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We report monolithic n-type conductivity on low-temperature (<570 °C) grown
ultrananocrystalline diamond (UNCD) films by Li-diffusion (about 255 nm) from LiNbO;
substrates. Low resistivity of 1.2 ) cm with carrier concentration of =2 X 10?° cm™ is obtained on
freestanding UNCD films. The films bonded to Cu-tape show very low turn-on field of 4.2 V/um
with emission current density of above 0.3 mA/cm? at a low applied filed of 10 V/um. The n-type
conductivity of low-temperature Li-diffused UNCD films overwhelms that of the high-temperature
(=800 °C) nitrogen doped ones and will make a significant impact to diamond-based

electronics. © 2010 American Institute of Physics. [doi:10.1063/1.3472204]

Diamond is an ideal candidate for electronic devices due
to its marvelous physical and chemical propertiesl_3 along
with the Eossibilities to fabricate p-type or n-type conducting
nature.*”® While the p-type doping of diamond is well estab-
lished, n-type doping of diamond is still in its infancy. Re-
cently, incorporation of nitrogen (N) into ultrananocrystalline
diamond (UNCD) is reported to show n-type or semimetallic
conductivity.gﬁ12 N-doped UNCD films also showed high
electron field emission (EFE) characteristics and exhibited
a potential for cold cathode emitters.*'>'* However, high
growth temperature of above 800 °C is required to activate
the dopants to produce the conductivity in the films,'*""
which is not compatible with the Si-based device processes.
Low temperature fabrication of n-type diamond films is re-
quired for diamond-based electronics.

Alternatively, Li-ion has been suggested as a possible
n-type dopant into diamond."® " However, the efforts for
Li-doping into diamond via ion implantation, diffusion, or
during growth were not very effective in making n-type con-
ductivity and the reported results were contradictory.lg_22
Here, we show that by using LiNbO; substrate as a possible
source of Li-doping to grow n-type UNCD films at very low
growth temperature of about 570 °C and achieved an inter-
esting characteristic of homojunction UNCD films. The pos-
sible mechanism of n-type conduction in UNCD films is pre-
sented.

UNCD films were grown on LiNbOj; substrates in a mi-
crowave plasma enhanced chemical vapor deposition system
with 1200 W and 110 Torr for 4-10 h. To increase the
growth rate, Hy (2%, 4%, 6%, 10%, and 15%) was added
into CH,(1%)/Ar plasma. It should be noted that, the ther-
mal mismatch between diamond and LiNbOj5 substrate could
make the film peel off from the substrate after growth, form-
ing a freestanding film with the dimension of substrates. The
films were bonded using epoxy to a plastic substrate and
Ohmic contacts were made on the films in van der Pauw
configuration to study the electrical properties.23 It is inter-
esting to note that, the bottom surface of UNCD films de-
tached from the substrates possesses markedly smoother sur-

YElectronic mail: d947550@ oz.nthu.edu.tw.
YElectronic mail: inanlin@mail.tku.edu.tw.

0003-6951/2010/97(4)/042107/3/$30.00

97, 042107-1

face than the top surface (not shown) and showed very low
resistivity, while the top surface of freestanding films showed
insulating behavior.

The Hall measurements confirmed the n-type conductiv-
ity for the bottom surfaces of UNCD films. The bulk carrier
concentrations and electrical resistivity vary with growth
conditions and are given in Table I. Figure 1 shows that the
resistivity of UNCD films first decreases monotonously with
increasing H, percentage in the plasma, from 179 () cm
(bulk concentration of —=5X 10" cm™) for H,-2% UNCD
films to about 1.2 ) cm with the bulk concentration of —2
% 10% ¢cm™ for H,-6% films. The resistivity reverted back
for the films grown in larger H, percentage, i.e., 232 () cm
(bulk concentration of —1 X 10" c¢m™) for H,-15% films.
Restated, the lowest resistivity is obtained for UNCD films
prepared in H,-6% plasma. Moreover, these n-type UNCD
films were grown without the substrate heating. The UNCD
films prepared at a low substrate temperature of about
570 °C could exhibit n-type conductivity and carrier
concentration comparable with those of hi%h temperature
(=800 °C) grown n-type heavily N-doped*'” or p-type bo-
ron doped diamond films.’

The role of H, on enhancing this behavior is not under-
stood yet. Previous reports stated that the addition of H, up
to 10% in the plasma has no serious intervention in the
C,-based UNCD growth chemistry.g It is also known that the
major role of increasing amount of H, in the plasma can
lower the heterogeneous nucleation rate and therefore to in-

TABLE I. Plasma induced substrate temperature, bulk carrier concentration
and resistivity measured by Hall measurements, and the turn-on field of
electron field emission for the freestanding films grown on LiNbOj; sub-
strates in CH,(1%)/Ar plasma with 2%—15% H,.

