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Co-doped amorphous carbon (a-C:Co) films were deposited on n-type Si substrates by pulsed-laser

deposition method. A positive magnetoresistance (PMR) effect has been observed after Co doped

into a-C films. Such a PMR is tuned by the bias voltage and reaches a peak at a particular voltage, as

observed from the Current-voltage relations of the a-C:Co=Si junctions at various magnetic fields.

MR-H characteristics were further studied at the temperatures of 65 K, which showed that under the

reverse electric field the a-C:Co=Si junctions had a colossal PMR (over 100%). Raman spectra results

demonstrate that Co doping favors the formation of graphitic sp2 sites. The mechanism of the PMR

effect is attributed to the interactions between the applied magnetic field and Co ions, which leads to

the transition from sp2 sites to sp3 sites and increase the resistance. VC 2012 American Institute of
Physics. [doi:10.1063/1.3675180]

I. INTRODUCTION

Amorphous carbon (a-C) films have attracted great

attention for the last decades because of their rich optical,

magnetic, and electrical properties as well as possible appli-

cations for nonvolatile resistive switching memory, solar

cells, gas sensors, magnetoresistance effect, and more.1–8

The a-C film has a disordered structure in which small sp2

clusters are embedded in the sp3 matrix.9,10 The sp2=sp3 ratio

and the sp2 clustering size, influenced by various deposition

conditions and different doping elements, are the two key

matters determining its physical properties.11 Photovoltaic

characteristics of Pd-doped a-C films and iodine-doped a-C

films have been investigated and they showed high efficiency

as solar cells.2,3 Gao et al.4 reported that a-C=Si junctions

were sensitive to ammonia at room temperature, which

showed a potential application as gas sensors. A positive

magnetoresistance (PMR) effect was observed in iron-doped

a-C films at room temperature, whereas the magnetoresist-

ance turned negative below 260 K.5,6 All of these special

properties of the a-C films derive from the interaction

between doping elements and the two species of hybridized

carbon atoms: sp2 and sp.3

The colossal magnetoresistance (CMR) has been

researched for several decades with applications for various

electronic devices.12,13 The CMR effect is generally consid-

ered to originate from the Jahn-Teller effect and the double

exchange. However, this mechanism is unlikely to be used to

explain the colossal PMR effect of the disordered carbon

systems. Further research is needed to clarify the transport

mechanism of a-C films. The PMR effects of a-C:Co films

and a-C:Co=Si junctions have been observed at room tem-

perature.7,8 The PMR of the a-C:Co=Si junction reached

16% at magnetic field 2.5 kOe and positive bias voltage

6 V.8 However, the research on the PMR effect in the nega-

tive bias voltage still remains lacking. In our research, the

a-C:Co films were deposited on silicon substrates and the p-n

junctions were formed. The current-voltage relations meas-

ured at a low temperature (65 K) indicated that, in a negative

bias voltage, a-C:Co films had much higher MR values than

those in a positive bias voltage, which implies that there are

two different species of PMR mechanisms dependent on the

electric field direction.

II. EXPERIMENTAL

Pure a-C films and a-C:Co films were deposited on

n-type (111) silicon substrates by the pulsed-laser deposi-

tion (PLD) method with the KrF excimer laser.14,15 The Si

substrates are lightly P doped with resistivity of 8–13

X�cm. Before deposition, the Si substrates were ultrasoni-

cally cleaned in ethanol, then acetone, etched in diluted HF

solution (10%) for 15 min, and rinsed in de-ionized water.

The deposition chamber was pumped to 6� 10�6 mbar and

the substrates were heated to 400 �C. A graphite disk with

a purity >99.99% embedded by a strip of cobalt (99.9%)

was used as the target. The deposition was performed by

using a laser with energy of 360 mJ=pulse and frequency

of 5 Hz.

Scanning electron microscope (SEM) observation

showed that the a-C:Co film had a smooth surface, and the

thickness was about 260 nm. Elemental composition and Co

concentration were analyzed by energy-dispersive x-ray

spectroscopy (EDX). Raman spectroscopy was used to iden-

tify the disordered structures and measure the sp2=sp3 ratio.

Silver surface electrodes were evaporated on a-C films to

ensure the low Ohmic contact. The resistance, current-

voltage (I–V) relations and magnetoresistance of a-C:Co=Si

junctions were measured by using a two-probe method with

a Keithley 2400 Source Meter. The magnetic field was pro-

vided by a superconductor magnet.

a)Author to whom correspondence should be addressed. Electronic mail:

jugao@hku.hk.

