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High concentrations of lithium (~5 × 1019 cm−3) and nitrogen (~3 × 1020 cm−3) have been simultaneously in-
corporated into single-crystal and microcrystalline diamond films using Li3N and gaseous ammonia as the
sources of Li and N, respectively. Using sequential deposition methods, well-defined localised layers of Li:N-
doped diamondwith a depth spread of less than±200 nmhave been createdwithin the diamond. The variation
in Li:N content and amount of diffusion within the various types of diamond suggests a model whereby these
atoms can migrate readily through the grain-boundary network, but do not migrate much within the grains
themselves where the diffusion rate is much slower. However, the high electrical resistivity of the doped films,
despite the high Li and N concentrations, suggests that much of the Li and N are trapped as electrically inactive
species.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Despite recent developments in doping diamond films with phos-
phorus, antimony, arsenic and sulfur, the production of n-type semicon-
ducting diamond with useful electronic properties remains elusive
[1–11]. Nitrogen is another possible dopant, and nitrogen-doped dia-
mond has been successfully synthesised using hot-filament (HF) chemi-
cal vapour deposition (CVD) and microwave plasma CVD (MWCVD)
techniques [3,12–17]. However, due to its high activation energy
(1.7 eV), nitrogen-doped diamond is an insulator at room temperature,
and only becomes semiconducting at high temperatures which makes
it impractical for use in most devices.

Recently, lithiated diamond surfaces were suggested as a method to
produce low-work-function materials [18–20], and theoretical studies
have predicted that interstitial lithium should act as a shallow donor
[21]. The energy to excite an electron from the lithium donor level to
the conduction band of diamond is calculated to be less than 0.3 eV
[22], however this has proved difficult to obtain experimentally, partly
due to the low solubility of Li in diamond [23]. Research has been fo-
cused on trying to force Li into the diamond lattice by implantation
[24–28], diffusion [29,30] and addition of Li species to the gas phase dur-
ing CVD [31–33]. Although Li was incorporated inside the diamond lat-
tice to values as high as 1 × 1021 cm−3 [31], in all cases the Li remained
electrically inactive. The proposed explanation for this is the highmobil-
ity of Li in diamond at high temperature, which causes diffusion and ag-
gregation of the Li into inactive clusters [29]. To overcome this, it has
been suggested [34,35] that Li diffusion can be prevented by simulta-
neously adding nitrogen together with Li, with the N acting as a trap
ghts reserved.
to pin down the Li in the diamond lattice and reduce its mobility. In
such a system, the electrons from the pinned interstitial Li are trans-
ferred through a substitutional N atom directly into the diamond lattice.
Thus, it is suggested [34] that if a suitable co-doping process can create
defect sites with a 1:1 ratio of Li:N, this could produce n-type semicon-
ducting diamondwith a shallow donor level and high electronmobility.
More recent theoretical work has suggested that shallow donor states
may be also created using LiN4 clusters [36], requiring a 1:4 ratio of Li:
N in the diamond lattice. However, no experimental work has yet
been reported to test these hypotheses.

In this paper, we present the results of a study to incorporate signif-
icant concentrations of both Li and Nwhile growing diamond thin films
using a HF–CVD system. The experiments involve both simultaneous
co-doping, as well as sequential doping to form layers of differently
doped diamond. Secondary ion mass spectrometry (SIMS) depth-
profile analysis is presented to show the concentration of both dopants
and the thickness of the dopant layers inside the diamond film.

2. Experimental

Two types of substrates were used for the diamond growth, either
1 cm2 single-crystal Si wafers (100) which were pre-treated by a man-
ual abrasion technique using 1–3 μm diamond particles, or high-
pressure high-temperature (HPHT) single-crystal diamond (2.5 ×
2.5 mm2) type 1b (100) (purchased from Element Six, Ltd.). The latter
did not require any pre-treatment or seeding, but were cleaned in an
acid bath to remove any non-diamond material prior to CVD.

