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Abstract

Multi-energy ion implantation has been employed to introduce different concentrations
of non-magnetic ions, including argon, arsenic and krypton, into high-quality ZnO films
and room temperature ferromagnetism has been observed for As and Kr implanted ZnO
while none was observed for Ar doped films. SRIM was adopted to simulate the
distributions of the implanted ions, the induced zinc and oxygen vacancies and the
resulting interstitials. The atomic displacements per atom (dpa) was calculated to
quantify the primary radiation damage production. Our results show that the observed
magnetic moment measured at low temperatures due to implantation with a given ion
is proportional to the dpa. The constant of proportionality between the magnetism and
the dpa depends on the implanted ion. This constant is largest for heavy, large ions. To
obtain room temperature d° magnetism in ZnO, non-magnetic ions with high mass are

suggested to be implanted into ZnO films.
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1. Introduction

The processing and transmission of information based on semiconductors
currently only uses the charge degree freedom of the electrons. Meanwhile, the storage
of information based on magnetic materials only uses the spin degree of freedom of the
electrons [1]. It will bring great breakthroughs to information technology if the
electrons’ spin and charge degrees of freedom can be controlled simultaneously, this is
known as spintronics. Diluted magnetic semiconductors (DMSs) are an example of a
material which can show both semiconducting and magnetic properties. Since the
theoretical prediction of a possible room temperature ferromagnetism in Mn-doped
Zn0 [2], ZnO-based dilute magnetic semiconductors have attracted much attention
over the past decade due to their potential applications in spintronic devices. Many
studies have shown that the inclusion of 3d transition metal dopants in ZnO leads to
ferromagnetism at room temperature. The 3d transition metal ions contain unpaired
electrons which can provide the magnetic dipole moments [3-6].

In recent years ferromagnetism has also been achieved in ZnO which was either
un-doped or doped with a nonmagnetic ion [7, 8]. This is known as d° ferromagnetism.
It has been found that d° ferromagnetism is strongly correlated with low crystalline
quality because defects play an important role in establishing the long-range
ferromagnetisnfi9-11]. However, the origin of the magnetism remains controversial as
it may be due to particular point defects or to the regions in the grain boundaries.

In this paper, high quality ZnO films have been prepared by rf-plasma assisted
molecular beam epitaxy on sapphire substrates and ion implantation has been adopted
to introduce non-magnetic ions into these films in order to assess the effects of defects
on magnetism. lon implantation is a nonequilibrium and reproducible approach to
introduce doped elements and defects into crystalline materials. Accelerated ions will
leave a trail of atoms displaced from their equilibrium lattice sites, thus creating
vacancies, interstitials or antisites before they finally come to rest and become a
nonmagnetic dopant. Single energy ion implantation has a near Gaussian distribution
and in our experiments, a sequence of four implantation energies was used to produce

a nearly box-like distribution of doped ions throughout a given depth in the films. The
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evolution of structure, optical and magnetic properties for As and Kr implanted ZnO
films has been studied experimentally [12,13]. To study the effects of ion mass on
magnetization, multi-energy Ar implantation has been carried out to introduce similar
concentrations of Ar as Kr but no magnetism was observed for Ar doped ZnO films. In
this paper, we used the Monte Carlo simulation code named Stopping and Range of
Ions in Materials (SRIM) to simulate the distributions of the multi energy implanted
ions and the implantation induced zinc and oxygen vacancies and interstitials. A
common radiation damage parameter, known as atomic displacements per atom (dpa),
which is defined as the average number of displacements per atom in the target
produced by a given radiation fluence, was calculated to serve as a standard measure of
primary radiation damage production. Our results show that the observed magnetic
moment measured at low temperatures due to implantation with a given ion is
proportional to the dpa. The constant of proportionality between the magnetism and the
dpa depends on the implanted ion. This constant is largest for heavy, large ions. This
may because ions with a large mass and radius implanted into the grains may cause a
marked grain fragmentation, leading to an increase in the volume of the sample
occupied by grain boundaries [13]. Although the dpa is commonly used as a
quantitative measure of radiation damage, and ion implantation induced d° magnetism
has often been observed experimentally, there are currently no reports on the results of
a study of the relationship between the value of the dpa and the magnitude of magnetism
for ions implanted into ZnO films. This study is also the first to investigate the effects

of the mass of the implanted ions on the dap and magnetism.

