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ABSTRACT

We have investigated the possible relationship between defects, carbon bonds and the associated
magnetic properties of carbon doped ZnO powders with nominal carbon intentional concentrations
of 0, 1, 3, 5, 8 and 10 mol %. The samples were prepared by mechanical milling assisted by solid
state reaction and carefully characterized using different techniques. X-ray diffraction and micro-
Raman analysis revealed structural changes below and above the nominal carbon doping
concentration of 3 mol % along with formation of intrinsic defect complexes. It was found that the
oxygen, zinc content and the band gap of ZnO gradually decreases with increasing carbon content.
XPS studies revealed the formation of Zn—-O—C and O—C-O bonds and partial substitution of
oxygen by carbon, in the form of Zn—C in all samples. When the nominal doping concentration
increased above 3 mol %, formation of C—Zn—C bonds was drastically increased. Undoped ZnO
sample was diamagnetic and free pure graphitic carbon was paramagnetic, while the 3 mol % carbon
doped ZnO sample displayed maximum saturation magnetization. The room temperature
ferromagnetism (RTFM) has been ascribed to the presence of Zn—O-C, O—C-O and O—Zn-C
bonds, where oxygen atoms may play a crucial role for mediating the long range magnetic
interaction. C—Zn—C bonds decrease the saturation magnetization by encouraging antiferromagnetic
behavior and the formation of intrinsic defects related with the carbon doping seem to have no

influence on the RTFM observed.

Keywords: C-ZnO bulk, Diluted magnetic semiconductor, d° Ferromagnetism, XPS, Room

temperature ferromagnetism.
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1 INTRODUCTION

The search for room temperature ferromagnetism (RTFM) in semiconductor metal oxides such as
ZnO has been performed extensively during last two decades. This was based on the prediction by
Dietl et al.! that doping Mn into the nonmagnetic ZnO host could induce ferromagnetic (FM)
behavior, while retaining its semiconducting property. Reports on the observation of RTFM in ZnO
by doping with 3d transition metals increases daily. In these systems, the origin of this behavior is
highly controversial and is still a matter of wide debate. Additionally, it has been a difficult task to
completely exclude secondary phases of transitions metal (TM) oxides and to make sure that the
observed ferromagnetism really stems from an intrinsic origin, instead of an extrinsic spurious
phase. On the other hand, it has been reported that pure ZnO, with different morphologies becomes
FM,># without the presence of any dopant, or when the size of the crystallites is highly reduced.’
Clearly, these claims suggest that intrinsic defects in ZnO can be the responsible for the origin of
this behavior. Therefore, the ferromagnetism has been considered as an universal property of
nanoparticles due to the increased presence of defect states and originated from exchange
interactions between localized electron spin moments resulting from oxygen vacancies (V) at the
surfaces of nanoparticles.® RTFM in ZnO nanoparticles capped with organic molecules has also
been observed. Organic molecules, such as thiol, amine or trioctylphosphine oxide (TOPO), when
coated onto ZnO nanoparticles, can modify its electronic structure, giving rise to FM behavior at

RT without the need of magnetic dopants.”8

Peng et al.® have investigated via first principles calculations, the origin of “d° ferromagnetism” in

ZnO as a prototype material, which does not contain ions with partially filled d or f bands. In their
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work, it was shown that the spontaneous magnetization in first row d° oxide semiconductors with
sufficient holes is an intrinsic property and can be attributed to the localized nature of the 2p states
of O. This so called “d° ferromagnetism” could be an alternate mechanism for RTFM in non-TM

doped ZnO system.

Several recent studies have observed RTFM in non-TM doped ZnO nanoparticles and thin films for
which the samples do not suffer from clustering of dopants. FM properties at RT have been reported
for B, K, Li, Al and Ga doped ZnO.!%-1¢ The induced magnetic moment on the oxygen atoms in the
nearest neighbor sites to B—Zn vacancy pairs was suggested as responsible for the observed FM
behavior in B doped ZnO.!%!! Unpaired electrons of B-Zn vacancy pairs may cause the polarization
of the spin orbital of nearest neighbor oxygen atoms, which provides net magnetic moment for
RTFM. Ghosh et al.'?> have reported that zinc vacancies (7,) might originate the d° ferromagnetism
in ZnO nanowires. The FM response was found to be enhanced after K doping in the ZnO samples.
The incorporation of K in the ZnO lattice might promote the formation of V7, in the system and
introduce holes to stabilize the hole mediated RTFM. In the same way, lithium doping seems to
have a similar role in the FM behavior at RT of ZnO nanoparticles as reported by Ullah ez al.'* In
Al doped ZnO, the physical origin of the induced ferromagnetism was associated with a charge
transfer between Zn atoms and adsorbed Al atoms.'4!>17 In Ga doped ZnO systems the FM signal

was attributed to the presence of V, that act as F-centers and leads to the trapping of free electrons. !¢

Among these “d° ferromagnetic” systems, carbon doped ZnO has received a great deal of attention
because it could be a promising intrinsic diluted magnetic semiconductor'® with potential light

photocatalytic applications.!®2° Therefore, magnetic properties of carbon doped ZnO have been
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investigated experimentally in bulk and in thin films, as well as theoretically.?!37 Based on
literature reports, the role of carbon and oxygen on the origin of RTFM in ZnO is highly debatable
as to whether it is due to the presence of impurities, substitution of carbon in oxygen sites or to
several intrinsic defects induced by carbon atoms. The origin of the magnetic properties in carbon
doped ZnO are not fully understood because of lack of systematic studies on these samples. Thus,
this system needs to be further explored and carefully characterized in order to better understand
the origin of the observed ferromagnetism and the underlying physics to develop new potential
applications. In particular, we need to understand whether the observed ferromagnetism is

connected to carbon substituted for oxygen or zinc or if it forms some magnetic defect structures.

In this paper, we investigate the evolution of crystallographic, structural, optical and magnetic
properties in carbon doped ZnO bulk samples, with varying carbon concentrations. The goals
include studying the effect of introducing and distributing carbon atoms in ZnO and their chemical
environment. Possible relations between the defects, carbon bonds, on the one hand, and the

magnetic properties, on the other hand, of this system will also be investigated.

