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Abstract: In this study, N-doped diamond films were prepared through microwave plasma chemical
vapor deposition with NH; /CH, /H; gas mixtures. The effects of the ammonia addition to the process
gas mixture on the morphology and structure of diamond films were systematically investigated
through characterization by scanning electron microscopy (SEM), atomic force microscopy (AFM),
X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). This work
focuses on the ammonia addition to the process gas mixtures in the narrow range of N/C ratios from
0.4% to 1.0%. The results reveal that different N/C ratios can affect the morphology, the preferred
crystal orientation, and the sp®/sp? ratio in the films. When the N/C ratio of the process gas mixture
ranges from 0.6% to 1.0%, the XRD and SEM results show that ammonia addition is beneficial for
the growth of the (110) faceted grains. When the N/C ratio of the process gas mixture ranges from
0.8% to 1.0%, the XPS and Raman results indicate that the diamond films exhibit a considerable
enhancement in the sp> fraction.
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1. Introduction

Nitrogen (N)-doped diamond films have been studied for their many applications, such as
in semiconductor devices [1], thermionic electron emission [2], photoelectron emission [3], field
emission [4], electrochemical biosensing [5], sterilization [6], and N-V color centers for quantum
communications [7]. The performance of N-doped diamond films strongly depends on the film
microstructure. Thus, many studies have investigated the effects of N addition on the growth and
structure of diamond films. The findings of the studies indicate that N addition can lead to a high growth
rate of the films [8-10], but a low deposition efficiency [11,12]. However, many different results have
been reported regarding the influence of N addition on the film morphology and the diamond quality,
with reports of N addition benefiting the growth of the (100) facet surface [9,11,13-18], producing
films without any preferred orientation of the surface facets [12,19,20] and improving diamond
quality [13,16,21] or leading to a higher sp2 fraction in the deposited material [19,20]. These different
results are highly dependent on the process parameters and the N/C atomic ratio in the process gas
mixture. Although many experimental studies have been conducted on this subject, the effects of N
addition on the morphology, microstructure, and quality of N-doped diamond films warrant further
study. Drawing on the experience of previous studies of a broad range of N/C atomic ratios (0.1%,
1.0%, 10.0%, and 40%) [11] and of very low N/C ratios (from 0.02% to 0.32%) [19], this work focuses on
the ammonia addition to process gas mixtures in a narrow N/C ratio range from 0.4% to 1.0%.
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In our previous studies, first-principles calculations were conducted to investigate the adsorption
and migration behaviors of Si, B, Y, Nb, and Ti doped on diamond surfaces [22-27]. The purpose of our
research is to study the modification effects of the doping elements on diamond films and to further
develop new types of doped diamond films. The calculations of the adsorption and migration behaviors
of Si and B atoms on diamond surfaces suggest that the number and distribution of open radical sites can
affect the growth of diamond films [23,24]. Recently, we studied Ti-doped diamond films on which the Ti
was deposited by microwave plasma chemical vapor deposition (MPCVD) [27]. The results of this study
indicate that Ti doping can influence the morphology and microstructure of diamond films. Our research
shows that the film morphology and the sp® phase fraction warrant an in-depth investigation.

To study the species participating in the film growth process, Ashfold’s group systematically
investigated N, /Hj;, NH3/Hy, and CHy/N,/H, plasmas in the N-doped diamond deposition
process [28-30]. This group’s results show that compared to the addition of N to the process gas,
the inclusion of NHj to feed gas may introduce more reactive species to the film growth process.
Therefore, in this study, N-doped diamond films were synthesized through the MPCVD process using
an ammonia-containing gas mixture. First, a diamond film with a (110) facet surface was prepared by
adjusting the process parameters. Second, under the same process conditions, N-doped diamond films
were synthesized by adding various ammonia dopant fluxes to the process gas mixture. After the
deposition process was complete, scanning electron microscopy (SEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), micro-Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS) were conducted to investigate the effects of N doping on the microstructure, surface morphology,
and quality of the diamond films.

