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We used a low-coherence interferometry for precise continuous in situmeasurements of thickness and growth rate
of epitaxial single crystal diamond layers in microwave plasma CVD in H2-CH4 gas mixtures in a broad range of
substrate temperatures Ts (750–1150 °C) and CH4 concentrations (1–13%). Rich growth kinetics is collected in a
single experiment by depositing about 60 layers on one (100) Ib HPHT diamond substrate in different regimes
(the substrate temperature was controlled by the microwave power) at fixed pressure P = 130 Torr, without the
plasma switch-off. The growth rate is found to follow Arrhenius dependence with activation energy Ea = 11.1 ±
1.0 kcal/mol. By appropriate choice of the substrate temperature the growth rate can be significantly enhanced.
The growth rate as high as 82 μm/h is achieved by optimizing the temperature and gas composition. At low CH4 con-
tent (1%) growth competes with etching by atomic hydrogen, the etching dominating at high Ts (N1000 °C in the
present conditions). The etching rate in pureH2 plasmawasmeasured and activation energy Ea=9.8±0.8 kcal/mol
was deduced. Gas temperature Tg in the plasma core evaluated from optical emission spectra for dimer C2 (Swan
band), was found to be either constant or slightly and monotonically increasing with absorbed power, whereas
the absorbed microwave power density shows a decreasing, although slight, trend. This suggests the temperature
depended surface reactions to play a major role in the diamond growth kinetics under variable microwave power.
Ramanmapping of cross-section of the produced multilayered sample confirmed high quality of diamond structure
over all the deposition regimes explored.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing interest in single crystal (SC) diamondproduced bymi-
crowave plasma assisted chemical vapor deposition (MPCVD) for ad-
vanced applications such as radiation-hard detectors [1,2], Raman lasers
[3], electronic devices [4,5], quantum technologies based on color centers
in diamond [6], demands an optimizing of the diamond synthesis process
via enhancement in growth ratewhile keeping high quality of themateri-
al, and a better control (stabilization) of the growth process itself. The
growth rate can be enhanced by increasing the concentration of active
radicals, like CH3, and atomic hydrogen in gas [7] and/or by control surface
reactions rate, for example, by changing the substrate temperature or
adding chemically active species. The first approach relies on increasing
of operating pressure [8–10], absorbed microwave power density [11,
12], methane content in process gas [13], or adding an inert gas, like Ar,
ysics Institute RAS, Vavilov str.
to reduce thermal conductivity in plasma [14,15], while the latter
methods use small addition of N2 in gas mixture [16–18] and substrate
temperature variation. There are, however, only limited experimental
data on dependence of growth rate of SC diamond on substrate tempera-
ture in MPCVD process [9,17,19–21]. Achard et al. [20] obtained epitaxial
films atfixedCH4 concentration (4%) anddifferent substrate temperatures
ranging from 800 °C to 950 °C, and found a maximum in growth rate
around Ts=875 °C. Theynoted a complex combined effect of nitrogen ad-
dition and Ts increase for the growth rate and surface morphology. The
same group reported also a monotonic growth rate with temperature in
the range of 750 °C to 950 °C for different faces, including (100), (110),
(111) and (113), at 4% CH4 [17]. Lu et al. [9] measured the dependence
of growth rate vs substrate temperature G(Ts) for moderate CH4 concen-
trations of 4 to 7%, and defined a window in Ts of 1030 to 1250 °C,
where a maximum growth rate is achieved. Moreover, the best diamond
quality was assessed from Raman spectra for the materials produced at
the highest rate. Yamada et al. [21] studied G(Ts) dependence for epitaxy
on large-area 20 × 40 mm2 mosaic SC CVD substrates in gas mixtures
consisting of hydrogen with typically 5% of methane, and obtained a
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weakmaximumaround Ts≈1030 °C. The gasmixtureswith lowCH4 con-
tents (typically below 4%) and very high ones (N8–10%) were not ad-
dressed in the previous temperature optimization studies. A brief review
of early works on the substrate temperature effect on growth rate on SC
diamond films was given by Teraji [19].

Here, we report on precise continuous in situ measurements of the
thickness and growth rate of epitaxial single crystal diamond layers bymi-
crowave plasma CVD inH2-CH4 gasmixtures in awide temperature range
of 750–1150 °C andmethane content of 1–13%, using a low-coherence in-
terferometry (LCI) [22]. The low-growth-rate regimes at low CH4 con-
tents, typically of b1%, are important for producing atomically flat
surfaces [23,24] and high quality SC for radiation detectors [25], while
high growth rates can be achieved at elevated CH4 concentrations in pro-
cess gas [9,15,16,26]. The geometry of MPCVD chamber in our ARDIS-100
system, with quartz microwave window positioned far from the plasma
region [15], allows the use of H2-CH2 gas mixtures with high methane
contents, well above 10%, which is difficult to exploit with MPCVD sys-
tems of bell-jar type due to soot deposition on the quartz dome. Themov-
ing to CH4-richmixtures provides one of themeans to further increase the
growth rate. The in situ control of the growth rate with LCI used in the
presentwork cangreatly accelerate themultiparametric studyof diamond
growth regimes. It is able to reduce collection time of the experimental ki-
netic data to few hours only as compared to more commonly used ap-
proaches based on preparation of many samples and ex situ
characterization, the whole procedure typically taking weeks and even
months.

