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In this paper we present the results of experimental studies of the dependence of the structure and mechanical

properties of diamond films grown by HFCVD method in an H2/CH4 atmosphere on variations in the methane

concentration (from 5.6 to 19.3 vol.%). Films synthesized at 5.6 vol.% CH4 have a columnar microcrystalline

structure. The microstructure of films grown at high methane contents (12.2−19.3 vol.%) contains both individual

diamond crystals and dendritic clusters, the calculated values of the crystal sizes of such films are ∼5 nm. Depending

on the deposition parameters, the hardness and elastic modulus of diamond films varied from 50.4 and 520GPa

to 95.15 and 974.5 GPa, respectively. With an increase in the CH4 concentration during deposition, an increase

in residual tensile stresses occurs. In addition, the dependence of residual stresses on the film thickness is

presented. Ultrananocrystalline coatings have, on average, order of magnitude lower values of surface roughness

than microcrystalline ones; in all films, an increase in roughness is observed with an increase in their thickness.
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Introduction

Diamond is a material with outstanding physical and

mechanical properties [1–6]. Due to the combination of high

hardness and wear resistance, high thermal conductivity and

low coefficient of friction the diamond coatings are used to

protect the surfaces of various products subjected to intense

abrasive wear, such as, for example, cutting tools [7–9]
and end-face seals [10,11]. Such coatings are also used in

microelectromechanical systems, biomedicine, etc. [12].

Diamond films are synthesized by CVD method. There

are different variations of this method, the most common

of which are hot filament CVD (HFCVD) and microwave

plasma CVD (MPCVD). To modify the structure of dia-

mond CVD films, various approaches are used, including

changing the concentration of carbon-containing gas compo-

sition in the working mixture, changing the working gas, for

example, adding argon, nitrogen, etc., changing the pressure

in the reactor and the substrate temperature [13–17].
According to their structure the diamond films are divided

into microcrystalline diamond (MCD) (grain size larger

than 1µm), submicrocrystalline (SMCD) (from 100 nm to

1 µm), nanocrystalline (NCD) (from 10 to 100 nm) and

ultrananocrystalline (UNCD) (less than 10 nm). Currently,

ultrananocrystalline structures are of the greatest interest for

study due to their extremely low grain size, which leads to

a significant change in surface morphology, redistribution of

internal stresses, and changes in physical, mechanical and

electrical properties [17–20]. Numerous studies indicate

a decrease in the hardness and modulus of elasticity of

films with the grain size decreasing [19,21], however, there
are also opposite data, for example, paper [22] reported

the hardness and modulus of elasticity of UNCD equal

to 98 and 980GPa, respectively. A number of papers

indicate that the surface roughness and friction coefficient

of diamond films decrease with the size decreasing of the

diamond grains. It is also said that the surface roughness

of UNCD films is independent of their thickness, which

distinguishes them from other polycrystalline diamond

structures, in which the roughness increases with film

thickness increasing. There is inconsistency in the data on

the level of residual stresses in films of various types. The

paper [26] reports on higher residual compression stresses

in UNCD films than in MCD and NCD films;and on other

hand, papers [20,27] report on decrease in compression

residual stresses in UNCD films. The number of papers,

in which it is possible to trace the dynamics of the

properties of specifically UNCD films dependence on the

deposition parameters, is extremely limited. The paper [26]
presents the dynamics of the properties of UNCD films

with variations in the working pressure during deposition

(from 6 to 24 Torr) for methane contents of 10 and 14%

in the atmosphere H2/CH4/Ar. In the majority of papers

UNCD films were deposited at rather low concentrations

of CH4 (1−10%) [19,23,28,29]. In the paper [30] the

dynamics of changes in the structure of the synthesized

coatings at high methane concentrations (0.5−40% CH4)
was studied, but change in the properties of the films was

not considered. The effect of high methane concentrations

upon deposition in methanehydrogen atmosphere on the

properties of diamond UNCD films requires further study.