2. Experiment Details

Diamond films and N-doped diamond films were deposited via MPCVD. Single-crystalline (100)
silicon wafers were used as substrates and were pretreated before the deposition. First, the wafers
were abraded manually with diamond powder and titanium powder for 15 min. Second, the wafers
were placed in anhydrous acetone with a diamond powder and titanium powder suspension for a
20-min ultrasonic abrasion step to enhance the seed density. Third, the wafers were ultrasonically
cleaned in anhydrous ethanol for 20 min.

In the film deposition experiment, the microwave power was 1.5 kW, the work pressure was
maintained at approximately 5.4 kPa, and the temperature of the substrate was 850 °C. The deposition
time of all films was 4 h. A bias voltage (—50 V) was added to the substrate to enhance the nucleation.
The flow rates of methane (CHy), hydrogen (H;), and ammonia (NH3) were precisely controlled by mass
flow controllers. Hydrogen and 1.0% methane were the process gases for the diamond film deposition.
Ammonia diluted to 0.1% using hydrogen was used as the N source. The flow rates of the diluted ammonia
gas were 12, 18, 24, and 30 sccm. The N/C atomic ratios in the feed gas ranged between 0.4% and 1%.

The morphology, grain sizes, and surface roughness of the films were evaluated by SEM
(QUANTA 400, FEI, Hillsboro, OR, USA) and AFM (Dimension Edge, Bruker, Karlsruhe, Germany).
The preferential orientation of the crystals in the films was investigated by transposable polycrystalline
XRD (D8 ADVANCE) at 20 angles ranging from 40° to 145° with a scan speed of 2° /min. The light source
emitted by the Cu K« tube was flashing infrared with a power of 1600 W. The detector slits were 1.0 mm
and 0.2 mm wide, and the Ni filter was placed in the middle. The quality of the diamond samples was
analyzed using Raman spectroscopy (XploRA Raman Microscope, HORIBA Jobin Yvon, Kyoto, Japan) at
an excitation wavelength of 532 nm. Compositional and quantification analyses were conducted using
XPS (ESCALAB 250XI, Thermo Fisher, Waltham, MA, USA) with Al K« (1500 W).

Due to the nature of the MPCVD method, for a definite diamond film sample that had undergone
deposition, the morphology at the sample center was somewhat different from that in the surrounding
areas. Therefore, for comparison, the centers of all samples were selected as the measurement locations.
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3. Results and Discussion

3.1. Effect of Nitrogen on the Film Morphology

The SEM images of the N-doped diamond films deposited with different N/C ratios in the
process gas mixtures are shown in Figure 1. These micrographs show a remarkable modification in
the film morphology after ammonia was added into the CH, + Hy gas mixture. The morphology of
the undoped diamond film shows two kinds of crystallites. Large grains show (110) oriented facets
with clear and sharp boundaries, thereby forming pyramid-shaped crystals, as shown in Figure 1a.
Small nanometer-sized grains surround the large grains and have an unclear orientation. Upon the
addition of ammonia into the process gas mixture with a low N/C ratio of 0.4%, the film morphology
significantly changes and becomes cauliflower-like. As shown in Figure 1b, large grains are covered
with nanocrystalline grains, which is typical for nanocrystalline diamond films [19]. By increasing
the ammonia flux to a 0.6% N/C ratio, the surface becomes flat, and elevated sections or ridges begin
to appear as obvious square facets (Figure 1c). With a further increase in the ammonia flux to a 0.8%
N/C ratio, more (110) facet grains appear on the surface [Figure 1d] compared to the case shown in
Figure 1c. Upon a further increase in the ammonia flux to a 1.0% N/C ratio, the morphology of the
surface is filled with (110) facet grains (Figure le). Generally, ammonia addition to the process gas
mixture can significantly influence the film morphology and the preferred orientation of the crystals.
For N/C ratios from 0.6% to 1.0% in the process gas mixture, ammonia addition is beneficial for the
growth of the (110) faceted grains.
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Figure 1. SEM images of diamond films deposited with various ratios of N/C in the process gas
mixtures: (a) N/C = 0%, (b) N/C =0.4%, (¢) N/C = 0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.
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3.2. AFM Analysis

