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Abstract—Un-doped GaN film of thickness 1.90 pm, grown on
sapphire substrate were uniformly implanted with 325 keV Mn* ions
for various fluences varying from 1.75 x 10™* - 2.0 x 10'® ionscm? at
350° C substrate temperature. The structural, morphological and
magnetic properties of Mn ion implanted galium 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, GaeMny, and MnyN.
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" ions 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 potentia applications in optoelectronic
devices, such as blue ultraviolet 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 (GaMn)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 structural 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,sg 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
trangitions at 2.5 and 3.0 €V corresponds to (e,Mn) and
(D,Mn) respectively after rapid thermal anneding 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, morphologica 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 pm, 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 at IGCAR, Kapakkam, 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 10”’ 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" jons cm™.
The structural properties of samples were recorded using X-
ray diffractometer (X’ pert PRO, PANaytica 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 analysis 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
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mounted plane parallel to the applied field duri@@UID samples implanted with the fluence of 1.75 X°1dnd 1.5 x
experiment. Magnetization was measured as functén 10 cm?® were found to be 0.0973 and 0.0982 nm
applied magnetic field and temperature to determtine respectively. Whereas the corresponding estimatgthefor
coercive field and other magnetic properties. Zéfa-cooled non-implanted GaN sample was found to be 0.0972 nm.

(ZFC) and field-cooled (FC) magnetization curveduastion
of temperature were recorded. In the ZFC mode stmples
were cooled in zero fields from 350 K to 1.8 K. eft \\ @ (DD&
stabilization of the temperature, the constanidfig00 (Oe) | Gamn ' . rm > .
was applied and the data were recorded while fgpatie = 1 '-'* e ;
sample. In the FC mode, the samples were cooled 880 K o L R
to 1.8 K in the presence of a constant magnetid 580 (Oe) é‘ GaMn Ga, Min
and then the measurements were carried out whilgnigethe E ! ! "* o4 J&_ Mn N
sample in the same field. % ) {e) N L
[ll. RESULTS AND DISCUSSION =
A. X-ray Diffraction (XRD) Studies o T Ja i
i 1 P | | 1

X-ray diffraction spectra of gallium nitride filgrown on
sapphire substrate and implanted with 1.75 %,1050 x 16°
and 2.0 x 1¥ ions cn? recorded in the@range between 40 . 20 (Degree)
80° were presented in Figures 1(a). 1(b), 1(c) and) 1(d Fig. 1 XRD spectra of (a)_ non-implanted sample sentiples

! _ mplanted with 325 keV Mhions for the fluence of (b) 1.75 x *f0

respectively. The non-implanted sample showed & a (c) 1.5 x 18%and (d) 2 x 18 ions cn.
72.86 attributed due to GaN from (004) plane [Fig. 1(a)]
After implantation with Mn ion, XRD peaks of implhzmd ) ) ]
GaN samples from (004) plane shifts towards lowev&ues Two d|men3|_onal (3 Hm X 3 pm) AFM images and
with respect to that of the non implanted sampléie T corresponded line analy5|s across _the surfacei frtbn-
difference in B values between implanted and non implante planted and samples |mp|ante5d with 325 keV_ Nom fc_)r
GaN sample indicates the lattice expansion due fge f'“ef‘ce 9f 15x 19 1.75x 16°and (c) 2 x 16 lons et
incorporation of Mn ion in gallium nitride [8]. Theample shown in Figure 2(‘?1)’ 2(b), 2(c) and 2(d) respetyiv The
implanted with the fluence 1.75 x $cm? showed peaks at AFM image Of, non-lmplanted. sample .ShOW.ed roughrss
44.768. 64.720 and 77.83% corresponds to  Mga, the surface [Fig. 2(a)]. After implantation Wlth Man, the
Ga ¢Mng4 and MnN magnetic phase respectively. Whereagyoughnesses observe to be reduced. _The estlmalleel'_svaf
other peaks at 44.12%nd 65.160 could not be identified. "™MS surface roughness and average size of cluste given
These phases also appeared in sample implantéidéoce of in Table I. The decrease in the rms roughness reagu to