2. Experimental details
A RF plasma-assisted molecular beam epitaxy (MBE) system was used to grow
high quality O-polar ZnO films of 300-400 nm on sapphire substrates [LTHSc
plane of sapphire substrates were exposed to an oxygen plasma (270 W/1.5 sccm) at

500 ‘C for 30min to obtain a uniform oxygen terminated surface. After that, a thin

Table 1 Theimplantation parameters and magnetization for samples1to 9.



Concentr Magnetization

Samples 'Osn (El:e(i/r)gles '(:(,!lrjnezr)]ce ation (emuknt3) Magm;um
cm?d) 5K 300K P
400 1x103
200 3x102
Samplel As 8x10 0+10 0410 0.0254
100 2x102
30 1x10"?
400 1x10“
200 3x108
Sample2 As 8x10® 4+10 2410 0.254
100 2x108
30 1x103
400 1x10'
200 3x104
Sample3 As 8x10® 15+10 14410 2.54
100 2x104
30 1x10“
200 2.5x104
150 5x108
Sample 4 Kr 5x10-° 0+10 0+10 0.865
80 7.5x10°3
30 5x108
200 5x104
150 1x10“
Sample 5 Kr 1x100 38+10 28+10 1.73
80 1.5x1064
30 1x10“
200 2.5x10°
150 5x104
Sample 6  Kr 5x1¢*° 186+ 10 185+ 10 8.65
80 7.5x104
30 5x104
200 5x104
150 1.5x1G4
Sample 7 Ar 5x10° 0+10 0+10 0.678
80 2.5x104
30 8x103
200 1x10
150 3x104
Sample 8 Ar 1x10° 0+10 0+10 1.356
80 5x104
30 1.6x1G4
200 5x10%
150 1.5x16°
Sample 9 Ar 5x1¢° 0410 0+10 6.78
80 2.5x10°
30 8x104




MgO buffer layer was prepared at 500, which was followed by a ZnO buffer layer
and epilayer growth at 45@C and 650°C respectively. O-polar films were used
because it is known that these films absorb impurities more readily [14]. Argon,
arsenic and krypton ions were introduced into ZnO films using ion implantétion.
order to get a uniform distribution of implanted ions near the film surface, we adopted
amulti-energy implantation procedure at room temperature. A sequence of four
energies400keV, 200keV, 100keV, and 30keV for As, and 200keV, 150keV, 80keV,

and 30keV for Ar and Kr) were used and three samples for each type of dopants with
different concentrations were made. Sample 1 to sample 3 were doped with As ions,
sample 4 to sample 6 were doped with Kr ions and sample 7-9 were implanted with
Ar ions. Detailed ion implantation parameters (implantation energies,ces and
concentrations) for all the samples are shawhable 1. A superconducting quantum
interference device (SQUID, Quantum Design, MPMS) magnetometer was employed
to characterize the magnetic properties for all the samples at 5 K and 300 K and also
unimplanted films so that background signal could be subtracted. The magnetization
is measured in emu,dVin a film of area A, magnetization per unit volume is defined

as m:% emu/cni. Here d is the approximate thickness of the implanted region,

which is obtained by the distributions of implanted ions by SRIM calculations. The
magnetization for all the samples are also shown in Table 1.

3. Results and discussions

It is well known that defects play an important role in the observed magnetism of
non-magnetic ions doped ZnO. Although structure characterizations have been carried
out in many literatures to characterize the magnetic ZnO [11-13,15-17], it still remains
difficult to have a precise experimentally characterization of point defects in the doped
Zn0O. SRIM was written to permit the calculation of ion deposition profiles in materials
exposed to energetic beams of ions [18-21]. It can also be used to simulate the damage
in the target due to implantation. In this paper, we used SRIM-2008 to simulate the
distribution of implanted ions and implantation induced damage in Ar, As and Kr doped
ZnO films. There are two subroutines in SRIM main menu, “Stopping/Range Tables”
and “TRIM calculations”. The first subroutine allows the rapid calculation of ion ranges
over a large band of ion energies based on the transport equation approach. The latter