2. EXPERIMENTAL DETAILS

Carbon doped ZnO powders were obtained by mechanical ball milling assisted by means of solid
state reaction. The samples were prepared to obtain a nominal carbon intentional concentration of
0,1, 3,5, 8 and 10 mol %. High purity ZnO (99.9 %) and carbon graphite powder (99.9 %) were
mixed as purchased, without further purification, in proper proportion (resulted in samples of about
1.0 g) and hand ground in an agate mortar for half an hour. These powders were milled and

subsequently annealed. The mechanical ball milling was carried out in a planetary ball mill Fritsch
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Pulverisstte 5 by using agate jars of 250 mL with 6 balls of 12 mm diameter made of the same
material. All millings were carried out in argon atmosphere at 250 rpm for 6 h. Each sample was
milled for intervals of 1 h and break periods of 30 min up to completion of the desired milling time.
The mixture obtained was milled again at 100 rpm for 1 h, in air atmosphere, to obtain a
homogenous powder. The precursors obtained were pressed into discs and then annealed at 950 °C
for 45 min, in an electric muffle furnace, heating at 5 °C/min and slowly cooled at 2 °C /min in
argon flow. Finally, these pellets were annealed at 400 °C for 1 h in air atmosphere for removal of
residual surface carbon. Additionally, reference samples of pure ZnO and carbon graphite were also
prepared. A single batch was used for carbon doped ZnO samples to guarantee identical synthesis
conditions, while ZnO and pure graphite were separately annealed to avoid any contamination.
Finally, the pellets were grounded by mortar and pestle until homogeneous powders were obtained

for characterization.

X-ray diffraction (XRD) patterns were collected at RT using a Phillips X Pert X-ray diffractometer
with a Cu-Ka source (4= 1.5406 A) in Bragg-Brentano geometry. The XRD patterns were fitted
using the Rietveld method to obtain crystalline cell parameters. Real carbon and oxygen content
were measured using an Elemental Analyzer (CHNS/O) Leco Truspec Micro, through ASTM
D5373-08 test method. The Fourier transform infrared (FTIR) spectra of the samples were recorded
using a FTIR Bruker tensor 27 Spectrophotometer, using the KBr pellet technique, with an
experimental resolution of 4 cm'! approximately. Micro-Raman measurements at RT were
performed on a Horiba Jobin—Yvon LabRam HR system. Raman scattering was excited with the
633 nm line of a He—Ne laser source. A CCD camera was used as a detector and for collecting the

laser light with a spatial resolution of 2-4 um. RT optical absorption spectra in the ultraviolet and
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visible light wavelength were measured using an Evolution 600 UV-Vis spectrophotometer
(Thermo Scientific) fitted with an integrating sphere diffuse reflectance accessory. The XPS
analyses were carried out with a Kratos Axis Ultra spectrometer using a monochromatic Al-Ka X-
ray source (1486.7 eV) with an analysis area of 300 x 700 microns. The high resolution core level
photoemission spectra were collected using a pass energy of 40 eV, whereas for survey scans pass
energy was of 160 eV. The charge-shifted spectra were corrected using the adventitious Cls
photoelectron signal at 284.8 eV. The overlapped bands of XPS spectra were deconvoluted using
XPS PEAKA41 software. The magnetic properties of the samples were studied using a PPMS-
Physical Property Measurement System-, Model 6000. The measurements were carried out as a
function of applied magnetic field (£ 0.5 T) and as a function of temperature (5-300 K). The samples
were tightly packed into a clear plastic sample holder and then mounted vertically. Utmost care was
taken to avoid contacting the samples with anything that could be a possible source of magnetic

contamination, such as stainless steel tweezers or blue pens.

3. RESULTS

3.1 X-ray diffraction: Refinement of the XRD patterns using the Rietveld method for undoped ZnO
and carbon doped ZnO samples for various carbon nominal concentrations are shown in Figure 1.
Within the sensitivity of XRD, all the diffractions peaks can be indexed to the wurtzite structure of
ZnO phase. However, a small shoulder located at 26.8° was observed in the XRD patterns with x >
0.05 when the y-axis is plotted in logarithmic scale and it could be correlated with traces of free
carbon. Although the XRD line broadening is not reliable, yielding large errors in average crystallite
size (Dy), the undoped and carbon doped ZnO powders can be considered as bulk materials, with

range values of Dy between 1-2 um. The lattice parameters derived from the fitting of the XRD
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data of all the samples are summarized in Table 1. The @ and c lattice parameters, the lattice volumes
and L (Zn—O bond length along the ¢ direction),® gradually increase as carbon doping concentration
x increases to 0.03 and then decreases and becomes constant with the increment the doping
concentration. On the other hand, ¢/a and R (distortion degree)®® parameters remain almost constant
in the whole range of doping. From Table 1 it is evident that the structural change in carbon doped
ZnO is different below and above the doping concentration of 3 mol %. The ionic radii of 0%, C*
and Zn%* in a tetrahedral environment are 1.40, 2.60 and 0.60 A respectively.2640 Obviously the
radius of dopant ion C* is higher than that of host O* and Zn>" ions. Therefore, it is expected that
substitution of O by carbon (Cp) and/or Zn by carbon atoms (Cz,) will expand the lattice. The
observed increment of the lattice parameters with increasing carbon concentration up to 3 mol %
could be due to the partial substitution of carbon atoms in ZnO matrix, replacing either oxygen
and/or zinc positions, although the presence of interstitial carbon could also influence in the
expansion of the ZnO lattice.?® This phenomenon brings about structural distortion in ZnO and
changes in both the O—Zn—-O bond lengths and the Zn—O-Zn bond angles. Additionally, the
variation in the O (z) positional parameter (see Table 1) might be strong proof that structural
changes have occurred when carbons atoms are introduced into the ZnO matrix. Above x = 0.03,
the observed decrease in the lattice parameters could suggest the presence of high concentrations

of free graphitic carbon.