The surface morphology and roughness of the samples were investigated by AFM topography
analysis. The topography of the undoped diamond films shows many large, smooth cubic facets
(Figure 2a). The calculated average roughness (R,) obtained from the AFM topography analysis is
approximately 131 nm. The diamond film deposited by a process gas mixture with ammonia addition
at a 0.4% N/C ratio has a cauliflower-like structure (Figure 2b), and the surface roughness decreases
sharply to R, =75 nm. Upon increasing the N /C ratio to 0.6%, the surface is covered with nanocrystalline
grains, as shown in Figure 2¢c, and the surface roughness reaches its lowest value of 57 nm. With a
further increase in the ammonia flux to a 0.8% N/C ratio, the film presents several columnar structures
(Figure 2d) and its surface roughness reaches 78 nm. Upon a further increase of the ammonia flux to a
1.0% N/C ratio, the film surface shows many small, smooth square facets (Figure 2e), and its roughness
reaches 62 nm. Overall, the film surface roughness can be reduced by ammonia addition to the process
gas mixture. However, this reduction is not proportional to the ammonia flux increase.
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Figure 2. AFM topographies of diamond films deposited with various N/C ratios in the process gas
mixtures: (a) N/C = 0%, (b) N/C = 0.4%, (¢) N/C = 0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.

3.3. X-ray Diffraction

XRD analysis was conducted to study the influence of the various ammonia additions on the
crystalline structure and solid phase composition of the diamond film. Figure 3 shows the XRD patterns
of the diamond films with various gas mixtures. The preferred orientation of the diamond films can be
indicated by the increased intensity of the plane reflection [31]. The spectra in the 20 range of 64° to 74°
are excluded due to the strong Si diffraction peak. The characteristic diffraction peaks of diamond at
43.9°,75.3°,91.5°,120° and 140° are identified as diamond (111), (220), (311), (400), and (331) diffraction
peaks, respectively. The diffraction peaks correlated with the (400) and (331) planes at high 26 angles are
negligible, as shown in Figure 3, thereby revealing that the (400) and (331) facets are almost entirely absent.
The intensity ratios of the (220) to (111) peaks [I(220)/I(111)] of the diamond films and the N-doped diamond
films extracted from the XRD spectra are listed in Table 1. The preferred orientations of the crystals in
the undoped diamond film are (111) and (220). The [I(200)/I(111)] intensity ratio is 19.0%, indicating that
the (111) diamond facets are dominant in the deposited film, as shown in Figure 3a. Therefore, the small
grains shown in Figure 1a should be the (111) facets. With ammonia addition at a 0.4% N/C ratio to the
process gas, the [I(20)/1(111)] intensity ratio decreases to 17.4%. By increasing the N/C ratio to 0.6%, the
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[I(220)/I(111)] intensity ratio increases to 26.1%. By further increasing the N/C ratio from 0.8% to 1%, the
[L(220)/I(111)] intensity ratio increases from 32.3% to 35.4%. The growth of the (110) oriented facet grains is
enhanced by the ammonia addition to the process gas mixture, which is consistent with the SEM results.
Similar results were also reported by Liu and Raabe [9].
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Figure 3. XRD patterns of diamond films deposited with various ratios of N/C in process gas mixtures:
(a) N/C=0%, (b) N/C=0.4%, (<) N/C =0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.

Table 1. XRD patterns of diamond films deposited with various N/C ratios in process gas mixtures:
(@) N/C =0%, (b) N/C =0.4%, (c) N/C = 0.6%, (d) N/C = 0.8%, and () N/C = 1.0%.

(111) (220) Ratio
Sample
Position (29) FWHM Position (29) FWHM 1(220)/1(111)

a 43.97 0.21 75.40 0.20 19.0%
b 43.94 0.30 75.59 0.22 17.4%
C 44.00 0.28 75.49 0.19 26.1%
d 44.05 0.17 75.45 0.21 32.3%
e 44.08 0.16 75.44 0.13 35.4%

