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ABSTRACT: Nanocrystalline diamond (NCD) thin film growth
was systematically investigated for application for the thin film
waveguide mode resonance sensor. The NCD thin film was
grown on the Si wafer or on the SiO,-coated sapphire substrate
using the hot filament chemical vapor deposition (HFCVD). The
structural/optical properties of the samples were characterized by
the high-resolution scanning electron microscopy (HRSEM),
high-resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray spectroscopy (EDS), near edge X-ray
absorption fine structure (NEXAFS), X-ray diffraction (XRD),
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and ultraviolet—visible (UV—vis) spectroscopy. The waveguide modes of the NCD layer were studied by prism coupler
technique using laser (wavelength: 632.8 nm) with varying incident angle. A novel aspect was disclosed in the grain size
dependence on the growth temperature at the relatively low methane concentration in the precursor gas, which was important
for optical property: the grain size increased with decreasing growth temperature, which was contrary to the conventional
knowledge prevailing in the microcrystalline diamond (MCD) domain. We have provided discussions to reconcile such
observation. An optical waveguide mode resonance was demonstrated in the visible region using the microstructure-controlled
transparent NCD thin film waveguide, which provided a strong potential for the waveguide mode resonance sensor applications.
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1. INTRODUCTION

Nanocrystalline diamond (NCD) and ultrananocrystalline
diamond (UNCD) have been attracting strong interests for a
wide variety of applications, for example, electron field emission
(EEE),"™* nanoelectro-mechanical-system (NEMS),” im-
planted retinal prosthesis,”® and superhard coating on stainless
steel.'® Recently, a new type of the attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy was
proposed."" It adopts an NCD thin film waveguide, coated on
some optical substrates much more inexpensive than the single
crystal diamond. Because the waveguide is not integrated into
the main system, it could be easily separated from the main
system and subjected to further surface functionalization for
specific sensor applications.'’ Note that single crystal diamond
is adopted as the integrated waveguide for ATR-FTIR
spectroscopy;lz’13
expensive but also difficult to separate from the main system
for further surface functionalization to enable versatile sensor
applications.

Furthermore, there is still another ATR-type optical sensor
that does not rely upon the spectroscopy, which is expensive
and nonportable: the waveguide mode resonance sensor
equipped with a thin porous layer as the waveguide, which

the single crystal diamond is not only
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adopts the angular interrogation
length interrogation, which requires spectroscopy.” Its
operation relies on the waveguide modes: the standing waves
generated within the waveguide layer thickness. This technique
is known as an excellent optical means to study the reactions
occurring in the nanoporous waveguide layer materi-
als."'>1721 The technique has also been adopted for a
label-free DNA sensing,16 or biochemical sensing.17 As a
platform material for such bio/biochemical sensing, NCD is
obviously the most promising because of its wide variety of
excellent material properties.""*>~>° However, the ATR-type
optical sensor adopting porous NCD thin layer waveguide was
not reported to date.

On the other hand, the excellent properties of the NCD thin
film recently served as a background for some novel optical
applications: the diamond-based localized surface plasmon
resonance interface,”* an electrode for the optoelectrospectro-
scopy,” and biochemical application.”” By contrast, studies on
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Table 1. Summary of the Experimental Conditions and Results

