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Abstract

ZnO microrods were grown on glass substrates bgpnay pyrolysis method and boron was
doped into the ZnO microrods by diffusion. X-rayffidiction results confirmed that the

incorporation of B leads to a slight reduction Ime tdeposit texture. Scanning electron
microscopy measurements showed that the morphabgiye ZnO samples changed from a
microrod to nanocrystalline structure with B-dopiRipotoluminescence data indicate that B-
doping leads to a relative increase of the unsiradt green band intensity. Magnetic
measurements revealed that B-doped ZnO samplesbixhi room temperature

ferromagnetism related to defects, in agreemei fivit principles theoretical calculations.
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1. Introduction

ZnO has attracted great interest because it ftieeat band gap of 3.37 eV at room
temperature and a large excitonic binding energp®imeV.By combining these optical
properties with its electrical propertiegiO has many important potential applications & th
field of electro-optical devices such @¥ light emitters, transparent electrodgas sensors
and solarcells [1-3]. ZnO has also a ubiquitous intrinsitype electrical conductivity, which
is attributed to various intrinsic defects like gey vacancies and zinc interstitials as well as
extrinsic impurities such as hydrogen and othemintigs. After doping by group Il elements
such as B, Al and Ga, which act as donors in Zh@,electrical properties of ZnO can be
altered and controlled [4,5].

ZnO has received considerable attention since Biedl. [6] theoretically predicted
that ZnO should be a good candidate for room teatpes Dilute Magnetic Semiconductors
(DMS) for spintronic applicationsAfter this theoretical study, many research grobpse
reported studies on transition-metal (TM)-doped Zexhibiting ferromagnetism with a. T
above room temperature. For example, Ugtdd. [7] obtained ferromagnetic behavior with a
Curie temperature higher than room temperatur€&doped ZnO films grown by the pulsed
laser deposition method. Additionally, Liet al. [8] reported room temperature
ferromagnetism in Ni-doped ZnO thin films also growy the pulsed-laser deposition
method. The work by Pradhahal. [9] indicated that Zp,Mn,O films grown at a substrate
temperature of 500 °C exhibited room temperatumofeagnetism and growths beyond 500
°C showed a decrease in the magnetization duestiotmation of Mn-related clusters.

In recent years, many experimental and computdtigneups have focused on
examining the influence of nonmagnetic ion dopi@glfq, N and B) in ZnO to obtain high T
ferromagnetic semiconductor. For instance, Btaa. [10] predicted ferromagnetic behavior

with a T, over 400 °C in C-doped ZnO based on their firgtpples calculations.



Specifically they predicted a magnetic moment d22ug per carbon atom as carbon
substituted oxygen in ZnO. This theoretical praditivas later confirmed experimentally for
the C-doped ZnO films grown by the pulsed laseodigmn method. Yet al. [11] studied C-
doped ZnO powder samples prepared by a standdddstate reaction method and sintered
separately in both argon and nitrogen ambient shatved ferromagnetic behavior at room
temperature. However, the samples grown in an argtmosphere had a larger
ferromagnetism than those grown in nitrogen. Efual. [12] obtained room temperature
ferromagnetic behavior for their In-doped ZnO naimes; showing that the ferromagnetism
enhanced significantly with In-doping and they expéd that the origin of the observed
ferromagnetism is related to oxygen vacancies ieduxy In-doping. Furthermore, the study
reported by Wet al. [13] indicated that N-doped ZnO thin films syntizesl by pulsed laser
deposition method under different Nressures exhibiting room temperature ferromagmeti
They clarified that the origin of ferromagnetism tbe samples of ZnO:N grown under a
pressure of 10 Pa is attributed to Zn interstitiedlects. However, Zn vacancy defects were
attributed as the cause of ferromagnetism in sasrgfl@nO:N grown under a pressure of 50
Pa. Xuet al. [14] obtained room temperature ferromagnetism expntally following their
theoretical predictions of such behaviour for tHgéidoped ZnO thin films prepared by the
pulsed laser deposition technique. They explaimed the origin of the ferromagnetism in
their samples is due to the induced magnetic monoénbxygen atoms in the nearest
neighbour sites to B—Zn vacancy pairs. Therefolthoagh there are many experimental
studies on magnetic and non-magnetic doped ZnO isgowoom temperature
ferromagnetism, there is no consensus on the oofjferromagnetism in doped ZnO-based
materials [15-17]. The origin of the ferromagnetismnonmagnetic ion doped ZnO is very
likely to be significantly different from that imé case of TM-doped ZnO due to the dominant