is a Monte-Carlo calculation which follows the ion into the target, making detailed
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calculations of the energy transferred to every target atom collision. In this paper, all
our simulation results are based on “TRIM calculations”. The threshold energies for
atomic displacements of Zn and O atoms are set to be 34 eV and 44 eV, respectively,
which were determined experimentally as the average over the direction-specific
thresholds obtained within the 15° angular window for ZnO irradiation at 300 K [22].
We first simulated the distributions of implanted ions by using TRIM calculation.
As examples, the distributions of multi-energy implanted ions for sample 3, sample 6
and sample 9 are shown in Fig.1. As can be seen, by using a sequence of four energy
ion implantations, a total As implants range to about 280 nm in depth with a nearly even
concentration of about 8 X 10" /cm?® from the film surface to about 150 nm in depth.
For the multi-energy Kr doped ZnO, the implants range to about 120 nm in depth with
a concentration of 5X 10%° /em® from 15 nm to 75 nm in depth. For the multi-energy Ar
doped ZnO, the implants range to about 220 nm with a concentration of 5X 10?° /cm?
from 18 nm to 140 nm. The ion distribution profiles are similar to the sum of the

individual Gaussian distributions for each implantation energy[11-13], where the
projected range Rp (depth of the peak concentration) and longitudinal straggle ARp ata

certain energy were rapid calculated using the “Stopping/Range Tables” module in

SRIM, and the ion distribution with implantation fluence @ can be expressed as

N(x) = _® exp[—w] , where X is the depth from the surface. The latter
AR 21 2AR?

method allows the rapid calculation of ion ranges over a large band of ion energies and

is widely used to design the multi energy implantation parameters to give a desired ion

distribution. The accuracy of 1on ranges with the rapid method is usually within 5% of

those found using TRIM, which is regard as the most accurate method of calculating

ranges [18-21, 23].



(a)
10
400KeV, 1E15
o G —0—200KeV, 3E14
‘" 8 @%@&? —o—100KeV, 2E14
5 ©oe };ﬁz@ﬁﬁ ——30 KeV, 1E14
o “x{—o— Summed implants
o 6
- \
g ooy &
s 400 e A
i 2 & :
ol 5
g 2plr sy ¢ %
5 Lt b % ]
(&) 0 O e R ]
0 50 100 150 200 250 300 350
(b) 6 Depth (nm)
o oo 200KeV,2.5E15
; [ & —o—150KeV,5E14
E S/« . soKkev,r5E1
S / % |—o— 30KeV,5E14
4 |- 0 .
= 5 |=9— Summed implants
b= [ O \o
53 //\ 0
-t L (! 1 0
© b\ = o
s 2t X;O 5 !
< c! & Y 2
8 [/ % :
g 1 jo,o @W
o it G
0 ¥ L O b S

Concentration(1020¢cm-3) 3

Fig. 1 (Color on line) (a) TRIM simulated As distribution in ZnO of sample 3; (b) TRIM
simulated Kr distribution in ZnO of sample 6; (c) TRIM simulated Ar distribution in ZnO of

sample 9.
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The depth profiles of the summed Zn/O vacancies and interstitials for sample 3,
sample 6 and sample 9 are shown in Fig.2. As can be seen, the depth distribution ranges
of Zn/O vacancies and interstitials are simitathe implanted ion distributions shown
in Fig.1, but the damage distributions are not as even as the ion distributions. For As
doped ZnO, the damage peak is from 30 nm to 80 nm in depth, and for Kr and Ar doped
films, they are from 20 to 40 nm and 30 to 70 nm, respectively. Our results show that
the damage occurred as the implanted ions slowed down and hence was in a region that
was closer to the sample surface than the average depth of the implanted ions. Also can
be seen is that more Zn vacancies and interstitials are produced by implantation than O
vacancies and interstitials, with a ratio of about 1.8, which may because of that the
energy of a displaced Zn is lower than that of O, i.e., 34 eV versuws/4Zhe
theoretical peak for the vacancy concentratiasf isrder of 18%vacanciesim®, which
is unrealistic and occurs because SRIM simulates the primary radiation damage
production and does not consider tleeombination of the resultant vacancies and
interstitials. It is believed that 99% of the Frenkel pairs recombine instantly, leaving
only 1% damage [43Taking this into account, the peak vacancy density is estimated
to be of the order of #vacancies/cf Structural characterization of the implanted
film confirm that it is certainly damaged but the impkhayer is not amorphous, as

would be foravacancy concentration of ¥Fem3[11-13].
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Fig. 3 (Color on line) SRIM simulated vacancy and inter stitial distributionsfor (a)As doped-
ZnO of sample 3; (b) Kr doped ZnO of sample 6; (c)Ar doped ZnO of sample 9

The radiation-damage effects due to different implantation conditions is compared
using an analysis of the number of dpa which provides a common basis of comparison
of the damage obtained due to different ions, As, Kr and Ar implanted at different
energies.