From the results of elemental composition analysis, (see Table 1) we observed that with increasing
carbon content in ZnO, the oxygen content decreases, which could indicate a systematic deficiency
of oxygen in the system upon increasing the carbon doping. In fact, it is well known that synthesis

in an argon atmosphere in doped ZnO could increase the formation of ¥ in the system which lead
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to its non-stoichiometric state.*! Interestingly, in all of the carbon doped ZnO samples, the carbon
percentage plus oxygen percentage does not vary significantly with increasing carbon content, thus
obtaining a similar Zn content for these samples, but minor than that for the ideal wurzite ZnO.
These results could additionally imply a possible zinc deficiency with the incorporation of carbon

in the ZnO matrix.

These observations might reflect the effect of the partial Cp and/or Cy, in ZnO. Such situation might
rearrange of neighboring oxygen and zinc ions and thus, formation of ¥, and or V7, could be
required to maintain the system neutral. Therefore, a non-stoichiometric factor and defects induced
by the incorporation of carbon atoms might contribute to the observed variation of the lattice

parameters of ZnO.

3.2 Fourier transformed infirared spectroscopy: Typical FTIR absorption spectra of pure ZnO and
carbon doped ZnO samples are shown in Figure 2. For all samples a weak band near 3450 cm! and
two strong absorption bands overlapping around 437 and 525 cm™! were observed. The band at 3450
cm"belongs to stretching vibrations of hydroxyl groups corresponding to ambient water molecules
absorbed on the surface of ZnO powders. The band around 437 cm™' can be assigned to the
antisymmetric stretching vibrations of O—Zn—O bonds in tetrahedral coordination,*>*3 and hence is
sensitive to the sub-lattice disorder, while the band appearing around 525 cm! may be associated
with oxygen deficiency and/or Vy in ZnO.## Closer inspection in the wavenumber range < 700
cm! indicates that the absorption band at 437 cm! is blue shifted, while the band located at 525
cm! decreases in intensity with increasing carbon concentration. The first vibrational change

suggests that the O—Zn—O bond in ZnO structure is affected by the presence of carbon, while the
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second one could be correlated to a reduction in the O/Zn ratio. The blue shift of the band located
at 437 cm™'with increasing carbon content could be related with the replacement of Cy into the ZnO
structure. In fact, if carbon substitutes oxygen at their sites, then we expect changes both in the
reduced masses and in the strengths of the chemical bonds, which affects the positions of the IR
bands. The reduced mass of the Zn—O bond is greater than that of the Zn—C bond, therefore, the
partial Cy should shift the IR band towards higher wavenumber, as it was indeed observed. On the
other hand, the difference in the electronegativities for Zn and O are higher than that for Zn and
carbon, which implies that the bonds change from more ionic (for Zn—O) to more covalent (for Zn—
C) character, i.e. it becomes stronger with the C formation, again implying a shift toward higher
wavenumbers, as it was observed. Therefore, these FTIR results may indicate that carbon atoms
bring about structural changes in the ZnO structure. It is worth noting that in the FTIR spectra of
carbon doped ZnO samples, very weak bands located at ~ 1390 and 1630 cm!, (orange circle),
could indicate the presence of C-O and C=0 bonds, respectively,*> while residual bands centered

at ~ 970 cm™! (green circle), might be assigned to out of plane polarised C-O stretch.4¢

3.3 Micro-Raman: Micro-Raman scattering is a versatile technique for detecting the incorporation
of dopants and the resulting defects and disorder in the host lattice. The RT micro-Raman spectra
of undoped and carbon doped ZnO samples ranging from 50 to 700 cm™' are shown in Figure 3.
The observed phonon wavenumbers in the micro-Raman spectra of ZnO are consistent with
previous studies.*’* The micro-Raman spectrum of pure ZnO is dominated by two intense and

sharp EX" and E%'8" modes at 102 and 441 cm™!, respectively. The peak that appears at 209 cm™! is

assigned to 2E%", while the feature at 334 cm™! has been assigned to second order scattering E580-

10
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EX¥W. The peak at 385 cm™! can be assigned to the 4;(TO) mode and the weak peak located at 410
cm! represents the £1(TO) mode.*’% Finally, the hump located at 483 cm™! can be assigned to LA
overtones along M-K point of the Brillouin zone and associated to a zone-boundary multi-phonon
process of Zn0.50-52 It is worth mentioning that the EX" mode, involves mainly Zn motion in sub-
lattice, while the E3" mode mainly involves the vibration of the oxygen atoms.*8 From Figure 3 it
can be seen that all peaks in carbon doped ZnO samples decrease in intensity in comparison to
undoped ZnO sample, evidencing a gradual structural disorder in ZnO lattice with increasing carbon
concentration. With increasing carbon content the EX" mode is shifted gradually to lower wave
number reaching a minimum for x= 3% [(see the inset (a) of Figure 3] and then are shifted to higher
wavenumber with further increase in the doping. This behavior is consistent with the results of
Rietveld analysis obtained from the XRD pattern, which pointed out a different structural change
in carbon doped ZnO samples below and above the nominal doping of 3 mol %, indicating a double
regime in ZnO structure when carbon atoms are incorporated into the semiconductor. The first
regime might reflect the formation of C—Zn—-O bonds and the second one, might reflect the
formation of C—Zn—C bonds, which could explain the weak collapse in lattice volume of ZnO
structure. Indeed, this behavior can be compatible with an increase of disorder in ZnO structure,
possibly indicating the formation of V), in agreement with the gradual decreasing of the oxygen
percentage as pointed out in the elemental analysis. Additionally, from inset (b) of Figure 3, it can
be seen that the intensity of the E§'8" mode gradually decreases up to 3 % and drastically decreases
with further carbon doping. This behavior could indicate a substantial reduction of O—Zn—O bonds
and higher formation of O—Zn—C or C—Zn—C bonds in the ZnO matrix from 3 mol % nominal

doping upwards. It is important to note that 4,(TO), £,(TO) modes and LA overtones seem to

