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The Role of Carbon Doping in ZnO
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ZnO doped with non-magnetic C has been reported to exhibit room-temperature ferromagnetism
(RTF). The theoretical explanations of the RTF in ZnO:C are based on the incorporation of C
at the O site and on the p-p exchange interaction between the localized C2p spins and valenceband holes. Here, we investigated the incorporation site of C and the electrical properties of Cdoped ZnO films grown by using pulsed laser deposition (PLD) under oxygen-rich and oxygen-poor
conditions. Contrary to the theoretical explanations, all the C-doped ZnO films exhibited n-type
conductivity. Furthermore, most of the carbons were not incorporated at the O site, but rather at
the interstitial or Zn site, or formed C clusters. Although there may exist a growth method that can
lead to incorporation of C at the O site, our experimental results indicate that the defect-induced
ferromagnetism mechanism can better explain most of the observed RTF in the PLD-grown ZnO:C
films.
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I. INTRODUCTION
Dilute magnetic semiconductors (DMS) have been extensively studied because of their potential applications
in the spintronics area. After the theoretical prediction of room-temperature ferromagnetism (RTF) in 3d
transition-metal-ion-doped ZnO and GaN [1], ZnO has
been the focus of research. Indeed, RTF has been observed in ZnO, as well as in other metal oxides such as
TiO2 and CeO2 , when doped with transition-metal ions
[2–4]. However, contradicting experimental results have
also been reported, leaving a controversy over the physical origin of the ferromagnetism [5–7]. In addition, current theories do not explain the experimentally-observed
phenomena consistently [1,8].
Surprisingly, RTF also has been observed in oxides
such as HfO2 , ZnO, and TiO2 even when they are not
doped al all [9–11] or are doped with non-magnetic impurities [12,13]. This is usually called ‘d0 ferromagnetism’,
and it provides an opportunity to develop a new spintronic material, but also gives us a challenge to understand its physical origin. The localized magnetic moment in ‘d0 ferromagnetism’ is usually attributed to the
partially filled 2p orbitals at the defect or impurity site.
Then, there should be an exchange mechanism coupling
the localized magnetic moments. One example of ‘d0
ferromagnetism’ is the C-doped ZnO thin film [12,14,15]
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where the doping of nonmagnetic carbon in ZnO was
found to lead to RTF. The theoretical calculations based
on the density functional theory predicted that carbons
were substituted at the O sites (CO ) and were responsible
for the observed RTF [12,16]. According to the theory, a
strong hybridization occurs between C2p and Zn 4s, 3d
orbitals, and spin split bands are formed as a result of
exchange interaction. The magnetic moments are mostly
carried by localized C2p orbitals with a small contribution from neighboring Zn and next-nearest-neighbor O
atoms. When more than 2 C atoms were used in their
calculation, a ferromagnetic arrangement of the localized spins were found to be energetically favored, and
the ferromagnetic exchange interaction between the C2p
magnetic moments was attributed to the p-p interaction
between the C2p localized hole spins and the delocalized valence band holes (hole mediation), similar to the
well-known p-d exchange interaction.
The p-p exchange interaction requires a p-type character for C-doped ZnO. However, many reports suggest
that the ZnO:C film has n-type conductivity and that ferromagnetism can be found in an n-type ZnO:C [17,18].
Therefore, the role of C in ZnO should be clarified in order to better understand the underlying physics. Here,
we studied the incorporation site of C and the electrical
properties of C-doped ZnO. Contrary to the previous reports, we found that most of the carbons were not incorporated at the O site and did not behave as an acceptor.
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Fig. 1. X-ray diffraction pattern of a C-doped ZnO film
grown in an oxygen-rich condition and PDA treated at 400
◦
C.

Fig. 2. Carrier concentrations of undoped ZnO films (rectangles) and ZnO:C films grown in an oxygen-rich (circles) and
an oxygen-poor (triangles) condition as a function of PDA
temperature. (inset) Hall voltage vs. magnetic field intensity
of a ZnO:C film grown in an oxygen-rich condition.