There is also ambiguity in the structural characterization

of UNCD coatings. In many papers [31,32] their typical

structure is presented as a system of randomly oriented
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nanosized diamond crystallites, densely and uniformly dis-

tributed throughout the entire volume of the film, implying

that in the process of film growth the constant renucleation

occurs, leading to homogeneous grain sizes. At the

same time, other papers indicate that in an atmosphere

with nitrogen addition a structure is formed, consisting

of nanosized crystalline diamond clusters, called
”
needle-

like“ [33–35]. It is worth noting that
”
needle-like“ structure

is also observed in diamond films grown in an atmosphere

of H2/CH4 without nitrogen [29]. Another feature of the

growth of UNCD films is the tendency to the formation

of spherical crystalline agglomerations, which are observed

both at the initial stages of film growth and on the surface of

films with thickness over 5 µm [26,36.37]. The formation of

such agglomerations indicates some type of vertical bonds

in the bulk of the UNCD films. In the papers [38,39] by

thermal oxidation of the diamond film the authors showed

that in addition to the dense structure of small diamond

grains, the growth of microsized crystals and the formation

of dendritic clusters are observed in UNCD films. Besides,

in paper [40] as a result of electrochemical etching of UNCD

the dendritic structure of diamond clusters was discovered,

which the authors called
”
diamond nanofeathers“. These

data also indicate vertical relationships in UNCD films.

Thus, the evolution of the growth of UNCD and NCD films,

as well as the differences in their microstructure, were not

yet explicitly determined (despite many years of studies),
which makes further studies in this direction important.

The aim of this paper was to systematically study

the dependence of the microstructure and a number of

properties of diamond films synthesized by the classical

HFCVD method on the concentration of carbon-containing

gas in the working mixture H2/CH4. For this the series of

samples with MCD and UNCD structures were synthesized,

studies were carried out using Raman spectroscopy, X-ray

diffraction analysis, the structure was characterized by SEM

and TEM methods, the hardness, modulus of elasticity,

and surface roughness of the samples were measured, and

residual stresses were calculated.

1. Experimental methods and results
processing

Diamond coatings were synthesized on silicon (100)
substrates with dimensions of 5× 30× 0.38mm. The

substrates were prepared for the deposition process as

follows: primary cleaning with acetone in an ultrasonic bath,

duration 10min,
”
seeding“ diamond growth centers with an

aqueous solution of nanodiamond particles in the ultrasonic

bath, duration 5min, repeated cleaning with acetone in the

ultrasonic bath, duration 5min.
”
seeding“ is carried out in

order to increase the density of growth centers to achieve

the uniformity of the synthesized films.

Synthesis of diamond films was carried out by the method

of hot filament chemical vapor deposition (HFCVD). A

mixture of methane-hydrogen in various concentrations was

used as working gas, while the hydrogen flow remained

constant at 100 ml/min. For the microcrystalline films

synthesis, the methane concentration was 5.6 vol.%, and

for films with ultrananocrystalline structure the methane

concentration was 12.2, 15.9, and 19.3 vol.%. The pressure

in the chamber was maintained at a level of 20±1Torr.

Gases flow monitoring was carried out using El-Flow

(Bronkhorst) gas mass flowmeters. The temperature of

the substrates during the experiments was maintained at

850±20 ◦C.

The microstructure and surface of the coatings were

analyzed by the following methods: scanning electron

microscopy (JSM-7500F, JEOL), atomic force microscopy

(NTGRA, NT-MDT), transmission electron microscopy

(JEM-2100F, JEOL), and Raman spectroscopy (NanoScan
Technology Centaur IHR with 514.5 nm argon ion laser).
Electron microscopy was performed using the equipment of

the Center for Collective Use of NMNT TPU (supported
by the project of the Ministry of Education and Science of

Russia � 075−15−2021−710).
The phase purity of the synthesized films was studied by

X-ray diffraction analysis (XRD) in the grazing beam mode

(5◦) using CuKα− radiation (λ =0.154 nm) on a Shimadzu

XRD 6000 X-ray diffractometer.

To estimate the residual stresses in the synthesized

coatings, the Stoney equation was used, which includes the

parameters of the coating and substrate, as well as the radius

of curvature of the sample surface before and after depo-

sition. The curvature radii were measured with a MICRO

MEASURE 3D station (STILL) optical profilometer.

Hardness and modulus of elasticity were measured with a

nanoindenter G200 (MTS-Agilent). All measurements were

carried out under a load of 30mN, 10 measurements were

made for each sample.