2. Experimental

The growth of SC diamond films was performed using a MPCVD sys-
tem ARDIS-100 (Optosystems Ltd., 5 kW, 2.45 GHz) as described else-
where [15,22]. A mechanically polished (100) oriented type Ib
commercial HPHT diamond plate with dimensions of
3.5× 4.5×0.72mm3wasused as the substrate. Before the diamonddepo-
sition the substrate was pretreated in H2/O2 microwave plasma (70 Torr,
2300W, 2 h) to etch away surface defects such as dislocations and those
caused by polishing [27,28]. The epitaxial growth then has been per-
formed using H2-CH4 mixtures at pressure p = 130 Torr and total flow
rate Q=500 sccm in the temperature range of 750–1150 °C for methane
contents varied from 1 to 13%. The purity of source gases was 99.99999%
for H2, 99.9995% for CH4. The desired substrate temperature Ts was
established through the microwave power P tuning in the range of 1.8–
3.3 kW. The temperature was determined by a two-color IR pyrometer
(Micron Instruments, model M770) looking on the edge of the sample
via a side quartz viewport of the CVD chamber (the diameter of thermal
emission probed area of≈ 2mm). Preliminary, a black polycrystalline di-
amond rimwith high emissivitywas formed on the substrate by diamond
deposition at 10% CH4 content in a few hours to stabilize the pyrometer
reading and to make further temperature measurements more reliable.
The CVD diamond epilayer of ≈70 μm was formed during this pre-
growth.

Real-timemeasurements of the thickness and growth rate of the ep-
itaxial films were performed with a low-coherence Michelson tandem-
type interferometry (LCI) that we recently introduced in practice [22].
In brief, the beam of the low-coherence infrared radiation from a
superluminescent diode (SLD) atλ0=1560 nmwavelengthwith band-
width Δλ = 30 nm, was directed perpendicularly to diamond sample
surface through an objective of the interferometer positioned above
the 10mmthick upper quartzwindowof the CVD chamber. The LCI sys-
tem is able to measure the temporal evolution of optical thickness nd(t)
of the growing sample, where n is refraction index of diamond, and d is
the total sample thickness (substrate plus film). The nd values are col-
lected with frequency of ≈0.3 Hz. The growth rate G is found as the
time derivative of the increment in optical thickness Δ(nd)/n0Δt,
where n0= n(T=950 °C)=2.43 is refraction index at the average tem-
perature of the temperate range studied. The values n(T) and d(T) are
the temperature depended, and for accurate measurements this should
be taken into account. Typically, b10 min growth run was required to
get enough data points to evaluate the growth rate with high accuracy
at given temperature. Then, the sample temperature received a small in-
crement, and the next layer was deposited on the previous one. Thus,
the eventually produced multilayer sample contained kinetic informa-
tion about several tens different growth regimes.

Themethodusedhere to vary the substrate temperature via the choice
of appropriate value ofmicrowavepower is justified to someextent by the
finding of Lu et al. [9] that the absorbed power density P/V, where V is the
plasma volume, only weakly depends on the absorbed MW power P (we
did confirm this trend in present work, see Section 3.5). This gives an in-
dication that the gas temperature (Tg) and the plasma chemistry might
also change only slightly with incident MW power, and the measured
growth kinetics G(Ts) will reflect primarily the substrate temperature ef-
fect, rather than variation of radical composition in the plasma.

The plasma volume V was calculated by mapping the hydrogen Hα

line optical emission intensity I(Hα). Since the upper level of the Hα

line is excited by electron impact, the intensity I(Hα) is proportional to
electron concentration ne, so the I(Hα) profiling allows estimate the
plasma dimensions [29]. The photographs of the plasma cloud were
captured with a digital mirror camera Canon EOS 650D through a red
Hα–filter passing only the Hα line emission (λ = 656.5 nm ± 6 nm).
The spatial profiles of the Hα line emission along X (parallel to the sub-
strate surface) and Z (perpendicularly to the substrate surface) axes
were then determined from the images, and the shape of the plasma
was very well fitted with 3D Gaussian profiles, with further estimation
of the volume and calculation of microwave power density (MWPD)
values.

Panoramic optical emission spectra (OES) of the plasma were re-
corded with Ocean Optics HR4000 spectrometer equipped with a grat-
ing with 600 lines/mm (wavelength range of 400–800 nm, spectral
resolution 0.6 nm). High resolution OES for the plasma (Hα, Hβ, Hγ, CH
and C2 lines) were measured with a M833 spectrometer (Solar Laser
System, focal length of 833 mm, spectral resolution of 0.01 nm),
equipped with a double grating with 2400 lines/mm and CCD image
sensor Hamamatsu S10420-1006. The emission spectra were taken
within the central area of the plasma ball in horizontal direction, with
spatial resolution of ~1.5 mm, using an optical fiber system [15]. The
gas temperature was evaluated from OES data measured in the central
region of plasma (horizontal cylinder with ≈10 mm diameter) by the
analysis of the (0,0) band of the C2 Swan system (d3Πg → a3Πu) with
spectral resolution of 0.01 nm, following the procedure described in
[30,31]. Here, a thermal equilibrium between heavy species' transla-
tional and rotational modes, and a Boltzmann distribution of the rota-
tional levels of the considered vibrational state are assumed. The
measured rotational temperature was taken as the gas temperature Tg.

