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properties of diamond diodes with diamond surfaces of the
different morphology
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Abstract. The alternating current (ac) conductance (/=200 Hz) was measured as a function of
applied voltage at ambient temperature for two diodes with aluminium/diamond rectifying
contacts on chemical vapour-deposited diamond films of 5 um in thickness with different
morphology, nucleation and growth surfaces. Comparison of direct current (dc) conductance
curves (deduced from experimental current—voltage curves) with ac conductance curves for the
diodes revealed different transport mechanisms for two interfaces. The current—voltage
characteristic of gold/diamond/gold structures shows that the two interfaces have different
resistance values. The results demonstrate that the nucleation surface has a greater surface
density of states than the growth surface, and this contributes to electrical transport through the
potential barrier. Cole—Cole curves show a discrepancy between the Debye semicircle and
experimental results and illustrate the fundamental differences between the two diodes. These
results provide additional proof that the principal source of dispersion admittance is the surface
states. The current—voltage characteristic of diamond diodes with diamond films of 1 pum in
thickness shows two distinct resistance states (high and low resistance). By applying an
appropriate bias, resistance switching from one state to the other state can be achieved. The
experimental results are discussed on the basis of filamentary conduction

1. Introduction

Carbon-based materials such as nanocrystalline diamond, polycrystalline diamond, amorphous carbon
and carbon nanotubes are of immense scientific and technological interest in different fields such as
electronics, electrochemistry, thermal applications, optics, and biology. The quality of the
polycrystalline diamond films used in the present study is comparable to that of heteroepitaxial films
reported in the literature [1]. Analysis of the diamond surfaces revealed that the growth surface was
very rough, whereas the nucleation surface had a more uniform texture. Two types of structures were
produced using diamond film of 5 pm in thickness. One sample (designated S1) was prepared by
depositing a rectifying aluminium (Al) contact on the diamond growth surface and the other
(designated S2) by depositing a rectifying Al contact on the nucleation surface. As previously reported
[2], the electrical properties of the devices are influenced by the surface morphology and
microstructure. Investigation of the [-V characteristics revealed that the diode with a rectifying contact
on the nucleation surface had better diode properties and lower conductivity. In the present study,
complementary comparative studies of the alternating current (ac) and direct current (dc) conductance
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for the two different devices confirm our previous results [2] regarding charge transport. The
impedance was measured and plotted in Cole—Cole representation for the growth surface and
nucleation surface. The [-V characteristics of a similar device fabricated with a thinner diamond film
(~1 um) are also described.

2. Experimental

The diamond film used in this study was deposited on a n-type silicon substrate by MPCVD using a
mixture of methane (1%) and hydrogen (99%). Details of the deposition conditions, substrate
preparation, and quality of the diamond films can be found elsewhere [3, 4]. Diamond film of 1-5 um
in thickness was obtained by removing the substrate with HF solution. The morphology of the two free
surfaces was analysed by atomic force microscopy. This confirmed that the growth surface was
relatively rough (~2% of the total film thickness) and formed by microcrystals with a common <111>
orientation distributed homogeneously on the surface. Micro-Raman measurements showed no
significant spectral differences for different regions of the surface. The nucleation surface was exposed
after the substrate was removed and corresponds to the first layer of diamond deposition. This surface
had an extremely flat morphology with average roughness ~4 nm, and a compact texture of very small,
round grains. To produce the diodes, Au and Al contacts were deposited by thermal evaporation on
opposite surfaces of the diamond film. Two types of diodes were prepared, with the rectifying Al
contact on either the growth surface (S1 and S4) or the nucleation surface (S2). A symmetric structure,
denoted S3, was prepared by depositing Au contacts on both diamond surfaces. Current—voltage
measurements were performed using a Keithley 487 picoammeter/voltage source. Capacitance and
conductance measurements were carried out in a vacuum chamber at a pressure of approximately 10~
mbar using a Fluke PM6306 RLC meter with a resolution of 0.1 pF in the frequency range between
100 Hz and 1 MHz. Device fabrication and all electrical measurements were performed in the Centre
for Electronics, Optoelectronics and Telecommunications, Algarve University.

3. Results and discussion

Analysis of the I~V curves for symmetric device S3 showed that the two diamond surfaces had
different morphology and established electrical interfaces with the same metal (Au). The contact on
the growth surface (rough surface) had lower resistance than the contact on the nucleation surface (flat
surface) and this dissimilarity in resistance was responsible for the very small rectification. This
observation prompted our first study of devices with rectifying Al contacts on diamond with two
different surfaces [2]. To analyse the electrical transport mechanism in more detail and to complement
the previous study, the dc and ac conductance of these devices was investigated in the present study.
The I~V curves were derivative [2] to determine the dc conductance (oy.) as a function of the applied
voltage for devices S1 and S2. Figures 1 and 2 compare these results with the ac conductance (o) as
a function of the applied voltage, which was measured experimentally at a test frequency of 200 Hz at
ambient temperature for each device. The curves for forward bias show that in general o, is greater
than oy, for both devices. For S1 the oy and o, curves tend to converge with increasing voltage,
whereas for S2 the difference between the gy, and o, curves increases with the voltage. These results
indicate that the dominant electrical transport mechanism is different for each interface. In the S1
interface charge transport in the stationary regime predominates over charge transport in the alternate
regime, in S2 the opposite is the case. This indicates that electronic states exist in the diamond gap that
actively contribute to charge transport through the Schottky barrier. It is known that conduction in the
ac regime is favoured by the presence of electronic states in the interface when the test frequency is
sufficiently low so that the states can be filled and emptied during one cycle. In the stationary dc
regime and for forward bias, all the electronic states are filled and consequently do not participate in
electrical transport. The transport regime ac prevalence with Fermi energy dislocation in the direction
of the conduction band indicates that the concentration of electronic states that participate in this
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Figure 1. Conductance for diode S1. Lo Figure 2. Conductance for diode S2.