2. Results and discussion

Table shows the resulting coatings and their designa-

tions. Synthesized diamond films are characterized by

two structural states: microcrystalline for MCD films, and

nanocrystalline (without pronounced crystallinity observed

in SEM images) for films D1−D3 (Fig. 1). The structural

transition is determined by the following. Atomic hydrogen

in the gas mixture, which etches predominantly non-

diamond phases, at high concentrations also etches the

diamond sp3
− phase of carbon, albeit at a much lower

Synthesized coatings and their designations

Name Methane concentration, vol.% Thickness,µm

MCD 5.6

D1 12.2
5−11

D2 15.9

D3 19.3
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a b

Si Si
1 mm 1 mm

Figure 1. SEM images of the cross sections of films synthesized at 5.6 vol.% CH4 (MCD) (a) and at 12.2 vol.% CH4 (D1) (b).

rate, which leads to a decrease in the density of diamond

crystals nucleation and contributes to the growth of large

grains with a columnar morphology. With an increase in

the methane concentration in the mixture CH4/H2, the

hydrogen etching rate decreases, which leads to the increase

in the rate of formation and growth of non-diamond phases

at grain boundaries, the increase in the density of diamond

nucleation, and consequently, to the decrease in the size of

crystals.

Films with the microcrystalline structure have a char-

acteristic columnar mechanism of diamond grain growth.

This growth model is observed in many polycrystalline

materials, it was described in the paper [41] and named

”
evolutionary selection“. The essence of this phenomenon

is that grains with a higher vertical growth rate (with

a preferred orientation) interrupt the growth of less rapidly

growing grains. The higher the rate of vertical growth is,

the higher the probability of
”
survival“ of such grain is.

Coatings D1−D3 are highly homogeneous, and imaging

by the scanning electron microscope does not allow unam-

biguous determination of their crystal structure. Therefore,

for a more detailed analysis of such coatings structure,

the study was made with transmission electron microscope

(Fig. 2).

As can be seen from the TEM images, the structure

of the D1−D3 films (Fig. 2, f−h) contains both separate

ultrananosized diamond crystals (size ∼5 nm) and dendritic

diamond clusters. The length of the dendrites ranges from

tens to several hundreds of nanometers. Such pattern of

growth indicates that during synthesis the films undergo

constant active renucleation, which simultaneously ensures

the formation of ultra-small diamond crystals and pro-

vokes the formation of crystalline clusters with a complex

shape, nonrelevant in MCD and NCD structures. The

papers [38,39] described the mechanism of growth of

dendritic clusters in UNCD films. The fastest growth of

nuclei occurs in the crystallographic direction (100), which

ensures the vertical growth of clusters, while the (111) faces,

due to structural defects, become sites for the formation of

secondary diamond nuclei. The process of their growth

proceeds in the same way. As a result, the process of

formation of dendritic clusters leads to the formation of a

spherical structure observed on the film surface. Significant

differences in the structure of films D1−D3 were not

revealed.

The data of the electron diffraction patterns (Fig. 2,

inserts) confirm the polycrystalline nature of all synthesized

diamond films with diamond lattice planes identified as

(111), (220), (311). For MCD film the diffraction pattern is

a combination of typical single- and polycrystalline patterns,

i.e. both the lattice in the form of individual dots and

diffusion rings are observed. The diffraction patterns for

films D1−D3 are typical for polycrystalline materials with

small crystal sizes. In this case, as the concentration of

methane in the gas phase increases, the homogeneity of the

diffraction rings increases, which indicates the decrease in

the size of diamond crystals.

The Raman spectra of all samples (Fig. 3) have five

common peaks, among which there are two peaks of trans-

polyacetylene (t-PA) Raman modes corresponding to the

wave numbers ∼1146 and ∼1460 cm−1 [42], the peak

associated with the vibrational density of states (VDOS)
of small diamond crystals or with diamond-like carbon

(dnc) ∼1235 cm−1 [43,44], peaks of disordered carbon

(D-band) ∼1340 cm−1 and graphite structures (G-band)
∼1563 cm−1 [45]. The spectrum of the MCD sample

also has the intense peak of diamond or sp3
−carbon

corresponding to the wave number ∼1332 cm−1 [46], which

indicates the microcrystalline nature of the diamond film.

