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Abstract. A systematic study on the morphology and electronic properties of
thin heavily boron-doped nanocrystalline diamond (NCD) films is presented. The
films have nominally the same thickness (*150 nm) and are grown with a fixed
B/C ratio (5000 ppm) but with different C/H ratios (0.5-5%) in the gas phase.
The morphology of the films is investigated by x-ray diffraction and atomic
force microscopy measurements, which confirm that lower C/H ratios lead to
a larger average grain size. Magnetotransport measurements reveal a decrease
in resistivity and a large increase in mobility, approaching the values obtained
for single-crystal diamond as the average grain size of the films increases. In
all films, the temperature dependence of resistivity decreases with larger grains
and the charge carrier density and mobility are thermally activated. It is possible
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to separate the intra- and intergrain contributions for resistivity and mobility,
which indicates that in these complex systems Matthiessen’s rule is followed.
The concentration of active charge carriers is reduced when the boron-doped
NCD is grown with a lower C/H ratio. This is due to lower boron incorporation,
which is confirmed by neutron depth profiling.
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1. Introduction

Nanocrystalline diamond (NCD) thin films are known for their outstanding properties such
as high hardness, high Young’s modulus, high thermal conductivity, rich electronic transport
behavior, excellent biocompatibility and more. Therefore, a variety of applications has
been reported such as tunable optical lenses [1], high-frequency (surface) acoustic (wave)
devices [2, 3], microelectromechanical systems (MEMS) [4], metal-semiconductor field-effect
transistors (MESFETs) [5], solar cells [6] and bioelectrochemical applications [7—10].

Studies performed on NCD [11-20] show that the main parameters to grow different types
of NCD are temperature, pressure, amount and type of doping, C/H ratio in the gas phase
(&), substrate, substrate pretreatment, type of chemical vapor deposition (CVD) reactor and
power density. For microcrystalline diamond or NCD, temperature, pressure, power density
and C/H ratio in the gas phase lead to different growth rates, sp?>/sp® carbon ratios, grain sizes
and crystal orientations [21-23]. Boron doping of NCD leads to a wide range of electronic
transport properties with a critical boron concentration for the metal—insulator transition
between 2 x 10% and 3 x 10** cm?® [24, 25]. For boron concentrations higher than 10?! cm?,
NCD can be superconducting below liquid helium temperatures [26, 27].

In this work, the influence of the C/H ratio on the transport properties of boron-doped
NCD (B:NCD) above the metal—insulator transition [28, 29, 30], grown by microwave plasma-
enhanced chemical vapor deposition (MPECVD), is investigated. The samples have boron
concentrations ranging from 3.3 x 10%! to 5.3 x 10?! cm~3, although similar amounts of doping
gas are used during deposition. To compare the morphology, structure and electronic properties,
x-ray diffraction (XRD), atomic force microscopy (AFM), optical reflection spectroscopy in
the ultraviolet-to-visible (UV-VIS) light region, neutron depth profiling (NDP), Hall effect and
resistivity measurements are performed.

It is shown that samples grown with a lower C/H ratio have a larger average grain size,
a lower resistivity (p), a higher hole mobility (©), a less pronounced resistivity drop with
increasing temperature, less boron incorporation, which was already suggested for single-crystal
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Figure 1. A 10 mm x 5 mm Hall bar pattern of 150 nm thick B:NCD on fused

silica. The width of the conduction path is 0.6 mm and the width of the paths to
the contacts for the voltage measurements is 0.2 mm.

diamond [31], and fewer active charge carriers. All samples also show a slight increase in hole
mobility and hole density with increasing temperature.

