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Effect of the sp? carbon phase on n-type conduction in nanodiamond films
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Structural and electrical conduction properties of nitrogen-doped nanocrystalline diamond films are
studied as a function of deposition temperature (7p) in a microwave Ar-rich/CH, plasma with
30%N, addition. Hall- and Seebeck-effect measurements confirm n-type conduction for 7}, above
1100 K. For T, from 1100 and 1220 K, the electron concentration increases up to 10?° cm™ and the
electron mobility is in the range of 4—8 c¢cm? V! s~!. For T, above 1250 K, the mobility decreases
to ~1 cm? V™' s7!. Low conductivity films deposited at low 7}, exhibit semiconductorlike thermal
activation in the Arrhenius plots, while high conductivity films deposited at high 7, are almost
temperature independent, indicative of quasimetallic conduction. The nitrogen concentration in the
films is about 0.3 at. %, independent of T},. As T}, is increased, the sp* content and order increase.
This is responsible for the appearance of midgap states, their delocalization, and the larger distance
between diamond grains. The high conductivity at high T}, is due to the amount and crystallinity of
sp* carbon, rather than the nitrogen concentration. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2990061]

I. INTRODUCTION

Fabrication of high conductivity p- and n-type diamond
films is desired in order to use diamond as a core semicon-
ductor material for high-frequency, high-power, low-loss,
and environment conscious electronic devices."” The major-
ity of works have so far focused on the development of dop-
ing techniques in homoepitaxial growth of diamond films.”
p-type conduction has been obtained by substitutional incor-
poration of boron, which has an acceptor activation energy of
0.37 eV.t Hydrogen-terminated diamond surfaces have also
been found to exhibit p-type conduction,’ with lower activa-
tion energies (< a few tens of meV).} n-type doping seems
to be more difficult and problematic since substitutional in-
corporation of phosphorus has only been successful on (111)-
oriented diamond with a donor activation energy of 0.6 A
and, hence, with a very low fraction of electron carriers ac-
tivated at room temperature.9 However, (111)-oriented dia-
mond is not favored for device applications, since it is hard
to polish. Recently, n-type doping of (100)-oriented diamond
was reported with a donor activation energy of 0.58 eV It
was also used to form a p-i-n junction giving high-efficiency
deep ultraviolet (UV) emission.!! However, the room-
temperature conductivity of such n-type films, of the order of
1075 and 107 Q' cem™! for (111)° and (100),' is much
lower than rival materials, such as single crystal 4H-SiC (up
to 10° Q'em™),'? due to the low doping efficiency of
phosphorous and the high activation energy of electron
carriers.”'” The research on diamond films with high n-type
conductivity is thus of great interest for the application of
diamond in power device technology.

A large effort is recently being made to intentionally
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grow nanocrystalline diamond films, also referred to as nano-
diamond films."”*?' A nanodiamond film is composed of
three different carbon phases: the diamond phase in form of
nanosized grains, trans-polyacetylene (TPA) segments, and
amorphous carbon at the grain boundaries.”' n-type conduc-
tion of nanodiamond has been reported by addition of N, to
microwave Ar-rich/CH, plasmas.zz_24 In contrast to nitrogen-
doped single crystal diamond with a donor activation energy
of 1.7 eV, nitrogen-doped nanodiamond films exhibit high
conductivities even at room temperature, with an apparently
low activation energy.zzf24 As nitrogen is preferentially in-
corporated into the amorphous carbon phase at the grain
boundaries, new electronic states associated with carbon and
nitrogen can be produced at and above the Fermi level. %
This is wholly different from the formation of a single donor
level beneath the conduction band minimum. High conduc-
tivities of nitrogen-doped nanodiamond films are due to their
high electron concentration, of up to 102°—10?! cm™ 2% n
contrast, the electron mobility is between 1 and
10 em? V' s71, 22 comparable to amorphous silicon
(0.1-10 cm? V™' s71),?7 and considerably higher than amor-
phous carbon films.”*>" Electrical properties of nanodia-
mond films strongly depend on their structure. For instance,
for a constant deposition temperature (7=~ 1073 K), the
following has been observed: (i) electron concentration and
conductivity increase exponentially with gas-phase N, con-
centration below 8 vol %, and saturate for further N, addi-
tion up to 20%:;**** (ii) electron mobility increases slightly
with N, (10%-20%);>*** (iii) the sp?/sp® ratio increases
with N2.31‘3 2 However, the relative contribution of
sp*>-bonded carbon and incorporated nitrogen to the conduc-
tion still remains unclear.