Substrate Bulk
temperature concentration Resistivity Turn-on field
Growth species (°C) (cm™) (Q cm) (V/pm)
CHy/Ar/H,-2% 547 -5x 10" 179.0 6.8
CHy/Ar/H,-4% 553 -9x10' 133.0 4.2
CH,4/Ar/H,-6% 563 -2x10% 1.2 5.2
CH,/Ar/H,-10% 570 -5x10"8 1.4 6.4
CHy/Ar/Hy-15% 590 -1x10" 232.0 8.0

© 2010 American Institute of Physics
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FIG. 1. (Color online) Variation in the resistivity (solid symbols) and sub-
strate temperature (open symbols) of conducting side of the freestanding
films with varying H, percentage in the growth medium.

crease the crystallite size 2% A thermocouple attached to

below the substrate holder showed that the temperature is
about 547 °C with H,-2% and increased monotonically with
H, percentage, reaching to about 590 °C for H,-15% plasma
(Fig. 1 and Table I). We expect that the slight increase in
substrate temperature due to larger H, percentage in the
plasma could lead to higher amount of Li-diffusion. How-
ever, it also induces the formation of large diamond grains
that could hinder the Li-diffusion process, as regort suggests
that the doping effect of Li in MCD is limited. :

The sp® bonding nature of UNCD films is confirmed
using UV-Raman spectroscopy (Renishaw, A=328 nm) stud-
ies on the bottom surfaces. The spectrum for H,-6% UNCD
film is shown in Fig. 2. A clear indication of sp® peak at
about 1332 cm™! is observed for all the films. In addition,
transpolyacetylene (about 1185 cm™'), D-band (about
1365 cm™), and G-band (about 1575 cm™') peaks are also
observed due to nondiamond contents.”® Inset in Fig. 2
shows typical high resolution transmission electron micro-
graph (HRTEM, Jeol-2100) near the conducting surface of
H,-6% UNCD films. The sp* bonded UNCD grains with size
of about 5-10 nm are observed.'> Formation of about 1 nm
wide grain boundary nanochannel with mixture of sp? or
amorphous type phases is observed.
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FIG. 2. UV Raman spectrum of freestanding UNCD film grown on LiNbO;
substrate in CH,/ Ar/H,(6%). The inset shows typical HRTEM image of the
film and the corresponding SAD pattern.
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FIG. 3. (Color online) SIMS depth profile of conducting side of freestanding
UNCD film grown on LiNbOj5 substrate in CH,/ Ar/H,(6%). The dotted line
in SIMS profile indicates the region between the doped and undoped region
and the inset shows the SIMS depth profile of pristine LiNbO; substrate.

To ensure the source of n-type conductivity for UNCD
films, secondary ion mass spectroscopy (SIMS, Cameca-I4f)
depth profile for the conducting side of the film was mea-
sured. Typical depth profile in Fig. 3 suggests that Li is dif-
fused into UNCD to a depth of about 255 nm (H,-6% films).
For comparison, SIMS spectrum of pristine LiNbO; sub-
strate is also shown in the inset. The initial counts for Li
from UNCD layer and the substrate are similar, which sug-
gests that highly Li-doping near the surface region of con-
ducting side of the freestanding films. Nb and O diffusion are
also observed. It is not clear yet whether the presence of Nb
or O in the UNCD can influence the resistivity, which needs
further investigation.

Furthermore, EFE measurements were also carried out
on the conducting surface of UNCD films, bonded to a Cu-
tape. A molybdenum rod with a diameter of 2 mm was used
as anode and IV characteristics were acquired using Keithley
237 electrometer. The results are shown in Fig. 4 with the
inset shows Fowler—Nordheim plots27 of the corresponding
data. For field emission measurements, the Cu-foil adhered
to insulating side of the films was wrapped over to have a
better contact with the conducting side of UNCD films. An
applied field at a current density of 1 wA/cm? was taken as
the turn-on field. The data in Table I indicates low turn-on
field of about 4.2 V/um and 5.2 V/um, respectively, for
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FIG. 4. (Color online) Field emission properties of conducting side of free-

standing UNCD films grown on LiNbOj; substrates in CH,/Ar environment
with different H, percentage.
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the sample grown in H,-4% and H,-6%. Such a turn-on field
is low as compared with that for planar N-doped UNCD ever
reported.”’14 The highest level of Li-doping occurred for
H,-6% UNCD films, which exhibit the highest conductivity
as well as the best EFE properties.

It is evident that the doping of Li into UNCD could
provide n-type conductivity. The growth temperature
(<570 °C) for this process is very low as compared to the
required temperature for N-doping process (=800 °C) to at-
tain the same n-type conductivity. How the Li-doping en-
hances the conductivity of UNCD films is not completely
understood yet. It is possibly via a mechanism similar to that
of N-doping on improving the conductivity of UNCD
films."” Presumably, the doped Li promotes the formation of
disordered carbon containing nanochannels, which resides at
grain boundaries and provides grain boundary transport, i.e.,
electron injection into interband defect levels or to 7 states
that enhances the electron transport along grain boundaries.

In summary, Li-doping into UNCD is achieved via dif-
fusion of Li from LiNbO; substrate at a low growth tempera-
ture of =570 °C. The sample prepared at CH,/Ar/H,-6%
showed lowest resistivity probably due to the favorable sub-
strate temperature and H,-% to grow UNCD grains that can
promote the maximum amount of Li-diffusion as well as
grain boundary nanochannel formation. The bonding of free-
standing UNCD films to substrates could make the films for
device applications and may open up a pathway to the use of
the low temperature grown n-type UNCD films for diamond
electronics.

The authors would like to thank the National Science
Council, Republic of China for the support of this research
through the project No. NSC99-2119-M-032-003-MY2.
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