parameters results
samples substrate CH, (%) T* (°C) Dpg® (mm) time® (min) grain size (nm) thickness (nm) (R® (nm/h))
CH, series S 50 800 10 60 5.58 (XRD) 950
1.0 800 10 60 9.89 (XRD) 870
0.5 800 10 60 11.91 (XRD), 18.15 (SEM) 830
T, series Si 5.0 700 10 60 5.99 (XRD) 410
50 800 10 60 5.58 (XRD) 950
5.0 900 10 60 G G
T, series Si 0.5 700 40 60 1572 (XRD), 37.54 (SEM) 130
0.5 800 40 60 10.89 (XRD), 17.74 (SEM) 450
0.5 900 40 60 8.97 (XRD) 800
T, series Si 0.5 700 10 60 16.53 (XRD), 43.12 (SEM) 310
0.5 800 10 60 11.91 (XRD), 18.15 (SEM) 830
0.5 900 10 60 8.36 (XRD) 1010
D, series Si 0.5 800 10 60 11.91 (XRD), 18.15 (SEM) 830
0.5 800 20 60 11.67 (XRD), 17.92 (SEM) 730
0.5 800 30 60 11.22 (XRD), 17.80 (SEM) 590
0.5 800 40 60 10.89 (XRD), 17.74 (SEM) 450
D, series Si 50 800 10 60 5.58 (XRD) 950
50 800 20 60 643 (XRD) 830
5.0 800 30 60 6.85 (XRD) 690
5.0 800 40 60 7.14 (XRD) 520
sample A SiO,-coated sapphire 5.0 800 10 10 <10 (XRD/TEM) 100 (600)
sample B 0.5 800 40 110 50—60 (SEM/TEM) 250 (140)
sample C 0.5 700 40 190 80—90 (SEM/TEM) 220 (70)

“Growth temperature (T). “Distance from filament to substrate (Dg_g). “Deposition time (time). dGraphite deposition (G). “Growth rate (R).

the angular-interrogated NCD thin film waveguide mode
resonance sensor is just beginning.z’l’32

Some of the important requirements of the diamond thin
film for such waveguide application might be the (1) optical
transparency; (2) optical smoothness of the surface; (3)
compatibility with respect to the underlying substrate material;
(4) optically flawless interface between the diamond waveguide
layer and the underlying substrate.

Requirement 1 would favor the minimal grain boundary area
(which is usually defective) and consequently the large grains
(compare ultraviolet—visible (UV—vis) transmissions of NCD
and UNCD films in Table 2 of ref 33). By contrast,
requirement 2 would favor small grains to minimize the surface
roughness of the as-grown surface (see Table 1 in ref 34).
Consequently, the optimization requires a trade-off between
the two opposing requirements. Requirement 3 would favor the
low growth temperature to avoid the thermal damage of the
substrate. It further complicates the optimization protocol,
because the vapor-grown diamond nucleation/growth is
obviously sensitive to the substrate temperature. Requirement
4 demands defect/void-free high-density initial nucleation at
the interface, which is often difficult to achieve on the optical
substrate material such as SiO,.** The surface pretreatment by
scratching technique®® is inadequate in this context, because it
might introduce mechanical defect to the substrate surface.

For most of the aforementioned requirements, the grain size
control is the key issue. It is rather straightforward for
microcrystalline diamond (MCD) film since its microstructural
evolution occurs in the van der Drift mode® > with columnar
structure (see Figure 4c in ref 39). In such a mode, the average
grain size simply increases with the film thickness, in proportion
to the growth time; at a given growth time, the grain size would
be proportional to the growth temperature (see Figure 3d in ref
40), because it is well-known that the growth is thermally

accelerated (see Figure 2 in ref 41). Such conventional
perspectives concerning the effect of growth temperature on
the grain size had been extended even to the transparent NCD
film synthesis. For example, Chen et al.** argued that “increased
substrate temperature facilitated growth of larger crystallites”
(see the discussion concerning Figure 3 in ref 42).

By contrast, the growth of UNCD film and that of some
NCD film might deviate from such conventional perspectives,
either because the active renucleation persists throughout the
growth stage,"> or because the relevant parameter space was
extended beyond that of the conventional MCD film
synthesis.*>** In this context, it is worth noting that May et
al.** predicted a novel effect of the growth temperature on
the grain size: the grain size would decrease with growth
temperature (see Figure 7 in ref 44) based on their
computational growth chemistry modeling. It is contrary to
the aforementioned conventional perspectives held for the
MCD domain, as well as to the report by Chen et al.** in the
NCD domain. Thus, the effect of growth temperature on the
grain size in the NCD domain still requires further clarification.