In this paper, the properties of nitrogen-doped nanodia-
mond films are studied as a function of 7. The structure of
the amorphous carbon phase is expected to vary strongly
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with T}, because Tj, promotes a transformation from sp*- to
spz-bonded carbon, thus increasing conduction. On the other
hand, nitrogen introduction can also induce clustering,33’34
increasing the conduction too. Here we try to separate these
two effects.

Il. EXPERIMENTAL

A modified AsTeX microwave plasma chemical vapor
deposition apparatus with a quartz bell-jar reactor is used, as
described previously.35 Polished silica is utilized as substrate,
since it is highly insulating, and, thus, suitable for measuring
the film’s electrical properties. Prior to deposition, the sub-
strates are scratched with diamond powder diluted in ethanol
in an ultrasonic generator and rinsed with de-ionized water to
remove the excess powder residue. The substrates are then
mounted on a grounded Mo holder equipped with a Ta wire
heater and a water-cooling system. During deposition, the
microwave power is kept at 800 W. The total pressure is
monitored by a capacitance manometer and kept at 13.3 kPa.
Tp at the substrate surface is monitored by an infrared py-
rometer. The uncertainty of T}, is estimated within =15 K
for a deposition area of 10X 10 mm?. T;, measured at the
surface is about 30 K higher than that measured at the back,
through the Mo stage, by a thermocouple. A mixture of
69%Ar-30%N,-1%CH, (in vol %) is fed at a total flow
rate of 200 SCCM (SCCM denotes cubic centimeter per
minute at STP) from bottom of the reactor.

The films are examined by scanning electron microscopy
(SEM), atomic force microscopy (AFM), x-ray diffraction
(XRD) with 1.542 A of Cu Ke irradiation, and x-ray photo-
electron spectroscopy (XPS) with 1486.6 eV excitation of
Al Ka. Raman Spectroscopy is performed at 244 and 514 nm
using two Renishaw Raman spectrometers optimized for UV
and visible excitations, respectively. Note that p-type (100)
Si, instead of silica, is used as the substrate for SEM and
XPS to avoid charging effects. The film thickness is mea-
sured from step heights with a stylus profilometer. A four-
point probe station in a van der Pauw geometry is used to
measure Hall-effect coefficients at room temperature and the
temperature dependence of the resistivity. The film thickness
for the electrical measurements is in the range 0.6—1.7 um.
Four-point gold dot electrodes with 0.8 mm diameter are
deposited on the films by vacuum evaporation. The Ohmic
nature of the contacts is confirmed by measuring current-
voltage characteristics.

lll. RESULTS

SEM and AFM images of the films deposited on Si sub-
strates at Tj=1020 and 1220 K are shown in Figs. 1(a)-1(d).
For T, below 1100 K, the films have smooth surface mor-
phologies. As T}, increases above 1100 K, they develop bal-
laslike morphologies similar to lamellae, accompanied by a
decrease in charging effects. For T}, above 1270 K, no film is
deposited. The root-mean-square (rms) roughness estimated
from the AFM images is 15.5* 2.5 nm for T;,=1020-1270
K, almost independent of 7. The rms roughness is thus
much bigger than in highly sp* amorphous carbons,”®* as
expected in a nanocrystalline material. The growth rate in-
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FIG. 1. (Color online) SEM and AFM images of the films deposited on
silicon at [(a) and (c)] T,=1020 K and [(b) and (d)] 1220 K. (e) Arrhenius
plot of the growth rate of the films deposited on silica as a function of
reciprocal Tp.

creases with T. The apparent activation energy (Eg) for the
growth is calculated from the slope of the linear fit to the
measured data in Fig. 1(e) by assuming an Arrhenius-type
relation:

R=R, exp(— Er ) (1)
kgTp

where R is the growth rate, R, is the extrapolated value at
Tp—oe, and kp is the Boltzmann constant. The resulting
Er=19%3 kcal/mol is more than twice the ~8 kcal/mol
measured without N, addition in the same reactor.”

XRD patterns of the films deposited at various T}, are
shown in Fig. 2. The intensity of each pattern is normalized
by the typical amorphous halo at 26=22°, arising from the
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FIG. 2. (Color online) XRD patterns of the films deposited on silica at (a)

Tp=1120, (b) 1220, and (c) 1270 K. Typical fits of the 26=43.9° and 44.6°
peaks at 1220 K are given by dashed lines.
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FIG. 3. (Color online) (a) Room-temperature resistivity and electron carrier
concentration and (b) electron mobility of the films deposited on silica as a
function of Tp,.

