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Abstract. Heterojunctions of undoped solid Cgy and n- or p-type-doped crystalline Si have
been obtained. Current-voltage measurements show that both Cgo/n-Si and Cgo/p-Si contacts are
rectifying but their directions of rectification are opposite. Thermal activation measurements at
a fixed foward bias show an exponential dependence of current on the seciprocal of tempernture,
from which we determine the effective barrier height as 0.30 eV for Cgo/n-5Si and 0.48 eV for
Cgo/p-Si. Using energy-band models for heterojunctions we assign values to the positions of
the conduction and valence bands of the solid Cyg relative to those of crystalline Si and derive
the electron affinity and band gap of solid Cgp film as 3.92 eV and <1.72 eV, respectively,

Cgp and other closed-shell all-carbon molecules (fullerenes) are, owing to their properties, of
great scientific interest [1-3]. The success in producing fullerenes in large quantities [4, 5]
has given rise to a wide range of experimental work on solid Cey. It has been found that
alkali-metal-doped solid Cgg can be superconducting [6], while undoped solid Cgp films are
insulating or semiconducting and show some remarkable electrical and optical properties
{7-16]. Recent studies have shown that undoped solid Cgp film interacts strongly with Si
substrate [13-17]. Scanning tunnelling microscopy and scanning tunnelling spectroscopy
studies have confirmed that Cgp molecules form strong bonds with Si substrate, and that
this involves a significant charge transfer between Cgy and Si substrate [17]. However, less
is known about the electrical properties of a Cgo/Si contact. The present article reports
on electrical properties of Cgo/n-Si and Cgo/p-Si contacts. Strong rectifying behaviour has
been observed which is attributed to 2 potential barrier at the Cgp/Si interface. Effective
barrier heights in the Cgo/m-Si and Cgo/p-Si heterojunctions are determined. We propose
energy-band models for the heterojunctions from which the values of the electron affinity
and band gap of solid Cgp film are estimated.

In this work, two kinds of sample were prepared: (i) Cgo/n-Si, with n-type crystalline
Si(111) wafers at 30 2 cm resistivity as the substrate for Cgo film growth; (i) Ceo/p-Si, with
p-type epitaxial Si(111} layers of 24 £2 cm resistivity as the substrate. Fo obtain a good
ohmic contact, gold film (~3500 nm) and aluminium film (~1000 nm} were deposited on the
back surfaces of the n-Si and p-Si substrates, respectively. The aluminivm film deposition
was followed by a 30 min annealing at 500 °C in a N; atmosphere. The Si wafers were
dipped in a HF:H,O = 1:20 solution to remove any surface oxide, rinsed in deionized water,
blown dry with Nz gas flow, and then immediately transferred to an ultrahigh-vacuum (UHV)
chamber for Cgy deposition. Cgy powders were prepared by the conventional AC arc method
and purified by repeatedly performing liquid chromatography. Evaporation of Cgo powder
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(99.9% purity) was performed in a Balzers UMS-500 UHYV system with a chamber pressure
of 10~° Torr and a Si substrate temperature of 200 °C. The deposition rate was ~1 nm
min~! and the Cgp film thickness was monitored in situ by a quartz-crystal oscillator, The
Cgp film obtained is polycrystalline with a face-centred cubic structure as revealed by x-ray
diffraction pattern measurements. Titanium electrode dots of area 5.03 x 1073 cm? were
finally evaporated onto the Cgp films at 100 °C in the same UHV system. The final thickness
of the Cgq filmas was determined to be 200 nm by use of a surface profiler (Sloan: Dektak
3030 ST).

Current—voltage (J-V) and cument-temperature (J-T)} measurements were performed
with a HP 34401A multimeter. The Ti/Cgo/n-Si or TifCeo/p-Si junction was connected in
series to a 1 kS2 resistor so that current could be measured via the potential drop across the
resistor. The junction temperature was monitored with a thermocouple placed in contact
with a copper sample holder.

Figure 1 shows a typical J-V curve (semilogarithmic plot of current density versus
bias voltage) of a Ti/Cgo/n-Si junction at 280 K. The bias voltage is the voltage on the Ti
electrode with respect to the Si substrate. The junction was found to be conducting when
the Ti electrode was at a positive bias voltage while the current for a negative bias voltage
was much smaller. Thus the Ti/Cgy/n-Si structure was rectifying. As shown in figure 1, the
rectification ratio is greater than 3 x 10° at £2 V. The log J-V curve is almost linear for
forward biases below (0.3 V while the curve bends when the forward bias exceeds about
0.3 V, which can be interpreted as the series resistance effect. We analysed the forward
J-V data using

(1)

J = -}O[CXP[M] —_ 1]

nkT

where J is the current density, V is the potential drop across the sample, A, is the area
of the Ti electrode, R; is the series resistance of the sample, g is the electron charge, n
is the ideality factor, £ is Boltzmann’s constant, and T is the temperature. In the case of
g(V — A JR;) > 3nkT the first derivation of (1) leads to

— = AR+ —. 2
efis q (2)

At a fixed temperature, R;- and n-values can be determined by analysing J-V data using
(2). For example, at 280 K, we obtained R, = 2.0 x 10* Q and n = 3.5. The high resistance
must be due to the undoped Cgp film and the large n-factor may be due 1o the importance
of interface states at the Cgo/Si interface.