II. EXPERIMENTS
ZnO thin films were grown on (0001) sapphire substrates by using pulsed laser deposition (PLD). The Cdoped ZnO films were grown using a ZnO/C target containing 2 atomic percent carbon. A KrF excimer laser
was focused onto the target at a fluence of ∼2.0 J/cm2 ,
and the distance from the target to the substrate was
set to 6.0 cm. For comparison, ZnO:C thin films were
grown under two different conditions, under oxygen rich
and oxygen poor. The samples grown under the oxygenrich condition were grown at an oxygen partial pressure
0.5 mTorr and at low temperature (473 K). Under the
oxygen-poor condition, we grew the film at a high vacuum (low 10−7 Torr) and at a relatively high temperature (673 K) as prescribed in a previous report [12]. After
growth, the films were subjected to post deposition annealing (PDA) at various temperatures for 3 minutes in
a N2 ambient.
X-ray diffraction (XRD) was used to obtain structural
information on the ZnO:C films. Hall effect measurements were carried out to study how the C-doping affected the carrier type and the concentration of ZnO:C.
Photoluminescence (PL) measurements were performed
using the 325-nm line of a He-Cd laser. X-ray photoelectron spectroscopy (XPS) was performed to obtain chemical information on the incorporated carbon atoms.

III. RESULTS AND DISCUSSION
Figure 1 shows a typical X-ray diffraction (XRD) pattern of a C-doped ZnO film. The ZnO:C film showed
a prominent (0002) peak at 34.6◦ and a weak (0004)
peak at 72.7◦ , exhibiting a dominant c-axis orientation
corresponding to the Wurtzite structure. The XRD pattern showed no trace of a secondary phase or impurities

within the resolution limit of the XRD equipment.
The Hall effect measurement results for the undoped
and C-doped ZnO films are plotted in Fig. 2 as a function
of the PDA temperature. As can be seen in the inset of
Fig. 2, the Hall voltage was linear with respect to the
applied magnetic field, showing no sign of an anomalous Hall effect. All the as-grown ZnO films displayed
n-type conductivity with a very high electron density
(>1019 /cm3 ). The electron density decreased with increasing PDA temperature for all the samples. After
PDA at 900 ◦ C, the electron density of the undoped
ZnO film dropped below 1 × 1017 /cm3 . Since as-grown
films include high densities of defects and/or impurities
that can act as donors, most defects/impurities seems to
be removed after PDA at 900 ◦ C for the undoped ZnO
film. However, all the ZnO:C films grown in the oxygenrich and -poor conditions retained much higher electron
density (>1019 /cm3 ) after 900 ◦ C PDA. This indicates
that the doped carbon either behaves as a donor or creates/stabilizes donor-type defects.
Figure 3 shows the PL spectra of the C-doped and the
undoped ZnO films measured at 16 K. For the undoped
ZnO, a dominant donor bound exciton (Do X) peak can
be found at 3.357 eV. Weak peaks at 3.33 eV and 3.24
eV correspond to the two electron satellite (TES) of Do X
and the donor-acceptor pair (DAP) recombination, respectively. The intensity of the Do X peak was decreased
a little for the ZnO:C film, probably due to an increase
in non-radiative recombination centers as a result of Cdoping. Overall, the PL spectrum of ZnO:C was quite
similar to that of the undoped ZnO, and we could find
no signature to assign the doped C as an acceptor.
As described above, the RTF of C-doped ZnO has been
explained based on the carbon at the O-site behaving as
an acceptor [12,14]. It is surprising that although the
incorporation site of carbon is a central issue in the RTF
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Fig. 3. PL spectra of undoped pure ZnO and C-doped
ZnO films.

Fig. 4. (Color online) C1s XP spectra of an undoped ZnO
film, and of C-doped ZnO films grown at under oxygen-rich
(ZnO:C-OR) and oxygen-poor (ZnO:C-OP) conditions (from
bottom to top). All the films were PDA treated at 900 ◦ C
after growth.

of ZnO:C, there have been few works on it. The n-type
conductivity of all ZnO:C films in our experiment casts
some doubt on the ‘CO as an acceptor’ picture, but a
possibility exists that donor-type defects and/or impurities generated due to C-doping itself overshadowed the
CO acceptor to make ZnO:C n-type. To obtain more information on the role of C, we performed XPS measurements on the ZnO:C films. Special care was needed in analyzing the XP spectra of C1s. C-containing organic contaminants always exist on the surfaces of samples, and as
expected, we observed strong C1s peaks, due to C contaminants, at ∼285.4 eV and ∼289.3 eV for the undoped
ZnO film (here, we used the binding energy (BE) of Zn2p
for calibration). Even when we sputtered off the surface
for a long time, small amounts of C contaminants still remained, although the XP intensity had been reduced by
a factor of ∼50. In this experiment, we first sputtered off
the surfaces of ZnO:C films for 3 min (∼5 nm) to remove
the C contaminants before each scan. Different from the
pure ZnO film, the ZnO:C film grown under the oxygenrich condition showed a peak at ∼287.2 eV in addition

Fig. 5. (Color online) C1s XP spectra of the ZnO:C films
grown under an oxygen-rich condition for various PDA temperatures: as-grown, 600 ◦ C and 900 ◦ C from bottom to top.