The produced multilayer diamond sample was characterized by
Raman and photoluminescence spectroscopy using LabRam HR800
(Horiba Jobin-Yvon) spectrometer in a confocal configuration with
spectral resolution of 2.0 cm−1, dispersion 0.59 cm−1 and spatial reso-
lution of ~1 μm. The excitation laser beam(λ=473nm)was focused on
the sample top surface, and the light from the sample was collected in
backscattering geometrywithmicroscope objective (Olympus,magnifi-
cation ×100, numerical aperture NA = 0.90). The surface topography
and surface roughness of the epilayers were measured with atomic
force microscopy (Ntegra Spectra, NT-MDT Ltd), and optical
profilometry (NewView 5000, ZYGO).

3. Results and discussion

3.1. Temperature control

The dependence of substrate temperature Ts on absorbed microwave
power P= Pincident − Preflected is shown in Fig. 1. The variation of Ts from
750 to 1150 °C is achieved when the MW power P spanned from 1.8 to



Fig. 1. The dependence of substrate temperature Ts on absorbed microwave power P for
different CH4 percentages in gas. The Ts(P) curve for pure H2 plasma is also shown
(squares).

Fig. 2. Evolution of epilayer thickness with time under consecutive rise in steps of
substrate temperature at 10% CH4 content as measured with LCI. The temperature is
indicated for each segment. The linear segments correspond to the growth with
constant rate. The transitions between two segments are due to temperature
dependence in n(T)d(T) product. Insets: a detail of the plot illustrating the number of
measured data on a selected segment and the linear fit to the data (on right bottom);
optical scheme of LCI measurements of sample thickness (on left top).
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3.3 kW. The temperatures below750 °Cwere not attained due to the plas-
ma instability at low power (P b 1.8 kW), while the maximum Ts value
was limited by the pyrometer temperature range. With the CH4 content
varied in the range of 1 to 13%, the Ts(P) curves display quite similar
trend for all CH4 percentages, being confined in narrow corridor. This
makes convenient the substrate temperature tuning for different gas com-
positions within the same power range. The substrate is heated stronger
(by 100–150 °C) in pure hydrogen (see the upper curve in Fig. 1) provided
the same powers are compared. The relative cooling of the substrate upon
CH4 adding can be assigned to a change in ion composition in comparison
with theH2 plasma, as studied experimentally andwith amodeling byMa
et al. [29]. They found that neither the atomic hydrogen in ground state H
(n= 1) concentration nor the H2 dissociation fraction is sensitive to CH4

content, however, the dominant ion of the plasma switches from H3
+ to

C2H3
+ and C2H2

+ upon adding CH4 in contents just below 1%. These hydro-
carbon ions have lowermobility thanH3

+, leading to theplasma shrinkage.
The reduced thermal and radiation emission fluxes towards the substrate
cause the observed drop in Ts when even a small CH4 concentration is
added in H2 (Fig. 1).

3.2. Growth rate measurements

The growth experiment started from the substrate heating in pure
H2 at lowest power of 1.8 kW, then methane at fixed concentration
was introduced in the reactor, and for a fewminutes the substrate tem-
perature Ts was stabilized at low level of 750–800 °C. To determine the
growth rate the linear increase in thickness was monitored by interfer-
ometry for a certain time, then the powerwas increased by a small value
to establish a higher Ts level, and the growth rate measurement was re-
peated. Fig. 2 shows for particular gas composition (10% CH4) how the
effective diamond film thickness n(T)d(T)/n0 changes with process
time. In this part of the experiment the temperature was changed in
steps three times to cover the range of 820 to 946 °C for the time interval
of 17 min, to determine the growth rate at each Ts. Here, the diamond
refraction index n0 = 2.43 at λ = 1560 nm, as extrapolated from [32]
was taken at T = 950 °C, the middle between the lowest and highest
temperatures used in the presentwork, to convert themeasured optical
thickness to the effective thickness. After a steep increase of microwave
power the temperature responses by an increase for approximately 40 s
to a newequilibrium, thatmanifests itself in a step innd/n0 value as seen
in Fig. 2. The steps in the measured thickness are due to the fact that
both n(T) and d(T) are increasing functions of the temperature [33,
34], therefore the apparent stepped increment in nd(t) is mostly of the
thermal nature, rather than reflects a real film deposition. The change
in power translates to the temperature very quickly, then a linear in-
crease of nd(t) with time is observed, and the growth rate is determined
from the slop. Typically 5 to 10 min of the linear growth time was
enough to determine the growth rate at fixed Ts with high accuracy.
As an example, the inset in Fig. 2 shows a part of a highly linear nd(t)/
n0 dependence for the temperature Ts = 901 °C with 34 data points.
The linear fit to the data for the whole segment (100 data points) by
least-square method gives the slop 25.2 ± 0.03 μm/h, that indicates
the high accuracy of ~0.1% in assessment of growth rate.

The surface roughness Ra can limit the accuracy of the measured
thickness, for example, at Ra = 100 nm and the sample thickness h =
500 μm the error is Ra/h≈ 0.02%. However, the error in the growth rate
seems to be less sensitive to the roughness, if the surface relief does not
change essentially over shortmeasurement time, so all parts of the surface
within 40 μm diameter area probed by LCI, get identical thickness
increment. This makes possible a reduction in error (b0.1%) even for
thin or rough samples. The main practical error in the growth rate
evaluation is caused by the sample temperature fluctuations or drift,
which directly change the apparent n(T)d(T) product. We estimate the
growth rate error of ≈0.1 μm/h for the temperature drift ΔT = ±1 °C
during six minutes of the LCI measurement procedure, that could be
essential at slow growth ~1 μm/h. For this reason the microwave power
was tuned manually in some cases to better stabilize the temperature.