The full width at half maximum (FWHM) of the diamond (111) and (220) XRD peaks observed
at 20 angles of 44.0° and 75.3°, respectively, can be used as a qualitative measure of the degree of
crystallinity. The FWHM depends on both the grain size and the crystallinity. The FWHM tends to
become narrow with large grain sizes [32]. For the undoped diamond film, the FWHMSs of the (111)
and (220) peaks are 0.21 and 0.20, respectively, as shown in Table 1. When the N/C ratio is 0.4%,
the FWHMSs of the (111) and (220) peaks increase to 0.30 and 0.22, respectively, thereby implying an
increase in the nucleation rate and a decrease in the grain size of the crystals with (111) and (220)
orientations, as shown in the SEM image in Figure 1b. When the N/C ratio increases to 1%, the FWHM
of the (220) peak decreases to 0.13, thereby indicating the increase in the grain size of (220) oriented
crystals, as shown in the SEM image in Figure le. This result supports the conclusion that small
additions of NHj to the process gas influence the diamond film growth [19,33]. Overall, the preferred
orientation of the crystals and the grain size can be changed by the ammonia addition into the process
gas mixtures. The growth of the (110) facet grains can be promoted by a certain amount of ammonia
addition. This behavior is in agreement with the SEM images presented in Figure 1le.
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3.4. Raman Spectroscopy

Raman spectroscopy is a nondestructive method for investigating the vibrational band structure
of materials. Figure 4 shows the Raman scattering spectra of the diamond films deposited with various
ammonia additions to the process gas mixtures. The Raman scattering spectra are recorded at an
excitation wavelength of 532 nm in the range of 1000 to 1800 cm~!. To further study the structure of
the diamond films, the Raman spectra are deconvoluted and analyzed by Gaussian contours with
linear background subtraction. The diamond peak is detected at 1332 cm ™!, thereby indicating the
existence of a diamond phase. The peaks at 1135 cm ™! and 1460 cm ! are related to the vibrational
modes of trans-polyacetylene (trans-PA) and are attributed to the C-H in-plane bending mode and
the C-C, C=C stretching vibration modes, respectively [34,35]. The D-band near 1370 cm ! indicates
the “breathing” vibrational mode of the sp?-bonded carbon in the carbon rings [36]. Meanwhile, the
1540 cm ™! peak of the graphite G band is attributed to the in-plane stretching mode of the sp?-bonded
carbon in the chains and rings [37]. Moreover, the peak at 1630 cm™~! is attributed to the characteristics
of the sp?-hybridized composition (chains or isolated clusters) because the short and strained C=C
bond chains shift the G-band to higher frequencies [35].
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Figure 4. Gaussian fitting of Raman spectra of diamond films deposited with various N/C ratios in the
process gas mixtures: (a) N/C = 0%, (b) N/C = 0.4%, (¢) N/C =0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.
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Several features of the Raman spectra of the diamond films with different amounts of added
ammonia are listed in Table 2. When the N/C ratio is 0.4%, the intensity of the diamond peak is
dramatically reduced, as shown in Figure 4b, while the FWHM of the diamond peak increases from
9 to 15, thereby implying a reduction in the grain size. This result is consistent with the SEM image
presented in Figure 1b. When the N/C ratio increases from 0.6% to 1%, the intensities of the diamond
peaks gradually increase, and the relevant FWHMs decrease accordingly. Meanwhile, the intensities
of the 1135 cm ™! peak decrease, as shown in Figure 4b—e, thereby indicating an enhancement in the
diamond phase purity. A comparison of the Raman results with the SEM and XRD results described
above reveals that the quality of the diamond phase can be improved by the addition of a certain
amount of ammonia into the process gas mixture.

Table 2. Raman spectra of diamond films deposited with various N/C ratios in the process gas mixtures:
(@) N/C =0%, (b)) N/C =0.4%, (c) N/C =0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.

Diamond Peak G Band Peak Ratio
S 1 iee o e
ample Center P_olsmon FWHM Center P_olsltlon FWHM Center P_olsmon FWHM L/l
(em™1) (ecm™%) (em™1)
a 1334 11 1527 90 1620 66 0.8
b 1333 15 1549 109 1638 67 7.8
c 1333 11 1543 115 1633 67 6
d 1333 10 1542 114 1632 64 2.3
e 1333 9 1542 110 1632 62 1.2

The diamond peak of the undoped film shifts from 1332 cm ™! to a higher wave number, possible
because of the residual compressive stresses in the films [38,39]. When the N/C ratio is 0.4%, the diamond
peak shifts to a lower frequency (1333 cm~!) and remains at this frequency as the ammonia flux is further
increased, thereby indicating the limited effect of ammonia addition on the adjustment of the internal
stress of the film.