The inset in figure 1 shows results of thermal activation measurements over a
temperature range of 280-330 K. For a given forward bias at 0.5 V (A JR; < 0.5 V), the
plot of In J against 1/7T is a straight line indicating that the current-transport mechanism
involves a thermally activated process. After least-squares fitting we found that Jp in (1) is
an exponential function of 1/7T, i.e.

Jo = Joo exp(—qest/kT) (3)

where Joo = 1.4 x 10° uA em™2 and gguq == 0.30 eV for a Ceo/n-Si sample. gy denotes
the effective barrier height under zero-bias conditions, which is generally related to the
energy-band structure of solid Ceg and Si, the Fermi level in Cgp and Si, and the Cgp/Si
interface states, as will be discussed later.
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Figure 1. Current-voltage characteristics of a Cgo/n-Si heterojunction at 280 K. The inset shows
data from thermal activation measurements at a fixed forward bias of 0.5 V.

The Ti/Cep/p-Si structure was also found to be rectifying but its direction of rectification
was opposite to that of TWCgo/n-Si, i.e. a negative bias applied to the Ti electrode with respect
to the Si substrate corresponds to forward conduction. Figure 2 shows a typical J-V curve
for Ti/Cep/p-Si at 300 K. It can be seen that the rectification ratio is greater than 10* at
+2 V. Analysing the J-V data of figure 2 by use of (2) we find Ry = 4.7 x 10* Q and
r=2.6at T =300 K. The value of the series resistance of the Ti/Cgo/p-5i junction is near
that of the Ti/Cg/n-Si junction while the n-factor is better in Ti/Cgo/p-Si than in Ti/Ceo/n-Si.
The inset in figure 2 shows the J-T results for the Ti/Cgp/p-Si sample at a fixed forward
bias of —0.5 V. Fitting the data to (3), the value of ¢@.s is found to be 0.48 eV for the
Cso/p-Si sample.

To confirm that the rectifying effect is not due to a potential barrier at the TifCeo
interface, we have measured control samples of Ti/Cgp/Ti structure and found a linear J-V
relation indicating that the Ti/Cgp contact is ohmic. The fact that TifCgp/n-Si and Ti/Cgp/p-Si
have opposite directions of rectification implies that there are potential barriers preventing
electron and hole diffugion at the Cgy/n-Si and Ceo/p-8i interfaces, respectively, In order
to explain the potential barrier formation in the Cgn/Si heterojunction we introduce energy-
band models as shown in figure 3. Figure 3(a) gives the energy-band diagram for undoped
solid Cgg and n-Si before their contact. The subscript 1 denotes Cgy while subscript 2
denotes Si. ¥, g¢m, and E; represent the electron affinity, work-function, and band gap,
respectively. Evye is the vacuum level. E., Ey, Er represent the bottom of the conduction
band, the top of the valence band, and the Fermi level, respectively. AE; represents the
difference in energy between the conduction-band edges of solid Cgo and Si, and AE,,
that between the valence-band edges. Before contact, as is confirmed by the direction of
rectification of the Cgp/n-Si heterojunction, the Fermi level in n-Si, Ep;, must be higher
than that in solid Cgg, Er. Figure 3(b) shows the energy-band profile for an ideal Cgp/n-Si
heterojunction (in the absence of interface states) at thermal equilibriem. ¢V represents
the built-in potential. The sum of ¢Vi; and g Vi2, ¢(Ve1 + Viz), corresponds to the Fermi
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Figure 2. Current-voltage characteristics of a Cgofp-Si heterojunction at 300 K. The inset shows
data from thermal activation measurements at a fixed forward bias of —0.3 V.,

level difference, Ep» — Ep, before contact. Interface states may be introduced due to
lattice mismatch and impurities at the Cgp/Si interface (we have observed interface state
density as high as around 10'*=10'3 eV~ ¢m~? from capacitance transient measurements
but detailed results will be given elsewhere). The interface states can trap electrons from
the solid Cgy and Si sides to make the interface negatively charged and modify the energy-
band structure of the Cgp/n-Si heterojunction as shown in figure 3(c}. It can be seen from
figure 3(c) that conduction-band electrons transferring from n-Si to Cgp need to overcome a
barrier of g@er = (AE, + g Vy2), which is the so-called effective barrier height in (2). This
barrier can be reduced under forward bias and increased under reverse bias, thus providing
an interpretation of the observed rectification in the Cgo/n-Si heterojunction. Figure 3(d)
shows the energy-band diagram for the Cgg/p-3i heterojunction in thermal equilibrium. It
can be seen that valence-band holes transferring from Si to Cgy must overcome a barrier of
g@esr = AE, + g(Vi) + Viz). When a negative bias is applied to the Csg side with respect
to the p-Si side the effective barrier is reduced and the junction is forward conducting.