1.5 x 13° ions cn?. However, the intensity of these magneti(flattlen'?gd of_:nezsurlf%c_e duent:‘(z) 'ﬁn |m§a_10t. Howg\mstlltlnple
phases was increased. Further increase in thduende of 2 implanted wi X lons cnt showed increase In the rms

x 10'® ions cn? did not show these magnetic phases. Th g{f.,?ce rom:](%;zhngss than that of the sample_ implamtiel.5 x
lattice constant of tetragonal gallium nitride sture founliortlg f/ary[f/:/?t.hzgg)s][.);—chtetjk:zﬁeﬂzg(rj](:SeIZ([eTg];)I(iﬂ?:tieg};rjr(\aNere
calculated usm% foIIowmg equ?tlon, [9] 3(a), 3(b), 3(c) and 3(d) showed three dimensidkfM (3

1 =4(h+hk+kj+| (1) pm x 3 pm) images of non-implanted and samplesantpt

d> 3 a’ c? with 325 keV M ion for the fluence of 1.75 x 10 1.5 x 13°
where, d is inter planar distance, h, k and | eelanes, a, ¢ and 2 x 18 ions cn? respectively. The sample implanted
are the lattice constants. The c plane lattice temmfor the with the fluence 1.75 x 1Bions cn¥ showed that the hillocks
samples implanted with the fluence of 1.75 X°14nhd 1.5 x surrounded with craters. Further increase in the fioence
10'* cm? were found to be 0.5188 and 0.5213 nnf1.5 x 13°), the hillocks and surrounded craters were reduced
respectively. Whereas the corresponding estimatenbn- and became uniform [Fig. 3(c)]. Whereas, the dgnsit
implanted GaN sample was found to be 0.5186 nm. Thlocks were found to increase for the sample empd 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 stiiinal on  heights of hillocks were measured using SPIP soéwd#he
the Ga sub-lattice [9]. The bond length b calcdatey average height of hillock of samples implantedtfa fluence
considering the Ga and N along the ¢ plane of Gadetsire of 1.75 x 16°, 1.5 x 16° and 2 x 18 ions cn? were found to

40 45 50 55 60 B5 70 75 ao

B. Atomic Force Microscopy (AFM) Studies

using following equation; [10] 6 nm , 5 nm and 8 nm respectively. However, therage
_ Cean [ rea + g ) height for non-implanted sample was found to 7 nm.
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
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Fig. 2Two dimensional AFM images of8 3 um scanned areas and corresponded line anatyessahe 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 1¢ ions cn??
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Fig. 3Three dimensionahFM images of 3 3 um scanned areas of; (a) non-implanted GaN saamglsamples implanted with 325 keV Mn
ion for the fluence of; (b) 1.75 x 10 (c) 1.5 x 185, (d) 2 x 18%ions cn?
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TABLE | 10 * ions cn? and 2 x 10 ions cn¥{Fig 5 (a)]. The
VARIATION OF AVERAGE SURFACE ROUGHNESSAND RMS SURFACE : H : H H :
ROUGHNESSOF NON-IMPLANTED AND SAMPLES IMPLANTED WITH VARIOUS Satgratlon magnetlzatlon In, the sa_mples implantitd 75 x
FLUENCESOBTAINED FROM AFM 101 y 15 X 16 and 2 X 1@ ons sz were fOUI’]d 115 X Ib
. 5.07 x 10" and 1.51 x 18 emu respectively. The coercive
Fluence Rms surface Average size of . . . L . -
(ions.cn?) roughness R(nm) cluster (nm) field of implanted gallium nitride sample increaseih ion
Non-implanted 51717 134 fluence. The changes in the properties are duariations of
P ’ concentration of Mn ions and the defects occurmedhie
5 . . .
1.75x10 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@p
function versus spatial frequency of non-implantadd
samples implanted for the fluences of 1.75 X10.5 x 16°
and 2 x 16f ions cn?. The area 3 pm x 3 um was used for
power spectral density analysis. The PSD curvesbigd
typical features consisting of a plateau with tbe Ispatial
frequency and an inverse slope with high spatiediency.

