefor
non-implanted GaN sample was found to be 0.0972 nm.
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Fig. 1 XRD spectra of (a) non-implanted sample samiples
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80" were presented in Figures 1(a), 1(b), 1(c) and) 1(dpjanted with 325 kev Mhions for the fluence of (b) 1.75 x p

respectively. The non-implanted sample showed & [ma

72.86 attributed due to GaN from (004) plane [Fig. 1(a)]

After implantation with Mn ion, XRD peaks of implad
GaN samples from (004) plane shifts towards lowkev&ues

(c) 1.5 x 18° and (d) 2 x 1¥ ions cn?.

B. Atomic Force Microscopy (AFM) Studies
Two dimensional (3 pm x 3 pum) AFM images and

with respect to that of the non implanted samplée T corresponded line analysis across the surface ef nibn-

difference in B values between implanted and non implante

GaN sample indicates the lattice expansion due
incorporation of Mn ion in gallium nitride [8]. Theample

implanted with the fluence 1.75 x f@m? showed peaks at

44.764, 64.72¢ and 77.83%2 corresponds to Mfa,

Ga¢Mng4 and MnN magnetic phase respectively. Wherea

other peaks at 44.12%nd 65.160 could not be identified.
These phases also appeared in sample implantéddace of

1.5 x 18° ions cn?. However, the intensity of these magneti

phases was increased. Further increase in thduende of 2

x 10" ions cn? did not show these magnetic phases. Th

lattice constant of tetragonal gallium nitride stuwre
calculated using following equation; [9]

planted and samples implanted with 325 keV*Ntm for
{ﬂe fluence of 1.5 x 1§ 1.75 x 18° and (c) 2 x 18 ions cn?
shown in Figure 2(a), 2(b), 2(c) and 2(d) respetyiv The
AFM image of non-implanted sample showed roughress
the surface [Fig. 2(a)]. After implantation with Man, the

goughnesses observe to be reduced. The estimahaels vaf

rms surface roughness and average size of cluster given
in Table I. The decrease in the rms roughness raaguie to

Jlattening of the surface due to ion impact. Howewample

implanted with 2 x 18 ions cn? showed increase in the rms
urface roughness than that of the sample implamitidl.5 x
0'° ions cn? [Fig. 2(d)]. The shape and size of clusters were
found to vary with respect to ion fluence [Table-IFigure
3(a), 3(b), 3(c) and 3(d) showed three dimensidkM (3

1_4 (hz+hk+k2j+|2 (1) um x 3 um) images of non-implanted and samplesaniptl
d* 3 a’ c? with 325 keV Md ion for the fluence of 1.75 x 19 1.5 x 18°
where, d is inter planar distance, h, k and | keeflanes, a, ¢ and 2 x 1&° ions cn? respectively. The sample implanted
are the lattice constants. The ¢ plane lattice temgfor the with the fluence 1.75 x dions cn? showed that the hillocks
samples implanted with the fluence of 1.75 X°14hd 1.5 x surrounded with craters. Further increase in tirefiloence
10'* cm? were found to be 0.5188 and 0.5213 nn{1.5 x 13, the hillocks and surrounded craters were reduced
respectively. Whereas the corresponding estimatenén- and became uniform [Fig. 3(c)]. Whereas, the dgnsit
implanted GaN sample was found to be 0.5186 nm. Tinéllocks were found to increase for the sample anptd with
increase in the lattice constant showed the Mn stame 2 x 10°ions cn? [Fig. 3(d)]. In this measurement the average

incorporated in the wurtzite GaN structure as stuiginal on
the Ga sub-lattice [9]. The bond length b calcdatey
considering the Ga and N along the ¢ plane of Galttsire

heights of hillocks were measured using SPIP soéwa&he
average height of hillock of samples implantedtfa fluence
of 1.75 x 16° 1.5 x 18° and 2 x 1€ ions cn? were found to

using following equation; [10]
b= Coan _l:rGa+rN:|
2 [1+ sin(19°)] 2
where ., (= 0.1218 nm ) and, (= 0. 075 nm) are the atomic
radii for Ga and N respectively. The bond length foe

6 nm , 5 nm and 8 nm respectively. However, therape
@) height for non-implanted sample was found to 7 nm.
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Fig. 2Two dimensional AFM images of*8 3 um scanned areas and corresponded line anatysisahe surface of; (a) non-implanted GaN