There are many reports on the formation of the transparent
NCD layers on foreign/optical substrates.”>>”***>46=37 The
effects of some parameters are rather well clarified. For
example, the relatively low methane concentration below
0.5% was favored for low-temperature growth of high-quality
NCD in hydrogen-rich chemistry;33 the lower pressure favored
the synthesis of NCD rather than MCD.** To the contrary,
investigations on the relationship between grain size and
growth temperature is far from satisfactory in the NCD domain
where the relevant parameter space substantially differs from
that of the MCD domain.*****"®! In the present study, we
have systematically investigated microstructural evolution in the
NCD thin film during the hot filament chemical vapor
deposition (HFCVD) to clarify such ambiguity, with the
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intention of applying it as the thin film waveguide mode
resonance Sensor.

2. EXPERIMENTAL SECTION

The NCD films were synthesized on the Si wafer (grade, prime;
diameter, 4 in.; p-type; orientation, (100); thickness, 0.5 mm; and one-
side polished) or on the sapphire wafer (grade, prime; diameter, 2 in.;
refractive index, 1.76; orientation, (0001); thickness, 0.4 mm; and
double-side polished) using the HFCVD technique. The sapphire
substrate was precoated with S00 nm thick SiO, film by the radio
frequency (RF) magnetron sputtering (RF power, 80 W; working
pressure, S mTorr) as a low-index coupling layer (refractive index,
1.45), on the side where the NCD layer was to be coated. The
substrate was ultrasonically seeded with nano diamond powder
seeding suspension (see ref 35 for further detail). No substrate
pretreatments were done to the substrate prior to seeding.

Four different series of experiments were carried out for the
optimization of the microstructure (see Table 1), from which three
different synthesis conditions were selected for the optical character-
ization (see samples A, B, and C at the last row in Table 1). The
chamber pressure, precursor gas composition, and filament temper-
ature were maintained at 7.5 Torr, 0.5—5% CH, in H,, and 2100 + 20
°C, respectively. The growth temperature (Tg) and the filament—
substrate distance (Dy_g) were controlled in the ranges of 700—900 °C
and 10—40 mm, respectively. The growth temperature was measured
by thermocouple at the substrate surface; it was controlled exclusively,
with other growth parameters kept unchanged, by varying the thermal
contact between the substrate and the underlying water-cooled
substrate holder.

The structure and grain size of the synthesized NCD films were
analyzed by the high-resolution scanning electron microscopy
(HRSEM, FEI Nova 200 NanoSEM), high-resolution transmission
electron microscopy (HRTEM, FEI TECNAI G2 F20), energy-
dispersive X-ray spectroscopy (EDS, FEI), near edge X-ray absorption
fine structure (NEXAFS, at the resolution of 0.1 €V, total electron
yield mode, at the 10D1 KIST beamline of the Pohang Accelerator
Laboratory in Korea), and X-ray diffraction (XRD, Rigaku D/MAX-
2500 using Cu Ka (4 = 0.154 nm) radiation at 40 kV and 200 mA in
the range of 30—95° by st%g scanning with a step size of 0.02°, along
with the Scherrer formula® using the dimensionless constant (K =
0.89) and the degree of diamond (111) peak (43.9°) to determine the
grain size; Note that such approach is allowed for grain size below 100
nm).** The TEM samples were prepared by the focused ion beam
(FIB, FEI Nova 600). The optical properties of the samples were
studied by UV—vis spectroscopy (Perkin-Elmer, Lambda 35) in the
250—1100 nm wavelength range; the optical absorption coefficient (cr)
was determined from the measured reflectance (R) and transmittance
(T). The refractive index (n) and extinction coefficient (k) were also
derived by a theoretical fitting to the experimental spectra using the
O’Leary—Johnson—Lim model.** The wave-guiding properties of the
NCD layer were studied by prism coupler technique; the guided
modes for p- and s-wave were characterized with varying incident
angle using 632.8 nm laser.