p-p interactions in the former rather than tbel and p-d interactions in the latter [18].



However, recent studies on both magnetic and nagnetec ion doped ZnO proposed that
intrinsic defects also are very important in terofstheir contribution to ferromagnetic
ordering in oxide based DMS [19,20].

To our knowledge, there are few reports in thediiere on B-doped ZnO microrods,
especially in terms of investigation of the magnetioperties of these samples in conjunction
with other sample properties. In this paper, weehstudied the structural, optical, electrical
and magnetic properties of B diffusion-doped Zn@@zB) samples, which were synthesized
via a spray pyrolysis method on glass substratdsdéfusion-doped at 600 °C for different
annealing times under an argon ambient atmospMWgee.have studied the effects of B
diffusion-doping on intrinsic defects using photoinescence and we have also tried to
correlate the optical and magnetic properties tplan the origin of the observed room
temperature ferromagnetism in our samples. In @hdit first principles theoretical
calculations were made to further clarify the origif the observed ferromagnetism and to

complement the deductions from the experimentalsoreaments.

2. Experimental and computational details

ZnO microrod arrays were prepared by the spray lpsio method in an air
atmosphere. The experimental setup and other empstal procedures are explained in more
detail elsewhere [21]. The solution was preparaamfrzinc chloride (ZnG) at 0.1 M
concentration in deionized water and was then sgfan the glass substrates. The growth
was performed with a spray rate of ~5 ml/min angrewth rate of ~50 nm/min. Prior to
growth, the glass substrates were cleaned in etlambthen dried in vacuum. During the
growth, the substrates were rotated with a speedOofevolutions per minute and the
substrate was held at a temperature of 550 °C.rBoretal was evaporated on deposited ZnO

microrods by an e-beam evaporation system withessore during deposition of ~6x20



Torr. The amount of B deposited was measured bygtsyseopic ellipsometry (Angstrom
Advanced Inc., model PHE 102 and found to be ~20 After B deposition, the samples
were annealed in a one side sealed quartz tubehw¥as first evacuated to ~¥(rorr and
then filled with high purity argon gas to a pressaf ~1.5x10° Torr for the actual annealing
procedure. Annealing of the samples was carriecadiked temperature of 600 °C for 8, 16
and 24 h durations. The crystal structure of threas was investigated using a Bruker AXS
D8 advance texture diffractometer with Guiadiation, operated at a voltage of 40 kV and a
current of 40 mA, over the rang®-=20-60° with a step of 0.01° at room temperatuiee T
crystal quality was further studied by X-ray rodkiourve (XRC) measurements of the (002)

reflection_over the range=0-30° with a step of 0.01°. The surface morpholaggs studied