With the ammonia dopant flow in the process gas mixtures, the position of the G band shifts to
higher frequencies, as shown in Table 2. This result shows that the grain size reduction and the increase
in the grain boundary contents lead to film graphitization. As the ammonia flux increases, the position
of the G band shifts to lower frequencies (from 1549 cm~! to 1542 cm™1). Similar trends can also be
observed for the peak at 1638 cm !, indicating that the graphitization degree of the films is reduced with
increasing ammonia flux. Moreover, the FWHMs of the G band related to the degree of disorder of the
carbon structure initially widen before becoming narrow, thereby indicating that the structural order of the
film changes with the increase in the ammonia flux. Furthermore, the change in the intensity ratio of the
non-diamond and diamond fitting peak (I,/14) shows the same trend as the change in the FWHM of the G
band. Therefore, the crystalline structures in the deposited samples change with increasing ammonia flux.

Overall, the analysis of the Raman spectra shows that the addition of ammonia to the diamond
film growth process may improve the quality of the diamond phase, while it does not remarkably
influence the internal stress of the film and has a complex influence on the film graphitization.

3.5. XPS Analysis

The chemical bonding states of the diamond film and N-doped diamond films are studied based
on the XPS analysis. The C 1s and N 1s spectra of the diamond films with different amounts of added
ammonia are shown in Figure 5. Carbon is a non-polar atom; the bond lengths of the sp?-hybridized
carbon are shorter than those of the sp>-hybridized carbon [40]. Thus, the C 1s core-energy level spectra can
be deconvoluted into four bands at 284.1 eV, 284.8 eV, 285.4 eV, and 286.3 eV, which can be assigned to the
sp?-hybridized carbon, the sp> bulk carbon, the sp® CH, (x > 2), and the C-O bonds, respectively [41,42].
The presence of oxygen atoms arises from the exposure of the samples in the air during the waiting period
prior to the XPS examination. In the C 1s spectra, no clear signal is observed at 286.9 eV. Meanwhile, in
the N 1s spectra, no obvious peaks are observed at 398.2 eV and 399.5 eV for the C-N bond, as shown in
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Figure 6b—d. The N 1s spectrum of a 1% N/C ratio can be deconvoluted into two bands at 398.2 eV and
399.5 eV, as shown in Figure 6e, corresponding to pyridine-like and pyrrole-like nitrogen [43], which can
contribute to the sp? C-N. According to the quantitative analysis, the N content is only 0.07%. The value is
lower than the detection resolution ratio of XPS (0.1%) and it presents here as a reference. Additionally, the
peak of sp> C-N is not observed. These observations indicate a very low and undetectable concentration
of N atoms in the films. This phenomenon has also been observed in previous studies of N-doped
diamond synthesis [11,12] and implies the low deposition efficiency of N addition.
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Figure 5. XPS spectra of diamond films deposited with various N/C ratios in the process gas mixtures.
(a—e) C 1s spectra: (a) N/C = 0%, (b) N/C =0.4%, (¢) N/C = 0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.
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Figure 6. N 1s spectra of diamond films deposited with various N/C ratios in the process gas mixtures.
(b) N/C =0.4%, (c) N/C =0.6%, (d) N/C = 0.8%, and (e) N/C = 1.0%.
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The sp3-/sp?-hybridization ratios are shown in Table 3 and are obtained by calculating the areas
of the sp> and sp? peaks obtained by the fitting process. The sp®/sp? ratio of undoped diamond film is
8.5. With the N/C ratio of 0.4%, the sp3/sp? ratio of the film decreases to 5.5, indicating that the sp?
fraction increases. Similar results were reported by Wang and co-workers [44]. The sp? structures are
usually related to defects in the grain boundaries. The sp? nanocrystalline graphite phase increases
due to the increased number of grain boundaries [45], which is in accordance with the SEM image
[Figure 1b]. Interestingly, with an increase in the N/C ratios from 0.6% to 1%, the sp>/sp? ratio of the
films increases from 6.2 to 9.0. The sp3 fraction shows an obvious increase after the ammonia addition,
thereby suggesting an improvement in the quality of the diamond films. This result is consistent with
the Raman analysis results.