11
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disappear soon after 3%. These observations could indicate that with increasing carbon
concentration the presence of defects (vacancies, interstitials and/or free graphitic carbon) in the
ZnO structure, induced by non-uniform distribution of the carbon in ZnO matriz, could reduce the
lattice symmetry, lift the Raman selection rule and therefore several phonon vibration modes which
are originally in the perfect lattice of the wurzite structure become inactivates. The micro-Raman
spectra in the range 1000-2000 cm™! of pure and carbon doped ZnO samples are shown in Figure 4.
The spectrum of graphite, prepared under similar conditions, is also included as a reference. In the
Raman spectrum of pure ZnO we observed a weak peak at 1105 cm™! and a broad and intense band
at 1158 cm™!. These bands are attributed to optical overtones and are associated with second order
Raman active modes.’® The former peak can be can be attributed to 2LO mode of ZnO, while the
latter one contains contributions of 24,(LO) and 2E;(LO) modes.’*>? The Figure 4 shows that the
peak located at 1105 cm™! disappears, while the intensity of the band at 1158 cm™! decreases and
broadens as the carbon content increases, confirming that the O—Zn—O bond is seriously affected
by doping. In the range 1400-1700 cm! (graphitic region) the peaks located at 1340 cm!, 1590 cm!
and 1624 cm! are associated to the so-called D, G and D’ bands>3>* indicating the presence of free
graphitic carbon in all of the carbon doped samples. The evolution in the intensity of D and G peaks
can be ascribed to the change in the size of free nanocrystalline graphite.’*3 Several other studies
on carbon doped ZnO samples have also reported these similar graphite bands by using micro-

Raman spectra.?!-30-31.43.55

The techniques used so far probably suggest a partial Cy in the wurzite structure with the formation
of intrinsic complex defects along with the presence of carbon free in all of the doped ZnO samples.

The additional carbon atoms at concentrations beyond 3% could indicate that O—Zn—O bond is

12
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seriously affected. This fact may be manifested in the reduction of lattice parameters in XRD
patterns and the shifting toward higher wavenumbers in the micro-Raman spectra, when carbon
concentration reaches 3 mol %, inactivating some vibrational modes in ZnO lattice. These
observations reveal that the local symmetry in the carbon doped ZnO samples is different from that

of the undoped one.

3.4 Optical absorption: Figure 5 (a) shows RT optical absorption spectra of pure ZnO as well for
carbon doped ZnO samples in the range of 350-800 nm. All powders performed in a highly
transparent mode in the visible region. The systematic variation in the drop of light absorption with
increasing doping content could suggest that carbon atoms were incorporated into ZnO matrix.
Diffuse reflectance spectra [see inset of Figure 5 (a)] suggest that the carbon doping does not change
direct electron transition characteristics of ZnO. The carbon doped ZnO samples have lower
reflectance than the pure ZnO sample which implies that these doped ZnO samples could benefit
the photocatalytic applications of solar light for target reactions.!?2%-36-5 Based on the absorption
spectra, the direct band gap can be estimated applying Kubelka—Munk rule by extrapolation of the
linear portion to the zero in the plot of (a/v)? against the photon energy v as presented in Figure 5
(b).The dependence of the band gap (Eg) on carbon content is displayed in the inset of Figure 5 (b).
It is observed that undoped ZnO sample shows an Eg value of ~3.31 eV and is slightly red shifted
with increasing carbon concentration. In this work we have evidenced that most of the carbon atoms
were not incorporated homogeneously in ZnO structure. Then, in this case, according to XRD
results, the change in the band gap cannot be explained on the basis of the variation of the lattice
parameters observed in the carbon doped ZnO samples. This gradual decrease in the band gap with

increasing of carbon content may be mainly related to carbon atoms in the ZnO lattice. This situation

13
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could promote and introduce impurity or defect levels, mainly V, or V7, to the midgap of ZnO,
modifying its band structure and thus narrowing the band gap.!*#40 The narrowing of the band gap
of carbon doped ZnO samples, in comparison to pure ZnO, could also be related to interactions
between the localized p electrons of the carbon ions, substituting O ions and the 4s and 4p electrons
of the host band of ZnO. This behavior may be similar to s, p—d exchange interaction between the
band electrons and the localized d electrons of TM substituting metal ions in semiconductor oxides.
These optical absorption results suggest that carbon doped ZnO powders may present a higher
sensitivity to visible light activity than pure ZnO sample and therefore could be utilized for future

photocatalytic applications.

3.5 X-Ray Photoelectron Spectroscopy: Figure 6 shows survey scan of the XPS spectra of pure
graphite, undoped ZnO and carbon doped ZnO samples for various doping concentrations. All of
the observed peaks can be ascribed to Zn, O and C, along with their Auger peaks as labeled in
Figure 6. No peaks belonging to the core of TM ions were observed within the detection limit of
the technique. The energy dispersive X-Ray (EDX) results, obtained from SEM analysis (data not
shown) in 3 and 5 mol % carbon doped ZnO samples revealed similar results as XPS, where TM
were not evidenced, confirming that the samples are composed mainly of Zn, O and C.

The Zn 2p core electron XPS data of pure and carbon doped ZnO samples are displayed in Figure
7. A single component was necessary for fitting the spectrum of the pure ZnO sample. This signal
centered at 1021.48 eV was attributed to Zn>" ions tetrahedrally coordinated on the wurtzite
structure surrounded by O?- atoms. On the other hand, in carbon doped ZnO sample the introduction
of a second component is observed, both visually and statistically, through deconvolution. If we

consider the difference in the electronegativity of O (¥O=3.44) and C (¥C=2.55), this second

14
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component shifted to higher energy centered at ~1022.23 eV could be related to Zn—oxy—carbide
(Zn—0O—-C) bonds, due to the small difference in binding energy (BE) with the Zn—O—Zn peak (~0.7-

0.8eV).

