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Abstract
The effect of precursor stoichiometry is reported on morphology, phase purity, and texture formation of polycrystalline 
diamond films. The diamond films were deposited on 100-mm Si (100) substrates using hot filament chemical vapor depo-
sition at substrate temperature 720–750 °C using a mixture of methane and hydrogen. The gas mixture was varied with 
methane concentrations 1.5% to 4.5%. Diamond film thickness and average grain size both increase with increasing methane 
concentration. Diamond quality was checked using surface and cross-section by ultraviolet micro-Raman spectroscopy. 
The data show consistent diamond properties across the surface of the film and along the cross-section. XRD pole figure 
analyses of the films show that 3.0% methane results in preferential orientation of diamond in the 〈111〉 direction, whereas 
films deposited with 4.5% methane showed texture along the 〈220〉 direction in addition to 〈111〉 which was tilted ~ 23° with 
respect to the surface normal.

1  Introduction

Polycrystalline diamond thin films grown by chemical 
vapor deposition (CVD) are of interest, based on diverse 
properties, for various applications. Properties and applica-
tions include as a semiconductor for electronics, as a physi-
cally robust material for microelectromechanical systems 
(MEMS), and high thermal conductivity for use as a heat-
spreading layer in power electronics [1–4]. For example, the 
possible power density in RF amplifiers, such as GaN-based 
high electron mobility transistors (HEMTs), increased by a 
factor of ~ 3 when diamond is employed as a substrate mate-
rial to function as a passive heat spreader [5–8].

Diamond growth via hot filament CVD (HFCVD) 
involves dissociation of methane (CH4) in the presence of 
energetic hydrogen atoms activated by the high filament tem-
perature in a low-chamber pressure (5–100 torr) [9, 10]. The 
effects of various growth parameters, such as concentration 
of CH4 in H2, chamber pressure, substrate temperature, and 
filament to substrate distance, have significant effects on the 
structural and electronic properties of deposited diamond 
films.

CVD diamond properties are highly dependent on struc-
ture [11]. Polycrystalline orientation, grain size, surface 
roughness, and non-diamond carbon (NDC) percentage are 
some of the most important factors affecting the electrical 
and thermal properties of diamond films [2, 12, 13]. These 
factors, in turn, significantly affect CVD diamond’s electri-
cal and thermal properties [14].

Polycrystalline materials having completely random 
orientation are said to have no texture. When the crystal-
lographic orientations are not random, but exhibit instead 
a preferred orientation, then the film is deemed textured. 
Depending on the percentage of preferred orientation, the 
film can be categorized as having weak, moderate, or strong 
texture along that direction [15]. Prior work has shown that 
formation of preferential orientation (textured) and grain 
formation in CVD diamond films are tunable by changing 
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growth parameters and growth duration [14]. Several groups 
have reported the effect of gas stoichiometry and process 
parameters on morphology and diamond quality [16–18], 
including the effect of oxygen during growth [19, 20]. Yang 
et al. [21] reported lower gas pressure resulting in the pre-
ferred formation of 〈110〉 textured diamond. Anaya et al. [13] 
demonstrated the effect of grain size and crystallographic 
orientation of CVD diamond on its thermal conductiv-
ity. Tang et al. [4] reported deposition of very smooth and 
highly 〈100〉 textured diamond film without any substrate 
bias in microwave plasma CVD using a gas mixture of CH4/
H2/O2/N2. Liu et al. [14] demonstrated that the methane con-
centration in hydrogen has one of the most significant effects 
on forming highly 〈110〉 textured CVD films. However, we 
find no report studying the effects of constituent gas stoi-
chiometry on morphology, quality and texture formation of 
CVD diamond [16].

Since morphology, phase purity, and crystallographic ori-
entation of the diamond film is highly dependent on growth 
parameters, we investigate the effect of gas stoichiometry on 
morphology, phase purity, and crystallographic orientation 
in HFCVD films. We focus on these physical properties via 
Raman spectroscopy and X-ray diffraction.