Taking into account the linear temperature dependence for n(T) be-
tween 750 and 1150 °C [32,33] and the value of (dn/dT)/
n ≈ 8 × 10−6 K−1 for thermooptical coefficient at 950 °C, we estimate
the maximum change in the refraction index at the temperature varia-
tion ΔT of ±200 °C to be very small, Δn = n0[(dn/dT)/
n]ΔT≈ 3.9 · 10−3. Thus, using of average refraction index n0 in the tem-
perature range of interest allows determination of the geometrical
thickness of the sample d = nd/n0 with the error b0.4%.

The common way to determine the growth rate ex situ is the mea-
surement of the sample thickness before and after the deposition run
(“cold” growth rate), and this is done at room temperature (RT). Note,
that actually we measure here a “hot” growth rate Ghot, as the



Fig. 3.Dependence of growth rate on substrate temperatureG(T) at different CH4 contents
in gas mixture. Note the net etching for 1% CH4 at Ts N 1000 °C.
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monitored effective thickness increment refers to the growth tempera-
ture, rather than to RT. The “hot” growth rate exceeds the “cold” (ex situ)
growth rate by a value of ΔG = ⟨α⟩ × ΔT × G, where ΔT = Ts − 25 °C,
and ⟨α⟩ ≈3 × 10−6 K−1 is the thermal expansion coefficient for dia-
mondaveragedover the temperature rangeΔT. This differenceΔG relat-
ed to thermal expansion is, however, quite small (~0.3%), and we
neglect it in further consideration.

Temperature dependences of growth rateG(T) for different CH4 con-
tents in process gas reveal several trends as shown in Fig. 3. First, the
maximum growth rate at given Ts increases with addingmore methane
in gas. Second, at low CH4 contents a maximum in G(T) at certain tem-
perature Tmax is observed: for 4% CH4 it is seen at 950 °C, and for 1% CH4

it lies below 800 °C. Third, the G(T) plots for moderate CH4 concentra-
tions (7 and 10%) demonstrate a different pattern: the growth rate
strongly and monotonically increases with Ts, with indication to a satu-
ration or maximum near 1150 °C, while no sign of such saturation can
Fig. 4. Dependence of growth rate on methane concentration in gas at different substrate
temperatures.
be seen for G(T) curve for the most methane-reach mixture (13%
CH4). This observation is in agreement with the data of Lu et al. [9],
who found the maximum growth rate to occur at T N 1150 °C at meth-
ane contents of 5–7%.We conclude that the growth rate can be strongly
improved by optimizing the substrate temperature. The maximum in
growth rate occurs due to two factors. First, at high temperatures de-
sorption of CH3 and C2H2 species becomes more rapid, and competes
with the carbon incorporation reactions, as follows from diamond
growth process simulation [35]. Second, the G(T) dependence decline
is aggravated by enhanced etching by atomic hydrogen of the plasma
at high temperatures. Interestingly, for 1% CH4 the etching effect pre-
vails at T N 1000 °C, so the net decrement in the film thickness was re-
vealed, and negative growth rate was observed (the results on etching
in pure H2 plasma see in more detail onward in Fig. 7).

By vertical sections of the curves on G(T) in Fig. 3 the data have been
re-plotted to demonstrate growth rate dependence on methane con-
centration in gas at different Ts (Fig. 4). For any CH4 percentage, from
the 1% to the highest, 13%, theG(CH4) increasesmonotonically. Recently
[15], we reported the growth rate vs CH4 content at fixed Ts = 965 ±
15 °C using the same ASRDIS-100 system and ex situ thicknessmeasure-
ment. The present result (the data for 950 °C in Fig. 4) agrees very well
with the previously obtained G(CH4) dependence (see also Fig. 5), par-
ticularly, the growth rate is 43 μm/h and 45 μm/h at 13% CH4 for ex situ
and in situ measurements, respectively, in the independent growth
events.

It's instructive to compare the achieved maximum growth rates
(within the temperature range explored in present work) at different
CH4 contents with those obtained at a fixed Ts. Fig. 5 compares the
maximum growth rate Gmax as function of CH4 content (as deduced
from Fig. 3) with the growth rates achieved at 950–980 °C (this temper-
ature is optimized for 4% CH4) at the same pressure p=130 Torr in our
previous study [15], with very similar other process parameters. By ap-
propriate choice of the substrate temperature it's possible to almost
double the growth rate compared to that at the fixed Ts, especially for
the gas mixtures enriched with methane. The growth rate as high as
82 μm/h is achieved at the 13% CH4 by increasing the temperature to
1147 °C.
Fig. 5. Dependence of maximum growth rate Gmax on CH4 content in gas (squares). The
corresponding temperature Tmax for Gmax is indicated for each data point. The measured
G(%CH4) plot at fixed substrate temperature 965 ± 15 °C and p = 130 Torr [15]
(circles) is shown for comparison.
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3.3. Growth activation energy

Assuming the reaction rate can be described with an Arrhenius-type
equation G(T) = B × exp(−Ea/RTs), where R = 1.987 kcal/mol K is
universal gas constant, Ts is the absolute substrate temperature, and B
is a constant, the Arrhenius plots ln(G) ~ 1/T for rising parts of growth
rate temperature dependences were composed, which are displayed
in Fig. 6 for CH4 concentrations of 7, 10 and 13%. The activation energy
Ea determined from the slop ranges from 10.2 ± 0.8 kcal/mol for 7%
CH4 to 12.2 ± 1.0 kcal/mol for 10% CH4, the value for 13% CH4 being in
between (11.8 ± 0.9 kcal/mol). It was difficult to determine the activa-
tion energy for low-CH4 mixtures because of a limited number of data
points presented on the corresponding rising parts of G(T) curves.