silica substrate.”® The diffractions from diamond {111} and
{220} planes are observed at 26=43.9° and 75.7°,% respec-
tively, while the diffraction from diamond {311} planes is
much weaker. The overlap of the lonsdaleite {100} peak, nor-
mally at 20=43.9°*" with the diamond {111} peak is pre-
cluded since the primary {002} peak, normally at 26=41.2°,
is absent. The contribution of the graphite {101} peak, nor-
mally at 260=44.6° is very small as shown in Fig. 2 by the
relative intensity of the two Gaussian fitting curves. The ap-
parent crystal size is calculated to be in the range of
10+ 1 nm, independent of Tp, from the full width at half
maximum (FWHM) of the diamond {111} peak, by using
Sherrer’s equation.40

The resistivity and electron concentration of the films at
room temperature as a function of T}, are shown in Fig. 3(a).
The error bar is £20%. The films deposited at Tj below
1100 K are highly resistive with sheet resistivity of at least
10° Q/sq (=10*> Q cm for a 1 um thickness film). Hall-
effect measurement could not be carried out for them. The
resistivity decreases exponentially by more than three orders
of magnitude when T}, rises to 1200 K, and then saturates at
~1072 Q cm for further increase in Tj,. Negative values of
the Hall coefficients confirm that electrons are the majority
carriers in these films. Electron concentration increases ex-
ponentially from 10'7 to 10 cm™ with increasing 7). The
electron mobility of the films at room temperature as a func-
tion of T}, is shown in Fig. 3(b). The error bar is =15%. The
mobility is in the range 4-8 cm? V™! s7! for T}, between
1120 and 1220 K, and then shows a pronounced decrease
down to ~1 cm? V~!s~! at the highest 7,,=1270 K. The
maximum values of the electron concentration and mobility
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FIG. 4. (Color online) (a) Arrhenius plots of the conductivity o of the films
deposited on silica at various T, as a function of reciprocal T, and (b)
dependence of T}* on T,,"* for the data in Fig. 4(a).

are as high as those previously reported.zz*24 The n-type con-
duction of the films was also confirmed by Seebeck-effect
measurements.

Arrhenius plots of the conductivity for the films depos-
ited at various T}, are shown in Fig. 4(a). Measurements are
done for sample temperature (7)) ranging from room tem-
perature up to 570 K. The dependence on T,, becomes
smaller with increasing Tp. Thus, the low conductivity films
deposited at low T, exhibit thermal activation typical of
semiconductors, while the high conductivity films deposited
at high T, show quasimetallic behavior. The apparent acti-
vation energy (E,) for the conduction is calculated from the
slopes of the linear fit to the measured data in Fig. 4(a) by
assuming

Es
o= 0, exp T ) (2)
Blm

where o and o are the conductivity and the extrapolated
value at T);,— oo, respectively. E, decreases from 0.09 to
0.01 eV with increasing T from 1130 to 1270 K. However,
the slopes for low T films are not fully linear in the entire
Ty, range and show a slight change at some T);, depending
on Tp. Electrical transport in nitrogen-doped nanodiamond
films is considered to be a combination of thermal activation
and hopping conduction of carriers in disordered grain
boundaries.”® Disordered materials often follow Mott-type
variable-range hopping (VRH) if the density of states at the
Fermi level is constant. In Fig. 4(b), the measured conduc-
tivity is replotted as a function of T;)M, according to Mott’s
three-dimensional VRH:"!

C 1/4
0 = OyRry €Xp| — T_M B (3)

where oygry is a prefactor and C is a material-dependent
constant. Here we assume oygy=0ygyTy, > following Ref.
24, with 03y, independent of T,,. However, the slopes for
low T} films are not fully linear in the entire 7)), range as in
the case of the Arrhenius plots. Achatz et al” suggested that
the revised VRH model of Ref. 42 is more relevant to ex-
plain the temperature dependence of the conductivity.
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FIG. 5. (Color online) Core level C 1s and N 1s XPS spectra for the films
deposited on silicon at 7,=1020, 1120, and 1220 K. Typical fits of the C 1s
spectra are given by the dotted lines.