Diamond was deposited in a HF reactor using standard CVD condi-
tions with the distance between the substrate and the tantalum fila-
ment fixed at 3 mm. Undoped diamond was deposited using a
standard ratio of 0.82% CH4 in H2. The process pressure was set
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Fig. 1. Laser Raman spectrum (325 nmHe–Cd excitation) obtained fromdifferent layers of
the microcrystalline diamond films grown on Si. (a) Undoped diamond, (b) nitrogen-
doped diamond, and (c) Li/N-co-doped diamond.
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at 20 Torr while the filament temperature wasmeasured using an opti-
cal pyrometer and maintained between 2100 and 2250 K. These condi-
tions fabricated faceted microcrystalline diamond (MCD) at a rate of
~0.5 μm h−1.

Nitrogen-doped diamondwas deposited by adding either N2 or NH3

to the gas mixture such that the N:C ratios were 0.7 and 0.4, respective-
ly. These values were chosen because from previous experiments [37] it
was known that additions of N2 higher than this begin to significantly
increase the growth rate and alter the morphology of the resulting dia-
mond films, which we wished to avoid. The gas-phase concentration of
N2was deliberatelymademuchhigher than that of NH3 in an attempt to
compensate for the difficulty of dissociating the strong N2 bonds using a
HF system [38].

Lithium nitride (Li3N) was used as a source of Li, which is available
commercially as a powder (CERAC, 99.5% purity, b250 μm particle
size). Initially, a series of experimentswere performed to identify a suit-
able liquid medium that would support a stable suspension of Li3N.
Water and alcohols were ruled out because they oxidised the Li3N to
LiOH. Various other oxygen-free liquids were tried (heptane, xylene,
hexane, cyclohexane, toluene, chloroform) and the general trend was
that the stability of the suspension increased with increasing polarity
of the liquid, with chloroform being the best of those tested. However,
even in chloroform the suspensions only remained stable for
1–2 days. This stability period could be improved to several weeks by
the addition to the suspension of a polar polymer, such as
polyoxyethylene ether (POE) or polysorbate-20. Our final optimised
suspension was prepared by dissolving 5 mg of POE in 5 ml of chloro-
form, followed by the addition of 85 mg of Li3N powder. The reddish-
black suspension was then sonicated for 1 h in an ultrasonic bath.

To incorporate Li into the diamond film, this Li3N suspension was
drop cast onto the surface of the substrate. For some samples, the sus-
pension was drop cast directly onto the Si substrate. But it was later
found that Li diffused easily into the Si, and so to prevent this usually
a thin (2–3 μm) layer of N-doped CVD diamond was deposited onto
the Si substrate as a diffusion barrier before dropcasting the Li3N sus-
pension. For a given sample, the same CVD conditions were used for
this initial diamond layer as for any subsequent N-doped diamond
layers. The amount of suspension used depended on the substrate
size: 7–20 μl for the smaller HPHT diamond substrates and ~100–300
μl for the CVD diamond films on the larger Si substrates. For such
small area samples and low-viscosity liquids, spin coating to achieve
uniform coverage is not practicable, but could easily be implemented
if this process were ever to be upscaled to wafer sizes. As a result,
therewould undoubtedly have been somenon-uniformities of coverage
and hence variations in doping levels around the periphery of the sam-
ples, but, to minimise these, all characterization measurements were
performed in the central region of the samples. The suspension was
then allowed to dry (which took a few seconds) before the substrate
was placed into the HFCVD reactor, whereupon it was heated by the fil-
ament (2100 K) in a pure H2 atmosphere for an hour at a surface tem-
perature of about 800 °C (estimated by 2-colour pyrometer). This
served to melt the Li3N powder and to partially diffuse Li and N into
the diamond surface to form a Li/N co-doped layer 100–200 nm thick
(estimated by subsequent SIMS measurements). Care had to be taken
not to overheat the surface during this period or the molten Li3N
would evaporate and be pumped away.