The formula to calculate dpa in ion implantation is

_ d(ions/cnt My 1)

dpa
P N

Where® is the implantation fluence,is the number of displacements produced by
primary knock-on atom (PKA), which can be found in the TRIM outpil¢, and N is
the atomic density\=8.3x1G? atomstn? for ZnO.

The number of displacements caso be calculated from the damage energy using



the internationally-recognized standard method, NRT model. According to NRT model,

the total number of displacements produced by a PKA can be expressex[24,25]:

T
y = 0.82"—';:‘ (2)

Where Tamis the damage energyid represents the portion of the PKA energy
that is dissipated in elastic collisions with atoms in the lattice. With the lattice binding
energy set to zerthe damage energy is simply the energy equal to the initial ion energy
minus the energy dissipated in ionization [Z4r “TRIM calculations”, there are two
basic options named “Detailed Calculation with full Damage Cascades” and the “Ion
Distribution and Quick Calculation of Damage”, The first option is referred to as Full
Cascade (F-C) and it follows every recoil until its energy drops below the lowest
displacement energy of any target atom, hence all collisional damage to the target is
included. The latter gives quick statistical estimates based on the Kinchin-Pease model,
referred to as K-P option. Stoller et al. investigated the differences in calculating
displacements by using the standard NRT model, SRIM-based displacement and MD
calculation, and recommended that displacement from damage energy with K-P option
is the best choice for dpa calculation by using SRIM simulation [24]. As their
calculations based on iron and nickel target, to test the difference for ions implanted in
compound semiconductors, calculations were carried out for ZnO implanted with As,
Kr and Ar ions for a range of energies, as is shown in Table 2. It can be seen that the
number of displacements per ions obtained from TRIM calculation with F-C option is
much larger than that with K-P option, with a factor of about 1.5. However, the
displacements calculated from damage energy with these two options are almost the
same, with a ratio of 1.05-1.06. Thissisnilar with the previous results of Fe ions
implanted into pure iron and He ions implanted into nickel, where the larger factor is
about 2 and the similar one is 1.05 to 1.1 [24]. In the following dpa calculation, we
followed the recommendations given by the authors in Ref. [24], and calculated the
displacement from damage energy with K-P option.

Fig.3 shows the depth dependence of dpa for sample 3, sample 6 and sample 9. As
can be seen, sample 9 has a much broader dpa distribution with a maximum dpa value
of 6.78 which is a little bit smaller than sample 6 but much bigger than sample 3.
SQUID measurements show that considerable room temperature ferromagnetism has

been observed for sample 3 and sample 6 while none for sample 9. It seems that

10



although magnetism originate from radiation damage for non-magnetic ions implanted
ZnO films, magnetization is not solely determined by dpa and it also has a close

relevance to the implanted ions itself.

Table 2 Damage calculations for sample 3, sample 6 and sample 9 using SRIM-2008.

Inci t . .
.r(l(r:]lc;enr; Calculation Displacements from TRIM | Displacements from Damage energ
i
option in -
ener Integration of F-Cto K-P )
gy SRIM g . y, EQ.(2) F-C to K-P ratio
(kev) vacancy ratio
F-C 371 248
As, 400 1.49 1.05
K-P 249 236
F-C 202 135
As, 200 1.49 1.05
K-P 135 128
F-C 199 133
Kr, 200 1.50 1.06
K-P 132 125
F-C 32 21
Kr, 30 1.60 1.05
K-P 20 20
F-C 157 106
Ar, 200 1.47 1.03
K-P 107 103
F-C 30 20
Ar, 30 1.50 1.00
K-P 20 10
9
RS
8 Irs
p A —a— Sample 3
7 B —a— Sample 6
6 —4 Sample 9
© 5k
Q 5
T 4
3
2
1
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0 100 200 300 400
Depth (nm)

Fig.3 (Color on line) The depth dependence of dpa by SRIM simulation using K-P options

with displacement obtained from damage energy for sample 3, sample 6 and sample 9.