2 � Experimental details

To achieve high diamond nucleation density and process 
uniformity, nano diamond seeding was performed on 100-
mm Si (100) wafers using spin coating. This process results 
in good cross-wafer seeding uniformity without damage 
to the substrate. Details about the seeding process can 
be found elsewhere [5, 6]. The resulting seed density is 
1011–1012 cm−2. Substrate wafers, with the seed-laden resist 
in place, were loaded into a HFCVD system (Crystallume, 
Inc.) with 9 tungsten wires having 0.25 mm diameter and 
separation of 1 cm. The peak power drawn by the filament 

array was maintained at 6 kW which resulted in a filament 
temperature of 2200 °C. A 6 mm filament-substrate sepa-
ration results in uniform diamond growth with a substrate 
temperature of 720–750 °C [22]. An InGaAs-based optical 
pyrometer (Omega OS4000), with spectral response of 1.2 
to 2.6 µm (suitable for viewing through quartz window), 
was used to measure the substrate surface temperature dur-
ing the CVD diamond deposition. In our experiments, the 
methane concentration was varied from 1.5 to 4.5% (with 
corresponding CH4 flow rates of 30 to 90 sccm) while keep-
ing the H2 flow rate at 2000 sccm. A small amount of O2 (3 
sccm) was also flowed into the chamber to maintain a low 
sp2-bonded carbon concentration in the deposited films [23]. 
The HFCVD chamber pressure was kept at 20 Torr for all 
experiments. Initially, three diamond films were grown with 
1.5, 3.0, and 4.5% CH4 in H2, respectively, while keeping 
the deposition time constant (8 h). Since each sample had 
different diamond thickness, we also grew samples at 1.5 
and 4.5% CH4 to approximately match the thickness of the 
3.0% sample. These are discussed later. All samples studied 
are summarized, along with several key characteristics, in 
Table 1.

Morphology and thickness of the films were character-
ized using scanning electron microscopy (SEM, FEI Helios 
400), atomic force microscopy (AFM, Bruker Dimension 
ICON) and surface profilometer (Dektak XT). Because 
the AFM images do not differ substantially from the SEM, 
we report only the root-mean-square (RMS) roughness Rq 
from AFM. To check diamond phase purity and quality 
across the thickness of the diamond film, micro-Raman 
measurements were conducted with ultraviolet (UV) exci-
tation wavelength 363.8 nm. At this excitation wavelength, 
the diamond fluorescence is substantially lower than when 
measuring in the standard visible-wavelength range [24]. 
A laser line focus [25] was implemented and the collected 
light imaged at the charge-coupled device (CCD) detector 
following dispersal by the Raman spectrometer. Spectra 

Table 1   Summary of morphology and diamond quality of diamond wafers deposited with three CH4 concentrations

Data for the cross-section correspond to the topmost 0.25 μm of the diamond layer for comparison with the plan-view results. Values in paren-
theses correspond to standard deviations as discussed in the text
*  From visible Raman data

CH4/H2 (%) Thickness 
(µm)

Average 
grain size 
(µm)

RMS 
roughness 
(nm)

Raman plan-view Raman cross-section

O(Γ) peak 
shift (cm−1)

O(Γ) 
FWHM 
(cm−1)

ID/
(ID + INDC)

O(Γ) shift 
(cm−1)

O(Γ) 
FWHM 
(cm−1)

ID/(ID + INDC)