Finally, this molten layer was encapsulated into the film by deposit-
ing on top of it a capping layer of nitrogen-doped diamond using the
CVD conditions described above. The thickness of this capping layer var-
ied from a few 100 nm to ~5 μm depending on the growth time. For
some experiments the Li3N deposition and capping layer growth steps
were repeated several times in order to build up sequential layers of
varying Li/N concentrations within the diamond film.

The film morphology, quality and concentration of dopants were
characterised using scanning electron microscopy (SEM), laser Raman
spectrometry and SIMS. For SIMS, the Li signal was detected as Li+
while the nitrogen signal was detected as CN−. The absolute concentra-
tions of N and Li in the diamondwere quantified using exemplar single-
crystal diamond samples previously implanted with known concentra-
tions of Li and N for use as SIMS calibration. The minimum detection
limit for Li in the instrument was 2.03 × 1017 cm−3. Because CVD
diamondmay contain hydrogen, it is possible that some of the SIMS sig-
nal atmass 26might be due to a contribution fromC2H2

− aswell as from
CN−. To determine the magnitude of this unwanted contribution, an
undoped CVD film was deposited onto an N-doped diamond film, and
the relative signal at mass 26 compared for both layers as the SIMS
depth profile etched through both layers. The signal for the undoped
layerwhichwaswholly fromC2H2

− determined the lower limit forN de-
tection at 1.15 × 1019 cm−3, while the signal for the N-doped layer was
~50 times higher. Thus, it was relatively easy to distinguish the signal
from CN− from the background due to C2H2

−. All data and graphs are
plotted after subtracting the C2H2

− background signal to obtain the con-
centration of N atoms, with an estimated uncertainty of ~5%.

Another potential problem with using SIMS for depth profiling on
non-flat samples is that large variations in the surface roughness
might affect the sharpness of any layer boundaries. This problem is
machine-dependent: etching/depth-profiling in some SIMS instru-
ments planarises the initial surface morphology making the problem
negligible, whereas in some SIMS instruments the height difference of
surface features becomes magnified as etching proceeds, severely
broadening the layer profiles. To determine if this was a problem in
our SIMS, two CVD films were grown with approximately the same
thickness (3 μm) but with different morphologies. The first was an
MCD film with surface grain size (and hence approximate surface
r.m.s. roughness) of ~1 μm as measured by SEM. The second was a
smoother nanocrystalline diamond (NCD) film with grain size and sur-
face roughness ~100 nm. Both films were grown onto a Si substrate
known to support a native-oxide layer of thickness ~100 nm. SIMS
depth profiles were performed on both samples, and the full-width
half-maximum of this oxide layer was measured after etching through
the overlying diamond film. The two measured values were 98 nm
and 103 nm for the MCD and NCD films, respectively, which are the op-
posite of what might be expected if surface roughness blurred layer
boundaries. Therefore, we conclude that in our SIMS system the initial
surface morphology is not a problem when measuring the sharpness
of layer boundaries, and the reproducibility of the system due to surface
roughness, SIMS mixing and other effects is ±10 nm in diamond
samples.

Electrical resistance measurements were performed using a two-
point probemethod. All samples underwent ozone treatment to change
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the hydrogen-terminated surface of the as-grown diamond to an
oxygen-terminated surface in order to eliminate any possible surface
conductivity [3]. Two 1 × 1 mm2 silver contacts were evaporated on
top of the diamond film at the diagonal corners of each sample separat-
ed by a distance of ~10 mm allowing the bulk electrical resistance to be
measured.
3. Results & discussion

3.1. Film characterization

Laser Raman spectra (325 nmexcitation) taken from the three types
of diamond layer grown on Si substrates are shown in Fig. 1. The Li–N-
co-doped diamond layer exhibited a typical Raman spectrum that was
very similar to that from undoped CVD diamond films grown with the
same CH4 content. The diamond peak at 1332 cm−1 and graphitic G-
band at ~1580 cm−1 are present as expected for microcrystalline
films, but no new peaks corresponding to N or Li are observed. Further
Fig. 2. SEMmicrographs showing themorphologies of the two types of diamond films grown o
doped diamond with (e) showing a cross-section through the film.
Raman spectra using 514 nm excitation (not shown) from the 3 types
of diamond gave the same findings.