3. RESULTS AND DISCUSSION

Table 1 summarizes the parameters and results of the present
experiments. Figures 1 and 2 show the surface microstructures
of the CH, series and those of the T, T,, and T} series. In the
CH, series, the grain size drastically increased with decreasing
methane concentration from S to 0.5% (see Figure la—c and
first row in Table 1). Such a tendency is easily understood in
terms of the nucleation rate increasing with supersaturation
(see Section 1.7 of ref 65).>”*** By contrast, in the T, series
with the high methane concentration of 5%, the grain size did
not change with the temperature increase from 700 to 800 °C,
whereas graphite was formed at 900 °C (see Figure 1d—f and
second row in Table 1) as confirmed by the NEXAFS and

Figure 1. HRSEM image of the CH, series (CH, concentration, (a) S,
(b) 1, and (c) 0.5%) and T, series (T, (d) 700, (e) 800, and (f) 900
°C).

TEM (not shown here). Such insensitivity of the grain size to
the growth temperature in the T, series was in a sharp contrast
to the usual tendency in MCD domain where the grain size is a
sensitive function of the growth temperature (see section 1; see
also Figure 3d of ref 40). Moreover, the grain size even
decreased drastically with the growth temperature in the T,
series as well as in the T; series with the low methane
concentration of 0.5% (see Figure 2, third row and fourth row
in Table 1), regardless of the Dr_g, which was opposite to the
general tendency in MCD domain. It should be attributed to
the differing nucleation/growth mechanisms in the NCD and
the MCD domain, which should be addressed further below.
Recall that the grain size is determined by the continued
renucleation during growth in the NCD/UNCD do-
main.*****% Note that the classical nucleation theory predicts
that the driving force for nucleation rate increases with
supersaturation (see section 1.7 of ref 65) or, equivalently,
with supercooling (see chapter IX of ref 67),°® the grain size
should decrease accordingly. For the present HFCVD environ-
ment, it is reasonable to assume that the supercooling of the
growth species around the substrate is proportional to the
temperature difference between the heated filament (where the
growth species is generated through the thermal dissociation of
the precursor gas) and the underlying cooled substrate onto
which the growth species arrive to participate in the nucleation
process (see section 2 for respective temperatures). With this

background, the nucleation rate can be expressed as
65,67,68
follows.
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Figure 2. HRSEM image of T, series (Dp_g, 40 mm; T, (a) 700, (b)
800, and (c) 900 °C) and T, series (Dp_g, 10 mm; Tg, (d) 700, (e)
800, and (f) 900 °C).

. * AE
N « exp(— AG )exp(— kTD)

kT (1)

2

* — 167y° T
3(AEY) (T ~ T) )
where N = nucleation rate, AG* = energy barrier, k =
Boltzmann constant, T = substrate temperature, AEp =

activation energy for diffusion, y = surface free energy per
unit area, AEy = activation energy per unit volume, and T =
equilibrium transformation temperature.

According to egs 1 and 2, the supercooling would decrease
with substrate temperature. The nucleation rate on the growth
front is also dependent on the diffusion rate of the growth
species from their source to the sink, i.e., the nucleation site on
the substrate. The growth species transfer might occur through
the diffusion in the gas phase from filament to substrate and
consequently by surface diffusion on the substrate. The
diffusion rates in both diffusion paths should exponentially
increase with the temperature (see Section IX-2 of ref 67), as
opposed to the aforementioned temperature dependence of the
driving force for the nucleation: the diffusion rate should
exponentially freeze out as the substrate temperature drops. It is
well-known that such two opposing factors make a trade-off to
yield a maximum at an intermediate temperature (let us name it
as the threshold temperature) in the nucleation rate—
temperature profile (see Figure 3 for its schematic representa-
tion); the grain size curve should show a minimum at the
threshold temperature accordingly.
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Figure 3. Schematic diagram showing the effects of temperature and
supercooling on the equilibrium nucleation rate and grain size.