1.5 (8 h) 1.1 ± 0.1 0.30 ± 0.05 87 1.65 (0.30) 4.1 (0.4) 0.5 (0.1) - - -
3.0 (8 h) 3.9 ± 0.2 1.26 ± 0.26 163 0.85 (0.43) 7.8 (2.1) 0.2 (0.1) 0.70 ± 0.2 7.6 ± 0.5 0.3 ± 0.1
4.5 (8 h) 11.0 ± 0.3 1.59 ± 0.28 187 0.53 (0.30) 8.0 (0.8) 0.1 (< 0.1) 0.5 ± 0.4 8.5 ± 1.2 0.1 ± 0.0
1.5 (20 h) 3.4 ± 0.1 0.92 ± 0.11 139 1.5 ± 0.1* 5.5 ± 0.1*
4.5 (4 h) 4.0 ± 0.2 1.17 ± 0.25 133 1.6 ± 0.1* 8.6 ± 0.1*
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collected in this mode generate a 400 × 1340 pixels image 
using a CCD detector with the long (1340) array axis cor-
responding to the Raman shift and the short (400) axis 
the line focus direction, approximately 10 μm long with a 
×100 objective (NA 0.40). This approach simultaneously 
maps diamond properties across a diamond surface or 
cross-section in a single acquisition. Values obtained from 
these measurements are reported as averages along the line 
focus along with standard deviations. Details of the Raman 
line scan can be found elsewhere [6]. Visible micro-Raman 
spectra, not shown here, were measured using a Horiba 
(LabRAM) system (wavelength λ = 532 nm) with nominal 
spot diameter ~ 2 µm, utilizing a ×100 objective lens with 
NA 0.90. In all cases, spectra were collected to capture 
both the silicon and diamond O(Γ)-symmetry phonon lines 
and the NDC peaks in the 1450–1600 cm−1 range. Because 
the results from the visible Raman data are used to cross-
check the UV Raman results, we include only the latter 
here. A natural diamond sample was used for obtaining a 
reference spectrum [6].

X-ray diffraction (SmartLab 3 kW XRD system, Rigaku 
Corporation) measurements were employed to analyze the 
crystal structure and the texture formation with Cu Kα 
radiation (λ = 1.540562 Å). Based on the wide angle θ–2θ 
XRD scan results, pole figure measurements were per-
formed around diamond (111) and (220) peaks because 
of their relatively higher intensities. Pole figure data were 
collected using the Schulz method combined with a paral-
lel beam [26]. Each pole figure was measured at a fixed 
scattering angle (2θ) and was obtained by a series of β 
(or φ) scans (azimuthal rotation around the normal to the 
surface of the sample by 0 to 360°) at different tilt angles 
(α or χ), between 0 to 90° with a step size of 3°. Pole 
densities were plotted in stereographic projection with 
obtained diffracted intensity data as a function of polar 
and azimuthal angles, χ and φ, respectively.

3 � Results and discussion

3.1 � Morphology and thickness

Figure 1(a–c) show representative plan-view SEM images of 
diamond films after 8 h growth. The insets are corresponding 
cross-section SEM images obtained by cleaving the wafers 
with no additional preparation. Excellent uniformity across 
the wafer in terms of diamond coalescence was achieved 
for all methane concentrations (CH4:H2 = 1.5%, 3.0%, and 
4.5%). Grain structure variations were strongly correlated 
to methane concentrations. Film thickness and average 
grain size of the films are shown in Table 1. It is seen that 
grain size and film thickness vary greatly as a function of 
methane concentration. A 3.0% increase in methane con-
centration, from 1.5 to 4.5%, resulted in a film thickness 
increase from ~ 1 to ~ 11 µm for an identical 8 h growth time. 
The accompanying grain size increase was from ~ 300 nm 
to ~ 1600 nm. Thus, the nominal growth rates of CVD dia-
mond films are ~ 140 nm/h, ~ 500 nm/h, and ~ 1400 nm/h for 
1.5%, 3.0%, and 4.5% methane concentrations, respectively. 
The trend in growth rate is readily attributed to methane 
concentration based on availability of activated radicals [20]. 
Additionally, diamond growth in certain crystallographic 
facets are faster than in other facets [27–34]. These factors 
combine to result in thickness and grain size that follow the 
methane concentration [16, 17].