with a Zeiss EVOLS 15 SEM (scanning electron micopy) with an acceleration voltage of
20 kV. The resistivity and carrier concentratiortlué samples were determined, respectively,
by four point probe and Hall Effect measurements. this, a Keithley, model 2400 series
sourcemeter was used to measure the required paraméth a home-made system using a
four probe configuration at room temperature. Thetaied chemical composition and
bonding types in the surface and near-surface megbthe deposits were examined by X-ray
photoelectron spectroscopy (XPS) using an UNISPESEA system equipped with an Al
Ko X-ray radiation source of 1486.6 eV-energy. Theekic energies of emitted electrons
from the samples were analyzed by a concentric $pgmerical analyzer, which operates in the
constant pass-energy (CAE) mode, under a vacuuni®st0® Torr. The surface of the as-
grown samples was sputtered by argon ions befor® XPorder to clean the surfaces and
avoid contributions from unintentionally depositeédand O contamination due to atmospheric
exposure. To correct for any charging effects atheentitious carbon C 1s photoelectron peak
at 285.0 eV was consistently used as a referencthéobinding energies of core levels and

Auger peaks. Photoluminescence (PL) measurememéspeeformed at 10 K, using a SPEX



1704 monochromator and the samples were cooledamifiosed cycle cryostat (model Janis
SHI-950-5). PL spectra were excited with the 325Ima of a He-Cd laser operating at 20
mW, unfocussed on the sample surface. Magnetizatieasurements of the samples as a
function of magnetic field and temperature wereiedrout using a Quantum Design Physical
Property Measurement System (PPMS) with a vibradeomple magnetometer module.

The first-principles theoretical calculations wearied using a projected augmented
wave (PAW) method [22] as implemented in the Viemkainitio Simulation Package
(VASP) [23,24] The generalized gradient approximation (GGA-PBE,28] was used for
the exchange-correlation potential. A plane-wauv®ft@nergy of 500 eV is used throughout
the calculations. In all calculations, self-consmty is achieved with a tolerance in the total
energy of at least 0.1 meV and a Gaussian smeaidth of 0.1 eV is used. PAW potentials
with the valence states 4s and 3d for Zn, 2s ando2®, B were employed. A gamma-
centered k-mesh was used to sample the irreduBiblisoun zone (IBZ) [27] A k-points

mesh of 3x3x3 was found to be sufficient to reamfivergence for bulk calculations.

3. Resultsand discussion

Fig. 1 (a)-(d) shows the XRD data for undoped Znealed at 600 °C and B
diffusion-doped ZnO microrod samples annealed & 8D for 8, 16 and 24 h in argon,
respectively. The observed reflections from themmpes are in good agreement with the
JCPDS standard data (PDF No. 36-1451) of wurthexdgonal) ZnO powder. It was seen
that both undoped and B diffusion-doped ZnO sampidsbit peaks corresponding to the
(002), (101) and (102) planes, with the (002) pglatwing by far the highest intensity in all
cases, implying that all the samples have a hexagonystal structure with a preferred
orientation (texture) with the substrate normalafiat to the normal to the ZnO (002) plane.

No peaks belonging to B and its oxidesother impurity phases were detected within the



sensitivity of our XRD measurements, indicatingttttee B was incorporated into the ZnO

host lattice without changing the crystal structanel orientation. The-axis lattice parameter

value is calculated using the ZnO (002) reflect@onl it is found that undoped ZnO sample

annealed at 600 °C show a dominant peak at abo8634orresponding to eaxis lattice
parameter value of 0.522 nm. However, the reflestidrom B diffusion-doped ZnO
microrods were shifted to larger angles, implyidwattc-axis lattice parameter values
decreased with increased annealing time as listefable 1. The reduction of the lattice
parameter value is probably due to the substitutibower radii of B* (0.027 nm) with
higher radii of ZA* (0.074 nm). The decrease of tbeaxis lattice parameter upon B
incorporation indicates that the samples were state of compressive strain along thaxis
[28].