L]
T

(c)
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—
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.
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Mag. Moment (emu x 10*)

The plateau height in the lower spatial frequenegions ot

indicated the roughening of sample surfaces. Topes(p) of | ssaeed

power spectral density function estimated from Fegd for § L— . . . . . .
higher spatial frequency region {@). The values of plateau 3 2 1 0 1 2 3
height extracted from PSD curves [Fig. 4] of thenpbkes Applied Field (kOe)

implanted for the fluences of 1.75 x'101.5 x 18° and 2 x
10'® ions cn? were found to be 77, 26 and 156 “nm
respectively. However, the value of plateau heifgint non-
implanted sample was 106 finThe values of p with respect Temperature dependent of the differencd (= Megc -
to ion fluence estimated from power spectral dgnsitrve M ) between zero field cooling and field cooling
[Fig.4] for higher spatial frequency region of tisamples magnetization curves (H = 500 Oe) of Mn implantedligm
implanted for the fluence of 1.75 x ¥p1.5 x 16° and 2 x nitride samples with various fluences 1.5 ¥610.75 x 16°
10*° ions cnf were found to be 18.33, 3.99 and 35.08ind 2 x 16 ions cn? shown in Figs 6(a), 6(b) and 6(c)

Fig. 5 M-H curves of 325 keV Mrimplanted GaN with the fluence
of (a) 1.5 x 1¢f, (b) 1.75 x 1& and (c) 2 x 1&ions cn?

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 ferromagnetiaterial in
the presence of large diamagnetic /paramagnetikgbaind.

:’n
g.mz | This subtraction simultaneously indicates the preseof
hred /_.,-\%: hysteresis if the difference is non zero [11].
2 - e,
[ “"5 ';L Field at 500 (Oe)
[TRT/ 3 ¢
e ) | "
% —=— GaN (ref) % E ﬁ-'.,l\' (a)
o ——1.75x 10" e 4 3 e
.q0' L 1 = e,
2 15% 10 > L
e 16 "'-.
o ——2x%10 — o e
g = Y ?ﬂf., b} -
Y SS < | Y e, TN
0’ 10, 0 R A L * 13
Spatial frequency q (um )
Fig. 4 Plot of power spectral density function sgatial frequency of ; 1|I]n 2;“ 3uln
325 keV Mri ions implanted gallium nitride at difference floes Temperature (K)
C.Magnetic Studies Fig. 6 Difference between Field-Cooled and Zertufieooled
M tizati M-H f imolanted aqall e magnetization of 325 keV Mrimplanted GaN with fluence of (a)
agnetization (M-H) curves o 1'mp ante %a_ ium rrut 1.5 x 185, (b) 1.75 x 16 and (c) 2 x 1¥ ions cm?
samples for ion fluences 1.75 x*1@o 2 x 1d° ions cn?
shown in Figure 5. The sample implanted with 1.50%ions All implanted samples showed the positive magnttina

cm? showed the increased in the magnetic properties aove room temperature. The Curie temperature leasm b
compared to other samples implanted with fluencé.@b x

22



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:6, No:1, 2012

estimated from the field cooled and zero field edoturves of
samples implanted with 325 keV Mn ions for theefiges of
1.75 x 16°% 1.5 x 16° and 2 x 1P ions cn? were found to
309 K, 342 K and 350 K respectively. It can obseinen
Figure 6 that the magnetization decreased dralsticplto the
temperature ~ 3 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 beaeesible for
observing ferromagnetic behaviors. However, the pdam
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, Gae¢Mngs and MnN
magnetic phases. It revealed that increase in #tecd
constant with ion fluence indicated the Mn atomsrewe
incorporated in the wurtzite GaN structure as stiiginal on
the Ga sub-lattice. AFM images showed nano clusiarthe
surface of GaN. The surface morphology found torekese
with ion fluence. The magnetic properties of thengks
implanted with various fluences exhibited the hgesés loops.
ZFC and FC magnetization showed the persistence of
magnetism above the room temperature.
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