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Influences of grain size and microstructure on optical properties
of microcrystalline diamond films∗

Jia-Le Wang(王家乐), Cheng-Ke Chen(陈成克), Xiao Li(李晓), Mei-Yan Jiang(蒋梅燕), and Xiao-Jun Hu(胡晓君)†

College of Materials Science and Engineering, Zhejiang University of Technology, Hangzhou 310014, China

(Received 2 September 2019; revised manuscript received 22 October 2019; accepted manuscript online 20 November 2019)

Microcrystalline diamond (MCD) films with different grain sizes ranging from 160 nm to 2200 nm are prepared by
using a hot filament chemical vapor deposition (HFCVD) system, and the influences of grain size and structural features
on optical properties are investigated. The results show that the film with grain size in a range of 160 nm–310 nm exhibits
a higher refractive index in a range of (2.77–2.92). With grain size increasing to 620±300 nm, the refractive index shows
a value between 2.39 and 2.47, approaching to that of natural diamond (2.37–2.55), and a lower extinction coefficient
value between 0.08 and 0.77. When the grain size increases to 2200 nm, the value of refractive index increases to a
value between 2.66 and 2.81, and the extinction coefficient increases to a value in a range of 0.22–1.28. Visible Raman
spectroscopy measurements show that all samples have distinct diamond peaks located in a range of 1331 cm−1–1333 cm−1,
the content of diamond phase increases gradually as grain size increases, and the amount of trans-polyacetylene (TPA)
content decreases. Meanwhile, the sp2 carbon clusters content and its full-width-at-half-maximum (FWHM) value are
significantly reduced in MCD film with a grain size of 620 nm, which is beneficial to the improvement of the optical
properties of the films.

Keywords: microcrystalline diamond films, grain size, microstructure, optical properties
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1. Introduction
Diamond films have become increasingly attractive due

to their excellent structural and unique optical properties, such
as high optical transparency in the infrared region,[1] opti-
cally spin-sensitive transitions, and active quantum photonic
centers.[2] These properties make diamond an ideal candi-
date for single-photon source applications in quantum sens-
ing, quantum-optical characterization, etc.[3,4] In particular,
a highly sensitive waveguide structure can be used in food
safety inspection, designed for the analysis of proteins in dif-
ferent forms.[5,6] Diamond films are significantly used in opto-
waveguide device and complex photonic integrated circuits
technology due to its superb optical properties.[7] Optical con-
stants, complex refractive index, and attenuation coefficient of
light are essential parameters in the optical characterization of
diamond materials.[8] Parameters with suitable opto-physical
properties are critical to the further development of diamond-
based biosensing waveguides.[9] Bulk diamond is easy to sat-
isfy these requirements. However, it is very difficult and ex-
pensive to prepare, polish, and perform other processes on
large-area single crystal diamond,[10] while nanocrystalline di-
amond (NCD) films are comprised mainly of nanocrystalline
diamond grains and amorphous carbon, and exhibit local fluc-
tuations in the dielectric function[11] and high optical trans-

mission loss,[12] which will seriously degrade the device per-
formance. Highly oriented and large grain size MCD film is
better than the NCD film on the optoelectronic device serv-
ing as heat sink,[13] suggesting the advantage of MCD films
as waveguide. High-quality polycrystalline diamond thin film
photonic quantum technologies hold promise for repeating
the success of integrated nanophotonic circuits and waveg-
uide in non-classical applications.[14] Researchers have devel-
oped a miniaturized mid-IR spectroscopic measurement plat-
form based on polycrystalline diamond strip waveguides to be
able to demonstrate an ultra-sensitive, label-free detection of
advanced chemical sensing/biosensing.[15,16] It suggests that
the grain size of diamond is an important factor that can affect
the optical properties. However, to the best of our knowledge,
the description of complex refractive index of MCD films in
different grain sizes has not yet been reported. The diamond
nucleation rate, which determines the grain size to some ex-
tent, is controlled by the relative concentration of the carbon
source, so we prepare diamond films with different grain sizes
by adjusting the carbon source concentration.