Fig. 2 (a)-(d) show the XRC data (of the (002) eefiions) of the same samples

mentioned above. The full width at half-maximum (AW) of the curves are determined by

fitting the data with Gaussian functions. The FWHMthe undoped ZnO sample annealed at

600 °C is 14.5°, which indicates a range of cryis¢at-axis orientations around the normal to
the substrate, consistent with the SEM data fomtierorod arrays, which shows a range of
microrod tilts, as in Fig. 3. The XRC FWHM valuektbe samples increase after B-doping
are summarized in Table 1, indicating that cryspadlity/texture is deteriorating with the
increase of annealing time for B diffusion-dopiragmples, which is consistent with the SEM
data shown below

The surface topography of the synthesized ZnO ZmQ:B samples was examined
using SEM and the data are shown in Fig. 3. Fig) 8iows the ZnO rod sample annealed at
600 °C for 8 h. This image shows that a dense diepbseasonably well-aligned hexagonal
ZnO microrods is formed, consistent with the XR@adaf Fig. 1 and 2, and that the diameter

of the ZnO microrods varies from 1 tou2h, although some thinner rods with diameters of



about 0.5um in diameter are occasionally seen. The lengththeofods are in the order of 3
um (based on cross sectional SEM data, not showa).hEhnis structure is strongly affected
by the B diffusion-doping process as seen in Ff).3B diffusion and subsequent annealing
at 600°C for 8 h led to a disappearance of the regulapeth@ods. In their place, a tubular-
shaped microstructure appeared. Diffusional anngdéir 16 h resulted in complete alteration
of the morphology and a granular microstructure wlaserved with grain sizes below 1 pm
as illustrated in Fig. 3(c). Further increasing #mealing time yielded the microstructures
shown in Fig. 3(d) with the grains becoming mosiino-sized spheres and with some of the
grains clustering in addition to the developmensoife porosity. These data all indicate a
deterioration of the crystal quality and these ltsare consistent with the increase of
resistivity observed for the samples annealed @r&0for 24 h, as mentioned below. In order
to show clearly the effect of the B diffusion preseon the samples, the microstructure

observed after the 16 h B-diffusion process is shata 60 tilt angle in Fig. 3(e).

Fig. 4 shows the XPS survey spectrum of the Zn@iB@e annealed at 600 °C for 24
h, which initially underwent an argon ion sputteriprocess in order to reduce the
concentration of impurity atoms of C and O. Compgrivith the known binding energy
values of various elements, the survey spectruncates the presence of Zn, O, B and C
elements in the surface and near-surface regiortieofample as well as Mg, Ca and Na
contributions coming from the glass substrate, nigsly due to the porosity referred to
above which allows some of the substrate to be ®egbto the X-ray beam. The inset of Fig. 4
illustrates the core level spectral region of th&@Bpeak at approximately 192.6 eV, with the
exact peak position corresponding to that f6f B B,Os (B-O bond) [14,29] Additionally,
the B near surface content of the ZnO:B sample ardeat 600 °C for 24 h was determined

from XPS measurements and found to be ~0.8 at.%.



The resistivity and electron concentration for ypelb ZnO microrods annealed at 600
°C for 8 h are found to be 3.2X40® cm and 2.1x18 cm®, respectively. All details relevant
to the determination of these values can be founcef. [30]. However, after B diffusion-
doping and subsequent with annealing at 600 °C8fdr, the resistivity of the samples
decreased to a minimum value of 4bcm while the electron concentration reached a
maximum value of 1.3x2® cmi®. This behavior can be explained by the introdurcté B>
donor ions to substitutional sites ofZZiin ZnO host lattice which provides conduction band
electrons, leading to an increase in the free@aconcentration [31]. With further increase of
the annealing time to 24 h, the resistivity of #aenples reaches 3.3¥1Q cm and the carrier

concentration decreased to 5.4¥16m? |, as listed in Table 2. The decrease in the carrie

concentration most probably results from the ineeedaB concentration generating intrinsic
defects which compensate some of the B donors,hakituces the carrier concentration. The
increase in resistivity may also be related toittoeeased porosity with increasing annealing
time (shown in Fig. 3(d)) reducing the carrier mityi
In order to investigate the influence of B diffusidoping on optical emission and