If one could assume that the substrate temperatures for the
T, and T; series belonged to the temperature domain below
the threshold temperature, the grain size would increase as the
temperature decreased. In this context, the unexpected grain
size variation in the T, and Ty series (see Figure 2, third row
and fourth row in Table 1) might be reconciled with such
classical nucleation theory.®”%® Nevertheless, one could not
exclude the other possibility that the present substrate
temperature range belonged to the temperature domain
above the threshold temperature.

Note that the Dp_g was 40 mm in the T, series, as opposed
to the 10 mm in the Tj series; also note that the methane
concentration was 0.5% in the T, series as opposed to 5% in the
T, series (see Table 1). The grain size of the T, series was
much less sensitive to the substrate temperature, relative to that
of the T, or Tj series (see Table 1). It was obviously attributed
to the two differing parameters among them, i.e., the methane
concentration and the Dg_g. It is well-known that growth
species concentration, and hence the supersaturation, sharply
drops (1) with Dg_g in HFCVD environment® and (2) with
decreasing methane concentration in the precursor gas mixture.
It follows that the supersaturation at the substrate surface in the
T, series should have been much higher than that of T, series.
The nucleation rate is a sensitive function of the super-
saturation, in addition to that of the growth temperature.®>%”%
Therefore, the relative importance of the growth temperature in
determining the nucleation rate might have substantially
weakened at the T, series, relative to the T, or T; series.
Note that, in the CH, series, which was conducted at the Dp_g
of 10 mm (see Table 1), the grain size was also relatively
insensitive to the methane concentrations; it might be also
understood in the same context.

On the other hand, for the D,/D, series (see Figures 4 and §
and Table 1), at first sight it was puzzling that their respective
grain size variations with Dp_g were mutually opposite: it
decreased in the former, whereas it increased in the latter. Such
unexpected result could be reconciled as will be addressed
below. Let us begin with the behavior of D, series. Recall that
grain size observed at the growth surface increased with the
thickness of the film having the columnar structure. Note that
the NCD frequently assumes columnar structure, in contrast to
UNCD, especially when grown under low methane concen-
tration below 1%.> (In the present study, such columnar
structure of the NCD films will be confirmed below by cross-
sectional TEM observation, in relation to Figure 8). Also note
that the thickness decreased with Dy_g in the D series (see
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Figure 4. HRSEM image of the D; series (Dr_g, (2) 10, (b) 20, (c) 30,
and (d) 40 mm; Dr_g = distance from filament to substrate).

200 nm

200 nm

Figure 5. HRSEM image of the D, series (Dp_g, (2) 10, (b) 20, (c) 30,
and (d) 40 mm; Dr_g = distance from filament to substrate).

insets of Figure 4 and fifth row in Table 1). The supersaturation
decreasing with Dg_g might have resulted in the grain size
increasing with Dy_g, because the increased Dy_g (see D, series
in Table 1), through which the activated growth species should
diffuse from its source (hot filaments) to the sink (substrates),
might have resulted in an increased chance of their
recombination; it may also result in the consequent drop in
their concentration near the growth front (hence a drop in their
supersaturation thereon) with the eventual drop in the
nucleation rate.®’ However, the film thickness also decreased
with Dp_g (see insets of Figure 4 and fifth row in Table 1),
which was understandable because the growth rate must be also
proportional to the supersaturation. The decreased thickness
might have resulted in the decrease in grain size observed on
the growth surface, due to its columnar structure; it might have
compensated for the opposing effect of Di_g on the grain size.