2. Experimental

Diamond growth was carried out in an ASTeX 6500 series MPECVD reactor on an
electrically isolating fused silica substrate that was treated with a colloidal suspension of
5-10nm detonation diamond [32]. The temperature was monitored by a Williamson Pro92
dual-wavelength pyrometer. Growth was performed in a CHy/H, plasma with methane
concentrations up to 5%. Doping was induced by trimethyl boron gas (B(CHj);) with a
5000 ppm B/C ratio for all samples. The substrate temperature was 700 °C induced by 3500 W
of microwave power at a total pressure of 33 hPa (25 torr). The growth was stopped when the
B:NCD layers reached a thickness of ~150 nm and cooling down was done under hydrogen
flow. The thickness was determined ex situ, at standard ambient conditions, from interference
fringes of a UV-VIS reflection spectrum. In total, nine samples were made by linearly decreasing
the C/H ratios from 5 to 0.5% in steps of 0.5%, generating a set of samples with grains increasing
in size due to the decrease in the C/H ratio. An examination of the surface morphology
was performed with an atomic force microscope (NTEGRA Prima NT MDT) under tapping
mode and at standard ambient conditions. The XRD study for the (111) crystal plane was
carried out with a Siemens D5000 626 Bragg—Brentano diffractometer using the Cu K,
line (0.15406 nm). In order to perform electronic transport measurements, the samples were
etched into a Hall bar pattern (figure 1) using an oxygen plasma (3 min, 300 W, 5.6 x 1073 hPa)
in combination with a protective Al mask (200nm) produced by magnetron sputtering and
lift-off photolithography. This procedure allows complete removal of the unmasked B:NCD
parts, exposing the fused silica substrate. After removing the Al mask with an etchant,
six circular Ti/Al contacts (50nm/200nm) with a diameter of 1.5 mm were deposited by
magnetron sputtering [33]. Resistivity and Hall effect measurements were performed in an
Oxford instruments MicrostatHe cryostat. The Hall effect was measured with a tapered pole
electromagnet (Bruker) by alternating a 2 T magnetic field, reaching a complete reversal of the
field in less than 20 s. The total boron concentration, with an error of 10%, was determined with
NDP at standard ambient conditions [34-36].
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Table 1. Summary of the morphological characteristics of B:NCD films as a
function of C/H ratio during the growth of diamond films. Grain size (d) and log-
normal grain size distribution (o) are calculated from XRD spectra, and RMS
(surface) roughness is calculated from AFM measurements.

C/Hratio Growth rate d o RMS roughness
(%) (mmmin~')  (nm) (nm)
0.5 1.2 - - -

1 2.0 67+3 0.70+0.04 18.4
1.5 2.8 76+4 0.721+0.05 -
2 35 61+3 0.67+0.06 15.3
2.5 3.8 59+2 0.66+0.06 -
3 4.4 50+2 0.66+0.06 13.2
3.5 4.6 55+£2 0.71+0.05 -
4 4.9 54+2 0.67+0.06 12.0
4.5 5.0 52+2 0.70+0.04 -
5 5.1 4742 0.74£0.05 8.2

3. Results and discussion

3.1. Structural properties

The average grain size for thin NCD layers depends on the thickness of the layers and on the
C/H ratio when all the other growth parameters are kept constant. Therefore, all samples were
grown to a fixed thickness of 150 & 15 nm confirmed by UV-VIS reflection interferometry. The
growth rates, listed in table 1, decrease with decreasing C/H ratio. Figure 2 shows increasing
grain size with decreasing C/H ratio together with root mean square (RMS) surface roughness,
calculated from the AFM measurements, which is also listed in table 1. This correlates nicely
with the increase in grain size as the C/H ratio decreases. After XRD experiments, the Scherrer
equation was used to calculate the mean size (t) of the crystalline domains in the films [37]:

KA
T =
B cosb =

where K is the shape factor, A is the x-ray wavelength, 8 is the line broadening at half the
maximum intensity (full-width at half-maximum (FWHM)) in radians, 6 is the Bragg angle
and d is the grain size. This method is used to measure through the complete film and is
complementary to AFM, which is used to measure the surface size of the grains. It is hard to
define the shape factor for NCD films since the grains of polycrystalline diamond are known to
grow as inverted pyramids [38], i.e. with larger but fewer grains when approaching the surface.
Nevertheless, in many cases a value of 0.9 is a good approximation [39]. To estimate the FWHM
for solving the Scherrer equation, a pseudo-Voigt function fit [40] is used and instrumental
broadening is taken into account. The error on the grain size is derived with error propagation
from the error on the FWHM. The grain size distribution (o) and its error are derived from a
model proposed by Sanchez-Bajo et al [41]. In this model, o is assumed to be log-normal and
calculated with the mixing parameter of the pseudo-Voigt function fit. The most intense (111)
crystal plane is used since there is almost no preferential crystal orientation for thin NCD layers.

d, (D
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Figure 2. AFM images of the 1-5% samples. The images are identically scaled,
which visualizes the decrease in grain size and the decrease in surface roughness
as a function of C/H ratio. Scale bars are shown on the image of the 5% sample.
Additionally, RMS (surface) roughness is plotted as a function of C/H ratio.
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Figure 3. Relation between the average grain size of the thin B:NCD layers
derived from XRD measurements and the C/H ratio during the growth of the
layers.