In this paper, we prepare a series of MCD films with dif-
ferent grain sizes by using a hot filament chemical vapor de-
position (HFCVD) system. The evolutions of complex refrac-
tive index of MCD films under a range of different grain sizes
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are investigated. With grain size in 160 nm, the refractive in-
dex reaches a value in a range of 2.83–2.98, because the film
with smaller diamond crystals contains a larger percentage of
surfaces atoms and larger percentage of interface, leading to
worse optical properties. With average grain size increasing
from 160 nm to 620 nm, the refractive index of MCD film de-
creases to a value in a range of 2.39–2.47, approaching to the
value of natural diamond (2.37–2.55), and has the lowest ex-
tinction coefficient value (0.08–0.77). In this case, the value
of full width at half maximum (FWHM) decreases to the low-
est value (6.84 cm−1), suggesting that less lattice defects exist
in the MCD films. When the average grain size is 2100 nm,
the refractive index increases to 2.66–2.81, which is in con-
sistent with its microstructure deterioration. This proves that
the reasonable grain size has an important significance for the
applications in optical waveguide devices and biosensor.

2. Experiments methods

MCD films were prepared on a high-resistance single
crystal silicon (10) substrate by using HFCVD. The carbon
source was acetone (CH3COCH3), hydrogen was used to bring
the acetone into the chamber and this part of hydrogen flow
was named carbon source flow. The working pressure in the
reaction chamber was 3.5 kPa, The substrate temperature fluc-
tuated in a range of 840 ◦C–855 ◦C. The gas mixture con-
sisted of CH3COCH3 and H2. The extra added hydrogen flow
rate was constant (200 sccm). The hot filament DC power
was 2.4 kW. The as-deposited samples were prepared, respec-
tively, with flow rates of carbon source of 40 sccm, 60 sccm,
80 sccm, and 100 sccm for 120 min, which are denoted as
3.5T40, 3.5T60, 3.5T80, and 3.5T100, respectively. The mi-
crostructures of the films were characterized by field emis-
sion scanning electron microscopy (FESEM, FEI nova450)
and atomic force microscope (AFM Bruker Dimension). The
phase composition of film was investigated by visible Raman
spectrum measurements (Renishaw inva Reflex) with an exci-
tation wavelength of 532 nm at room temperature. The opti-
cal process was analyzed by spectroscopic ellipsometry (GES-
5E) instrument with a wavelength range of 400 nm–2000 nm
and measuring angle close to the Brewster angle of 6◦±0.1◦.
There are equations which describe the optical constant build-
ing and fitting by Cauchy model[17]

n(λ ) = A+B/λ
2 +C/λ

4, (1)

K (λ ) = α exp
{

β

[
12400

(
1
λ
− 1

γ

)]}
, (2)

where A, B, and C refer to the material-related constants, α

represents the extinction coefficient amplitude, β is the expo-
nential factor, and γ is the band gap.

3. Results and discussion
Figure 1 shows the surface morphologies of the pristine-

MCD films. It is observed that all samples possess well con-
tinuity and compact structures without disfigurement such as
holes. The grain size increases with carbon source concen-
tration increasing. When the film is completely continuous,
the grain volume follows the improvement of van der Drift,
which means that larger grains inhibit the growth of adja-
cent smaller grains.[18] With the average diameter exceed-
ing 100 nm, the film becomes a microcrystal instead of a
nanocrystal,[19] and the particle size distributions of the sam-
ples 3.5T40, 3.5T60, 3.5T80, and 3.5T100 are shown on the
right of Fig. 1. The average crystallite sizes are ∼ 160±50 nm,
310±100 nm, 620±300 nm, and 2200±900 nm for samples
3.5T40, 3.5T60, 3.5T80, and 3.5T100, respectively. The di-
amond grain orientations of the film are mainly in (100) and
(110) planes. In addition, the FESEM results show that the
uniformity of crystal size distribution is enhanced by the high-
concentration carbon source, leading to the full growth of the
grain boundaries (GBs).

Theoretically, the refractive index of the material changes
with the variation of wavelength, so the optical performance
is a function of wavelength variation.[20–22] For this purpose,
we use spectroscopic ellipsometry (SE) to investigate the op-
tical properties of MCD films over the spectral wavelength
range of 380 nm–1000 nm. The structural characteristics of
the diamond film are affected by deposition conditions, such
as temperature, growth rate, ion assist, pressure, etc.[23] Mean-
while, ellipsometry cannot directly measure the optical prop-
erties of the film. Therefore, characterizing optical constants
of the films with different grain sizes requires fitting a data
model to extract sample information. According to Fresnel
formula,[24,25]

rp =
n2 cosθ1 −n1 cosθ2

n2 cosθ1 +n1 cosθ2
=

tan(θ1 −θ2)

tan(θ1 +θ2)
, (3)

rs =
n1 cosθ2 −n2 cosθ1

n1 cosθ2 +n2 cosθ1
=

tan(θ2 −θ1)

tan(θ2 +θ1)
, (4)

when light is oriented in the plane of the medium, the linear
polarization consists of parallel components rp and vertical
components rs. Where the parameters θ1 and θ2 are the in-
cident angle and the refractive angle, respectively. n1 and n2

are the complex refractive index of air and the one of the films,
respectively. They are related to the complex reflectance ratio
ρ of the polarized light by the equations