As seen in Fig. 1, diamond grains with apparently random 
shapes and relatively small sizes were observed for 1.5% 
methane and well faceted pyramid shaped polycrystals were 
visible in the case of 3.0% methane. Further increasing the 
methane concentration to 4.5% resulted in films with very 
large grains, but grains exhibited damage which can be 
attributed to etching by atomic hydrogen. To understand 
the etching, it is necessary to consider the chemical reac-
tions that take place during diamond deposition. During the 

Fig. 1   SEM micrographs of diamond films deposited for 8 h with a 1.5%, b 3.0%, and c 4.5% methane in hydrogen. The insets are the corre-
sponding cleaved cross-section SEM images
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HFCVD process, clusters of carbon atoms are formed on 
the nano diamond seeded substrate surface. Heat causes a 
sequence of changes in the chemical bond structure from sp1 
to sp2 and, eventually, sp3 [35]. For HFCVD, the intention-
ally supplied oxygen provides energetic OH− radicals that 
assists the atomic hydrogen to favorably remove sp2-bonded 
carbon at the growth surface [23]. Therefore, the diamond 
deposition takes place with simultaneous etching of sp2 car-
bon and formation of sp3 [23]. The observed enhanced etch-
ing/damage on some crystal faces in the 4.5% methane sam-
ple can be a result of etch resistance of one face to another 
due to the presence of hydrogen at elevated temperature.

The observed increase in grain size with increasing meth-
ane concentration is a result of increased methyl radicals, 
which are the main source of carbon for diamond growth. 
Another model for explaining increased growth rate and 
grain formation with increasing methane concentration was 
reported by Jeon et al. [36] which claims that the major-
ity of diamond nuclei clusters become negatively charged 
due to electrons originated from the hot filament. Clusters 
formed with lower methane concentration have low energy 
and higher methane concentration have higher energy. As a 
result, any increase in methane concentration enhances sur-
face diffusion which assists in transforming cluster masses 
into well faceted diamond crystals. The decrease in grain 
size when diamond is deposited with methane concentra-
tion above 3.0% was reported by Ali et al. [16]. In their 
study, highly faceted diamond crystals were achieved with a 
methane concentration of 3.0%, while smaller crystals with 
pyramidal shape diamond clusters were achieved when the 
methane concentration was above 3.0%.

The cross-section SEM images, insets in Fig. 1(a–c), 
show that diamond crystals are very dense in the initial 
growth stage and a columnar-like growth continues as the 
film thickness increases. From grain size and grain boundary 
points of view, diamond quality improves as the film thick-
ens post-coalescence and grains grow vertically [37]. Meth-
ane concentration strongly correlates with the non-diamond 
carbon phase concentration as we now discuss.

3.2 � Raman spectroscopy

UV Raman spectra of diamond films, grown for 8 h, are 
shown in Fig. 2. Two sharp peaks are identified as Si O(Γ) 
(not shown) and diamond O(Γ) located at respective nomi-
nal reference energies �

0
 ~ 520 and 1332 cm−1. The peak 

shift is quantified using Δ� = � − �
0
 with �

0
 obtained at the 

time of each measurement to achieve best precision in Δ� . 
The reference diamond linewidth is 4.8 cm−1. The Raman-
related numbers in Table 1 are average values obtained by 
binning spectra along the image direction. The bins cor-
respond to ~ 0.25  μm segments along the 10-μm-long 
line focus, i.e., close to the diffraction limit dimension. 

Quantities in parentheses are standard deviations, rather 
than the small < 0.1 cm−1 uncertainty in position and width 
from fitting individual spectra. The standard deviations are 
informative to gain a better notion of diamond uniformity 
along the line focus. Variations along the line focus, and 
hence the standard deviations, are a consequence of the poly-
crystalline structure in the diamond film that locally affect 
stress and phase purity.

The observed blue-shift is attributed to compressive 
internal stresses in the diamond film. From the plan-view 
data, we see that blue-shift (compressive stress) in the thin 
diamond film is high and attributable to the differences in 
thermal expansion coefficient of diamond with the thick 
silicon substrate. The observed shift is consistent with sili-
con substrate-induced stress in our prior work [6]. As the 
diamond film thickness increases, the Raman measurement 
probes close to the top surface and we see smaller blue-shift, 
corresponding to relaxed stress. We return to this, follow-
ing discussion of the diamond phase purity, with the micro-
Raman cross-section.

