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The authors report electrical transport properties of p-n junction based on semiconducting
single-walled carbon nanotubes (SWCNTSs). The formation of p-n junction is realized in SWCNTS,
which are encapsulated with Fe nanoparticles at low filling fractions. The devices exhibit an
excellent rectifying behavior, and no current down to 107 A level flows when the device is biased
in reverse. During measurements performed in the temperature range from 10 to 300 K, the devices
maintain high reproducibility. More importantly, even after exposure to air, the rectifying
characteristic keeps stable, which strongly suggests that ideal p-n junction diodes can be fabricated
by SWCNTs. © 2007 American Institute of Physics. [DOI: 10.1063/1.2734509]

Over the past decade, single-walled carbon nanotubes
(SWCNTs) have been widely studied due to many of their
unique properties at the nanoscale and potential applications
in lots of fields. For electronic applications, a number of
nanodevices with unique transport properties, such as field
effect transistors (FETS), single-electron transistors, memory
devices, and sensors based on SWCNTs have been realized
experimentally.l"4 Encapsulating foreign atoms or molecules
in SWCNTSs has become one of attractive ways in controlling
their transport properties. Compared with p-type pristine
SWCNTs, n-type semiconductiong SWCNTSs can be created
by doping a large variety of electron donors.”™® Up to now,
SWCNTs can be directly doped under a designed doping
profile along its length, resulting in the formation of nano-
sized junctions, which exhibit interesting transport proper-
ties. For example, a p-n junction has been formed by partly
doping potassium on the outside surface of SWCNTs but a
leakage current is found at reverse biases.’ Therefore, there
is still a challenge whether ideal junction diodes can be fab-
ricated with SWCNTs by foreign material encapsulation.
Here we demonstrate that a p-n junction can be formed with
SWCNTs by means of Fe encapsulation at low filling frac-
tions. Our results reveal that the fabricated devices exhibit an
air-stable rectifying characteristic, and no current down to
10'* A level is found during the whole measurements in the
temperature range from 10 to 300 K.

In this study, pristine SWCNTs with a diameter of about
1.4 nm are prepared by an arc discharge using Fe/Ni as a
catalyst. In order to fill Fe nanoparticles in SWCNTs, fer-
rocene was selected as a starting material and firstly filled in
SWCNTs by a chemical vapor diffusion method. Then
ferrocene-filled SWCNTSs are rapidly annealed in vacuum to
release Fe atoms inside SWCNTSs, which has been described
elsewhere.'”!! Fe-filled SWCNTs with different filling levels
are prepared by adjusting the reaction time (from 2 to 48 h)
of ferrocene vapor with SWCNTs. The amount of encapsu-
lated Fe in SWCNTs is estimated by x-ray fluorescence spec-
troscopy. For the reaction time of 48 h, the filling fraction
(number of the filled Fe atom per carbon atom of SWCNTS)
is f=2.8 X 107 which corresponds to a high filling level, and
in this case most Fe-filled SWCNTs exhibit unipolar n-type
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characteristics. In contrast, at low filling fractions with
f=1X1073, in addition to n-type behavior, a p-n junction is
significantly observed in SWCNTs due to partial Fe encap-
sulation.

The device preparation is similar to that used for making
typical SWCNT-FETs. Samples of SWCNTs are dispersed by
sonication in N,N-dimethylformamide (DMF) solvent for
over 10 h, and then spin coated on FET substrates, which
consist of Au electrodes with thickness of 150 nm. Each pair
of Au electrodes with a channel length of 500 nm is made on
a Si0, layer with a thickness of 500 nm. A heavily doped Si
wafer is used as a back gate. A baking process at 400 K is
finally carried out in air for 30 min to remove the excess
DMF solution on the FET substrates. Electronic transport
measurements are performed in both vacuum and air-
conditions from 10 to 300 K using a semiconductor param-
eter analyzer (Agilent 4155C). It is worthy to mention that
the fabrication procedure for making the p-n junction in our
present study is relatively simple compared with those de-
scribed in previous reports (Refs. 9 and 12—14), where half
of SWCNTs is usually covered by polymeth?methacrylate
and their opposite part remains uncovered.'>!

Prior to Fe encapsulation, the pristine SWCNTs exhibit
the well-known p-type semiconducting behavior, and the
unipolar n-type SWCNTs have been proven to be formed by
Fe encapsulation at the high filling fraction,'' as shown in a
source-drain current versus gate bias (Ipg-V;) characteristic
of Fig. 1 for a source-drain voltage of Vpg=1 V. At low
filling fractions with f in the range of ~3 X 1074—1073 (the
corresponding reaction time is 2—6 h), apart from n-type
SWCNTs the p-n junction is found to be formed in some
Fe-filled SWCNTs. A typical transport characteristic for the
p-n junction observed in SWCNTs is shown in Fig. 2, in
which the Ig-V; curves are measured at different biases Vg
ranging from 0.4 to 1 V in steps of 0.1 V at room tempera-
ture. Obviously, the present transport feature is different
from the normal monotonic increase or decrease with in-
creasing the gate voltage, which is observed in simple n- or
p-type transport characteristics. For V;<-13V, each
Ips-V curve shows a monotonic increase with increasing the
negative gate bias, similar to the p-type behavior, and the
current with V; between —13 and —5 V is suppressed to near
zero (on the order of 107'* A). A current hump region is
interestingly observed at =5 V<V;<<5 V, which is known
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FIG. 1. Ipg-V,; characteristics (Vpg=1 V) for p-type pristine SWCNTs and
n-type Fe-filled SWCNTs which are prepared at high filling fraction
f=2.8X1073.

as the formation of the p-n junction in SWCNTs, according
to the previous descriptions.9 When the gate bias is larger
than 5 V, the current is suppressed to zero again until the
gate voltage reaches 40 V. As the applied bias Vg is larger
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FIG. 2. (Color online) (a) Ipg-V curves measured with Vg ranging from
0.4 to 1 V for p-n junction device. Here Fe-filled SWCNTs are prepared at
filling fraction f=1X 1073, (b) Ipg-Vps curves exhibiting rectifying behavior
for gate voltages ranging from —40 to 10 V, which correspond to the volt-
age positions (A, B, C, D, and E) marked in (a), respectively. The fit line for
the ideal diodes is calculated with n=1.2, I,=10""4, and T=300 K.
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than 0.5 V, the interesting hump current can repeatedly be
observed in each Ipg-V; curve. In contrast, when the applied
bias is less than 0.5 V or becomes negative, the current tends
to be reduced to zero.