ρ = tan(Ψ)e i∆ =
rp

rs
. (5)

In order to describe this polarization change of light reflecting,
we introduce the amplitude ratio (Ψ ) and phase shift (∆ ) to
construct an optical model fitting measured (Ψ , ∆ ) spectra.[26]
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Fig. 1. FESEM graphs of diamond films of (a) 3.5T40, (b) 3.5T60, (c) 3.5T80, and (d) 3.5T100, respectively. (e) Particle size distributions of
samples 3.5T40, 3.5T60, 3.5T80, and 3.5T100.

Figure 2 shows that the optical constants of films in a
wavelength range of 400 nm–2000 nm describes the values of
fitting parameters in the SE data analysis process by describ-
ing the refractive index (n) and extinction coefficient (k) curve
shapes through the Cauchy model and the dispersion equation.
The smoothed n–k spectral curve is obtained by describing the
optical function through using equation parameter. Figure 2(a)
shows that the refractive index values of MCD films with dif-
ferent flow rates of carbon source in a wavelength range of
400 nm–2000 nm. The refractive indices of the MCD films
are in ranges of 2.83–2.98, 2.77–2.92, 2.39–2.47, and 2.66–
2.81 for samples 3.5T40, 3.5T60, 3.5T80, and 3.5T100, re-
spectively. It is also observed that the refractive index of sam-
ple 3.5T80 is similar to that of natural diamond with a value
in a range of 2.37–2.55[12] as compared with those of samples
synthesized under other carbon source concentration.
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Fig. 2. (a) Measured refractive index versus wavelength. (b) Extinction co-
efficient versus wavelength of different samples.

As is well known, the value of the imaginary part repre-
sents the extinction coefficient, and figure 2(b) shows the fit-
ting result of the index extinction coefficient of the MCD film.
It indicates that the index extinction coefficients of the thin
films are in a range of 0.11–1.12, 0.12–0.81, 0.08–0.77, and
0.22–1.28 for samples 3.5T40, 3.5T60, 3.5T80, and 3.5T100,

respectively. It is obvious that the extinction coefficient gradu-
ally increases with wavelength increasing. The extinction co-
efficient is related to the absorption coefficient and is an impor-
tant parameter to characterize the attenuation of light energy.
It is observed from Fig. 2(b) that the sample 3.5T80 also has
the lowest extinction coefficient in a range of 0.08–0.77, indi-
cating that the optical absorption rate thereof also decreases.
This suggests that the grain size of ∼ 620 nm is favorable for
improving the optical transmittance of the film.

In order to further characterize the microscopic morphol-
ogy of the MCD films, we use AFM to characterize the four
samples in two dimensions and three dimensions to visualize
the roughness and microstructure information of the film sur-
face as shown in Fig. 3. Listed in Table 1 are average rough-
ness (Ra) and root-mean-square roughness (Rq) for these sam-
ples. The results show that the average roughness and grain
size for each of diamond films increase with flow rate of car-
bon source increasing to 100 sccm.

Table 1. Results of AFM analysis for samples.

Sample Ra/nm Rq/nm Mean grain size/nm

3.5T40 10.5 13.8 160
3.5T60 22.0 30.3 310
3.5T80 333.0 407.0 620
3.5T100 1310.0 1560.0 2200

Figures 3(A) and 3(a) show that very small particles form
a large one, which does not exhibit the characteristic of crys-
tallinity in an average grain size of 160 nm. Its Ra and Rq

values are as low as 10.5 nm and 13.8 nm, respectively. This
indicates that small grain size exhibits a low level of surface
roughness. As shown in Figs. 3(B) and 3(b), the gaps between
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particles gradually begin to narrow and the crystallinity of par-
ticles to increase gradually. Ra and Rq values also increase
to about 22.0 nm and 30.3 nm, respectively. As shown in
Figs. 3(C) and 3(c), with the grain size increasing to 620 nm,
the grains have excellent uniformity, and the diamond GBs
are refined. It is observed that from Figs. 3(D) and 3(d), as
the grain size further increases to 2200 nm, there is a deep
gully between the crystal grains, and the grain boundaries are
very obvious. By combining the results in Table 1, we reveal
that Ra value increases from 333 nm to 1310 nm and the Rq