The broad band centered at ~ 1550 cm−1 is due to the 
presence of various non-diamond carbon (NDC) phases 
and was observed in all diamond films studied. The NDC 
may be composed of disordered carbon having mixed sp2 
and sp3 bonding configuration [38] and is considered to be 
undesirable for obtaining high thermal conductivity. Fig-
ure 2 shows that the intensity of the NDC peak increases as 
the percentage of methane increases. Qualitative informa-
tion on diamond volume fraction in these samples can be 
obtained from the ratio of integrated intensities (area under 
curve after background correction) of diamond peak (ID) to 
the total intensity ID plus that from the non-diamond-like 

Fig. 2   UV (363.8 nm) Raman spectra of CVD diamond films depos-
ited with 1.5, 3.0, and 4.5% methane grown for 8 h
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carbon (INDC) [39]. The intensity ratio, I
D
∕(I

D
+ I

NDC
) , 

which does not correspond to diamond volume fraction, is 
low on account of the broad Raman band of NDC. Table 1 
shows the change in this intensity ratio with methane con-
centration. We see the I

D
∕(I

D
+ I

NDC
) ratio is highest at 1.5% 

methane concentration and decreases for 3.0% and 4.5% for 
the 8-h growth. The higher NDC, or lower I

D
∕(I

D
+ I

NDC
) , 

for higher methane concentration can be a result of increased 
formation of sp2-bonded carbon when more methyl radicals 
are available in the CVD chamber to produce faster growth. 
The increase in NDC phase with increasing methane con-
centration is in agreement with previous reports [9, 23, 40].

CVD diamond properties generally vary between the ini-
tial growth nucleation and the coalescence regimes [41]. To 
examine the diamond quality along the growth direction, 
we performed cross-section UV micro-Raman line analysis 
on the samples grown with 3.0% and 4.5% methane, each 
of which had thickness suitable for these measurements. As 
mentioned above, the 3.0% methane sample had relatively 
high diamond phase based on the NDC intensity. The analy-
sis of diamond phase purity was performed across the film 
thickness and the results are shown in Table 1.

To compare the cross-section to the plan-view, we bin 
pixels in the position direction of the CCD detector corre-
sponding to averaging segments ~ 0.25 μm in length. For the 
plan-view analysis we followed the same 0.25 μm binning 
procedure. The 0.25 μm is close to the diffraction limit for 
our micro-Raman optics and this binning has the benefit of 
providing better signal to noise ratio for fitting. It also cor-
responds to the topmost region of diamond for direct com-
parison between plan-view and cross-section data. Results 
are summarized in Table 1. The plan-view and cross-section 
Raman data (of the top 0.25 μm) are consistent for the sam-
ples studied (3.0 and 4.5%) using both measurements. From 
the cross-section, shifts in the diamond peak position are 
slightly higher at the diamond/silicon interface, as expected. 
Moreover, we do not find a substantial change in the NDC 
intensity along the growth direction in either of these two 
samples.

3.3 � XRD θ–2θ and pole figure

Measured θ–2θ XRD of the three samples are shown in 
Fig. 3. Three major diamond peaks, indexed as (111), (220), 
and (311) per ICDD card 06–675 [42], were visible at 43.9°, 
75.3° and 91.5°, respectively. Other peaks are attributed to 
the Si (100) substrate (no beta filter was used for the scan). 
Peak positions vary slightly between samples due to thick-
ness variation and compressive stress [12, 43]. It is well 
known that compressive stress in diamond film decreases 
as film thickness increases [44, 45]. The relative intensity 
of diamond (111) and (220) peaks changed significantly as 
the methane concentration was increased. Specifically, the 

intensity of the diamond (111) peak was highest for diamond 
film grown with 3.0% methane, whereas the intensity of the 
diamond (220) peak was highest for film grown with 4.5% 
methane. For 1.5% methane, the intensity of the diamond 
(111) peak was affected by the reduced thickness. It is clear 
from Fig. 3 that diamond grown with 4.5% methane exhibits 
reduced integrated intensity of the (111) peak compared to 
that of the (220). This result suggests that diamond grown 
with 4.5% methane may have a preferential orientation 
toward (220), whereas for 3.0% there may be a preference 
toward (111). We note that such a comparison may also be 
affected by film thickness.