The experimental data on Ea are scarce in literature.Maeda et al. [36]
reported the apparent activation energy of 7.4–15.2 kcal/mol for growth
on (100) face at low temperatures 650–750 °C and low CH4 percentage
of 0.5–2.0%. Chu et al. [37] have determined activation energy Ea = 8±
3 kcal/mol for hot-filament deposition on (100) face at a methanemole
fraction of 0.4% at substrate temperatures between 735 and 970 °C.
When the combustion flamemethod was applied for homoepitaxial di-
amond growth using acetylene as the source gas, Ea was reportedly
12 kcal/mol for the (100) crystal plane at Ts = 1000–1400 °C [38]. In
spite of quite different growth process parameters in the present work
with those used by the other authors, the average activation energy of
11.1 ± 1.0 kcal/mol (≈46 kJ/mol) found by us is in a reasonable agree-
ment with those previous results. The accuracy of ≈8% for activation
energy determined here, is much better than that ever reported before,
as the in situ technique provides more data points for analysis.

The diamond growth on (100) face was simulated in a number of
works and activation energy of the surface reactions involved have
been deduced [7,39,40]. The density functional theory (DFT) calcula-
tions [39] gave a set of activation energy values Ea associated with
various elementary steps for CH2 incorporation into the C\\C dimer
bond, the latter considered as the primary growth mechanism. Hydro-
gen abstraction corresponds to Ea = 26.4 kJ/mol, while CH2 radical
(formed by H abstraction from CH3) incorporates into the diamond
structure via a ring opening/closing sequence with activation energy
of 28.0 kJ/mol, other steps proceeding without a barrier. Thus, the ex-
perimental data for Ea exceed by a factor 1.6 those obtained from that
particular modeling. This may indicate the description of the measured
Fig. 6. Arrhenius plot for growth rate G(T) at different CH4 concentrations of 7% (squares),
10% (circles) and 13% (triangles).
growth kinetics by a single exponent to be too simplified approach, yet
it gives a practical guide to predict the temperature sensitivity of growth
rate.

3.4. Etching effect

At low CH4/H2 ratios the growth rate can be comparable to etching
rate by atomic hydrogen, so the measured G(T) dependence is a result
of competition in growth/etching processes [35]. To quantify the etch-
ing rate it was measured as function of substrate temperature in pure
H2 plasma at pressure p = 130 Torr and flow rate of 500 sccm for the
same multilayer CVD diamond sample, immediately after the deposi-
tion of top layer at 13% CH4. Fig. 7 shows the temperature dependence
of the etch rate Retch in the range of 850 to 1125 °C. The etch rate Retch

is about 1.5 μm/h at 850 °C, and increases with Ts to 6.0 μm/h at the
highest temperature. The growth rate dependence G(T) for 1% CH4,
also shown here for comparison, demonstrates a continuous decline as
a result of the etching process enhancement. The etching and growth
rates become equal at T ≈ 1000 °C, the etching dominating at higher
temperature. Slightly below this transition temperature the growth
rate can be as low as a few nanometers per minute, still well controlled,
that could be interesting for deposition of superthin diamond epilayers
for electronic devices or 2D arrays of single photon emitters on color
centers. Due to the very low growth rate the deposition process can
be realized in conventional CVD reactors, without pulsed feed of the re-
actants to the substrate zone.

The etching rate can be described by Arrhenius equation Retch =
A × exp(−Ea/RTs), where A is a constant, and we found Ea = 9.8 ±
0.8 kcal/mol from the slope in theArrhenius plot in Fig. 8. This activation
energy ismuch less than the value Ea= 45.4±4.5 kcal/mol reported by
Ivanov et al. [41] for etching of (100) oriented Ib type HPHT diamond in
H2 microwave plasma in similar conditions (p=130–150 Torr, 3.5 kW,
Ts = 800–1100 °C). Also, the absolute etch rate for the HPHT diamond
[41] (b90 nm/h at 950 °C) is an order of magnitude lower than that in
our measurements (1.9 μm/h at 950 °C). So big distinction in Ea and
the etch rates could be due to a difference in surface topography of
CVD diamond films, which is very complex, with terraces and steps
(see further Section 3.7 and AFM images in Fig. 15), and the polished
HPHT single crystal sample etched in thework [41], and/or due to a dif-
ference in defects abundance in the compared samples. If surface
Fig. 7.Etching rate Retch(T) in pureH2 (circles) and growth rateG(T) at 1% CH4 (squares) vs
substrate temperature. The symbols are experimental data, the lower line is fitting of etch
rate by exponential function Retch = A × exp(−Ea/RTs).



Fig. 8. Arrhenius plot for etching rate in pure H2 plasma at p = 130 Torr.