Core level C 1s and N 1s XPS spectra of the films de-
posited at various T are shown in Fig. 5. These are mea-
sured without surface sputtering since keV ion sputtering in-
creases the amount of sp®-bonded carbon by radiation
damage.43 Without N, addition, the N 1s peak is hardly ob-
served. With N,, the N 1s peak centered at 398.8—400.0 evH
appears with a low signal-to-noise ratio. The nitrogen con-
centration calculated from the integrated peak intensities by
using the photoemission sensitivity factors is ~0.3 at. %,
almost independent of Tp. This value remains constant after
sputtering of several monolayers (1-2 nm). A near edge
x-ray absorption study previously suggested that nitrogen in
nanodiamond films is predominantly o-bonded in the grain
boundaries.** However, the assignment of nitrogen bonding
environments by XPS is difficult because widely diverging
reports are present for various nitrogen-incorporated amor-
phous carbons.””*® The C Ls peak position shows a down-
shift from 284.7 to 284.2 eV with Tp. After subtracting a
Shirley background, each C ls spectrum is decomposed by
two fitting curves defined as 20% Lorentzian and 80%
Gaussian distribution functions,47 at 285.5 and around 284.4
eV for sp’- and sp>-bonded carbon.*®* The sp® peak is well
fitted allowing the FWHM to vary at a fixed position, while
the sp? peak has variable FWHM and position. The relative
areas of the fits infer an increase of sp? content with T. The
same trend has been shown for the dependence on N,
concentration.”

Figures 6 and 7 show the visible and UV Raman spectra
for the films deposited at various 7. The visible spectrum
(Fig. 6) shows four main bands at ~1150, 1350, 1450, and
1550 cm™!. The peaks at 1350 and 1550 cm™! are the D and
G peaks, respectively. The G peak is due to the bond stretch-
ing of all pairs of sp> atoms in both rings and chains.”' The
D peak is due to the breathing modes of sp? atoms in rings
and it is disorder activated.’' The peaks at 1150 and
1450 cm™! are signatures of the presence of TPA.*' Their
positions change with the excitation wavelength, depending
on the conjugation length.21 These peaks disappear for in-
creasing temperature due to the release of hydrogen. The
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FIG. 6. UV Raman spectra with 244 nm excitation for the films deposited
on silica at various T},

diamond peak is observed only in the UV spectrum. After
subtracting a linear luminescence background, the spectra are
fitted with four Lorentzians.

The main Raman fit parameters are as follows: the G
peak dispersion [disp(G)], the ratio between the intensities of
the D and G peaks [I(D)/I(G)], and the FWHM of the G
peak [FWHM(G)]. The G peak dispersion is the variation of
the G peak position measured at different excitation
Wavelengths.m’33 This is defined here as™

disp(G)(cm™!/nm) = [Pos(G) @244 — Pos(G)
@514]/(514 — 244) nm, 4)

where Pos(G) @244 and Pos(G) @514 are the G peak posi-
tions measured at excitation wavelengths of 244 and 514 nm,

514.5 nm

1270 K

1220 K

1170 K

1070 K

Intensity (arb.units)

1000 1200 1400 1600 1800

Raman shift (cm")

FIG. 7. Visible Raman spectra with 514.5 nm excitation for the films de-
posited on silica at various T},
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[T4iam/1(G)], (b) dispersion of the G peak, (c¢) I(D)/I(G) ratio, and (d)
FWHM of the G peak as a function of T},

respectively.53 disp(G) probes the sp? configuration and its
degree of disorder: a high disp(G) corresponds to a chainlike
sp? configuration, while a low disp(G) corresponds to a ring-
like sp? conﬁguration.ﬂ’5 ? The lower disp(G), the higher the
ordering. I(D)/I(G) measures the sp? cluster size: I(D)/I(G)
increases moving from graphite to nanocrystalline graphite,
while it decreases moving from amorphous carbon to
tetrahedral-amorphous carbon.”! Finally, FWHM(G) is a
probe of structural disorder: the higher FWHM(G), the
higher the disorder.*"”?

Figure 8 shows the evolution of the Raman fit param-
eters for increasing T)p: (i) the G peak dispersion decreases
from 0.1 to 0 [Fig. 8(b)]; (ii) /(D)/I(G) first increases and
then decreases at the highest temperature [Fig. 8(c)]; (iii)
FWHM(G), measured at 244 nm, decreases from ~120 to
~100 cm™! [Fig. 8(d)]. These changes show that, by in-
creasing temperature, we follow an ordering trajectory,33’5]
toward an almost fully sp? bonded phase, similar to nano-
crystalline graphite. Figure 8(a) further shows that the rela-
tive intensity of the diamond peak to the G peak reduces
from 0.3 to 0.04 with increasing Tp,.