The spectra of samples D1−D3 clearly show two peaks

of trans-polyacetylene, the presence of which is considered

characteristic of diamond nanocrystalline structures [42].
When analyzing the spectra of the samples D1−D3, no

peak was detected at ∼1332 cm −1, which is associated

with high full width at half-maximum (FWHM) value for

crystals with small sizes. Besides, the relative intensity of

Technical Physics, 2023, Vol. 68, No. 6
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Figure 2. Bright-field TEM images of films (a−d), corresponding SAED patterns (on insets), dark-field TEM images from selected

reflections (e−h).
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Figure 3. Map of Raman spectra of synthesized films (a), Raman spectra of films deposited at the maximum and minimum concentrations

of CH4 (b).

the peak of sp2
−carbon (D-band) in the film composition is

much higher than that of sp3
− carbon [47]. Spectral patterns

of samples D1−D3 are typical for UNCD films [48,49]. For
all samples with the methane concentration increasing in

the working gas during deposition, there is a trend towards

the intensity increasing of the peaks of amorphous carbon

(D-band) and graphite domains (G-band).
The X-ray diffraction spectra (Fig. 4) contain peaks at

22 ∼ 43.8◦, 75.6◦ and 91.6◦ , which corresponds to the

diamond lattice planes (111), (220), and (311). These data

correlate with the TEM data of electron diffraction patterns.

As the methane concentration in the gas phase increases,

the full width at half-maximum (FWHM) increases, which

indicates the crystallinity decreasing of the films. The

calculation by the Scherrer formula was carried out in order

to estimate the size of crystals (1) [50].

D =
K · λ

β · cos2
, (1)

where D — average crystal size, K — Scherrer constant,

λ — X-ray wavelength, β — peak width at half height and

2 — diffraction angle.

The average calculated crystal size of films D1−D3 for all

growth orientations was 6.5, 5.5, and 4.5 nm, respectively.

The hardness and modulus of elasticity of the synthesized

samples were measured (Fig. 5). It follows from the graph

that the mechanical properties of diamond films have an

inverse dependence on the concentration of CH4 in the

gas phase during deposition. Thus, the MCD film has

the highest values of hardness and modulus of elasticity,

equal to 95.15 and 974.5 GPa, respectively. These values are

closest to single-crystal diamond [51,52]. With the increase

in the methane concentration, the mechanical properties of

the films decrease, since the volume of non-diamond phases,

which have significantly lower physical and mechanical

parameters, increases in the composition of the films. Film

D1 has the highest values of hardness and modulus of

elasticity among samples with dendritic structure, equal

to 87 and 891GPa, respectively. The lowest values were

obtained for sample D3, equal to 50.4 and 520GPa, for

hardness and modulus of elasticity, respectively. For sample

D2, the ratio of hardness to the modulus of elasticity (H/E)
> 0.1 is observed, which theoretically indicates a better load

distribution over the area and high crack resistance [53,54].
The trend towards the decrease in hardness and modulus

of elasticity with grain size decreasing is also traced in

other papers [19,21,23,26]. The values of hardness and

modulus of elasticity in the paper [21] are in the range of

68 to 86GPa and of 597 to 857GPa, respectively, for NCD

films (crystal size of 9 to 60 nm). The paper [23] presents
values for UNCD (crystal size ∼2.7 nm) equal to 29 and

225GPa for hardness and modulus of elasticity, respectively.

The values of the mechanical properties of nanocrystalline

films (crystal size 15.2−19 nm) in the paper [19] are

comparable with those measured in the present paper. The

hardness and modulus of elasticity of the films, measured

in the paper [26], have comparable values with samples

D1 and D2. The comparison of the results shows that the

mechanical properties of the synthesized diamond films with

dendritic structure correlate with the data of other papers.

The residual stresses in the films after deposition were

calculated using the Stoney equation (3) in order to evaluate

the adhesion of the coatings to the substrate. The calculation

took into account the influence of the coating thickness

and composition of the gas phase during deposition on the

level of residual stresses. For the calculation by the Stoney

formula, the biaxial moduli of elasticity of the substrate and

coating were preliminarily calculated according to (2):

M =
E

(

1− ν
) , (2)

Technical Physics, 2023, Vol. 68, No. 6
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where M — biaxial modulus of elasticity, E — modulus of

elasticity, ν — Poisson’s ratio.

The modulus of elasticity and Poisson’s ratio of the

substrate are 179GPa [55] and 0.28 [56], respectively. The

calculations of the biaxial modulus of elasticity of the

coating considered the measured values of the modulus

of elasticity (shown in Fig. 5). The Poisson’s ratio of the

microcrystalline film is 0.0791 [57], while the same of the

ultrananocrystalline film is 0.201 [20]:

σ f = Ms
t2s
6t f

( 1

R
−

1

R0

)[

1 +
t f

ts

(4M f

Ms
− 1

)]

, (3)

where σ f — residual stresses, Ms and M f — biaxial moduli

of elasticity of the substrate and coating, respectively, ts and

t f — thickness of the substrate and coating, respectively,

R0 — radius of curvature of the substrate before deposition,

R — is the radius of curvature of the coated substrate.