Fig. 2 shows themorphology of themicrocrystalline diamond layers
before and after the addition of lithium nitride. The nitrogen-doped di-
amond exhibitedmicrocrystalline facets (Fig. 2(a,b)), as expected. After
addition of Li3N the facets becamemuch rougher (Fig. 2(c,d)), suggest-
ing that new nucleation sites had been created, possibly as a result of
localised etching of the surface by Li [39]. The etching and surface mod-
ification only occurred on the surface in a layer less than 100 nm in
thickness (Fig. 2(e)). Based on the micrographs and Raman spectra in
Fig. 1, we suggest that the Li preferentially etches the graphitic carbon
at the grain boundaries of the diamond thin film. This might explain
the reduction of the graphitic feature at 1580 cm−1 in Fig. 1 suggesting
the apparent improvement in diamond quality due to the removal of
some of the grain-boundary sp2 carbon.

Further evidence for this theory comes from Fig. 3, which shows the
morphology of the nitrogen-doped diamond capping layer grown on
top of the Li/N co-doped layer on a HPHT substrate. Fig. 3(a) shows
the surface of the single-crystal HPHT diamond substrate before the
n Si substrates. (a) & (b) Nitrogen-dopedmicrocrystalline diamond. (c), (d) & (e) Li–N-co-
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Fig. 3. SEMmicrographs of a HPHT substrate (a) before growth and (b) after growth of a 1-μm-thick nitrogen-doped diamond capping layer on top of a Li/N co-doped layer. The inset is at
higher magnification. There are no obvious growth features on the surface, showing that the film was essentially homogeneous. The dark marks are believed to be artefacts of the SEM
showing regions of lower secondary electron emission due to localised variation in H termination, and not due to changes in surface topology.
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diamond growth process, with no visible defects or etch pits observed.
Fig. 3(b) shows that after deposition of Li3N followed by ~1 μm of N-
doped diamond capping layer, the diamond surfaces did not show any
signs of significant renucleation and/or new crystal formation — the
new diamond layers appear to be homoepitaxial with the HPHT sub-
strate. There are some new superficial discolorations visible on the sur-
face, in the form of stripes and lines, but these are ≪1 μm in thickness
and are probably due to variations in secondary electron emission yield
from non-uniform H-termination. Raman spectra (not shown) show no
sign of sp2 carbon formed at new grain boundaries, indicating that
the newly grown layers remain essentially single crystal. Similar surface
effects were also observed on diamond films grown on the other
HPHT substrates. These results are consistent with the idea mentioned
above — because HPHT substrates are single crystal, there are no grain
Fig. 4. SIMS depth profile of a multilayered Li–N-co-doped diamond film grown on a Si
substrate. This film had the following layered structure, indicated by the dashed vertical
lines, starting from the Si substrate: ~2 μm of undoped diamond, ~350 nm of nitrogen-
doped diamond (grown using NH3) of which the top ~250 nm has been transformed
into a Li–N co-doped layer by diffusion into it of the Li3N, ~150 nmN-doped diamond cap-
ping layer (which also shows some in-diffusion of Li in its lower 50 nm). Shown on the
plot are the absolute calibrated concentrations of Li and N (left-hand axis), and C intensity
(right-hand axis) which is used as the baseline fromwhich the other concentrationswere
calculated, as a function of depth beneath the diamond surface. The dashed horizontal line
for the N concentration shows the lower limit of detection when themass 26 signal is due
entirely to C2H2

−.
boundaries to be etched by the Li, and so the film growth is more uni-
form with no secondary nucleation.