We should apply the same logic to the aforementioned T,
and T series. The sample thicknesses were also greater for the

higher growth temperatures (see Table 1). If the effect of the
columnar structure were dominant in determining the grain size
at the growth surface, the grain size should have increased with
the growth temperature, as opposed to the actual observation.
It further confirms that the effect of the columnar structure was
not the dominant factor determining the grain size of the T,
and Tj; series, at least at relatively higher temperature range.
Furthermore, comparing the grain sizes in the T, series against
that of T, the greater thickness (i.e,, 310, 830 nm for Tj series
vs 130 and 450 nm for T, series), which was attribute to the
aforementioned effect of Dg_g, gave larger grain sizes at 700 and
800 °C, respectively. Such a tendency was attributed to the
aforementioned columnar growth mode. By contrast, the
opposite tendency was observed at 900 °C (see Table 1): the
greater thickness (1010 nm for T series vs 800 nm for T,
series) gave smaller grain size (8.36 nm vs 8.97 nm). It
indicated that the effect of the columnar growth mode, in
determining the grain size, was weakened at 900 °C, probably
due to the growth mode transition from the columnar to the
equiaxed.

Recall that the methane concentration was as low as 0.5% in
D, series, which must have resulted in suppressed renucleation
rate, and consequently, relatively large grain size and resultant
columnar growth. By contrast, the methane concentration for
the D, series was 5%, which was ten times as high as that of D,
series. The nucleation rate in D, series must have been much
higher accordingly, which was actually supported by the much
more reduced grain size relative to that of D, series (see Table
1). Note that the grain size of the D, series was well below 10
nm. It strongly suggested that it was in the UNCD domain of
which the grain structure is well-known to be equiaxed rather
than columnar.®®”° It will be further supported below by cross-
sectional TEM observation (see Figure 8a). Therefore, the
aforementioned effect of columnar structure, which had more
than compensated the aforementioned effect of the Dy_g on the
grain size in D, series, might have been absent in the D, series,
and hence the grain size increasing with D¢_g in D, series.

Thus we have provided a qualitative set of explanations for
the novel features of the grain size variation summarized in
Table 1, employing the elementary classical nucleation theory
with the supersaturation approach. Nevertheless, it should be
noted that the present approach ignored the actually intricate
steps of growth chemistry occurring in the gas phase as well as
at the growth front in the vapor-growth environment, which is
essential for a more quantitative analysis. In this context, an
extensive analysis was reported by May et al.** It is important
that the novel temperature dependence of the T, series in the
present study was in accordance with their report: they
predicted that the grain size increased with decreasing growth
temperature (see Figure 7 in ref 44). Furthermore, the average
grain size (d) in nm was given in following general form (see
formula 6 in ref 44), i.e.

(dy = {2 + 0.6exp(3430/T))} x {[H]/[CH,]} 3)

It is remarkable that the eq 3, with the calculated ratio [H]/
[CH;] = 0.79 for UNCD(HF) conditions (see first column of
Table 1 in ref 44), well-describes the experimental results of T,
series with an accuracy of ~6—12%. The eq 3 correlates also
with D series because of weak dependence of the near-substrate
concentrations ratio [H]/[CHj;] on the gap Dg_g. By contrast,
the results of CH, series are less clear: the observed trend
d(CH,) is predictable but the absolute variations d(CH,) were
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Figure 6. Plan-view and cross-sectional HRSEM images of the NCD
film samples for optical characterization: (a, b) sample A, (c, d) sample
B, and (e, f) sample C.

expected to be much stronger. It should be clarified further in
the future.

Based upon the observations discussed thus far, we fabricated
three different diamond thin films on the SiO,-coated sapphire
substrate for the characterization of the optical properties, of
which the experimental conditions were summarized at the last
row in Table 1. The experimental parameter sets for the
samples A, B, and C were chosen so that we could analyze the
effect of grain size on the optical properties. We controlled the
grain size into the following ranges: below 10 (UNCD), 50—60
(NCD), and 80—90 nm (NCD), respectively (see Figure 6).
UNCD was chosen for comparison, whereas efforts were
focused on enabling NCDs with grain sizes of tens of
nanometers at a film thickness of 150—250 nm. Such grain
size was chosen to suppress the grain boundary scattering,
which becomes pronounced at excessive grain refining in
UNCD domain. The growth temperature of 900 °C was
avoided, because it gave excessive grain refining compared to
800 and 700 °C (see third row and fourth row in Table 1). The
methane concentration was set to 0.5% rather than to 5%,
because the latter yielded excessive grain refining, as seen from
CH, series (see first row in Table 1). Another background of
choosing such grain size was to suppress the scattering loss
caused by surface roughness.