Table 3. XPS spectra of diamond films deposited with various N/C ratios in the process gas mixtures.

N/C (%)  sp®/sp?

0 8.5
0.4 55
0.6 6.2
0.8 8.4
1.0 9.0

According to the XPS analysis, the addition of ammonia to the process gas mixture can affect the
chemical bonds in the deposited diamond films and increases the proportion of the diamond sp® phase.

3.6. Discussion

The SEM, AFM, XRD, Raman spectroscopy, and XPS characterizations described above provide
notably consistent results. With the ammonia addition to the process gas mixtures at a 0.4% N/C ratio,
the SEM and AFM images show that the surface is covered with many small grains. Accordingly, the
XRD results indicate an increase in the FWHM s of the (111) and (220) crystals. The Raman spectra
demonstrate a tendency toward graphitization. Meanwhile, the deconvolution profile from the XPS
spectra illustrates an increased sp? fraction in the deposited film. When the N/C ratio increases
from 0.6% to 0.8% and 1.0%, the SEM and AFM images show that the (110) facet grains gradually
increase. Correspondingly, the XRD results indicate that the FWHMSs of the (111) and (220) planes of
the crystals are reduced and that the [I(200)/I(111)] intensity ratio increases to 35.4%. The Raman spectra
demonstrate an improvement in the diamond phase quality, while the deconvolution profile from the
XPS spectra illustrates the increase of the sp? fraction in the deposited film.

Two important effects of the ammonia addition to the process gas mixtures are obvious. The first
effect is the change in the crystal’s preferred orientation to (100) or (110). The second effect is the
increase in the sp® fraction. Seeking to explain the growth rate increase of the (100) or (110) grains with
the N addition to the diamond film deposition process, Larsson and co-workers investigated the effect
of N incorporation on the hydrogen abstraction using first-principles calculations [46]. An N atom was
placed at the substitute position in different surface layers of the (100), (110), or (111) H-terminated
diamond surface slabs, and the electron densities were calculated [47]. These researchers’ results show
that a near-surface N atom in the (100) or (110) diamond surface weakens the neighboring surface C-H
bonds, thereby enhancing the rate of H-abstraction, which leads to the relatively large increase in the
growth rate of the (100) or (110) grains.

The enhancement of the sp> phase may also be related to the adsorption, migration, and
abstraction behaviors of the nitrogen atom on the diamond surface. Our investigations on this
topic using the first-principles calculations are ongoing.
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4. Conclusions

In this study, the effect of the ammonia addition to the process gas mixtures on diamond films was
investigated through a series of MPCVD experiments and systematic characterizations. The following
conclusions can be drawn:

e The addition of trace amounts of NHj to the standard CH4/H; process gas mixture has a
significant effect on the surface morphology and preferred orientation of the resulting crystals.

e Based on the XRD analysis results, ammonia addition to the process gas at a 0.4% to 1% N/C
ratio causes an increase in the intensity ratios of the (220) to (111) peaks with [I(270)/I(111)] values
from 17.4% to 35.4%, indicating that a certain amount of ammonia addition to the process gas is
beneficial for the growth of the (110) faceted grains.

e  The XPS spectra analysis indicates that the incorporation of ammonia into the process gas can
influence the sp? fraction of the films. The ammonia addition to the process gas at a 0.4% N/C
ratio results in a decrease in the sp®/sp? ratios from 8.5 to 5.5. However, upon a further increase
of the ammonia addition in the N/C ratio from 0.6% to 1%, the sp/sp? ratios increase from 5.5 to
9.0, and the amount of the sp? phase fraction at a 1% N/C ratio exceeds the amount of the sp?
phase fraction of undoped diamond films. This finding indicates that the ammonia addition to
the process gas enhances the sp? fraction in the deposited diamond films.
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