to the ∼285.4-eV and the ∼289.3-eV peaks of pure ZnO.
Since the weak feature at 287.2 eV was not found in the
undoped ZnO, it should come from the doped C. Its BE
is blue-shifted from graphite by ∼1.8 eV, indicating it is
either an interstitial carbon, Ci , bonded to O or a carbon incorporated at a Zn-site, CZn . The amount of C
corresponding to this peak was less than 0.25 atomic%.
C doped at these sites is usually considered as a donor.
This may be why we observed a highly n-type conductivity for ZnO:C. On the other hand, for the ZnO:C film
grown under the oxygen-poor condition (at higher temperature and in high vacuum), the 287.2-eV peak was
too small to be detected. We think that the high temperature and high vacuum make C more susceptible to
clustering and/or evaporation in the form of CO during
growth. The 285.4-eV peak of ZnO:C films is close to
the binding energy of graphite. Unfortunately, it overlaps with a C-contaminant peak of pure ZnO, making it
hard to separate. This peak increased by 10 ∼ 20% for
ZnO:C, probably due to C clusters in ZnO:C. In fact,
there have been several reports on C cluster formation
at the grain boundary of ZnO [19,20]. The feature at
289.3 eV may originate from a secondary phase, such
as ZnCO3 , but XRD didn’t show any trace of such a
phase. We tentatively attribute this 289.3-eV peak to
the residual C contaminants in the form of COOR bonding. Figure 5 shows XP spectra of ZnO:C samples that
were annealed at several temperatures. Overall, there
was no dramatic change in the XP spectra other than a
slight decrease in the XP intensity. This decrease may
be attributed to the desorption of surface contaminants.
What is more important in the C1s spectra is that
we didn’t observe any feature that could be attributed
to carbons incorporated at O sites (CO ). The binding energy of CO should be red-shifted from that of the
graphite, close to those of carbides. There has been no
report on a red-shifted C1s binding energy for a ZnO:C
film, but for a sintered ZnO:C ceramic, a binding energy of ∼280.4 eV has been reported [21]. We couldn’t
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observe any noticeable CO even though we varied the
growth parameters, such as temperature and oxygen partial pressure, or annealed them at various temperatures.
Our experimental result shows that CO is not thermodynamically and/or kinetically favored in ZnO:C film.
Our experimental result raises a serious doubt about
the ‘2p ferromagnetism’. First, the ZnO:C films showed
an n-type conducting behavior, contradicting the holemediated interaction mechanism. In fact, most of the
reported ZnO:C films have been n-type. P-type ZnO:C is
reported usually when the films are co-doped with acceptors such as N [14]. Secondly, the absence of CO means
no localized C2p holes to account for the magnetic moment. This is particularly troubling because the reported
magnetic moment per doped C atom is large, typically 1
∼ 2 µB . Therefore, even if a ZnO:C film is made to have
a p-type conductivity by co-doping with acceptors, there
are not enough localized C2p spins for the film to be
hole-mediated. Then, how can we explain the observed
ferromagnetism? Our experimental result does not exclude a possibility that a growth method exists that can
lead to C at O site. However, the absence of experimental proof of CO in previously reported papers cast some
doubt on the reported ‘CO -induced RTF’. On the other
hand, we’d like to point out that RTF has been observed
in p-type ZnO even without C doping. According to
the ‘defect-induced ferromagnetism’ mechanism, Zn vacancies in p-type ZnO can have localized holes and cause
ferromagnetism [13,22]. Furthermore, doping of nonmagnetic Li can control the ferromagnetism by generating
holes in ZnO and thus reducing the formation energy of
the Zn vacancy [13]. In the same context, we believe
that the many of the observed RTF can be explained by
‘defect-induced ferromagnetism’, where the Zn vacancy
has a small formation energy in p-type ZnO:C due to the
co-doping with acceptors. C doping may play a role in
the RTF by further stabilizing the Zn vacancies at nearby
sites. On the other hand, a small magnetization (∼0.05
µB per C atom) has also been reported for n-type ZnO:C
[18], but it is most likely caused by magnetic impurities
such as Fe.

IV. CONCLUSION
We studied the role of carbon in C-doped ZnO. We
found experimentally that C-doped ZnO films had
n-type conductivity and that carbons were not incorporated at the O site, contrary to a previous suggestion.
The incorporated C is not an acceptor in ZnO and does
not have localized holes within it. Our results indicates
that the RTF observed in PLD-grown ZnO:C may not
be caused by carbons incorporated at the O site as
previously explained. ‘Defect-induced ferromagnetism’
seems to better explain the RTF in p-type ZnO:C.
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