To better understand the effect of stoichiometry on texture 
in our CVD diamond, we performed pole figure analyses 
of these samples. Pole figure data from these experiments 
are used for observing qualitative differences in texture in 
CVD diamond films due to the change in gas stoichiometry. 
A detailed analysis on inverse pole figure and orientation 
distribution function of CVD diamond are not discussed in 
this manuscript and such analysis can be found elsewhere 
[14, 26, 46–48].

In pole figure data, reflection of the substrate is 
always visible for thin film samples because continuous 
Bremsstrahlung radiation happens to satisfy the diffraction 
condition. Therefore, very high intensity peaks from the Si 
substrate are present in all pole figures presented. Further-
more, a one-dimension (1D) detector was used for pole fig-
ure measurement which has an array of detectors and can 
capture a 2θ spread of ~ 3°. The sample grown with 1.5% 
methane did not show evidence of texture, due to substan-
tially lower thickness. Therefore, the pole figure data from 
3.0 and 4.5% methane samples are given here.

Pole figure data of the diamond (111) and (220) planes 
are shown in Fig. 4a and b, respectively, for the sample 
grown with 3.0% methane. Very high intensity peaks from 
Si (220) were visible in Fig. 4a because its Bragg angle of 
47.63° is within 3.74° of the diamond (111) reflection. In the 
case of the diamond (220) pole figure shown in Fig. 4b, Si 
(004) and (331) peaks are present because the Bragg angle 

Fig. 3   X-ray diffraction spectra from CVD diamond films deposited 
with 1.5, 3.0, and 4.5% methane grown for 8 h
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for Si (331) reflection is within 0.5° of diamond (220) [13]. 
In general, a strong texture in diamond along a certain direc-
tion is identified by a sharper peak centered at χ (or α) = 0°. 
Other peaks between χ = 0° and 90° represents tilting of a 
plane with its surface normal to the substrate [26].

Based on this general convention it is clear from Fig. 4a 
and b that diamond grown with 3.0% methane has very 
strong texture along 〈111〉 and the surface normal for (111) 
plane is nearly parallel to the surface normal of the substrate 
Si (100). On the other hand, no texture along 〈220〉 was seen 
for this sample. Texture formation in CVD grown polycrys-
talline diamond films have been reported and similar pole 
figure data for diamond (111) and (220) reflections have 
been observed in most of those cases [46, 49].

Clear texture formation was seen for both (111) and 
(220) reflections of diamond when methane concentration 
was 4.5% (not shown here). However, the (111) orientation 
is tilted ~ 45° with the surface normal for this sample. As 
discussed previously, the thicknesses of these samples were 
substantially different (see Fig. 1) and strong texture may 

correlate with film thickness. Therefore, these results were 
insufficient to draw a definite conclusion about dependence 
of texture formation on methane concentration.

To conduct a more complete comparison of the effect of 
methane concentration for identical films, we subsequently 
grew samples with 1.5% and 4.5% methane with thicknesses 
close to 4 µm for direct comparison with the 3.0% sample. 
To achieve the target 4 µm thickness, 1.5% methane was 
grown for 20 h and 4.5% methane for 4 h. The thicknesses 
of these films were measured to be 3.38 ± 0.10 µm and 
3.97 ± 0.18 µm, respectively. Figure 5a and b shows SEM 
and cleaved cross-section images of the two diamond films. 
In both cases, large polycrystals are obtained. The visible 
Raman spectra collected from three identical samples, not 
shown, confirms that the sample grown with 4.5% methane 
has poorest quality diamond among all three flow rates stud-
ied based on the higher NDC intensity. This is consistent 
with the UV Raman data in Fig. 2. Sample grown with 3.0% 
methane had relatively better diamond quality along with 
faster growth rate, while the samples grown at 1.5% methane 