With decreasing C/H ratio, the grains are estimated to be ~50 to &~70 nm in diameter (table 1) on
neglecting possible strain in the layers, which can give additional broadening and a subsequent
underestimation of grain size. In the literature, AFM and scanning tunneling microscopy (STM)
measurements on thin B:NCD layers [25, 42] give a grain size about twice the value of the
XRD values obtained here. This is an acceptable difference since the largest part of the inverse
pyramid (grain) is present at the surface. The grain size distribution (o), on the other hand,
shows no significant trend as a function of C/H ratio (table 1).

A combination of modeling and experimental data gives a formula that describes the
influence of the C/H ratio on the maximum grain size in nm [18]:

d ={2.25+0.67¢3Y L {[H] /[ CH, ]}, (2)

where T is the substrate temperature in kelvin, [H] the concentration of atomic hydrogen and
[XCH,] the concentration of hydrocarbon radicals (x < 4) in the plasma. One can assume that
[H] is constant compared to [ ¥ CH, ] for all C/H ratios used in this work. Since the plasma during
the CVD has an abundance of hydrogen which reacts with methane, [ £CH, ] decreases linearly
on decreasing the C/H ratio linearly. Also, assuming that the latter equation is qualitatively
usable for thin NCD films, where the grains are not yet fully grown, equation (2) can be
written as

1 1
—=A+B;=A5+—. 3
7 a6+ By = A48 @ 3)

In figure 3, using the grain sizes derived from XRD spectra, a trend that supports the latter
equation is seen, with A, the slope and B, the intercept of a least-squares linear fit. The quantity
dy represents the average grain size at a theoretical C/H ratio of 0%. It has already been shown
that lower C/H ratios lead to larger grains. For the asymptotic case of an extremely low C/H
ratio in combination with an extremely long growth time, this would lead to a very large grain,
i.e. a quasi-mono crystal. However, in figure 3, data from films of 150 nm are presented, i.e. are
very limited in deposition time. This leads to a nonzero intercept with the y-axis. The d, value
(~80nm) derived in figure 3 is expected to be of the order of the thickness of the investigated
films (150 nm). As mentioned above, strains can lead to additional broadening, which leads
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Figure 4. Resistivity as a function of temperature for different C/H ratios. The
black lines represent the fittings using equation (6) with py as the only fitting
parameter.

to an underestimation of the grain size and for grains with a size above 100 nm, the Scherrer
equation is not valid.

3.2. Electronic properties

In heavily boron-doped single-crystal diamond and large-grained microcrystalline diamond, the
change in resistivity with temperature (dp/d7) is small and positive on the metallic side of
the metal—insulator transition [24, 28, 43, 44]. This is a trend also observed in other doped
single-crystal/polycrystalline semiconductors. In general, in polycrystalline semiconductors,
grain boundaries can be represented as a potential barrier for charge carriers, which makes
dp/0T negative due to thermal activation [25, 45]. This means that more charge carriers will
pass the grain boundaries as they gain energy with the increasing temperature and that the
mobility increases as a function of temperature (du/0T > 0). For the sake of completeness,
it must be mentioned that a charge carrier density increase and ionized impurity scattering (at
elevated temperatures) can also make dp/dT negative [46]. Taking into account the properties
of grain boundaries, one can imagine that a grain boundary density increase leads to a higher
resistivity, a lower mobility, a more negative dp/d7T and a more positive du /0T .

Although heavily boron doped NCD films have complex electronic behavior, a logarithmic
relation between conductivity and temperature is observed at lower temperatures [29]. This can
be related to a theoretical model for granular systems summarized by Beloborodov et al [47].
However, at higher temperatures the behavior cannot be described in a satisfactory manner by
currently available theoretical models. In order to get a better idea about the electronic transport
properties in B:NCD with different grain boundary densities, the set of samples discussed in the
previous section was subjected to electronic transport measurements.