defect formation, PL spectra of all the samplesewaeasured at 10 K. Fig. 5 (a)-(d) shows
PL spectra of undoped ZnO annealed at 600 °C torad B diffusion-doped ZnO samples
annealed at 600 °C for 8, 16 and 24 h, respecti(alyspectra normalized to the strongest
near band edge UV peak emission). The dominant Bk geen in all the samples is located
at ~3.36 eV and is ascribed to the near band edB&) emission due to excitons bound to
donors (DX, members of the so-called | line series) [32]eTnergies of these peaks are
identical within less than 10 meV for all sampleglicating that the dominant donor bound
exciton emission energy is not significantly aféetby the B incorporation and thus that the
band gaps at low temperatures in all samples anesilidentical. Any slight changes in the

peak emission are ascribed to changes in the domdwaor following boron incorporation.
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The inset of the Fig. 5 shows, on a magnified scthle relative deep level visible band
emission (DLE) of undoped ZnO annealed at 600 1@fh and ZnO:B samples annealed at
600 °C for 8 h. These data display an increasenénrelative intensity of DLE with B
diffusion-doping, suggesting that both B diffusidaping and annealing in argon ambient
have an effect on the DLE band intensity. It isaligubelieved that annealing in O-deficient
conditions such as argon and/or vacuum helps to fowint defects in ZnO [33]. There are
also likely to be effects from B incorporation inén sites and hence there may be
complexing of B with native defects like oxygen &acies (\), zinc vacancies (M) or
oxygen interstitials (€ [34]. Additionally, as shown in Fig. 5, with artber increase of
annealing time, the samples display a significantdase in the intensity of the DLE (in the
range of 425-600 nm), implying a significant in@eaf the concentrations of the intrinsic
defects responsible such ag\VWW, and Zn[35,36]. Yuet al. investigated the effects of B
concentration on ZnO nanorods grown by a low-teapee hydrothermal reaction method
on Si substrates and found that the relative intleio$ the broad visible emission increased
with an increase of B doping content from 0 at.%3tat.%. They proposed that the ZnO
lattice becomes more distorted for higher dopingele and that the defect density due to
vacancies, oxygen, and/or dangling bonds wouldribeeced, resulting in a stronger visible
emission [37]. This explanation is consistent vatit observations of increased strain in these
samples measured by XRD. In addition, at longer edngths, B diffusion-doped ZnO
samples annealed at 600 °C for 16 and 24 h exaibitoad red luminescence in the range
610-800 nm which is probably due to;YQefects [38-41].

In order to understand the magnetic behavior ofuhdoped and B diffusion-doped
ZnO samples, the magnetization versus field depeaeurves of these samples were
measured at 300 K and are shown in Fig. 6. The aaetic contribution from the substrate

is subtracted from the total magnetization. Undoge® microrods annealed at 600 °C for 8
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h (shown in inset) did not exhibit ferromagnetichdeor at room temperature. Similar
diamagnetic behaviour was observed by dtial. for ZnO nanowires grown by a vapor phase
transport process [12Dn the other hand, B-doped ZnO films annealed at°€Dfor both 8
and 24 h are found to show hysteresis, indicatngmagnetic behavior at room temperature.
The ZnO:B samples annealed at 600 °C for 8 and pédsess a saturation magnetization
(Mg value of 0.89 and 0.45 emu/@mrespectively, indicating a decrease in the
ferromagnetism with an increase of annealing tiihés generally believed that there is a
positive relation between the value ofs Mnd the carrier concentration of the samples,
suggesting that the decrease of carrier concemtratiay help to reduce the ferromagnetic
response of the material [42]. Thus one of the aessfor the deterioration of the
ferromagnetic response may be due the decreasarwércconcentration with increase of
annealing time for ZnO:B samples. The other reasay be the increased intrinsic defect
concentrations introduced during the annealing ggs@as discussed earlier. A very similar
result was obtained by Sharreaal. who investigated the effect of hydrogenation tiame
magnetic properties for hydrogenated Mn-doped Zn€pgred by a solid state reaction
method, which showed that as the hydrogenation tinceeased from 3 h to 5 h, the
ferromagnetic response deteriorated due to defiettsduced in the samples for longer
hydrogenation times [43]t is also showed that ({Ddefects in particular have an important
effect leading to the decrease of ferromagnetipaese and therefore this may especially
affect our ZnO:B sample annealed at 600 °C for 2&/Hich exhibited poorer magnetic
behavior than the ZnO:B sample annealed at 6000f® th and which showed evidence in
the PL data discussed earlier for the presence défects [41].