IV. DISCUSSION

According to Ref. 26, nitrogen atoms would be prefer-
entially incorporated in the grain boundaries, as this is ener-
getically favored. Doping would result from the formation of
a number of midband states at and above the Fermi level: =
and 7 states for sp’-bonded atoms and o* states for
sp3-bonded atoms originating from the grain boundaries.
These midband states form a spatially homogeneous band
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structure of delocalized states when the system is viewed as
quantum size network of grains with grain boundaries. There
are many configurations of nitrogen incorporation in
sp>-bonded carbon.” Many of them, in which nitrogen has a
nonbonding lone-pair state, are not doping.54 However, these
midband states are not due to substitutional doping. The elec-
tron transport mechanism can be explained by VRH at local-
ized states (or dangling bond states) near the Fermi level,
when the conductivity is relatively low.”® The quasimetallic
behavior for the high conductivity films is more related to
the 7 and 7" states.” Higher nitrogen concentrations in the
films increase the relative amount of sp? carbon, resulting in
an upward shift of the Fermi level, a broadening of the 7 and
7" states, and a strong delocalization of these states. These
electronic changes are responsible for the increase in conduc-
tivity, similar to the case of nitrogen-doped amorphous car-
bon films. ™8 Thus, rather than conventional doping, this
reflects a nitrogen induced structural change.

In the present work, two Tp-dependent regions for con-
duction are observed: (i) for 1100<T,=1220 K, the elec-
tron concentration increases up to 10> ¢m™ and the mobil-
ity reaches 4-8 cm? V7!'s7!; (ii) for T,=1250 K, the
mobility decreases to ~1 cm? V™! s7!, while the electron
concentration does not change. Since the nitrogen concentra-
tion measured by XPS remains almost constant at about
0.3 at. % and it is very low, the electrical properties must be
related to the change in the amorphous carbon phase. XPS
and Raman spectroscopy show an increase in the sp?/sp?
ratio and in the order of the sp? phase with Tj. The higher
amount of sp? carbon increases the density of midband states
associated with 7 bonding at and above the Fermi level. This
raises the electron concentration, in agreement with the re-
sults in Fig. 3. Electron transport for the high conductivity
films is governed by the localization of the 7 and 7 states in
the grain boundaries and depends on two competitive pro-
cesses. First, an increase in the spatial connectivity of
sp*>-bonded carbon is expected from the rise in the relative
amount of sp>-bonded carbon. This causes a better overlap of
the 7 electron orbitals among the sp? clusters and enhances
the delocalization of the 7r and 7 states. This makes electron
transport more probable and increases the electron mobility.
Second, the concurrent decrease in the relative amount of
diamond increases the mean distance between diamond
grains. A spatially heterogeneous band structure is conse-
quently formed. The system then behaves as grains and grain
boundaries embedded in amorphous matrix. This lowers the
electron mobility, as this is now limited by the low mobility
of amorphous carbon (~107° cm? V=!s71). 330 A critical
distance for this degeneration may be deduced from the lo-
calization length of carriers, which has been taken as 3 nm
for similar highly conductive nanodiamond films in Ref. 24.
The grain boundary thickness for the films in Ref. 24 is
actually in the same range of ~2 nm or less.” The mobility
remains constant when the two processes are balanced at low
Tp, but decreases when the latter process becomes dominant
at high 7).

We now consider the relative contribution of sp> carbon
and incorporated nitrogen to the conduction. Figure 9 shows
the resistivity of our Tp,=1100 and 1200 K films as a func-
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FIG. 9. (Color online) Room temperature resistivity of the films deposited
on silica at Tp=1100 and 1200 K as a function of gas-phase N,
concentration.

tion of gas-phase N, concentration. For both T}, the resistiv-
ity decreases by two to three orders of magnitude upon
3%N, addition and saturates for further N, up to 30%. The
minimum resistivity in the saturation region for each T}, be-
comes lower with 7). The maximum nitrogen concentration
measured by XPS is about 0.3 at. % for both Tp,. This shows
that the sp? phase is more responsible for increasing conduc-
tion than the nitrogen concentration itself.

Increasing ordering and amount of the sp” phase raises
the electron concentration and lowers the resistivity, while
the electron mobility stays constant. When the sp? phase be-
comes more crystalline, the resistivity slightly decreases and
the electron concentration increases, but the mobility
strongly decreases. This means that the sp” clustering is
strongly affecting the electrical conduction properties of our
films.

V. CONCLUSIONS

The properties of nitrogen-doped nanodiamond films
were studied as a function of the deposition temperature 7T'p.
For T, between 1100 and 1220 K, the electron concentration
exponentially increases up to 10?° ¢cm™ and the electron mo-
bility is in the range of 4-8 cm? V~! s7!. Above 1250 K, the
mobility decreases to ~1 cm? V™! s~!. The Arrhenius plots
of the conductivity show a transition from semiconducting to
quasimetallic conduction with increasing 7. The nitrogen
concentration in the films is about 0.3 at. %. Raman spec-
troscopy and XPS show that the amount and clustering of the
sp* phase rise with increasing T}, which explains the quasi-
metallic behavior for the high conductivity films.
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