Since the deposition process in the CVD method is

carried out at sufficiently high temperatures, the substrate

and the coating deform differently during cooling due to the

difference in thermal expansion coefficients. The stresses

formed in this case affect the adhesion of the coating to the

substrate, i.e. the higher the stress level is, the lower the

adhesion is. Fig. 6 shows a graph of the calculated residual

stresses in the synthesized films (Fig. 6,a) and schematic

examples of samples with tensile and compression residual

stresses (Fig. 6,b,c).

It can be seen from the graph (Fig. 6,a) that MCD films

experience the highest compression stresses in modulus,

they increase with the increase in the coating thickness from

−0.408 to −0.482GPa. Films D1 and D2 change the nature

of residual stresses from compression to tensile with the

coating thickness increasing. The total stress values of these

films are the smallest of all samples. Film D3 has tensile

stresses with values in the region of 0.144−0.174 GPa.

The surface profiles of the samples were obtained, and the

surface roughness values were measured (Fig. 7) depending
on the composition of the working gas and the film

thickness. From the graph (Fig. 7, a) the difference in

the level of roughness of the MCD and UNCD films

is obvious. The measured roughness of samples of the

MCD series depending on the film thickness ranges from

94.7 to 157.1 nm. The smallest roughness for UNCD

samples was measured for sample D3, having thickness of

∼ 5µm, and equals to 9.6 nm, and ∼11µm, and equals

to 16.4 nm. As compared with ultrananocrystalline samples

the microcrystalline samples show by an order of magnitude

higher values of roughness. For all samples, the following

dependences are retained: the roughness increases with the

film thickness increasing; and decreases with the methane

Technical Physics, 2023, Vol. 68, No. 6
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concentration increasing in the gas phase during deposition.

Comparison of surface morphology data with other papers

shows that the surface roughness of MCD films coincides

with the results obtained by other authors [26,30], and

the roughness of films D1−D3 is lower than for NCD

films [19,21] even at a greater thickness, and is on the same

level with the values of UNCD films [23,30,58], while in

the present paper the roughness dependence on the UNCD

films thickness is traced, which was not reported in other

papers.

Conclusion

The paper presents the results of study of structural

transformations and changes in the mechanical properties

of diamond films synthesized by the HFCVD method with

the change in the methane concentration in the atmo-

sphere H2/CH4. The results of the microstructure analysis

of the samples grown at high methane concentrations

(12.2−19.3 vol.%) by the TEM method showed that the

films synthesized under such deposition conditions have the

Technical Physics, 2023, Vol. 68, No. 6
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dendritic structure, while their spectra of Raman scatter-

ing, X-ray spectra, and also electron diffraction patterns

are typical for ultrananocrystalline diamond films. The

dynamics of changes in hardness and modulus of elasticity

in films with the change in the methane concentration in

the working gas is shown. The highest measured values

were obtained for the microcrystalline film and were equal

to 95.15 and 974.5 GPa for hardness and modulus of

elasticity, respectively. The values of hardness and modulus

of elasticity of ultrananocrystalline films range from 50.4

and 520GPa to 87 and 891GPa, respectively, i.e. the

difference between micro- and ultrananocrystalline films

ranges from 10 to 47%. Residual stresses in microcrystalline

films are of compressive nature and, depending on the

film thickness, range from 0.408 to 0.482GPa. With the

methane concentration increasing, the increase in tensile

stresses is observed. The highest stresses by modulus

in ultrananocrystalline films are tensile stresses and range

from 0.144 to 0.174GPa, depending on the thickness. The

surface morphology changes significantly upon transition

from micro- to ultrananocrystalline structure. The roughness

values increase with the increase in the film thickness

and with the decrease in the concentration of CH4 in the

working gas. Depending on the thickness, the surface

roughness of microcrystalline films ranges from 94 to

157 nm. Roughness values in ultrananocrystalline films

range from 9 to 16 nm depending on thickness and methane

concentration. In this case, the change in the surface

roughness of ultrananocrystalline films is in the range of

30% with the methane concentration increasing from 12.2

to 19.3 vol.%.
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