process increases inside the forbidden band in the direction of the valence band of the diamond. The
acceptor impurity concentrations obtained from a Mott-Schottky plot [2] for the growth and nucleation
surfaces correspond at 6x10'" cm™ for S1 and 8x10'® cm™ for S2. The conclusion is that although the
nucleation surface has a greater number of surface density states, the number of acceptor impurities is
lower than for the growth surface.

Understanding of the physical origin of impurities is important when considering the growth process
of the films. According to this model, the growth of crystals on the nucleation surface initially
involves accumulation of diamond-like-carbon (DLC), followed by diamond growth in a planar region
and finally by epitaxial growth of diamond normal to the surface of the substrate plane. This results in
many small diamond grains with small inter-grain spaces on the nucleation surface. The growth
surface has larger microcrystals and inter-grain spaces and a smaller number of microcrystals. Based
on this growth model of the diamond films, it can be inferred that the nucleation surface is formed
essentially of DLC whereas the growth surface is composed of diamond microcrystals and grain
boundaries. Assuming that this model is adequate, it can be concluded that the carbon form found in
the nucleation region is more easily compacted and thus accepts few impurities, but more surfaces
states are generated.

Admittance measurements provided more information about the nature of the two rectifying contacts
and the role of morphology in the interface quality [2, 4]. Both devices were described by a simple
equivalent circuit model (inset in Figure 3) for which the components Cy, R4, Cy, and Ry, correspond to
the capacitance and resistance of the depletion and bulk regions, respectively. A graphic representation
of capacitance and conductance in the form of Cole—Cole plots for devices S1 and S2 is presented in
Fig. 3. The fit parameters [2] are C4=5 nF, R=0.4 MQ, C,=0.2 nF and Ry,=1 kQ for sample S1 and
C&1 nF, R~0.5 MQ, C,=0.3 nF and R,=0.3 kQ for S2, in accordance with the electrical
characteristics of the samples. For both devices the semicircle is flatter than a typical Debye curve,
which is a perfect semicircle centred on the x-axis. Comparison of the curves for the two devices
reveals greater compression for S2 than for Sl1, indicating that the former has greater admittance
dispersion, which can be attributed to the surface states. Figure 3 also suggests another incomplete
semicircle for low frequencies. This possibility exists because, as previously demonstrated [4],
polycrystalline diamond can make two different contributions to admittance: due to grains at low
frequencies and to grain boundaries at high frequencies. In this case a more complete circuit model
that contains explicit grain and grain boundary characteristics is required.

Thinner films of approximately 1 um exhibited characteristics of filamentary conduction (device
S4). Figure 4 shows a typical /-V curve for this device. Over a complete cycle originating at 0 V and
traversing the voltage interval between —8 V and 8 V, a pronounced hysteresis is evident that is a
consequence of the abrupt change from less conductor state to a more conductor state. These
transitions occur at positive and negative voltage. The current density is relatively high and is two
orders of magnitude greater than for the devices S1 and S2, and the noise is also higher. This high
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current density due to the change in states possibly corresponds to a mixture of electronic and
chemical processes. This behavior is characteristic of filamentary conduction, which has also been
observed for different amorphous inorganic semiconductors. Another feature of the samples was that
no relaxation peak was observed in the ac admittance spectrum.

4. Conclusions

The [~V characteristic of symmetric devices revealed that the rough surface had lower resistance than
the flat surface, causing extremely little rectification. Comparison of ac and dc conductance for the
different aluminium/diamond interfaces revealed that the nucleation surface had a higher surface
density that contributed to transport through the barrier. The dependence of this contribution on
voltage suggests that this density increases of the interior of the forbidden band to valence band. This
result is according with the literature [2] that considers that the nucleation surface has more defects.
The surfaces states seem to have physical origin different of the accept impurities that contribute for
bulk transport. The Cole-Cole plot shows a grade of the dispersion superior in interface of the
nucleation surface indicating that the admittance dispersion apparently is due to surface states [2]. The
fit parameters reflect the electrical conditions of the samples. The possibility of an incomplete
semicircle at low frequencies suggests the possibility of two relaxation processes, one related to grains
and the other to grain boundary regions of the diamond.

Current—voltage curves for diamond diodes with diamond films of 1 um in thickness revealed that
application of an adequate voltage leads to resistance switching between two distinct resistance states.
These samples present characteristics of filamentary currents that have been observed in other
semiconductors. Moreover, no relaxation peak was observed in the admittance curve for this device.
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