value increases from 407.0 nm to 1560.0 nm. This indicates
that the large grain size has high surface roughness and root-
mean-square roughness. It is also revealed that there exists
a transition grain size of 620 nm, above which the diamond
crystallinity degree improves.
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Fig. 3. Two-dimensional (2D) and three-dimensional (3D) AFM images of
samples: (A) and (a) 3.5T40, (B) and (b) 3.5T60, (C) and (c) 3.5T80, (D)
and (d) 3.5T100.

To understand the origin of the optical properties, we
perform visible Raman spectrum measurements in a range of
1000 cm−1–1800 cm−1 to characterize the phase composition

evolutions of the samples as shown in Fig. 4(a). The spectra
were well fitted with six Gaussian–Lorentzian peaks by using
OriginPro9.0 software. The fitted peaks in a range of about
1332 cm−1–1334 cm−1 are attributed to diamond phase,[27,28]

while the fitted peaks in ranges of 1340–1360 and 1560 cm−1–
1580 cm−1 are due to reflection of the D and G bands of sp2-
bonded carbon,[28,29] respectively. In addition, the spectra of
the films have peaks in ranges of about 1140 cm−1–1180 cm−1

and 1470 cm−1–1490 cm−1, which are related to bending and
stretching vibrations of trans-polyacetylene (TPA) at the GBs
of the MCD films,[30] respectively. Moreover, as the flow rate
of carbon source increases, the TPA peak gradually weakens
and disappears, while the diamond peak intensity increases.

Figure 4(b) shows the evolutions of the diamond phase
content at different flow rates of carbon sources, which are cal-
culated by the fitted peak area of the diamond peak and other
non-diamond peaks in Fig. 4(b) according to the formula in
Ref. [31]. It is observed that diamond phase content accounts
for 91.7%, 91.3%, 94.2%, and 95.8% with the grain size in-
creasing because larger grain size corresponding to fewer GBs,
which is consistent with the results of Figs. 1(a)–1(d).

As shown in Fig. 4(c), our calculated integrated area ra-
tio of the TPA peaks (1140 cm−1 and 1470 cm−1) to all peaks
characterizes the intensity of peaks ITPA/ISUM values from vis-
ible Raman spectra, and the TPA content decreases with grain
size increasing. When the flow rate of carbon source increases
to 80 sccm, the TPA content significantly decreases to 0.98%.
The decrease of TPA content implies that there is a desorp-
tion process for hydrogen in the film. For TPA existing in
amorphous carbon GBs, the decrease of TPA indicates the de-
creasing of GBs.[3,32] This reveals that the increasing of grain
size is beneficial to reducing the content of amorphous carbon
GBs.

Figure 4(c) also shows the intensity ratio of the D peak
value to G peak value (ID/IG) from Fig. 4(a). In general, the
area intensity ratio of the D and G peaks (ID/IG) is thought
to be proportional to the number of aromatic rings in the sp2-
bonded carbon clusters and it provides an estimation of the
ordering and the number of sp2-bonded carbon clusters.[33,34]

The ID/IG value as a function of flow rate of carbon source
shown in Fig. 4(b) obviously becomes the lowest value (0.51)
in 80 sccm and then it increases to 1.57 with the flow rate
of carbon source increasing to 100 sccm. This indicates
that the number of aromatic rings increases and the number
of sp2 interface defects increases with the grain size further
increasing.[35]

The FWHM value can be used to effectively characterize
the crystal quality information of the MCD film.[3] Figure 4(d)
shows the dependence of the FWHM value of the diamond and
G peaks on flow rate of carbon source. For samples of 3.5T40
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and 3.5T60, FWHM value of diamond peak slightly decreases
from 8.21 cm−1 to 8.15 cm−1. With the grain size further
increasing to 620 nm, the diamond peak FWHM value dra-
matically decreases to 6.84 cm−1, which is much smaller than
that of sample 3.5T100 (10.59 cm−1). This indicates that the
quality of diamond grains in sample 3.5T80 is better than that
of samples 3.5T40, 3.5T60, and 3.5T100, revealing that the
diamond in 3.5T80 with a grain size of 620 nm has the highest
quality.