3.2.1. Resistivity. Firstly, one can see in figure 4 that the resistivity for samples investigated in
this work decreases with decreasing C/H ratio. Secondly, dp/0T is negative and also decreases
with decreasing C/H ratio. The 1% sample, with the lowest resistivity and the lowest [0p /0T |,
has resistivity properties closer to those of a heavily boron-doped single-crystal/microcrystalline

New Journal of Physics 13 (2011) 083008 (http://www.njp.org/)
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Figure 5. Panel (a) shows resistivity as a function of C/H ratio measured at
different temperatures. For the sake of clarity, not all available data points
obtained at other temperatures are plotted. The large data points on panel (b)
are the inverse values of C,(T'), plotted as a function of temperature. The small
data points are the inverse values of C,(T"), which are not shown on panel (a).
This leads to the empirical expression C,(T) =1/(A+ BT).

diamond than the 5% sample [24, 43]. The 5% sample, with smaller grain size and thus
more grain boundaries, shows the highest resistivity and the highest |dp/07T |, and thus shows
resistivity properties closer to that of a grain boundary, as described above, than the 1% sample.
When the degenerate grains themselves, with dp/dT > 0 [24, 43], have a lower resistivity than
the grain boundaries, with dp/0T < 0, it can be concluded that a higher grain boundary density
increases the resistivity and alters the temperature dependence of the resistivity.

Figure 5(a) shows linear fits of resistivity as a function of C/H ratio and, as is clear, the
intercepts of those linear fits with the y-axis have almost the same value. Now, one can construct
the following equation:

p=po+p&,T), 4)

where p, represents the small temperature-dependent resistivity of a hypothetical sample grown
at 0% C/H ratio, i.e. with the lowest degree of grain boundaries for a certain film thickness. In
the light of the results discussed before, such a sample would correspond to a film with grains

New Journal of Physics 13 (2011) 083008 (http://www.njp.org/)
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of 150 nm. Only in the case of the hypothetical ‘infinite’ growth time would py be equal to the
resistivity of a heavily doped single crystal (psc). Hence, pp > psc. The temperature and the
C/H ratio dependence are mainly represented by p (&, T'). For each temperature, the resistivity
as a function of the C/H ratio is approximately linear (figure 5(a)). This means that p(§, T') can
be written as a function of the C/H ratio (§) with a temperature-dependent part C,(T):

p=po+Cp(T)E. )

From figure 5(a), one can deduce the values of py and C,(T'). Plotting the inverse of C,(T) as
a function of temperature yields figure 5(b), where a remarkable linear relationship becomes
visible. Hence, 1/C,(T) o« T. Based on this, equation (5) can be written as

p = po+ (6)

A+ BT’

Equation (6) is now used to fit the temperature dependence of the resistivity in figure 4 with
po as the only fitting parameter for the five different curves. A similar fit function was recently
applied successfully to the temperature-dependent resistivity of ultra-thin graphite flakes [48].
The values of A and B are derived from the linear fit of figure 5(b), and the value of py, used for
the initiation of the fitting parameter, is derived from the intercept of figure 5(a) (3.9 m€2 cm).
For low C/H ratios, the grain boundary density in the films is reduced and because |0p/0T| is
small and p, is very close to the value of a heavily boron-doped single-crystal/microcrystalline
diamond (2.8 mS2 cm) [24, 43], it can be approximated that p, is the resistivity contribution of
a heavily boron-doped single-crystal diamond. In addition, this approximation becomes better
by increasing the growth time of the films, leading to larger grains. The second resistivity
contribution (p (£, T')) has a stronger temperature dependence and increases linearly with C/H
ratio (figure 5(a)). The grain boundary density also increases with C/H ratio, and therefore this
second resistivity contribution can be seen as the resistivity contribution of the grain boundaries
(pge). Now, the total resistivity is the sum of two independent resistivity contributions, i.e.
po and p(&, T). This proves that Matthiessen’s rule is fulfilled, and equation (4) can now be
written as

p=po+p&,T)=psc+pPcB- (7)