Fig. 4 shows the SIMSdepth-profile analysis of amultilayered Li–N-co-
doped diamond thin film. The carbon signal remains constant for all the
layers and serves as the baseline from which to calculate the
concentrations of Li and N. The Li signal is centred at a depth of
~200 nm beneath the diamond surface, with a spread of ~100 nm either
side due to diffusion, with a possible contribution of±10 nmdue to SIMS
mixing. The maximum concentration of Li detected was 5.0 × 1019 cm−3

with a total integrated dose of 3.7 × 1021 Li atoms throughout the diffu-
sion region. The N signal was detected only in the first 500 nm inside
the diamond thinfilm, as expected. Themaximumconcentration of nitro-
gen atoms embedded in the film was 4.4 × 1020 cm−3 which is ~9 times
more than the Li content. This over-doping with N had been done to en-
sure all that all the Li atoms inside the diamond film were adjacent to at
least one N and so were immobilised within the diamond lattice. It can
be seen that the N-doped NCD that grew on the outer surface (topmost
50 nm) still contains a considerable amount of Li, and a reduction in N.
Thismay due to the high solubility of Li in sp2 carbon structures compared
to diamond [40], which may have displaced some of the nitrogen.

These results confirm that the Li3N process followed by encapsula-
tion produced a well-defined layer of diamond that contained localised
high concentrations of N and Li. However, electrical testing showed that
the 2-point resistivity of these films remained high (~15–50 MΩ) sug-
gesting either that the Li or its associated LiNx defect centrewere electri-
cally inactive.
3.2. Effect of changing precursors on Li and N incorporation

In order to test whether it was possible to control the amount of N
and Li incorporation, two deposition experiments were performed
where the same procedure (Si substrate, growth of 2 μm N-doped dia-
mond, Li3N drop cast, deposition of ~150–200 nm of N-doped capping
layer) was performed using (i) N2 as the source of nitrogen and 100 μl
of Li3N in the first experiment, and (ii) NH3 and 200 μl of Li3N in the sec-
ond. The results are shown in Fig. 5(a) and (b). When using N2

(Fig. 5(a)) the amount of N incorporation is b1.1 × 1019 cm−3 (below
the SIMS detection limit) compared to the film deposited using NH3

(Fig. 5(b)) with ~3.5 × 1020 cm−3. Thus, nearly 10 times asmuch nitro-
gen is incorporated into the diamondwhen using NH3 thanwhen using
N2. This is because the energies available in a hot filament system are
not sufficient to efficiently dissociate the strong triple bonds in N2

(914 kJ mol−1) compared to the weaker NH bonds (414 kJ mol−1) in
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Fig. 5. SIMS depth profiles (top 400 nm only) of samples grown with (a) N2 gas and (b)
NH3 gas added to the CVD gas mixture. Li3N was added after the film thickness was
~2 μm, and then a 200 nm capping layer was added using the same gas mixture as for
the lower layer. The concentrations of Li and N are shown on the left-hand axis, while
the C intensity is shown on the right-hand axis.

Fig. 6. SIMS depth profile of a multi-layered Li–N co-doped diamond film grown on a Si
substrate. This film had the following layered structure starting from the Si substrate:
1st layer of Li–N co-doped diamond, 2nd layer of Li–N co-doped diamond and then 3rd
layer of Li–N co-doped diamond. The capping layer (~20 nm) was grown without the ad-
dition of ammonia into the gas phase. Shown on the plot are the absolute calibrated con-
centrations of Li and N (left-hand axis), and C intensity (right-hand axis), as a function of
depth beneath the diamond surface.
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ammonia [41], although this differencewould be less apparent in higher
power microwave plasma systems.

In contrast, doubling the amount of Li3N had little effect upon either
the maximum concentration of Li (5 × 10−19 cm−3) or the total inte-
grated amount of Li incorporated inside the films, which is ~4.0 × 1021

Li atoms in both cases. As before, the Li layer is localised ~200 nm
below the surface, although diffusion has broadened the layer to a thick-
ness ~300 nm. The diffusion profile is slightly asymmetric probably due
to the longer diffusion time experienced by the Li atoms on the deeper
side of the film. This suggests that it should be possible to fabricatemul-
tiple layers of localised Li-rich regions within the diamond.