To explore the effects of radiation damage on magnetism, Fig.4 shows the
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dependence of saturation magnetization Ms at 5 K on the corresponding maximum dpa
obtained from the in-depth profile in Fig.3. Linear fits of Ms versus dpa for each kind
of ion implanted samples are also given. The linear fit occurs for samples that retain
their crystallinity, as was found here, and should break down should the film become
amorphous. A summary of damage and magnetization for sample at 5K were also given
in Table 3. We used the values of the magnetization at SK because the calculations of
dpa performed by TRIM do not include temperature effects. As can be seen from Fig.4,
ferromagnetism has been observed for krypton and arsenic implanted ZnO samples and
the saturation magnetization increases with the increase of concentration of the
implanted ions. ZnO samples doped with Ar have similar dpa with Kr but are not
magnetic. It seems that Ms depends on the dpa for a given implanted ion but the
constant of proportionality must depend on the mass or size of the implanted ion.
Similar results have been obtained for ion implanted single crystalline SrTiOs, where
the authors showed that no relation between the occurring of ferromagnetism and the
number of total atomic displacements introduced by implantation of different ions [26].

Our results proved that magnetization has a close relevance to the properties of
implanted ions. Big magnetization can be realized for heavy ions implanted into ZnO
films. This may because of that heavy ions might cause a marked grain fragmentation
when implanted into the grains, leading to an increase in the volume of the sample
occupied by grain boundaries. It has been shown that the grain boundaries that are
produced as a result of ion implantation are more efficient at generating magnetism than
point defects [13]. To obtain room temperature d’ magnetism in ZnO, non-magnetic
ions with high mass are suggested to be implanted into ZnO films.

Also it should be pointed out that SRIM simulates the primary radiation damage
production and the subsequent reaction between the defects and the influence of ZnO
surface polarity on damage and magnetism could not be considered here. Some of these
defects can join up to give grain boundaries and this will certainly influence the
resultant d° magnetism.

We can relate the observed magnetization, Mo, to the magnetization induced by
each implanted ion, gus. For a fluence, @, over an area, 4, the value of g is given by
_ M,

B AD

g The values found for samples 2,3,5,6 are 8, 14, 31,31 respectively. These
numbers are too large to be associated with a single defect state associated with the

12



implanted ion and arise from the many defects formed as the implanted ions travels

through the film.
200
Sample 6
B As doped ZnO
® KrdopedZnO
150 | A Ardoped ZnO

Ms(eumlcm3)
g 3

Sample 3

A Sample 9
1

0 2 4 6 8 10
maximum dpa

Fig. 5 Ms vs the corresponding maximum dpa for sample 1 to 9 and the linear fits for each
kind of ion implanted samples

Table 3 Summary of theresultsfor damage and magnetization for sample 3, sample 6 and

sample 9
Sample 3, As (75) Sample 6, Kr Sample9, Ar

(84) (40)

Concentratiorgnt?) 8x10+° 50x10° 50x10°

Total fluence(cnT?) 16x104 42.5x164 98x10+4

Zn vacancies A (cntd) 1.8x1G°3 6x1073 5.2x103°

O vacancies ¢fcnt) 1.2x1@33 3.5x10° 3x103

Maximum dpa 2.5 8.7 6.7
Ms (T=5K) (emu.cn¥) 15 186 ~0

4. Conclusions
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We have done the first systematic study of ion implantation in ZnO and its effects on
magnetism. We used 3 different ions to implant into ZnO films depositeddigsma
assisted MBE. The magnetic properties of the samples were characterized by using a
high sensitive SQUID. Considerable room temperature ferromagnetism has been
observed for heavily As and Kr doped ZnO samples while not for Ar doped samples
with similar damage distribution8ur results show that there is a strong dependence

for magnetism on the type of ion as well as the ions concentration. The observed
magnetic moment measured at low temperatures due to implantation with a given ion

is proportional to the dpa. The constant of proportionality between the magnetism and

the dpa depends on the implanted ion. This constant is largest for heavy, large ions. This

may because of that heavy ions implanted into the grains might cause a marked grain
fragmentation, leading to an increase in the volume of the sample occupied by grain
boundaries. To obtain room temperature d® magnetism in ZnO, non-magnetic ions with

high mass are suggested to be implanted into ZnO films. Although dpa is commonly

used as a quantitative measure of radiation damage, and ion implantation induced d°
magnetism is frequently observed experimentally, there is no previously published

report on the relationship between the value of the dpa and the magnitude of magnetism

in ion implanted ZnO films.
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