To further assess the performance of the p-n junction
device, we investigate the output characteristic of Ipg-Vpg
curves with Vpg ranging from —1 to 1 V by applying differ-
ent gate voltages, as shown in Fig. 2(b), which correspond to
the gate voltage positions (A, B, C, D, and E) in Fig. 2(a),
respectively. It can be seen clearly that all the measured
Ins-Vps curves exhibit excellent rectifying characteristics,
i.e., the current can flow only at the forward bias and dimin-
ish under the reverse bias. In agreement with observations of
Fig. 2(a), the current designates a significant decrease at the
gate voltages of both —10 and 10 V, and a small current is
detected at Vpg=1 V in the p-n junction region (V;=0 V) in
contrast with the current measured at V;=—40 and —20 V. It
has been found that the current measured at the negative bias
is of the order of 10~'* A, which is different from the previ-
ous descriptions.9 In addition, we compare the diode behav-
ior of SWCNTs with that of ideal diodes, of which the
current-voltage curve is described by the following equation:
Ins=1,(e?Ds™K8T_ 1) where I, is the reverse bias saturation
current, e is Euler constant (~2.7183), ¢ is the charge of
electron (1.6 X 107" C), Vpps is an applied bias voltage, n is
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FIG. 3. (a) Ips-V curve measured at 10 K with Vpg=0.6 V, showing the
hump current feature keeps stable at V;=0 V. (b) An Ips-Vpg curve mea-
sured at 10 K with V3=0 V showing the device remains the rectifying
behavior.
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the ideality factor (typically between 1 and 2), Kz and T are
Boltzmann’s constant (1.38 X 1072%) and temperature, respec-
tively. In our case, the parameters used for the fit line are
1y= 107 A, n=1.2, and T=300 K. The value chosen for n is
typical of many devices, which has been mentioned
previously. ” By comparison, it is found that the measured
Ins-Vps curves exhibit a good similarity to the fit line for the
ideal diodes, and both of them display a sharp current in-
crease feature with the applied bias more than 0.5 V. It is
important to emphasize that similar rectifying characteristics
have been observed in many independent devices. Therefore,
our results reveal that ideal p-n junction diodes can possibly
be fabricated by SWCNTSs encapsulating Fe nanoparticles.

Temperature dependences of the Ipg-V; characteristics
for the diode device reveal that the observed rectifying char-
acteristic can keep stable during the measurements ranging
from 10 to 300 K. Figure 3(a) gives a Ipg-V; curve mea-
sured at 10 K with Vpg=0.6 V, and the striking hump feature
can also be found at about V;=0 V although the current
decreases by two orders of magnitude compared with that
measured at room temperatures. This decrease is attributed to
the increase of serial resistance at the two metal-nanotube
contacts at low temperatures.16 In addition, periodic Cou-
lomb oscillations are observed at V;<-20 V, indicating a
signature of single-electron charging effect at low tempera-
tures. The measured Ing-Vpg curve in Fig. 3(b) indicates that
the device remains the ideal rectifying behavior even at low
temperatures. Furthermore, we examine the transport charac-
teristics of p-n junction diode in air-condition, as indicated in
Fig. 4(a), where the I,g-V; curve is measured at Vpg=1V
after the device is exposed to air for over 24 h. Interestingly,
the hump current region disappears, and the current flow
across the nanotube shows a great increase compared with
the results observed in Fig. 2. However, the characteristic of
Ins-Vps shown in Fig. 4(b) demonstrates evidently that the
rectifying characteristic of device keeps stable in air. A rea-
son for the above transport phenomenon can be explained in
terms of the adsorption of oxygen during measurements per-
formed in air. Since the oxygen acts as an electron acceptor,
its adsorption on the outside of SWCNTs is considered to
weaken the n-type part of the encapsulated nanotube. Con-
sequently, the width of depletion region or height of potential
barrier can possibly be reduced, which can give rise to a
large current flowing through the thin p-n junction. To con-
firm this, we have examined the characteristics of the device
again in vacuum at room temperature. As expected, a recov-
erable characteristic as a signature of the current decrease
and hump current feature is repeatedly observed, similar to
the results displayed in Fig. 2(a).

In summary, we have demonstrated that the p-n junction
can possibly be created in SWCNTSs through encapsulating
Fe particles at the filling fraction f=1X1073. Our results
reveal that the devices show excellent rectifying performance
at various temperatures ranging from 10 to 300 K, which is
similar to characteristics of ideal diodes. More importantly,
the p-n junction characteristics of SWCNTs have proved
stable even in air-condition. It is believed that we may offer
a feasible approach to the fabrication of p-n junction nanode-
vice with SWCNTs.
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FIG. 4. (a) Ipg-V curve measured with V=1 V at room temperature in
air, indicating the hump current region disappears. (b) A stable rectifying
Ins-Vpg characteristic measured at V;=—40 V is observed in air-condition.
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