The fact that doubling the Li3N amount did not change the Li content
inside the diamond film suggests that the amount of lithium has
reached its solubility limit. To confirm this, a third sample was grown
using the same conditions as (ii) above (i.e. using NH3), but with an
even higher amount of Li3N (300 μl).When attempting to grow the cap-
ping layer, this instead produced a thin blackflaky filmwhich spontane-
ously delaminated upon opening the chamber. The black flakes were
analysed using laser Raman spectroscopy and no diamond or graphite
peaks were observed, while SIMS showed them to be composed of Li
and C. These findings are consistent with the black flakes being a form
of a lithium carbide (Li2C2, Li4C, Li6C2, etc.), although no further analysis
was performed to identify them more precisely.
A fourth experiment was performed in which 2 × 100 μl of Li3N was
added to the diamond surface sequentially, with an hour bake in H2 in
between each addition. Again, subsequent diamond CVD resulted in
the formation of the flaky lithium carbide. So we conclude that adding
more Li to a diamond lattice that has reached its solid solution satura-
tion point does not work, and the excess lithium reacts with the gas-
phase carbon species to form lithium carbides, preventing further dia-
mond deposition.
3.3. Multiple layers

In order to test whether it was possible to grow a diamond filmwith
multiple embedded Li-rich layers, a sample was grown using the stan-
dard procedures outlined above, but with ammonia gas acting as the ni-
trogen precursor and repeated application of the Li3N followed by an
embedding layer. Fig. 6 shows the SIMS depth profile for a film that
had the following deposition sequence: Si substrate, 1st addition of
Li3N to form 300 nm of Li–N co-doped diamond layer, 2nd addition of
Li3N to create 250 nm of Li–N co-doped diamond layer, 3rd addition of
Li3N to produce 80 nm of Li–N co-doped diamond layer, and finally
20 nm of capping layer consisting of undoped diamond. As expected,
the Li atoms are present in three localised layers within the diamond
film. The first two additions have the same peak Li concentration of
~1.0 × 1019 cm−3 while the final addition has concentration up to the
proposed maximum limit of ~5.0 × 1019 cm−3. The minimum amount
of Li detected was ~1.0 × 1018 cm−3 while the concentration of N
atoms inside the film during all three additions remained constant at
~1.8 × 1020 cm−3. The concentration of the nitrogen dropped near the
diamond surface due to the capping layer being grown without ammo-
nia being present. This is essential to avoid any amine or other nitrogen
derivatives terminating the diamond surface which may affect the con-
ductivity of thefilm. However, theN:Li ratiowas still 18:1,meaning that
the dominant dopant of the film was nitrogen. Interestingly, the resis-
tance of the film did not resemble the values obtained from typical
nitrogen-doped diamond films (N200 MΩ at room temperature
[3,14]), being 10–20MΩ at room temperature. This suggests that the in-
corporation of lithium and nitrogen in this way may enhance the
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conductivity of the film slightly but it is not yet sufficient for the film to
be used in any semiconductor devices.