Figure 8 shows the high resolution O 1s core level spectra of undoped and carbon doped ZnO
samples. The O 1s peak of pure ZnO sample was deconvoluted into two components with BE of
530.17 eV and 532.06 eV respectively. The first component, at 530.17 eV, denoted O1, can be
attributed to the O?- ions in the hexagonal wurzite ZnO structure which are bound to Zn?*, ®® while
the second component might indicate the presence of loosely bound oxygen on the surface region
of ZnO ascribed to the formation of —OH groups belonging to chemisorbed H,O molecules.*** The
high resolution XPS scans of the O 1s core electron regions of 1, 3 and 5 % carbon doped ZnO
samples were deconvoluted into four components. The first component is in the range of
530.15-530.10 eV corresponding to O?~ ions surrounded by Zn?* atoms (O1). The two intermediate
components centered around ~531.14 eV (O2) (blue shaded area) and 532.24 (O3) (red shaded area)
are clearly evident through deconvolution. The former component (O2) can be deemed as primarily
associated to Zn—O—C bonds,??24445 while latter one has been assigned to C—-0*3** and/or C-O—
C bonds.®! Although the O3 band is near to the component ascribed to chemisorbed —OH groups in
undoped ZnO, it is noted that in carbon doped ZnO samples the intensity and the area under this
peak is much higher and the full width at half maximum (FWHM) is lower in comparison to pure
ZnO. Additionally FTIR did not reveal huge amount of such “OH groups. Then, is O3 component
must be coming from the carbon doping and may be related with C3 peak (see below for the C 1s
core level). Finally, the peak in the range of 533.00—530.30 eV denoted O4, may be assigned to

COOR or COOH groups surface contamination. It is worth mentioning that the O2 component has

15
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also been related to the variations in the concentration of ¥ due to the presence of O ions in the
oxygen deficient regions within the matrix of ZnO, which may also indicate an higher environment

with ¥V, when carbon atoms are introduced in the semiconductor.22:60

The C ls core electron XPS data of carbon doped ZnO samples are displayed in Figure 9. The
spectrum of graphite synthesized as reference material, is also included. The graphite spectrum
showed two typical components corresponding to free graphitic carbon at 284.8 eV denoted as C1,
and the adventitious contamination at 285.74 eV respectively. Additionally, it is observed the shake
up m- w* satellite feature at 290.94 eV characteristic of aromatic rings. In carbon doped ZnO
samples, the component indicated as C2 (blue shaded area) located around ~ 286.05 eV suggests
the formation of Zn—O-C bonds,'%??># while the component located at 287.02 eV (C3) has been
assigned to O—C—O complex.20-23:29.3345 Interestingly, the intensity of C2 and C3 peaks in the carbon
doped samples has a similar trend as the intensity of the O2 and O3 components of the O 1s core
level. These XPS data reveals that the components O2-C2 and O3-C3 are strongly related,
confirming the formation of Zn—O—C and O—C—O bonds. The peak located at 289.5 eV (C4) can be
attributed to residual structural species of carbon in the form of COOR bonding and/or adsorption
of surface CO,.'%?3 Note that 1 % carbon doped ZnO samples show a weak peak appears with a BE
0f 283.68 eV, which is drastically increased with increasing carbon concentration to 5 %. This fifth
component (C5) clearly suggests the presence of carbon atoms in carbide form, indicating the higher
Co in the ZnO structure i.e. the formation of C—Zn—C bonds. To the best of our knowledge, a similar
isolated band of great intensity belonging to C—Zn—C bonds in carbon doped ZnO system has not

yet been reported. With increasing carbon concentration, a slight shift to lower energy is observed

16
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in this component, indicating a higher electronic density around Zn—C bond when the carbon

content is lower.

To provide insight on the electronic structure in pure ZnO and carbon doped ZnO, valence band
(VB) XPS spectra obtained from survey scan is shown in Figure 10. The peak at ~10.4 eV is
attributed to the Zn 3d band, while the peak at ~5.7 eV mainly involves the O 2p orbitals and the
part of O 2p orbitals hybridized with the Zn 4s and 4p ones.®?> The VB’s width of carbon doped ZnO
are greater in comparison to undoped ZnO, revealing its VB electrons are delocalised and more
dispersive. It is observed that FWHM of the peak located at ~10.4 eV is higher for 5 % carbon ZnO
sample. With partial Cy there is bonding of carbon with Zn atoms and the possibility of C2p—Zn3d
hybridization. In this case, Figure 10 indicates that the increase of carbon concentration increases
hybridization of energy levels, confirming the systematic Cy in the ZnO structure. On the other
hand, the broader band around ~5.7 eV in carbon doped samples could also imply an additional
hybridization of O 2p with Zn 4s/4p and/or C 2p states in these samples, indicating an alteration of

local electronic structure around the oxygen atoms.

In summary, XPS results demonstrate that in all of the samples, there exist the substitution of carbon
atoms at both Zn sites and O sites to form Zn—-O—C and O—C—O bonds with the alteration of local
electronic structure around the oxygen atoms along with the formation of O-Zn—C and C—Zn—C
bonds. Beyond 3% doping, the higher formation of C—Zn—C bonds, could explain the changes in

E%8" mode observed in micro-Raman spectra, and XRD as mentioned above. Although our results

cannot identify with clarity other defects more than Vo and Zn deficiency these XPS findings could

17



Physical Chemistry Chemical Physics Page 18 of 44

indicate the possibility formation of carbon related complex defects in the system (vacancies,

interstitials) from the C, and/or Cy into ZnO matrix.?!2%%

3.6 Magnetic Measurements The RT M vs H curves at RT of carbon doped ZnO samples consist
mainly of a linear part due to paramagnetic (PM) contribution, and an weak, but no negligible open
curve due to FM contribution (data not shown). Figure 11 shows the RT M vs H curves of carbon
doped ZnO samples, where the linear component has been subtracted (M-y, vs H) to illustrate the
actual M, and coercive field. Open and symmetric hysteresis loops are observed in the samples with
1 and 3 mol % carbon content revealing FM features, which decrease substantially with further
increase in the doping, as shown in lower inset of Figure 11. The pure ZnO sample shows
diamagnetic behavior, while pure graphite used as target shows PM behavior (shown in the upper
inset of Figure 11). The PM behavior of pure graphite has been ascribed to a disordered mixture of
spZ-sp> bonds resulting in a antiferromagnetic (AFM) interaction spins from 7 -electrons originated
at the edges of graphite layers.® In our case, this behavior could be attributed to disordered graphitic
carbon originated of the preparation method. In carbon doped ZnO samples, the magnetization
values increases rapidly with the increase of carbon content up to 3 % and then tends to decrease
abruptly as doping increases. The M, obtained at 300 K in this work (highest value of 2.3 memu/g
for 3 mol % carbon) are comparable to those reported by Ye et al.?? in carbon doped ZnO powders,
but smaller than those found by Mishra et al.,?? as well as to those reported for carbon doped ZnO
thin films and theoretical values.?'?® These results are similar to those found by Zhou et al.?® in
carbon-implanted ZnO films by PLD, where the similar value of M; increases and then decreases

with increasing carbon concentration. It is worth recalling that Nayak et al.3> predicted based on

18



Page 19 of 44

Physical Chemistry Chemical Physics

first-principles studies that a carbon concentration between 2% and 6% should be optimal to achieve

d° ferromagnetism in carbon doped ZnO.