and samples implanted with 325 keV Man for the fluence of (b) 1.75 x 0 (c) 1.5 x 16° and (d) 2 x 18 ions cn?
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o N TABLE | o 10 *® jons cn? and 2 x 10% ions cn¥[Fig 5 (a)]. The
VARIATION OF AVERAGE SURFACE ROUGHNESSAND RMS RFACE : : : H H ;
ROUGHNESSOF NON-IMPLANTED AND SAMPLES IMPLANTED WITH VARIOUS Satgratlon magnetlzatlon m_ the Sa_rnples Implant&u W75 X
FLUENCESOBTAINED FROM AFM 101 , 15 X 16 and 2 X 165 ons sz were found 115 X Ib
. 5.07 x 10' and 1.51 x 18 emu respectively. The coercive
Fluence Rms surface Average size of . . . . . -
(ions.cn?) roughness R(nm) cluster (nm) field of implanted gallium nitride sample increaseih ion
] fluence. The changes in the properties are duatiations of
Non-implanted 2.1717 134 . . .
concentration of Mn ions and the defects occurmecthie
5 . . .
1.75 x10 1.5811 160 samples due to ion implantation.
1.50 x 16° 0.7675 130 6~
2.00 x 16¢ 2.1419 154 AT 300 K
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Fig. 4 showed the plot of power spectral densit@ip
function versus spatial frequency of non-implantedd
samples implanted for the fluences of 1.75 X°10.5 x 16°
and 2 x 16 ions cn?. The area 3 um x 3 pm was used for
power spectral density analysis. The PSD curvesbied
typical features consisting of a plateau with ther Ispatial
frequency and an inverse slope with high spatiedjdency.
The plateau height in the lower spatial frequenegions
indicated the roughening of sample surfaces. Topes(p) of
power spectral density function estimated from Fegd for
higher spatial frequency region {@,). The values of plateau 3 2 -1 0 1 2 3
height extracted from PSD curves [Fig. 4] of thenpkes - :
implanted for the fluences of 1.75 x*301.5 x 16° and 2 x Applied Field {kQOe)
10'® ions cn? were found to be 77, 26 and 156 ‘m
respectively. However, the value of plateau heifgint non-
implanted sample was 106 AinThe values of p with respect Temperature dependent of the differencd (= Mgc -
to ion fluence estimated from power spectral dgneitrve M,.) between zero field cooling and field cooling
[Fig.4] for higher spatial frequency region of tsamples magnetization curves (H = 500 Oe) of Mn implantedigm
implanted for the fluence of 1.75 x 01.5 x 10° and 2 X nitride samples with various fluences 1.5 ¥°1@.75 x 16°
10" ions cn? were found to be 18. 33, 3.99 and 35.0&nd 2 x 18 ions cn? shown in F|gs 6(a) 6(b) and 6(0)
respectively. However, the value of p for non-inmpéal respectively. The FC- ZFC subtraction becomes more
sample was 14.65. effective in case of small amount of ferromagnetiterial in

the presence of large diamagnetic /paramagnetikgbagnd.
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Fig. 5 M-H curves of 325 keV Mnimplanted GaN with the fluence
of (a) 1.5 x 16, (b) 1.75 x 18 and (c) 2 x 1¥ions cn?

This subtraction simultaneously indicates the preseof
hysteresis if the difference is non zero [11].
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Fig. 4 Plot of power spectral density function ssatial frequency of

325 keV Mri ions implanted gallium nitride at difference floes 0 100 200 00
Temperature {K)
C.Magnetic Studies Fig. 6 Difference between Field-Cooled and Zertwfieooled
M tizati M-H f implanted oalli e magnetization of 325 keV Mrimplanted GaN with fluence of (a)
agnetization (M-H) curves o 1'mp ante 963_ ium rra 1.5 x 185, (b) 1.75 x 1& and (c) 2 x 18 ions cn?
samples for ion fluences 1.75 x'4@o 2 x 16° ions cn?
ShOW“ in Figure 5. The sample implanted with 1 0¥ ions All implanted samples showed the positive magnétina

cm? showed the increased in the magnetic properties aSove room temperature. The Curie temperature ke b
compared to other samples implanted with fluenc&.@b x
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estimated from the field cooled and zero field edoturves of
samples implanted with 325 keV Mn ions for theefioes of
1.75 x 16° 1.5 x 18° and 2 x 18 ions cn¥ were found to
309 K, 342 K and 350 K respectively. It can obsefnnm
Figure 6 that the magnetization decreased drastigplto the
temperature ~ 3K and later decreased slowly. It may be due
to the implanted damage which is the positionabmier of
interacting spin and carriers [12]. This resultidaded the
presence of one or more element to the magnetizatial
attributed the different phases, which may beaasible for
observing ferromagnetic behaviors. However, the ptam
implanted with 1.5 x 1§ ions cm? exhibited the higher
magnetization compare to other sample [Fig. 6(a)].

IV. CONCLUSIONS

We have characterized the properties of 325 keV Mn
implanted gallium nitride samples for various idnehces
using XRD, AFM and SQUID techniques. XRD showed the
new peaks correspond to MBa, GagMny, and MnN
magnetic phases. It revealed that increase in #itcd
constant with ion fluence indicated the Mn atomsrewve
incorporated in the wurtzite GaN structure as stuiginal on
the Ga sub-lattice. AFM images showed nano clugierthe
surface of GaN. The surface morphology found torehese
with ion fluence. The magnetic properties of thengkes
implanted with various fluences exhibited the hgeses loops.
ZFC and FC magnetization showed the persistence of
magnetism above the room temperature.
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