In this study, for samples of 3.5T40, the G band FWHM
value is 73.06 cm−1. With the grain size increasing to 310 nm,
the G band FWHM value increases from 73.06 cm−1 to
99.43 cm−1. This indicates that the graphitic clusters be-
come more disorder and sp2 configuration transforms from
olefinic group into a ring structure.[36] However, as the grain
size increases to 620 nm, the G band FWHM value turn into
60 cm−1, implying that the quality of diamond grain is bet-
ter than that of samples 3.5T40 and 3.5T60. For the sample
3.5T100, the G band FWHM value is 101.97 cm−1. This
means that with the grain size further increasing, the MCD
film can produce a greater number of ring structures of the sp2

configuration and turn more disordered.
Considering all the Raman information, we can see that

several possible factors affect optical performance. For the
samples 3.5T40 and 3.5T60, as the average grain size in-
creases from 160 nm to 310 nm, the refractive index range
increases from 2.83–2.98 to 2.77–2.92, implying that the op-
tical performance is improved mainly due to the increase of
diamond grain size. For the sample of 3.5T80 with the av-

erage grain size of 620 nm, the ID/IG value decreases to the
lowest value (0.51), and the FWHM values of its diamond and
G bonds are smaller than those of other samples, indicating
that the quality of diamond grains in sample 3.5T80 is bet-
ter than that of other samples, revealing that not only the grain
size but also the good crystal quality will dramatically improve
the optical properties. However, with the grain size further in-
creasing to 2100 nm, the FWHM value of ID/IG and G band
of sample 3.5T100 increase and its refractive index value is
lower than those of samples 3.5T40 and 3.5T60, which further
proves that the optical properties will be improved by increas-
ing the grain size for each of MCD film, and also affected by
microstructural evolution.

On the other hand, the grain size gradually increases
with the flow rate of carbon source increasing in a range of
40 sccm–100 sccm. The results show that the flow rate of car-
bon source has an effect on the surface nucleation density of
MCD film. The nucleation density is quite low as the flow rate
of carbon source is lower than 80 sccm, and does not exhibit
the characteristic of crystallinity. When the flow rate of carbon
source is 80 sccm (with the average grain size of 620 nm), hy-
drogen atoms meet an optimal etching rate, and the film nucle-
ation density is larger and compact. Also, GBs are refined and
the crystallinity is improved more dramatically than those in
samples 3.5T40 and 3.5T60. Meanwhile, the sample 3.5T80
has the lowest value of ID/IG and its refractive index value
is close to the natural diamonds, suggesting that the suitable
grain size can reduce the sp2 carbon content and optimize the
lattice structure, which greatly improves the optical properties.
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Fig. 4. (a) Typical visible Raman spectra of MCD films prepared under different carbon source conditions, (b) diamond peak position and its
content versus carbon source flow rate, (c) ratio of ITPA/ISUM and ID/IG value versus carbon source flow rate, (d) G and diamond band position
and its FWHM values on different grain sizes versus carbon source flow rate.
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4. Conclusions
In this work, we successfully prepar a series of MCD

films with different grain sizes on silicon wafer substrates
by adjusting the flow rate of carbon source concentration in
the CVD process. Based on the results obtained by FESEM,
AFM, Raman spectroscopy, and SE, the effects of diamond
grain size films on the composite refractive index properties
are investigated. The results show that the sample synthesized
at 80 sccm has better properties of complex refractive index.
Particles having an average particle size of about 620 nm are
uniformly distributed on the surface of the silicon wafer. In
the condition, the sp2 carbon content and the residual stress in
the film are greatly reduced, and the quality of diamond grains
is improved. The refractive index value fluctuates from 2.39
to 2.47. When the flow rate of carbon source is lower than
80 sccm, the average grain size value is less than 300 nm, Ra-
man spectra show that non-diamond phase content increases,
and the number of aromatic rings and sp2 carbon content in-
crease in GBs, which increases the refractive index value of
the film. When the flow rate of carbon source is greater than
80 sccm, the average grain size increases to 2200 nm. In this
case, the number of sp2 carbon clusters at GBs increases sig-
nificantly from 0.51 to 1.51 and its crystal quality decreases.
The range of refractive index value increases from 2.39–2.47
to 2.66–2.81, which is a disadvantage for obtaining a good
refractive-index film.
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