Fig. 9. Photo of plasma through a Hα-filter (a) and (d) at different growth parameters
(CH4 = 2%; P = 1.7 and 3.04 kW, respectively). Appropriate profiles of Hα-intensity for
photo (a) is shown in X and Z direction shown by blue lines on (b) and (c); dashed red
lines on the profiles denote Gaussian fits. White dashed ellipse on (a) and (d) shown
area where Hα-intensity is equals to 0.5 × I(Hα)max. Green arrows on images and profile
(d) indicate position of the substrate.
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migration along the terrace of radicals participated in etching is taken
into account, the enthalpy change upon etchingwill depend on position
of carbon atom to be desorbed, at the edge of the step or in themidst of
surface terrace [35,41]. A further study of etching kinetics is needed to
elucidate the etching mechanism, in particular, at lower temperatures,
where the error in etch rate in our present measurement was signifi-
cant. The issue of a potential correlation between themeasured etching
rate and specific surface relief of SC diamond films could be an interest-
ing topic for a futurework. In thepresent experiment thiswas, however,
principally impossible since all the deposited layers, except the last one,
were buried.
3.5. Microwave power density

Themicrowave power density P/V determines elementary processes
and concentration of species in the plasma (assuming other parameters,
such as pressure, feed gases, to be fixed) [42]. A constancy (if takes
place) of the microwave power density (MWPD) upon the absorbed
power variation would suggest a stability of plasma chemistry and ra-
dials flux towards the growing diamond surface. This, in turn, would
give a ground to consider the observed temperature dependencies of
growth rate to be the result of solely surface chemistry, rather than of
a combined effect of the plasma chemistry and the substrate tempera-
ture variations. Indeed, Lu, et al. [9] found only weak dependence of
MWPD on the absorbed power in their bell-jar CVD system. When the
input power increased the discharge volume also increased, thereby
the MWPD value remained approximately constant, or decreased
slightly, demonstrating a kindof a self-consistent process. Herewemea-
sured the MWPD as function of absorbed power for different CH4 con-
centrations and observed a similar trend. The plasma volume was
evaluated by profiling atomic hydrogenHα line intensity on images cap-
tured with a digital mirror camera (Canon EOS 650D) through a Hα-fil-
ter, that passed only the Hα line emission in the plasma spectra. It was
necessary to save images as a RAW-data, that keep linearity in intensity
in the photo, and allowmeasurements of X and Z profiles for theHα line
emission. An approach to estimate MWPD from photographic plasma
images with Hα-filtering was described previously by Lobaev et al.
[45]. As an example, the plasma images in Hα emission at MW power
of 1.7 and 3.04 kW are displayed in Fig. 9. The plasma cloud expands
with the MW power increase, keeping elliptical shape. The X-profile
for IHα(X) was fit with a Gaussian profile, and similar Gaussian fitting
was found satisfactory for Z profile.
An Abel inversion procedure [43,44] was applied to the IHα(X) pro-
files in order to obtain the radial distribution of the local emissivity
IHα(R), which turned out to have the Gaussian shape as well, with the
same width (FWHM) ΔX0.5. The comparison of experimental X and Z
profiles for Hα line and the corresponding Gaussian fits for the two mi-
crowave powers are demonstrated in Fig. 9.

Due to axial symmetry of chamber and discharge in Z direction the
emission spatial profile IHα(x,y,z) is described with a 3D Gaussian func-
tion (Y0.5 = X0.5):

IHα ¼ I0 � exp
− x2þy2

2s2x

� �
� exp

− z2

2s2z

� �
ð1Þ

where sx = X0.5/[2√(2ln2)], sz = Z0.5/[2√(2ln2)], and I0 = I0(0,0,0) is
the intensity in center of the plasma cloud, which is not necessarily
spherical. Then the plasma volume can be calculated by an ellipsoid for-
mula:

V ¼ π ΔX1=e
� �2 � ΔZ1=e=6 ð2Þ

where ΔY1/e = ΔX1/e = ΔX0.5/√(ln2) ≈ 1.44 × ΔX0.5 and ΔZ1/e =
ΔZ0.5/√(ln2) ≈ 1.44 × ΔZ0.5 are the widths corresponding to IHα

drop from maximum to I0/e level (e = 2.718). The power density P/V
dependences on adsorbed MW power for low (2%) and high (10%)
CH4 contents in gas are displayed in Fig. 10. The MWPD decreases
from ≈420 ÷ 490 to ≈300 W/cm3 with absorbed power increase in
the range of 1700 to 3000 W, with the similar trends for both 2% and
10% CH4 curves. The difference in MWPD for the two CH4 concentra-
tions is b20% within the MW power range explored. For moderate
and higher powers of 2400–3100 W the power density is almost
constant.

3.6. Plasma temperature

A further insight in MW power effect on plasma parameters has
been provided with gas temperature measurements in the central



Fig. 12. High resolution optical emission spectrum for C2 species (10% CH4, Ts = 950 °C,
P = 2.93 kW) demonstrates good resolution of OES system. The (0-0) band head is
marked on the right site. The numbers above each line denote the corresponding J″(P22)
numbers. Δλ is the wavelength shift between (0-0) band edge and P22(J″ = 23) line.
The horizontal dashed line shows the level of dark noise (830 counts) of the spectrometer.

Fig. 10. Left vertical axis: MW power density ρ = P/V vs absorbed MW power P at
concentrations 2% CH4 (full squares) and 10% CH4 (full circles) in H2. Right vertical axis:
rotational temperature in the core of plasma cloud measured from C2 emission
spectrum at 2% CH4 (open squares) and 10% CH4 (open circles). Pressure p = 130 Torr.
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region (horizontal cylinder with ≈10 mm diameter) of the plasma
cloud using OES. Typical panoramic low-resolution OES spectra for
CH4 concentrations of 2% and 10% are shown in Fig. 11. The most prom-
inent lines seen are the atomic hydrogen lines Hα (656.5 nm), Hβ

(486.1 nm), Hγ (434.1 nm) of Balmer series, four intensive dimerС2 sys-
tems (471.5, 516.5, 563.2 and 619.1 nm) and the relatively weak CH
band (431.4 nmand 432.4 nm) [46]. The atomic hydrogen lines strongly
reducedwith the adding ofmoremethane in the plasma,while C2 bands
demonstrate the opposite tendency.