Figure 7 shows the visual image of the samples. The samples
B and C were transparent while sample A looked rather dark,
which was attributed to the excessively refined grain sizes in
accordance with the previous report (see section 1).>* Figure 8
shows the cross-sectional TEM images of the samples A, B, and
C. Note that the grain size of the sample A was the finest as

Figure 7. Photograph of the NCD film samples for optical
characterizations: (a) sample A, (b) sample B, and (c) sample C.

indicated above. The columnar structures were evident for the
samples B and C, whereas it was not clear for the sample A.
Figure 9 shows other examples of the (a) 1 ym thick UNCD,
(b) 100 nm thick UNCD, (c) 100 nm thick NCD, and (d) 1
pum thick NCD film coatings on the 2 in. sapphire wafers, which
compares the visual transparencies of the samples. The UNCD
samples were much more opaque; it was again attributed to the
excessively refined grain size.”> The thickness dependence of
the transparency was much stronger for the UNCD relative to
the NCD. The excessive grain refining caused deterioration in
crystallinity (see Tables S1 and S2 in the Supporting
Information). It was attributed to the increased sp® carbon at
the grain boundaries of the diamond film, as confirmed by
NEXAFS and XRD analysis of the two typical samples ((a)
NCD (synthesized with 0.5% CH,, T = 700 °C, and Dy_g = 40
mm) and (b) UNCD (synthesized with 5.0% CH,, T = 800
°C, and Dg_g = 10 mm)) (see Figures S1 and S2, Supporting
Information).

Figure 10 shows the optical absorption spectra of the samples
A, B, and C shown in Figure 8. The absorption coefficient (@)
was obtained from the experimental transmittance (T) and
reflectance (R); they were measured by the UV—vis spectros-
copy, with a correction for reflectance loss at the front surface
of the NCD-coated sample, i.e.

*= (%)m[#] @)

where ¢t is the NCD film thickness. It was assumed that the
contribution from the SiO,-coated sapphire substrate to the
total absorption was negligible. It was obvious in Figure 10 that
the absorption coefficient decreased with grain size of the
samples as expected (in the order of samples A, B, and C).

Figure 11 shows the refractive index and extinction
coefficient of the samples. The refractive index of sample C
and B were much closer to the single crystal value of 2.4,
relative to that of sample A, which was much lower than that
(see Figure 11a). It was also consistent with their grain sizes.
The extinction coeflicients showed the similar trend: it
increased in the order of sample C, B, and A, which was also
consistent with the order among their grain sizes (see the last
row in Table 1).

The absorption coefficients, refractive index, and extinction
coefficients of the samples in the present study falls well within
the range of the previously reported values for diamond films
synthesized by the microwave plasma chemical vapor
deposition (MPCVD) or HFCVD (see Tables SI and S2 in
the Supporting Information). The value of @ of sample C
corresponds to the propagation length of 1.66 ym, which was
not acceptable as a wave-guiding medium at visible wavelength.
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Figure 8. Cross-sectional HRTEM image of the NCD film samples for
optical characterizations: (a) sample A, (b) sample B, and (c) sample
C.