In previous work, it was already observed that the temperature dependence of resistivity in
B:NCD on the metallic side of the metal-insulator transition was positive instead of negative,
although a negative dependence is expected for degenerate semiconductors. Therefore, an
experimental activation energy (E,) higher than 0eV was obtained [25]. In order to derive
an experimental activation energy, resistivity is fitted for an exponential dependence with
I/T (figure 6(a)). In the temperature region above 300 K, experimental activation energies
are derived and summarized in table 2. Figure 6(b) shows that activation energy decreases
as a function of C/H ratio and becomes very small for low C/H ratios, i.e. towards single-
crystal/microcrystalline diamond on the metallic side of the metal—insulator transition [24, 43].
This is direct proof that a higher grain boundary density, related to a higher C/H ratio, increases
E,. The experimental activation energy seems to reach a maximum as a function of the C/H
ratio and becomes very small at a theoretical C/H ratio of 0%. Therefore, a least squares fit with
an exponential function

y=a—bx° (8)
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Table 2. Summary of resistivity (p), hole mobility (1) and hole density (rya;)
derived from Hall effect measurements at 400 K. The experimental activation
energy (E,) of the 0.5% sample is derived by measuring its resistance and not its
resistivity as for the other samples. The latter quantity is derived in the region of
300—400 K. The total boron concentration (nypp) is determined by NDP.

C/H ratio P NHan NNDP " E,
(%) mQem) (10*'em™3) (102 em™?) (ecm? V! s_l) (meV)
0.5 - - - - 4.0
1 4.6 1.8 3.3 0.77 5.4
2 5.1 2.1 3.1 0.59 7.3
3 6.4 2.3 34 0.43 8.0
4 6.7 2.7 4.0 0.34 9.2
5 7.5 2.8 5.3 0.30 9.6

is performed on the data set with y = E, and x = &. The first of the three parameters (a =
10.5+£0.6, b =8.0£0.4, c =0.65 £ 0.06) can be used to estimate the maximum value of the
experimental activation energy (*10.5 meV).

In order to explain the empirical equations, derived above, a theoretical model, proposed
by Lu et al [49], is used. They proposed a modified trapping theory that turned out to be suitable
for modeling the transport behavior in doped polycrystalline Si films. This model approximates

resistivity as
. 2w N | 2w ©)
P = PGB d Psc A

where pgg is the resistivity induced by a grain boundary and caused by trapping of charge
carriers in the grain boundary. The quantity w is the depletion width at each side of the grain
boundary and d is the grain size. In equation (9), 2w/d represents the depleted fraction of
the grain and 1 — (2w/d) represents the undepleted fraction. The equation also predicts that
the resistivity of polycrystalline Si will approach, but not become lower than, that of single-
crystal Si. When trapping is irrelevant or the grains are highly doped, 2w is the width of a
grain boundary. Till now, no set of polycrystalline diamond samples could be related to this
equation [25, 50]. Rewriting equation (9) results in

2w
P = psc+ i (PGB — Psc)s (10)

and by replacing 1/d with equation (3) one obtains
1
p = psc+ (AdS + d_) 2w (pGB — Psc)- (11)
0
Comparing the latter equation with equation (5) gives
2w (pcB — psc)

Po = Psc + J (12)
0

and
C,(T) = As2w (PGB — psc)- (13)
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Figure 6. Panel (a) shows resistivity, fitted for exponential dependence with
1/T. From 300 to 400 K, experimental activation energies are derived. In panel
(b), activation energy as a function of C/H ratio is fitted (least squares) with
equation (8). One can conclude that E, decreases as a function of grain size.

As explained before, the quantity 1/d, becomes O nm™! for infinite growth times, i.e. the grain
boundary density approaches zero and makes py = psc. This supports the earlier assumption
that py &~ psc. In support, a boron-doped microcrystalline diamond with the same active charge
carrier concentration as the 1% sample has a resistivity of 2.8 mS2 cm [43], which is lower than
the value at a C/H ratio of 0% (~3.9 mS2 cm). This is expected since py is not yet equal to psc
due to the finite growth times used in this work.