3.4. Single crystal HPHT substrate

To understand the role of grain boundaries in diffusion of lithium
into diamond, the same procedures were repeated using single-crystal
HPHT type Ib diamond. Two films were grown, the first using N2 with
20 μl of Li3N suspension and the other using NH3 with 7 μl of Li3N sus-
pension, and with different thicknesses of capping layers. A larger
amount of Li3N suspension was used for the N2 growth because of the
expected difficulty of dissociation of N2 gas. The growth procedure
was: HPHT substrate, ~0.5 μm of N-doped diamond, Li3N dropcast, N-
doped capping layer (100 nm and 500 nm, respectively). Fig. 7 shows
the SIMS depth profile for the two films. As before (see section (b))
there is ~10 times as much nitrogen present in the sample that was
grown using NH3 compared to the one grown using N2. The total levels
of N incorporated for both films are a factor of ~100 lower than for the
microcrystalline diamond case; indeed, for the N2-grown sample the
N content throughout the bulk of the film is below the detection limits
except within the Li3N layer. For Li it is interesting to compare the
width of the Li peaks to gain insight into Li diffusion. For themicrocrys-
talline films the Li peak had a spread of about 200 nm either side of the
centre, whereas for single-crystal diamond the spread is much less
(±50 nm for the NH3-grown sample) for the equivalent deposition
time, of which ±10 nm may be attributed to SIMS mixing. These find-
ings suggest that grain boundaries play an important role in helping
both N and Li diffuse through diamond, and they may even trap many
of these species within the sp2 grain boundaries.

Two-point probemeasurements showed that the resistance of these
films remained at values similar to those found from the pure HPHT
substrate alone (N1MΩ over 3 mmprobe separation), again suggesting
that the dopants were not present in form that can significantly change
the material conductivity. As before, with such high resistance values it
was decided that more detailed electrical characterization (such as Hall
effect measurements) would not be worthwhile.

4. Conclusions

Successful doping of diamond involves solving two problems (a)
how to incorporate a high enough concentration of suitable dopants
without damaging the diamond structure, and (b) how to make the
dopants electrically active. The solution to (b) will need more work, of
course, but at least researchers now have a new way to attack the
Fig. 7. SIMS depth profiles (top 500 nm only) of two Li–N co-doped diamond films grown
on HPHT type Ib substrates using NH3 (solid lines) or N2 (dashed lines) as the nitrogen
precursors.
problem. We have demonstrated that it is possible to incorporate high
concentrations of both dopants (Li, N) into different types of diamond
films using solid Li3N and gaseousNH3 as sources of Li andN, respective-
ly. The concentrations of both these species are as high, or even higher,
than those reported by othermethods, such as in-diffusion or implanta-
tion,while not suffering from the lattice damage or poor process control
that these other methods sometimes involve, and thus may be one via-
ble solution to problem (a).

However, it appears that there is a solid solubility limit of around 5 ×
1019 cm−3 for Li in diamond, above which the Li no longer incorporates
but instead reacts with the gas-phase CVD species to form carbides.
Below this limit, the Li content can be controlled and localised into
well-defined layers with a spread of ±200 nm for microcrystalline dia-
mond and ±50 nm for single-crystal diamond. This difference in diffu-
sion between the two types of diamond has been attributed to the
presence of grain boundaries which we suggest aid diffusion of both Li
and N throughout the bulk. The fact that these species can be incorpo-
rated at concentrations 10–100 times higher in MCD than in SCD films
also suggests that the grain boundaries act as sinks for these species.
Thus, Li and N in grain boundaries may be mobile along and within
the grain boundary network, but do not migrate into the grains them-
selves where the diffusion is much slower. This model helps explain
why the electrical conductivity of the Li/N-doped films remained so
low, despite the dopant concentrations being so high. Perhaps much
of the Li and N is trapped as electrically inactive species within the sp2

grain boundaries. Alternatively, it may be that the optimal ratio of Li:N
was not obtained in these preliminary experiments, and amore exhaus-
tive series of experiments needs to be performed with a wider range of
Li:N ratios. Computermodelling of Li andNwithin thediamond lattice is
currently being performed [42] to help identify the optimal ratio that
might give electrically active n-type diamond. Thus, although the
dropcast method described in this paper appears to be a viable method
to incorporate other potential n-type dopants, such as Mg, Na, etc.,
problem (b),making these dopants electrically active, remains as a chal-
lenge for future research.

Prime novelty statement

This paper demonstrates for the first time that large amounts of lith-
ium and nitrogen can be incorporated simultaneously into a thin dia-
mond film during the CVD growth process. It describes in detail how
these potential dopants can be positioned in well-defined layers within
the diamond film.
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