Fig. 4   3D projection with 
relative pole figure intensity 
of a diamond (111) peaks and 
b diamond (220) peaks for the 
film grown with 3.0% methane 
for 8 h

Fig. 5   SEM micrographs of 
diamond films deposited with a 
1.5% for 20 h and b 4.5% meth-
ane for 4 h. The insets are the 
corresponding cleaved cross-
section SEM images showing 
near identical thickness



Journal of Materials Science: Materials in Electronics	

1 3

exhibited the narrowest diamond band. AFM images of three 
films with identical thickness, not shown, result in Rq values 
of 139, 163 and 133 nm for films grown with 1.5, 3.0 and 
4.5% methane for 20, 8 and 4 h, respectively.

Pole figure data of the films with identical thickness show 
that the sample grown with 1.5% methane showed prefer-
ential orientation toward (111), the same as the 3.0% meth-
ane sample, but no texture toward (220) (not shown here). 
However, an interesting result was observed for the sam-
ple grown with 4.5% methane. The pole Fig. 3d projection 
images of the 4.5% methane sample are shown in Fig. 6a and 
b around the diamond (111) and (220) reflections, respec-
tively. A preferred orientation toward 〈111〉 was observed for 
4.5% methane, but with a tilt of ~ 23° relative to the surface 
normal. Furthermore, among all films, diamond with 4.5% 
methane showed a texture formation along 〈220〉, while no 
such preference was observed for 1.5 and 3.0% methane. 
Thus, the primary outcome of these pole figure data is that 
the increased methane concentration resulted in a texture 
formation along 〈220〉. Specifically, 4.5% methane resulted 
in preferential orientation in two planes, (111) and (220). 
The surface normal of (111) plane was tilted by ~ 23° with 
respect to the surface normal of the Si (001) substrate, while 
the surface normal of (220) plane was parallel to the surface 
normal of the Si (001) substrate. This indicates that with 
increasing methane concentration, the diamond films lose 
preferential orientation to a specific direction and results in 
more random orientation (textured in more than one crystal-
lographic direction).

XRD in Fig. 3 show a relative decrease in the diamond 
(111) peak intensity compared to diamond (220) when the 
methane concentration was increased from 3.0 to 4.5%. The 
relative change in peak intensity has been reported as an 
indication of preferred orientation [14, 16, 21, 49]. Pole 

figures of the diamond (111) and (220) peaks shown in 
Fig. 4 and 6 indicate strong texture formation in films grown 
with 3.0% and 4.5% methane. A detailed description of tex-
ture formation in polycrystalline diamond is well understood 
and has been reported elsewhere [49, 50]. Since the goal of 
the present research is to perform a comparative analysis of 
preferred orientation as a function of gas stoichiometry, we 
restricted our analysis to pole figure data only. A detailed 
analysis of texture formation in CVD diamond films grown 
in similar condition is subject to future research. However, 
the current data will be explained based on a brief descrip-
tion of texture formation in polycrystalline diamond.

4 � Discussion

A mechanism of texture formation in polycrystalline films 
during epitaxial growth was first proposed by Van der Drift 
[50] based on an evolutionary selection model of specific 
crystallite orientations. According to this model, randomly 
oriented nuclei grow freely and uniformly until they impinge 
on one another. Any given nucleus can prevail in the final 
film if its fastest growing crystallographic direction is per-
pendicular to the substrate, because such nuclei overgrow 
less favorably oriented ones. As a result, crystallographic 
texture forms in the film [14]. For polycrystalline diamond 
grown on Si (001), growth on nuclei facing parallel to the 
substrate are easily overgrown by crystals growing with the 
diagonal perpendicular to the substrate. Usually, growth rate 
along the diagonal plane (111) of a cubic crystal is √2 times 
that along the direction perpendicular to its face. Silva et al. 
[46] have also reported that the film texture is determined by 
the direction of the fastest growth corresponding to the larg-
est dimension of the single crystal. As any polycrystalline 

Fig. 6   3D projection of rela-
tive pole figure intensity of a 
diamond (111) peaks and b 
diamond (220) peaks for the 
film grown with 4.5% methane 
for 4 h
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film thickens, more and more grains are buried by adjacent 
grains and crystals with the highest growth rate direction 
normal to the substrate are most likely to survive [46].