A complete procedure for deriving w and pgg with low charge carrier concentrations and
with thermionic emission as the dominant temperature-dependent transport process is explained
in the work of Lu et al [49]. Due to the high doping levels in samples of this work, exact
electronic transport processes are difficult to derive, which makes the determination of the
values of w and pgp impossible in practice. When performing a linear fit with w and pgp as
the only fitting parameters, the fit will not converge, which means that multiple solutions for
the values of w and pgg are possible. When the average grain boundary thickness is measured
by e.g. transmission electron microscopy and one assumes that 2w is the width of the grain
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Figure 7. Panel (a) shows mobility as a function of temperature for different
C/H ratios. All samples show a small increase in mobility as a function of
temperature. Panel (b) shows inverse mobility values as a function of C/H ratio
measured at different temperatures.

boundary, pgg can be calculated. At the end of this section, after handling the charge carrier
mobility/density, a more detailed treatment of the temperature-dependent transport properties is
given.

3.2.2. Mobility. Due to scattering at boron impurities, the hole mobility in a heavily boron-
doped single-crystal diamond is strongly reduced when compared to a low boron-doped single-
crystal diamond [24, 51]. Grain boundaries also reduce the mobility by scattering and this is
clear in figure 7(a), where the mobility in the layers is strongly reduced as a function of C/H
ratio. The mobility values in the investigated films are calculated with the assumption that no
n-type carriers are present [52]. Figure 7(a) also shows that the change in charge carrier mobility
as a function of temperature (d/0T) is slightly positive. Therefore, the hole mobility in all
samples is thermally activated, as expected when a number of grain boundaries is present.
When comparing the mobility values of the 1 and 5% samples, two observations can be made.
Firstly, the mobility of the former is comparable to that of a highly boron-doped single-crystal

diamond [24] (*4cm?V~'s™") and microcrystalline diamond layer (~1.7cm>V~'s™"), but
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lower due to the contributions of grain boundaries. Secondly, as grain boundaries are more
present, mobility shows a decrease with increasing C/H ratio. For all temperatures, the inverse
of the mobility is linear as a function of C/H ratio (figure 7(b)) so the mobility can be expressed
as

1 1
—=—+Cu(T)§, (14)
mo o
where 1/ is approximated as a quasi-constant intercept in figure 7(b). Since o approaches
the value of boron-doped single-crystal diamond [24], it can be interpreted as the hole mobility
in heavily boron-doped single-crystal diamond (usc). The quantity C,(7)§ is mainly the
contribution of the grain boundaries to the hole mobility since the grain boundary density
increases as a function of C/H ratio. Again, Matthiessen’s rule is fulfilled since the inverse
of the mobility contribution of the grain boundaries is added to the inverse of the mobility in
the heavily doped diamond grains, giving the total inverse mobility presented in the following
equation:

1 1 1

—=—4—. (15)

H MUsc MHGB

Again, using the theory of Lu ef al [49] mobility is written as follows:

11 (2 | 2
_:_<_w>+—<1——w>, (16)
m  pge \ d MUsc d

where g 1s the mobility induced by a grain boundary. Rewriting equation (16) results in
1 I 2w/ 1 1
—= (). (17
n psc d \Hces  Hsc

and by replacing 1/d with equation (3) one obtains

1 1 1 1 1
—=—+AM+— 20w |——— ). (18)
Ko HKsc do HGB  MUsc
Comparing the latter equation with equation (14) gives
1 1 2w 1 1
—_—=—t—— (19)
Ko Msc do \MGB Msc
and
1 1
C(T)=A2w (— — —) (20)
MG Msc

Again, the quantity 1/d, becomes Onm~' for infinite growth times, which makes o = usc.
This supports the earlier made approximation that ;o &~ usc. The boron-doped microcrystalline
diamond with the same active charge carrier concentration as the 1% sample has a hole mobility
of 1.7ecm? V-1~ [43], which is higher than o (1.3cm?>V~! s_l). This is expected since
Ko 18 not yet equal to psc and to the mobility of a heavily doped microcrystalline diamond due
to the finite growth times used in this work.
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Figure 8. Panel (a) shows the NDP spectrum of boron for NCD layers, measured
at standard ambient conditions. Panel (b) shows the total boron concentration
(nnpp) and the hole concentration (ny,), measured at 400K, as a function of
C/H ratio. These values are listed in table 2.