The value of Vi3 can be obtained from measurements of the high-frequency capacitance
of the Cg/Si junction. Capacitance—voltage (C—V) measurements wee performed with a
high-frequency (1 MHz) Model 410 C-V plotter. The total capacitance of the junction is
a series combination of the depletion-layer capacitance of Cgp and that of Si, i.e.

1/C =1/Ccy, + 1/Cs;. (4)

In our sample the Cgy layer was very thin (200 nm), so the whole layer must be depleted.
Hence, Cc,, can be given by

Cep == Aclogpto/deg, &)

where dg,, is the thickness of the Cg layer and 2o is the permittivity in vacuum. Recent
studies have given the value of £¢,, as 3.7=0.1 [13]. Thus from (4) and inserting our values
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Figure 3. Energy-band models for Cgo/Si heterojunctions: (a) before the Cgo/n-Si contact; (b)
ideal contact of Cgp/n-Sit without interface states; (c) the Cgp/n-Si contact with interface states;
(d) the Ceofp-Si contact with interface states.

for D¢, and A, Cg,, is found to be 82.4 pF. Cg; is determined by the surface potential
¥rs (Vi corresponds to 1, at zero-bias conditions) [18]. For a p-type semiconductor, if the
minority carriers are neglected, Cg; can be given as

Csi = Aeesita1 — exp(—Bys) [/ { V2LoF (8vs)} (6)

where
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F(BYs) = [exp(—Bs) + By — 1]'7° @)
and

12

Lp = (esigokT/Nag?) (8)
Lp is Debye’s screening length, § = g/&T, and N, is the shallow acceptor density in
p-Si. From high-frequency C—V measurements we obtain 6.8 x 10'3 cm~? for the shallow
acceptor density in p-Si and 74.5 pF for the zero-bias capacitance of the Ti/Cgo/p-Si sample.
From these values and the value of C¢,, we calculated Vi from (4) and (6)—(8) obtaining
g Vo2 = 0.01 eV for the Ti/Cgofp-Si sample. In a similar way, for the TV Cgo/n-8i sample, the
shallow donor density in n-Si was found to be 5.1 x 10" cm™?, the zero-bias capacitance
was 19.9 pF, and gV, = 0.17 eV,

Using the results we can define the positions of solid Cgy energy bands relative to those
of crystalline bulk Si. As g Vi and gges for Cep/n-Si are 0.17 and 0.30 eV, respectively, we
get AE, = 0.13 ¢V, i.e. the discontinuity in conduction-band edges is 0.13 eV. Furthermore,
the electron affinity of solid Cgo is x1 = y2 — AE: = 3.92 eV, where the clectron affinity
of bulk Si, y1, is taken as 4,05 eV. As for Cgo/p-Si, g Vpz = 0.01 eV and gger = 0.48 eV,
it can be deduced that AE, < 0.47 eV and Ey; < 1.72 eV (the band gap of bulk Si at
300 K is taken as 1.12 eV).

The value of 3.92 eV for the electron affinity of solid Cgg is obtained, for the first time,
from electrical measurements on a Cgo/Si heterojunction. This value may be compared with
the reported value of 2.6-2.8 ¢V from a UV photoemission study of negatively charged
Cto ions [19] but the polarization screening value of 0.7 eV [20] should be added. The
band-gap value of <1.72 eV for solid Cg is in good agreement with the value of 1.7 eV
measured in a photoconductance experiment on solid Cep films [12] and the value of 1.64 eV
obtained from fitting the optical absorption data of solid Cgp film to an equation used for
amorphous semiconductors [213, but different from those values given by electron energy-
loss spectroscopy (1.8 eV) [22], XPs (1.9 eV) [23], and ellipsometric measurements (2.3 eV)
[24] for solid Cgg.

In summary, we have found that both Cgp/n-Si and Ceo/p-Si contacts are rectifying,
and interpreted their J-V and J-T behaviour using energy-band models. Electrical
measurements have enabled us to define the positions of the conduction and valence bands
of solid Cgp relative to those of crystalline Si and estimate values for the electron affinity
and band gap of solid Cgg. Further investigation of the current-iransport mechanism and
Ceo/Si interface states in CgofSi heterojunctions is under way.

We thank M X Xing for experimental assistance. We are also grateful to Professor R § Han
and Professor A Rhys for many valuable discussions.
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