Note that the o significantly decreased with the incident
wavelength as it approached IR region; it indicated that the
NCD thin film waveguide is best fit for use in the infrared,
rather than for the visible spectrum. However, it is important
that such limitation is removed when one considers the thin
film waveguide mode resonance sensor (see section 1), because
it does not need any extensive light propagation along the
direction parallel to the plane of the waveguide layer: its
operation relies exclusively on the waveguide mode resonance,
the standing wave generation between the two envelope

) KIST ultra
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Figure 9. Photograph of the diamond films on the 2 in. SiO,-coated
sapphire wafer: (a) 1 um thick UNCD, (b) 100 nm thick UNCD, (c)
100 nm thick NCD, and (d) 1 pum-thick NCD.
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Figure 10. Optical absorption profiles of the (a) sample A, (b) sample
B, and (c) sample C.

surfaces of the thin film waveguide, in the direction normal to
its surface (see p 238 of ref 71).”>

For a demonstration of such waveguide modes resonance in
visible region, we adopted an angular-interrogated thin film
waveguide mode resonance scheme as illustrated in Scheme 1.
The diamond thin films (i.e., samples A, B, and C: see Table 1),
deposited on a SiO,-coated sapphire substrate, were optically
coupled (using an index-matching oil) to the hypotenuse plane
of SF10 prism, of which the refractive index (n, = 1.72 at 632.8
nm) was similar to that of sapphire substrate. The prism-
coupled NCD thin film waveguide was then placed at the
center of the high-precision two-axis rotation stage. The He/Ne
laser (wavelength = 632.8 nm) was incident onto the prism
base and the reflected intensity was monitored as a function of
incident angle (6p) using a Si photodetector. A linear polarizer
was used for selecting the transverse electric (TE) and
transverse magnetic (TM) modes.

In general, the waveguide mode resonance exhibits a
reflectance dip when the incident light transfers its energy
into a guided-wave mode through the low-index SiO,
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Figure 11. Optical properties ((a) refractive index and (b) extinction
coefficient) of the samples A, B, and C.

Scheme 1. Schematic Diagram Showing Experimental Set up
for the Waveguide Mode Detection
(n:2.35)

Sapphire substrate
(n:1.76)

SiO, coupling layer
(n:1.45)

Index matching oil _T T

E SF10 prism

632.8 nm
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Eo
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(refractive index = 1.45) at certain phase-matching angles,
during its total reflection at the prism base.”” In the present
study, the visible waveguide modes could be clearly generated
in the NCD thin film waveguides, as shown in Figure 11. The
relatively shallow and broad dips were evident in the sample A
whose absorption coefficient was the highest. By contrast, much
sharpened dips were obvious in samples B and C with much
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Figure 12. Waveguide mode ((a) TM mode (p-wave) and (b) TE
mode (s-wave)) of the samples A, B, and C.

lower absorption coefficient (see Figure 12), which was also
attributed to the improved optical properties of the latter,
because of the optimized grain size. Note that the angular
positions of the dips are sensitively shifted in response to a
subtle refractive index change of the medium surrounding the
waveguide.”* Such sensitive shift could enable a novel optical
sensor; relevant study is presently in progress in our group.’'
The optical transparency of the NCD thin film waveguide,
which could be enabled through a careful control of the
microstructure as demonstrated above, was critical in
determining the depth and sharpness of the dips, and hence
the sensing resolution of the sensor. Note the present study
could be readily applied to the ATR sensor applications because
the waveguide surface is exposed outward. This is in contrast to
the recent report of Prajzler et al,,** where the prism-NCD/
SiO,/Si structure was adopted and the diamond surface was not
exposed.

4. CONCLUSION

A novel aspect was disclosed in the grain size dependence on
the growth temperature at the relatively low methane
concentration in the precursor gas, which was important for
optical property: the grain size increased with decreasing
growth temperature. We have provided discussions to reconcile
such observation. An optical waveguide mode resonance was
demonstrated in the visible region using the microstructure-
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controlled transparent NCD thin film waveguide, which
provided a strong potential for the waveguide mode resonance
sensor applications.

B ASSOCIATED CONTENT

© Supporting Information

Tables S1 and S2 show the comparisons of diamond absorption
coefficient (a); refractive index (1) and extinction coefficient
(k) for the previous reports and the present results. Figures S1
and S2 provide the NEXAFS and XRD data for the NCD and
UNCD films. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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