The gas temperature was evaluated from intensity of dimer C2 Swan
system (d3Πg → a3Πu) in optical emission spectrum (band head at
516.5 nm) following the approach described by Gicquel et al. [30,31]
and Hemawan et al. [46]. The a3Πu state is metastable, while the d3Πg

level with energy 2.59 eV above the ground state, has a radiative life-
time of 120 ns [47,48]. Assuming a thermal equilibrium between rota-
tional levels, the emission is linked to the rotational temperature Trot
through Boltzmann's relation. We used this method as it allows a
rapid, direct and relatively accurate estimation of Trot. An example of
high resolution optical emission spectra is shown in Fig. 12.

The selected high resolution emission spectrum for C2 species in
Fig. 12 demonstrates quite good resolution in these measurements. To
Fig. 11. Panoramic low resolution OES spectra of H2 + CH4 plasma for 2% and 10% CH4 in
the wavelength range of 400–700 nm. Growth conditions: Q = 500 sccm, p = 130 Torr,
P = 3.0 kW. The spectra are shifted for clarity.
identify J number for each line in the spectrum we used the well
known value Δλ for the shift between (0-0) band head and selected
line [49]. Assuming a thermal equilibrium between rotational levels,
the emission intensities are linked to the rotational temperature
through Boltzmann's relation:

Iem � SJ0 J″ � exp
−hcB0

v J
0 J0 þ 1
� �

kBTrot

� �
ð3Þ

where Iem is intensity of individual lines, J′ is corresponding rotating
values for upper states of this lines, SJ'J″ is the Hönl–London factor for
this transition, Bv' is rotational momentum of C2 molecule in upper
state and kB, c and h are Boltzmann's constant, the light speed and
Plank's constant, respectively. The numerical values for SJ'J″ and Bv

' =
1.755 cm−1 were taken from [50,49], respectively. The plot ln(Iem/SJ'J″)
vs J'(J'+1) gives the rotational temperature Trot of the upper state of
transition from the slope of linear fit [31]. We used a large number of
the lines in the interval of J′ from 24 to 47 to extend the energy range
and, thus, to improve the accuracy in Trot. For particular case of growth
Fig. 13. Boltzmann's plot ln(Iem/SJ'J″) vs J′(J′+ 1) based on the data in Fig. 12 (CH4 = 10%,
P=2.93 kW). The circles are the experimental data, and the solid line is linear fit. The slop
gives gas rotational temperature Trot = 4140 ± 150 K.
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at CH4 = 10%, P = 2.93 kW (Fig. 13) the rotational temperature Trot =
4140± 150 K has been determined. The accuracy of 4% in Trot was typ-
ical in such calculations.

We observed that the dependence of gas temperature in the core of
plasma cloud on absorbed power for particular (fixed) CH4 contents is
weak over P = 2.0–3.3 kW, as seen in Fig. 10. The temperature Trot is
very stable (2900–3100 K) with absorbed MW power at 2% CH4, and
shows a slight increase from3600 to 4200K at higher (10%) CH4 content
in gas. This finding, coupled to similar conclusion on low sensitivity of
MWPD to the absorbed power, indicates that themeasured dependence
of the diamond epitaxial growth rate is mainly due to substrate temper-
ature effect on the surface chemistry, while the microwave power in-
duced plasma chemistry plays a minor role in the growth kinetics. The
measured significant increase in the gas temperature Trot withmethane
concentration (compare 2% and 10% in Fig. 10) is in agreementwith the
trend obtained from the plasma simulation as reported by Hassouni et
al. [51]. The extrapolated value for gas temperature difference between
1% and 10% CH4 is ΔT ≈ 120 K in their simulation (see Fig. 14 in [51]),
however, in our measurements the difference is much larger, up to
1000 K. One possible explanation of this discrepancy could be related
to the fact, that the microwave power density was much lower in
the simulation (about 10 W/cm3) than in the present work (300–
500 W/cm3).
3.7. Sample characterization

A multistack (totally 61 layers) epitaxial diamond film, as shown
schematically in Fig. 14, has been produced upon continuous growth
with variable process parameters during approximately 7 h, with total
CVD diamond thickness increment of 142 μm. The typical thickness of
each layer varied from ≈100 nm for growth at low CH4 content (1%)
up to ≈10 μm at high (13%) CH4 content in gas.

The surface relief of the terminate (top) layer, deposited at 13% CH4,
Ts= 1117 °C,wasmeasuredwith AFM and is shown in Fig. 15. The relief
is quite complex, displaying a number of features of different scales. Cyl-
inder-like ridges of 20–30 μm in “diameter”with valleys of up to 0.5 μm
Fig. 14. Schematic view in cross section of a stack (totally 61 layers) epitaxial diamond
film, sequentially grown on one substrate at different process parameters.