Figure 12 shows ZFC and FC curves for 3% carbon doped ZnO samples. It is noted that blocking
temperature or spin glass behavior was not observed. Therefore, this M vs T curve along with M vs
H hysteresis loop indicated the absence of TM clusters or superparamagnetic behavior, confirming
that the carbon doping encourages the formation of the RTFM observed and is not related with any
other hidden magnetic impurities. This M vs T curves does not fit the modified Curie-Weiss law.
Then, the curve was fitted following the modified Curie-Weiss law, y=y,+C/(T+6) where y,
represents non-paramagnetic contributions, C is the Curie constant and 6 is the Curie-Weiss
temperature. It is observed that this equation fits the experimental data well. The fit derived values
are shown in Figure 12. The positive value for y, and 6 indicated the combination of FM and AFM
components respectively in the sample. The PM component could be due to the presence of disorder

layer of graphitic carbon®® into ZnO semiconductor, while the FM contribution is discussed below.

4. DISCUSSION

The main data collected using the various techniques suggest that the structural changes in carbon
doped ZnO samples are different below and above the nominal 3 mol % carbon concentration. It is
observed that increasing carbon doping in ZnO structure brings about a gradual structural
modification in the ZnO lattice, primarily allowing for the formation of Zn—O—-C and O—C—-O bonds,

along with intrinsic defects, mainly, V' and Zn deficiency in the ZnO matrix. In all of the samples

19



Physical Chemistry Chemical Physics Page 20 of 44

the formation of O—Zn—C bonds in the carbide state are visible. With further increases in the doping
above 5 mol % a noticeable increase in this bond C—Zn (C—Zn—C) is observed. Also, free graphitic
carbon is present and the possibility formation of other defects that involve the partial C, and Cp

cannot be ruled out.

Identifying the source of the magnetic moments and their exchange interactions in carbon doped
ZnO are two questions not simple at all, and in fact these are still matter of strong controversy in
the literature at both the experimental and the theoretical points of view because they can be located
at the defects, at the carbon atoms occupying oxygen sites or at the zinc sites. According to Pan et
al.,*! only carbon in the carbide state contributed to the magnetic moment and not the induced
defects, suggesting the Zn—C system as the origin of the FM signal magnetism in carbon doped
ZnO. They also pointed out that the ferromagnetism is attributed to the interaction of C 2p and O
2p (p-p interaction). This p-p interaction arising from the Cyp in ZnO would generate holes in oxygen
2p states, leading to hole-mediated spin alignment of parent carbon atoms and thus indirect FM
coupling between carbon atoms. The p-p interaction might be quite similar to p-d hybridization in
TM’s doped oxides. Ye ef al.®' and Li et al.?* suggested that the FM properties in carbon doped
ZnO can be attributed to the transfer of an electron from the d orbital of the Zn ion to the p orbital
of the carbon ion, which results in the d orbital of Zn ions changing from d'* (completely filled) to
d® (incompletely filled) state. Thus, the partial substitution of oxygen by carbon in ZnO produces
bonding of carbon with Zn atoms producing C 2p and Zn 3d hybridization. Additionally, the
generation of the donor defects such as Vo and/or Zn interstitial (Zn;) are assumed to be two key
factors in introducing magnetic ordering in carbon doped ZnO, which implicates that defects may

induce RTFM into this system. On the similar way, Hsu et al.3* reported that RTFM in carbon doped
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ZnO would be mediated by defect promoted by carbon dopants and not to the incorporation of
carbon at oxygen sites. Akbar et al.3* mentioned that the ferromagnetism is not consistent with the
models, which assume that it is originates from the substitution of carbon atoms for oxygen and
with holes as the mediators of ferromagnetism. Therefore, they suggested that the ferromagnetism
is another example of defect induced where the partial Cy, leads to the stabilization of such defects
that are FM. V7, are very likely a candidate for such defects that they have proposed as leading to
the stabilization of RTFM in carbon doped ZnO. Similarly, Li et al.>* proposed from experimental
studies that both a certain number of donor defects such as V or/and Zn; and the net spin at Zn ions
caused by substitution of oxygen by carbon as the origin of the magnetic moment. Mishra et al.??
pointed out that intrinsic defects may be responsible of the FM signature in carbon doped ZnO along
with the development of Zn-oxy-carbon clusters. Ye et al.’° suggested that the FM property of
carbon doped ZnO powders is a result of Cp. When V are present in the ZnO lattice, there is a
reduction of magnetic moment, where carbon-carbon distance could tune the FM in carbon doped
ZnO powders. Furthermore, Nayak ef al.®> used first principles studies and found that the non-spin
polarized Cy, impurity is, under almost all conditions thermodynamically, more stable than the Cy
impurity with the exception of very oxygen-poor and carbon rich conditions. This explains the
experimental difficulties in sample preparation in order to realize d° ferromagnetism in carbon
doped ZnO. They attributed it to the anisotropy of the dispersion of carbon impurity bands near the
Fermi level, due to Cy impurities in ZnO, as the source of layered ferromagnetism. From their
calculations, they derive that a carbon concentration between 2% and 6% should be optimal to
achieve d° ferromagnetism in this system. Theoretical work carried out through spin-polarized
electronic structure calculations performed by Nagare et al.3°, argued that connecting two carbon

atoms via the zinc-oxygen network (C—Zn—O-C bond) is a significant factor favoring the FM