With regard to the origin of the ferromagnetism eved in our samples and
considering the full range of XRD, XPS, electriaid optical measurements, our data

support the hypothesis that the observed room teahpe ferromagnetic behavior is related
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to the presence of intrinsic defects in additiorin® B dopant. We have not observed B and
B-related oxides in our XRD data, but even if thase present below the sensitivity limit of
our equipment, the fact that these phases are rgpmha means that the origin of
ferromagnetism in these samples cannot be attdhbist¢hese impurity phases. As discussed
in relation to the PL data previously, the relatimensity of the deep level band for B
diffusion-doped ZnO samples is higher than thatundoped ZnO, indicating that boron-
doping may increase the concentration of intrimkgfects such asy, V, and Znwhich may
play significant roles to induce the room tempematterromagnetism for ZnO:B samples
[44].

Our theoretical calculations support these conchssi from experiments. The
calculated lattice parameters for wurtzite ZnO ¢/iehlues ofa = 0.3253 nm and/a = 1.611
within the GGA-PBE approximation, which are in inogl agreement with experimental data
[45]. The 100’s of nmim-scale morphology of the ZnO deposits in our expents mean
that carrier confinement and other effects dueotw tlimensionality are not relevant and
calculation methods for bulk ZnO material are salédor comparison with these samples. In
order to model the B doping process we have substittwo Zn atoms in the 128 atom
(4x4x2) supercell of ZnO by B atoms, which corregpsto the doping concentration of 3.12
at.%. We have studied the magnetic properties ekByO, with no other defects, which is
found to be nonmagnetic. However, as highlighteavabdefects in semiconductors can play
an important role with respect to electronic andynadic properties of the system. Therefore,
we have chosen to investigate intrinsic defectsat#d in B-doped ZnO. We have considered
two types of defects in the system: the oxygen neg4V,) and the Zn-vacancy Q). Two
Zn or O atoms are removed from supercell, respelgtito model these scenarios and the

corresponding vacancy concentration is 3.12 at.%.
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Firstly, we have investigated the magnetic propsriof B-doped ZnO with §/ a
system which is still non-magnetic,8oes not induce a magnetic moment in the neighgorin
atoms of the vacancy. Secondly we have introducgddefects in the system to explore the
magnetic moment in the B-doped ZnO. We have assuwed/z, defects in the bulk with the
distance 0.548 nm between these vacancies. Herbawe considered two cases. In case-l,
we have put the dopant at the distance of 0.313ram the Zn-vacancy and in second case,
distance between dopant and vacancy is 0.548 neioliserved that the ferromagnetic (FM)
phase is more stable than the antiferromagnetid(Afhase by an energy difference of 278
and 177 meV for case-l and case-ll, respectivehis Energy difference in B-doped ZnO
with Vz, defects is very high compared to the thermal gnatgr below room temperature
and is certainly enough to justify room temperatteeomagnetism. The total magnetic
moment of the FM phase is 1.48. We have calculated the spin polarized total azdigd
density of states (PDOS) of Zn, O and B atoms whiehin neighboring sites tozydefects
in the system (shown in Fig. 7). This clearly irades that the induced magnetic moments are
mainly contributed by oxygen atoms (0.16§ which are very close to the nearest neighbor
sites to B—Zn vacancy pairs, while the neighboriitg atoms carry very small magnetic
moments (around 0.02&). The partially filled states appear in the pardi@nsity of states of
O which is very close to the B and Zn vacancy. Neging Zn 3d and O 2p states of thg,V
are hybridized at the Fermi level. The density tates indicates that the system shows half
metallic behavior which decreases the resistivitthe B-ZnO system with }, defects.