3.2.3. Charge carriers. Active charge carrier concentrations for B:NCD films (ny,,) greater
than 10?' cm™3 are derived from Hall effect measurements, and total boron concentrations
(nnpp) are derived from NDP (figure 8(a)). Charge carrier concentrations, determined at 400 K,
show a linear relation with C/H ratio, and boron concentrations, calculated from NDP, show an
increase as a function of C/H ratio (figure 8(b)). For all samples, ny,; increases slightly with
temperature (figure 9(a)). The active boron concentration (ny,;/nnpp) at 400 K is estimated to
be about 50-70%. For higher C/H ratios, more boron is incorporated actively into the diamond
lattice, which was earlier observed in single-crystal diamond [31].

However, the inactive incorporation of boron also increases, even more than the inactive
incorporation, and therefore, the active boron concentration decreases as a function of C/H
ratio. This could indicate that inactive boron is located in the grain boundaries as they are more
plentiful at higher C/H ratios. Resistivity as a function of C/H ratio is not highly related to
charge carrier density since charge carrier density should decrease as a function of C/H ratio to
make resistivity increase as a function of C/H ratio, an effect that is present even if the amount
of incorporated boron is higher. The decrease in mobility as a function of C/H ratio is thus
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Figure 9. Panel (a) shows the charge carrier density (ny,,;) derived from Hall
effect measurements as a function of temperature for different C/H ratios. The
charge carrier density increases slightly as a function of temperature. Panel (b)
shows the inverse ny,; values as a function of the C/H ratio measured at different
temperatures.

mainly responsible for the increase in resistivity as a function of C/H ratio. At different growth
conditions, ‘cauliflower’-type nanocrystalline (c-NCD) and ultrananocrystalline CVD diamond
films can be generated, and the affinity of boron to the surface of the grains and to the grain
boundaries becomes more important [53, 54]. Since the morphology of the latter films differs
from the morphology of the films in this work, transport mechanisms other than those suggested
in this work most probably occur there.

3.2.4. Temperature dependence. To explain the increase in [dp /0T | as a function of C/H ratio,
one has to look at the temperature dependence of one over the charge carrier density/mobility
as a function of C/H ratio since p o 1/(uny,;). From figure 7(b) it is easily derived that
|0.~!/3T| increases as a function of C/H ratio, which explains the increase in |dp/dT| as
a function of C/H ratio. When making the same exercise for ny,;, no significant change of
|8n1§;11 /0T| as a function of C/H ratio can be seen (figure 9(b)). The slow increase of charge
carrier density/mobility as a function of temperature is very difficult to explain. Qualitatively, it
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is possible to address the mobility increase as a function of temperature to ionized impurity
scattering (u o< T°/%) [46], impurity-band conduction [55], tunneling conductance between
grains [47, 56] and thermionic emission [49]. The temperature dependence of resistivity, related
to thermally activated mobility, is an indication that grain boundaries alter the temperature
dependence of electronic transport properties. The charge carrier density increase as a function
of temperature can be addressed with respect to acceptor ionization, although one has to keep
in mind that the samples in this work are on the metallic side of the metal-insulator transition.
The drawback is that temperature-dependent effects, rising from grain boundaries, are masked,
which is explained by Lu et al [49]. They state that the grain barriers in polycrystalline films
decrease in width as a function of charge carrier concentration, which results in resistivity
containing barrier and bulk components that affect its temperature behavior. To investigate this
in more detail, low levels of doping would be required. However, this would in turn increase the
resistivity of such films, complicating measurements by, among other things, inducing lower
signal-to-noise levels.

4. Conclusions

The results in this work confirm that a low C/H ratio during the growth of heavily boron doped
NCD on the metallic side of the metal-insulator transition leads to larger grains and a higher
surface roughness than for a high C/H ratio. Electronic transport measurements reveal a lower
resistivity, a higher hole mobility and a lower carrier density for lower C/H ratios. The difference
in resistivity as a function of temperature is less pronounced for lower C/H ratios, which is
strongly related to mobility. Since the grain boundary density is higher for films grown with
high C/H ratios, their electronic transport properties resemble more the electronic transport
properties of grain boundaries, although a clear origin of the temperature dependence is still
lacking. Contributions for the resistivity and mobility of grain boundaries and grains can be
independently identified. Hereby, Matthiessen’s rule and a theory that describes the transport
properties in polycrystalline silicon are followed. It is also shown that the boron incorporation
for B:NCD and the active/inactive charge carrier concentration increase significantly when the
B/C ratio is kept constant and the C/H ratio is increased.
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