Fig. 15. AFM images of surface relief of the sample with a 9 μm thick terminate layer
deposited at 13% CH4 and Ts = 1117 °C (a); a detail of the same area (b).
deep in between, align along X-axis, each ridge being modulated with
steps, oriented in Y-axis (Fig. 15a). The surface roughness is Ra =
61 nmon area of 70× 57 μm2. It was foundwith the optical profilometer
that the long axis of the ridges is directed along [100] orientation. The
terraces 1–2 μm wide and steps of up 70 nm in height are seen in
more detail in Fig. 15b. The step growth is quite typical for diamond ep-
itaxy, and the formation of the wide terraces suggests a large migration
length of carbon species before being accommodated in diamond lattice
[52]. The larger scale features (“bumps”) presumably are result of su-
perposition of different modes of growth for each layer beneath, that
formed at the deposition conditions varied in a broad range. A similar
surface reliefwasmeasured alsowith an optical profilometer on a larger
area 177 × 133 μm2, and the surface roughness Ra ≈ 86 nm has been
determined.



Fig. 16. PL spectra for diamond layers grown at 1%, 7% and 13% CH4 in gas and for HPHT
substrate. The spectra are taken in cross-section of the stack sample (see Fig. 14), and
zoomed to enhance the PL features. The band between the 1st and 2nd order Raman
peaks is phonon replicas of PL band of H3 defect. The spectra are vertically shifted for
clarity.
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Raman and photoluminescence (PL) spectra were taken in polished
cross-section on different layers to see how the material quality varies
with methane concentration in process gas. Mapping of Raman spec-
trum across the depth of the grown stack was performed with a step
of 1 μm. The diamond Raman peakwidth (full width at half magnitude)
Δνwas found to be essentially constant, Δν= 2.4 ± 0.1 cm−1 through
all epilayers. For comparison, Raman peakwidth for a reference sample,
natural IIa diamond, was 2.3 cm−1, as measured in identical conditions.

Fig. 16 displays PL spectra for the diamond layers produced at differ-
entmethane concentrations of 1%, 7% and 13% in gas. The PL features are
very week relative to intensity of 1st order Raman peak for diamond at
1332.5 cm−1, therefore the spectra have been zoomed to show the PL
structure in more detail. Besides the strong 1st order Raman peak the
2nd order Raman peak at 535 nm and silicon-vacancy (SiV) PL band
with zero-phonon line (ZPL) at 738 nm can be seen, the latter being
formed due to contamination of the reactor chamberwith Si in previous
experiments. The intensity of SiV PL ZPL is≈200 times less than that for
Ramanpeak. For comparison, the PL spectrum for HPHT substrate is also
shown (bottom spectrum in Fig. 16), that doesn't reveal SiV peak, but
displays the H3 line corresponding to nitrogen-vacancy complex defect
N-V-N with ZPL at 503.4 nm, typical for HPHT diamonds. Very small
neutral nitrogen-vacancy NV0 peak could also be identified at 575 nm
in the PL spectra for CVD diamond layers. Since the intensity of the
NV0 PL line is three orders of magnitude lower compared to that for
1st order Raman peak, the purity and crystallinity of the epilayers is
rather high, in terms of Raman and PL spectroscopy evaluation,
throughout the entire growth parameters explored.

4. Concluding remarks

We have demonstrated how effective the in situ monitoring of the
growth rate of epitaxial single crystal diamond is in amicrowave plasma
CVD process when using low-coherence interferometry. The growth
rate in H2-CH4 gas mixtures is measured in the wide temperature
range of 750–1150 °C and in thewidemethane content of 1–13%bypre-
paring a stack with several tens layers on one (100) Ib type HPHT sub-
strate without switching off the plasma. In some cases, the deposition
of a layer as thin as 100 nm was enough to determine the growth rate.
The accuracy of≈0.4% in the reported growth rate is estimated, the sub-
strate temperature fluctuations and drift being thought to ultimately
limit the accuracy of the growth rate measurement by the present
method. Potentially the accuracy can be further improved provided
the substrate temperature is highly stabilized. The growth rate of as
high as 82 μm/h is achieved by optimizing (increasing) the growth tem-
perature. The in situ LCI technique dramatically reduces the time to col-
lect kinetics data (typically 5–10 min for one growth regime), without
spent of many substrates. All measurements described in the present
paper were performed during one working day.

Activation energy Ea = 11.1 ± 1.0 kcal/mol is determined for dia-
mond growth at moderate and high CH4 concentrations (7–13%),
while activation energy Ea = 9.8 ± 0.8 kcal/mol was found for etching
in pure H2. The etching has a strong effect on growth at low CH4 con-
tents, moreover, a transition from the growth to etching was observed
at high enough substrate temperature (N1000 °C). The method allows
a significant improvement in measurement accuracy of activation ener-
gy in comparison with the conventional approach (one regime – one
sample) owing to collecting a vast array of growth rate data points.
The accuracy of≈10% in Ea obtained in the present work can be further
improved using smaller temperature steps upon the growth rate
measurement.

Rotation temperature Trot for C2 dimer was determined from analy-
sis of Swan band d3Πg→ a3Πu in optical emission spectra of the plasma,
and it's found that the gas temperature remains relatively stable with
variations of absorbed microwave power. Also, the absorbed power
density demonstrates only a slight decrease with absorbed MW
power, suggesting the plasma chemistry changes also small. Therefore,
the substrate temperature control by MW power could be acceptable
for study of temperature surface reactions kinetics.
Prime novelty

The growth rate of epitaxial single crystal diamond uponmicrowave
plasmaCVD inH2-CH4 gasmixtures is systematicallymeasured in situ in
a wide temperature (750–1150 °C) and methane content (1–15%)
ranges with a low-coherence interferometry, using only a single HPHT
substrate to form a multilayered film without switch-off the plasma.
The method allows very quick and precise collection of kinetic data
and optimizing the growth process.
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