The magnetization versus temperature (M—-T) curvesewneasured in a temperature
range of 20-300 K for ZnO:B samples annealed at“@@or 8 h and 24 h and are shown in
Fig. 8. As can be seen from these data, the magtieth of both curves is almost constant in
the temperature range 50-300 K followed by an abingrease upon further cooling toward

20 K. Based on these data we can conclude tleCurie temperatures for these samples are
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well above room temperature, but it is hard to ueiee the exact value as it exceeds the

accessible range of our measurements.

4. Conclusions

Based on the data from morphological, structurldctacal, optical, and magnetic
measurements of our samples the following maintpogmerge: (i) both ZnO and ZnO:B
samples have the wurtzite structure with c-axisued normal to the substrate surface; (ii)
boron incorporation leads to substantial changahenZnO microstructure; (iii) XPS results
reveal the incorporation of B as®*Bon Zn sites in the ZnO host lattice; (iv) Hall
measurements show that the carrier concentratioreased from 2.1x10cm?® to 1.3x16°
cm® and 5.4x1& cm® for ZnO annealed at 600 °C for 8 h and ZnO:B sampinnealed at
600 °C for 8 and 24 h, respectively; (v) PL resgt®w that boron doping increases the
relative intensity of deep level intrinsic defeetated emission bands; (vi) B diffusion-doped
ZnO samples clearly displayed FM loops at room tenajpire and (based both on the
experimental data and first principles theoretmr@dictions) the origin of the observed room
temperature FM is concluded to be due to oxygemain the nearest neighbor sites to B—Zn

vacancy pairs, consistent with the conclusions wéebal. [14].
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Figure Captions

Fig. 1. XRD diffractograms of undoped ZnO anneae@00 °C for 8 h (a) and B diffusion-
doped ZnO samples annealed at 600 °C for 8 h @, (t) and 24 h (d).

Fig. 2. XRC data for undoped ZnO annealed at 60®f@ h (a) and B diffusion-doped ZnO
samples annealed at 600 °C for 8 h (b), 16 h (d)2anh (d).

Fig. 3. SEM images of undoped ZnO annealed at 60f@r 8 h (a) and B diffusion-doped
ZnO samples annealed at 600 °C for 8 h (b), 1§,i2&h (d) and a 60° tilted view of a B
diffusion-doped ZnO sample annealed at 600 °C @on {e).

Fig. 4. XPS survey spectrum for B diffusion-dopetlZsample annealed at 68D for 24 h.
The inset corresponds to the B 1s core level.

Fig. 5. Low temperature PL spectra of undoped Zn@ealed at 600 °C for 8 h (a), and B
diffusion-doped ZnO samples annealed at 600 °®@ to(b), 16 h (c), 24 h (d). Inset shows
DLE band on a magnified intensity scale for the gl shown labeled (a) and (b).

Fig. 6. Room temperature M-H curves of B diffusaoped ZnO samples annealed at 600 °C
for 8 h and 24 h. Inset shows M-H curve of undoge® microrods annealed at 600 °C for 8
h.

Fig. 7. Calculated total and partial density otestaof B-doped ZnO with Zn-vacancy defects.

The vertical line indicates the Fermi level.
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Fig. 8. Temperature dependence of magnetizati@ffusion-doped ZnO samples

annealed at 600 °C for 8 h and 24 h.

Table Captions
Table 1. Lattice parameters and XRC FWHM for undbgeO and B diffusion-doped ZnO

samples.
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