The largest dimension of isolated diamond crystal has 
been reported to be linked with the well-known α param-
eter, where α = √3·V100/V111 and Vhkl represents growth rate 
along the 〈hkl〉 direction [49]. The fastest growth direction 
in polycrystalline diamond changes from 〈111〉 to 〈110〉 to 〈
100〉 when α is varied from 1 to 3, respectively. It is worth 
mentioning that the evolution selection model for texture 
formation is based on the assumptions of (1) no secondary 
nucleation and (2) the absence of crystallographic defects, 
such as twinning. However, in polycrystalline diamond, 
secondary nucleation and twinning readily occur. Due to 
secondary nucleation, nm-scale diamond grains exhibit elon-
gated growth along the 〈110〉 direction after initial nuclea-
tion [46].

For CVD diamond, the growth rate of the (110) plane has 
been reported to be much faster than (111) and (100) when 
methane radicals were present in higher concentration in 
the CVD chamber [14, 21, 46]. The microstructure of CVD 
diamond films presented in Fig. 1 can be understood by a 
textured growth with an α value changing from ~ 1 to close 
to 1.5 (cuboctahedra as reported in [46]). While comparing 
morphology of diamond films with identical thickness in 
Fig. 5a, 1b and 5b, for 1.5, 3.0 and 4.5% methane, respec-
tively, the morphology changed toward pyramidical shape. 
This morphology change is a combined result of secondary 
nucleation and the appearance of multi-twinned crystals hav-
ing their largest dimension along a 〈110〉 axis. The effect of 
fastest growing 〈110〉 texture has been observed most clearly 
from the pole figure data of the 4.5% methane sample where, 
as seen from Fig. 6(b), texture along 〈220〉 seems to be sur-
face normal but the texture along 〈111〉 showed ~ 23° tilt with 
the surface normal (the intense circle on Fig. 6a at ~ 23° 
from the center of the pole figure data). However, in the case 
of 1.5 and 3.0% methane, texture along the 〈111〉 plane was 
visible but no texture along 〈220〉 was visible. The morphol-
ogy and pole figure results indicate that diamond grains are 
preferentially oriented toward the (111) plane until meth-
ane concentration is 3.0%. As the methane concentration 
increased to 4.5%, other planes, i.e., (220), appear and the 
film loses preferential orientation to any certain direction.

5 � Conclusion

The effects of gas stoichiometry on morphology, quality, 
and crystal structure of HFCVD diamond have been stud-
ied. Higher growth rate and larger diamond grain size pri-
marily results from the increased methyl radical concentra-
tion present in the chamber when methane concentration 
is increased. The volume fraction of sp3-bonded diamond 

was dictated by the methane concentration. Highest qual-
ity diamond (i.e., lowest NDC to diamond ratio) films were 
achieved with lower methane concentration (1.5%) but 
growth rate is relatively low. For higher methane concen-
tration (4.5%), diamond phase purity was poorest, and it 
decreased even more as the film thickness increased. Dia-
mond films grown with 3.0% methane showed higher growth 
rate and quality of diamond, comparable to 1.5% methane. 
Diamond films with pronounced texture were observed only 
when the thickness of the film was > 3 µm. Diamond films 
were found to be preferentially oriented along 〈111〉 direction 
when the methane concentration was 1.5–3.0%. In contrast, 
the sample grown with 4.5% methane showed texture along 
both 〈111〉 and 〈220〉 and the 〈111〉 texture showed ~ 23° tilt 
with the surface normal. Furthermore, the diamond phase 
volume fraction was lowest for this concentration. Second-
ary nucleation and twinning are proposed to be responsible 
for the observed high texture formation along 〈220〉 when 
methane concentration was high.
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