21



Physical Chemistry Chemical Physics Page 22 of 44

coupling in carbon-substituted Zn, O, (n = 3-10, 12) clusters. They proposed that the hybridization
of zinc 4s with carbon 2p and oxygen 2p orbitals in carbon doped ZnO system play a crucial role
in the FM interaction in carbon doped ZnO. Also, they theoretically showed that the oxygen ion
that is connected with Zn and carbon ions (Zn—O—C) in ZnO crystal lattice is a crucial element in
the formation of long-range magnetic interactions. All systems with two carbon impurities show
FM interaction, except when carbon atoms share the same zinc atom as the nearest neighbor. They
concluded that AFM coupling is favored if carbon atoms get substituted on sites adjacent to zinc
(C—Zn—C). Finally, Subramanian et al.3? reported from their experimental studies in carbon doped
ZnO thin films, reported that Cy is the main source of magnetism. The long-range magnetic
interactions at RT is achieved by the charge transfer between Zn 4s and C 2p orbitals along with
the carbon—carbon interaction through oxygen ions. The zinc and oxygen related defects in carbon
doped ZnO prevent the existence of hybridization between Zn 4s and C 2p and the formation of
C—O bonds respectively and therefore there is absence of long range magnetic interaction in C—
ZnO resulting in the nonexistence of magnetic moment around carbon. Then, they proposed that
the defects are not responsible for the origin of RTFM and rather than is due to the intrinsic FM
property.

Our experimental results may suggest that Vy, Vz, and Cz, defects do not have a crucial role in the
FM signal. Our data confirm the presence of oxygen deficiency, which can be related with the
formation of V. We expect that V', could partially explain the continuous reduction in the £, with
increasing carbon content. But £, does not show the same behavior as M. On the other hand, we
found from elemental analysis that the Zn content in the carbon doped ZnO samples is slightly
lower in comparison to the undoped ZnO sample, and that it remains reasonably constant with

increasing carbon content in the samples. This data may suggest that the lower Zn content could be
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related to the formation of Cz,, V7, or both, but again the concentration of these defects remain
constant for all carbon doped samples. Therefore, it is suggested that V, V7, and Cz, cannot explain
the FM signal. We have found a XPS peak with a BE of 283.68 eV in the C 1s core electron XPS,
which drastically increases with increasing carbon content up to 5 %. This component clearly
indicates the partial Cp in the ZnO structure. Here, it is important to mention that according to
Nayak et al.® Cp can be stabilized under O poor and C rich conditions. And we prepared our
samples under argon atmosphere and in the presence of carbon, therefore satisfying the
experimental conditions required for the stabilization of Cy. Our experimental results agree with
the theoretical studies reported by different groups point that the main magnetic source is neither
zinc nor oxygen, but it is Cp the most probable source of the magnetic moment in our

samples.21’32’35=36

We found that M, increases with carbon up to 3 mol %, then decreases with further carbon content.
Unit cell and volume parameters behaves similarly as M, vs carbon. Also, the position of the EY
Raman band (102 cm!), associated to Zn vibrations and the formation of O—Zn—C and C-Zn-C
bonds, behaves similarly as M. Next, the intensity of the O 2p hybridized Zn 4s and 4p (BE of 5
eV) from the valence band XPS spectra behaves similarly as M,. Now, the intensity of the XPS peak
with BE 0f 283 eV increases with carbon content up to 3 mol % carbon, but from this value onwards,
it increases more abruptly. This behavior is similar to the intensity of the of the E3*" Raman band
(440 cm™!), which decreases continuously as carbon increases, but it decreases more abruptly for 5
mol % onwards (related with the formation of C—Zn—C bonds). Then, the higher formation of C—

Zn—C bonds seems to decrease the resultant magnetization giving rise to AFM interactions.
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According to XPS the magnetic behavior in 1 and 3 % carbon doped ZnO samples could be
associated with O2-C2 and O3-C3 peaks, (Zn—O—C and O—C-O bonds), along with an appropriate
amount of O—Zn—C bonds. VB results indirectly indicate an alteration of local electronic structure
around the oxygen, then, oxygen atoms probably play a crucial role in the magnetic properties of
these materials. Thus, we deduce that the distributions of carbon as well as the chemical
involvement in ZnO structure i.e. Zn—O—C, O—C-O and O-Zn—C bonds are important factors
influencing the FM properties of these samples where oxygen atoms could mediate the long range
magnetic. Our results seem to be in agreement with theoretical studies of Nagare et al.3¢ where two
carbon atoms bound to the same zinc atom as nearest neighbor encourage the AFM and that
connecting two carbon atoms via the zinc-oxygen (C—Zn—0O-C) favoring the FM coupling state. We
propose that possibly the most appropriate model for explaining our experimental results are that
the magnetic moments are located at the carbon atoms occupying the oxygen sites due to the charge
transfer between Zn 4s and C 2p orbitals, (s—p hybridization formed by Zn 4s and C 2p orbitals)
and that the exchange interactions between these magnetic carbon atoms are mediated by oxygens
(p—p hybridization formed by O 2p and C 2p orbitals). These findings are in agreement with recently
experimental results reported by D. Ngo et al.%* from a local structure study of C-doped ZnO@
nanopaerticles. According to Nagare et al.¢ the FM interaction is mediated by oxygen, via 7 as well
as ¢ bonds formed out of p electrons of carbon and oxygen. In this way, if there is an excess of C—
Zn—C bonds the hybridization of zinc 4s with carbon 2p and oxygen 2p orbitals and O—C—O bound

not take place and, thus, the FM signal is reduced.

5 CONCLUSIONS
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We experimentally investigated in detail the crystallographic, optical, electronic and magnetic
properties of carbon doped ZnO powders. XRD showed that the samples have a homogeneous
hexagonal wurtzite crystal structure and along with micro-Raman results indicated different
structural changes in ZnO below and above 3 mol % carbon doping. Elemental analysis evidenced
oxygen and zinc deficiency in ZnO structure. Carbon incorporation in the ZnO structure slightly
decreases the E, of ZnO semiconductor. From FTIR it was observed that O—Zn—-O bond is affected
by carbon doping and XPS indicated the gradual formation of Zn—C bond with the presence of Zn—
C—0O and O—C—O bonds. RTFM was observed in carbon doped ZnO system even when most of the
carbon was not incorporated at oxygen sites. Interestingly, the variation of M, shows a similar trend
as changes in Zn—C—O and O—C-O bond. These results suggested that the presence of C, defects,
with carbon atoms on an oxygen site, are the likely source of the magnetic moments, which may
interact ferromagnetically via the mediation of oxygen atoms. The formation of C—Zn—C bonds
encourage the AFM interaction and the formation of intrinsic defects induced by carbon atoms such
as Vo, Vz, and Cz, do not have a crucial role in the FM signal.
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TABLES

Table 1: Summary of the refined structural parameters of undoped ZnO and carbon doped ZnO

samples along with elemental composition analysis data.