0021-8979/2012/111(7)/07C510/3/$30.00 VC 2012 American Institute of Physics111, 07C510-1

JOURNAL OF APPLIED PHYSICS 111, 07C510 (2012)

Downloaded 19 Jun 2013 to 147.8.230.100. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3675180
http://dx.doi.org/10.1063/1.3675180
http://dx.doi.org/10.1063/1.3675180


III. RESULTS AND DISCUSSION

The SEM image of the surface of a-C:Co=Si junction is

shown in Fig. 1(a), which demonstrates a smooth surface of

the formed a-C:Co film. As shown by the cross-sectional

SEM image of the a-C:Co=Si junction in Fig. 1(b), its thick-

ness is quite uniform and is around 260 nm. The EDX spec-

trum in Fig. 1(c) confirms that Co has been successfully

doped into the a-C film. The doping concentration of Co

reaches 12% in our sample. The research of Zhang et al.8

shows that the Co spikes are penetrated into Si substrates

and distributed discontinuously at the C=Si interface instead

of dispersing in carbon film. The structural change of the

C=Si interface has a great effect on electrical and magnetic

properties of a-C:Co=Si junctions.

Raman spectroscopy is a common method to analyze

the disordered microstructure and the sp2=sp3 ratios of a-C

films. There are two Raman active modes in the disordered

carbon systems such as G mode (centered at �1550 cm�1)

and D mode (centered at �1350 cm�1). The G peak is asso-

ciated with the optically allowed E2 g zone center mode of

crystalline graphite, whereas the D peak is associated with

disorder-allowed zone-edge modes of graphite.16 In fact, the

ratio of D peak and G peak intensities is consistent with the

ratio of sp2 and sp3 sites. Figure 2 shows the Raman spectra

excited by 514 nm laser for the pure a-C film and the a-C:Co

film at room temperature. The two peaks (G and D) have

been observed, which reveals that the samples are typical

amorphous carbon systems. The sp2=sp3 ratio increases

apparently with Co doping in the a-C film, which shows that

Co doping favors the formation of sp2 clusters.

Figure 3(a) shows I–V characteristics of a-C:Co=Si junc-

tion at various temperatures. The inset displays the sche-

matic illustration of the electrical measurement. It is

observed that only when the temperature is above 270 K,

will the I–V curves have good rectifying behaviors, which

differs from the result that pure a-C=Si junctions showed

good rectifying properties in a large temperature range

(80–300 K).17 In addition, when the negative voltage over-

comes a threshold (5.5 V), the reverse current increases

sharply, but still greatly depends on temperature. The result

illustrates that the breakdown voltage increases as the tem-

perature decreases.

FIG. 1. (Color online) (a) The SEM image of the a-C:Co film deposited on

Si substrate at 400 �C. (b) The cross-sectional SEM image of the a-C:Co=Si

junction. (c) EDX spectrum of the a-C:Co=Si junction.

FIG. 2. (Color online) Raman spectra of the pure a-C film and the a-C:Co

film deposited on Si substrates at room temperature.

FIG. 3. (Color online) (a) I–V characteristics of the a-C:Co=Si junction at

different temperatures. The inset shows the schematic illustration of the

electrical measurement. (b) The effect of magnetic fields on I–V characteris-

tics. The inset shows the amplification of a part of the I–V curves at positive

voltages.
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Figure 3(b) shows I–V characteristics of the a-C:Co=Si

junction at 65 K when magnetic fields are placed vertically

on the sample. The apparent PMR effect has been observed

in both forward and reverse electric fields. The interesting

result is that the magnetic field has a great effect on the I–V
characteristics under the reverse electric field, whereas

the effect on the I–V characteristics under the positive

one is very small. The MR of the a-C:Co=Si junction is

less than 6% at H¼ 5 T by measuring forward current

values.

To provide a further insight into the PMR effect of the

a-C:Co=Si junction, MR-H relations are exhibited in Figs.

4(a) and 4(b). It is observed that MR-H curves are apparently

tuned by the bias voltages. Figure 4(a) shows that MR will

reach a peak value at V¼ 5 V and T¼ 65 K, which is consist-

ent with the result of Tian et al.6 obtained at room tempera-

ture. Figure 4(b) shows that, under the reverse electric field,

the a-C:Co=Si junction has a colossal PMR dependent on the

bias voltage. The MR (�6 V) reaches 100% at H¼ 1 T and

over 350% at H¼ 5 T. When the voltage value deviates from

�6 V, the MR significantly decreases, but is still much

higher than than in the positive voltage. This phenomenon

indicates that there are two totally different PMR mecha-

nisms dependent on the electric field direction. Although the

d electrons of Co atoms mainly have exchange interactions

with sp2 hybridized electrons in the disordered carbon sys-

tem, the PMR of the a-C:Co=Si junction is unlikely to be

induced only by such exchange interactions, especially under

the reverse electric field.6 A possible explanation is that the

effect of the applied magnetic field on the Co ions leads to

the transition from sp2 sites to sp3 sites, increases the barrier

width, and then decreases carriers passing through the poten-

tial barrier by tunneling.

IV. CONCLUSIONS

Co doped a-C films were deposited on the Si substrates

by PLD at 400 �C. Raman spectrum and I–V characteristics

have been investigated and analyzed. Our research mainly

focuses on the PMR effect of the a-C:Co=Si junctions. The

results show that the bias voltage has great effects on the

MR-H relation. In addition, in the negative bias voltage, the

a-C:Co=Si junction has much higher MR values than those

in the positive bias voltage. A possible mechanism is pro-

vided to understand the anomalous PMR effect.
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