1% 3% 5% 8% 10 %
Parameter Zn0O

carbon carbon carbon carbon carbon

a(A) 3.2539 3.2550 3.2558 3.2546 3.2545 3.2546
c(A) 5.2102 5.2118 5.2137 5.2112 5.211 52114

V(A 47.77 47.82 47.86 47.80 47.80 47 .81
L(A) 1.9875 1.9882 1.9886 1.9880 1.9879 1.9879
c/a 1.6012 1.6012 1.6014 1.6013 1.6012 1.6013
R 1.0199 1.0199 1.0198 1.0198 1.0199 1.0198
O(2) 0.3816 0.3801 0.3791 0.3766 0.3781 0.3762

r> 1.706 1.763 1.926 1.777 1.683 1.727

Elemental Composition Analysis
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Carbon content (%) | 0* 2.4 4.0 5.4 --- -
Oxygen content (%) | 19.7* 17.8 16.1 15.0 - ---
Zn content (%) 80.3* 79.8 79.9 79.6 --- -

* Data obtained from ideal ZnO wurzite structure.

FIGURE CAPTIONS

Figure 1. Rietveld refinement analysis of XRD patterns of undoped and carbon doped ZnO
samples. Semi solid spheres are experimental data, whereas solid lines represent the fit. The lines

below represent the difference pattern. The goodness of fits is shown in Table 1.

Figure 2. FTIR spectra of pure ZnO and carbon doped ZnO samples. The inset shows the expanded

region of the spectra in the range < 700 cm™'.

Figure 3. Micro-Raman spectra of pure ZnO and carbon doped ZnO samples. The insets (a) and

(b) shows the expanded region of the EX" and ES8" modes of the spectra respectively.

Figure 4. Micro-Raman spectra of pure graphite, ZnO and carbon doped ZnO samples in the 1000-
2000 cm! range.

Figure 5. (a) Absorption spectra and (b) plots of (akv)? against photon energy for undoped and
carbon doped ZnO samples. The insets show the diffuse reflectance spectra and the variation of the
calculated bandgap, following the Kubelka-Munk rule, with the nominal carbon doping

concentration respectively.

Figure 6. Wide survey X-ray photoelectron spectra of pure graphite, undoped and carbon doped
Zn0O samples.

Figure 7. Zn 2p core-electron region spectra of undoped ZnO and carbon doped ZnO samples. The

points are the experimental data, while the line represents the fit.
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Figure 8. O 1s core-electron region spectra of undopd ZnO and carbon doped ZnO samples. The

points are the experimental data, while the line represents the fit.

Figure 9. C 1s core-electron region spectra of graphite and carbon doped ZnO samples. The points

are the experimental data, while the line represents the fit.

Figure 10. Valence-band XPS spectra obtained from survey scans of pure ZnO and carbon doped

ZnO samples.

Figure 11. RT Magnetic hysteresis loops of carbon doped ZnO samples where the paramagnetic
component has been subtracted. The upper inset shows hysteresis loops of undoped ZnO and pure
graphitic carbon used as target, while the lower inset shows the low field region of all carbon doped

ZnO samples.

Figure 12. M vs T without and with a constant applied field of 500 Oe for 3 mol % carbon doped
ZnO. Open symbols represent FC, and solid symbols represent ZFC. Solid lines represent the

theoretical simulations of the FC data using modified Curie—Weiss law. The fit derived values are

also shown.
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Figure 1. Rietveld refinement analysis of XRD patterns of undoped and carbon doped ZnO
samples. Semi solid spheres are experimental data, whereas solid lines represent the fit. The lines

below represent the difference pattern. The goodness of fits is shown in Table 1.
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Figure 2. FTIR spectra of pure ZnO and carbon doped ZnO samples. The inset shows the expanded

region of the spectra in the range < 700 cm!.
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Figure 3. Micro-Raman spectra of pure ZnO and carbon doped ZnO samples. The insets (a) and

(b) shows the expanded region of the EX"Wand E58"modes of the spectra respectively.
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Figure 4. Micro-Raman spectra of pure graphite, ZnO and carbon doped ZnO samples in the 1000-

2000 cm! range.
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Figure 5. (a) Absorption spectra and (b) plots of (akv)? against photon energy for undoped and

carbon doped ZnO samples. The insets show the diffuse reflectance spectra and the variation of the

calculated bandgap, following the Kubelka-Munk rule, with the nominal carbon doping

concentration respectively.
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Figure 6. Wide survey X-ray photoelectron spectra of pure graphite, undoped and carbon doped

ZnO samples.
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Figure 7. Zn 2p core-electron region spectra of undoped ZnO and carbon doped ZnO samples. The

points are the experimental data, while the line represents the fit.
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Figure 8. O 1s core-electron region spectra of undopd ZnO and carbon doped ZnO samples. The

points are the experimental data, while the line represents the fit.
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Figure 9. C 1s core-electron region spectra of graphite and carbon doped ZnO samples. The points

are the experimental data, while the line represents the fit.
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Figure 10. Valence band XPS spectra obtained from survey scans of pure ZnO and carbon doped

ZnO samples.
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Figure 11. RT Magnetic hysteresis loops of carbon doped ZnO samples where the paramagnetic

component has been subtracted. The upper inset shows hysteresis loops of undoped ZnO and pure

graphitic carbon used as target, while the lower inset shows the low field region of all carbon doped

ZnO samples
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Figure 12. M vs T without and with a constant applied field of 500 Oe for 3 mol % carbon doped
Zn0. Open symbols represent FC, and solid symbols represent ZFC. Solid lines represent the
theoretical simulations of the FC data using modified Curie-Weiss law. The fit derived values are

also shown.
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Carbon doped ZnO powders showed RTFM. Hybridization of Zn4s-C2p mediated by oxygens

is the likely source of the FM behavior. C—Zn—C bonds encourage the AFM signal.



