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A B S T R A C T   

The quality of polycrystalline diamond films is heavily dependent on the nucleation and early stages of growth, 
making the ability to monitor these early stages highly desirable. Spectroscopic ellipsometry (SE) allows for real- 
time monitoring of the thickness, composition, and morphology of films with sub-nanometre precision. In this 
work, ex-situ SE spectra were used to develop an optical model for film characterisation, which was then applied 
to in-situ data. The coalescence of individual crystallites into a single film was observed through a parabolic 
decrease in void content followed by peaks in sp2 content and surface roughness. These observations were 
validated using ex-situ Raman spectra and AFM images of samples grown for durations between 5 and 30 min. 
The model was also used to investigate the impact of varying the methane concentration, finding that a higher 
methane fraction resulted in earlier coalescence and a higher peak in sp2 content. This work demonstrates that SE 
is a powerful tool for monitoring and optimisation of the critical early stages of polycrystalline diamond growth.   

1. Introduction 

Polycrystalline diamond films exhibit many of the extreme proper-
ties of bulk diamond, allowing for exploitation of these properties over 
large areas at a significantly lower cost [1]. This presents applications 
such as microelectromechanical systems [2], boron-doped diamond 
electrodes [3] and thermal management solutions [4,5]. However, the 
quality of these films is very dependent on the seeding and early stages 
of growth [6]. Additionally, a significant limiting factor for the use of 
diamond as a thermal management solution is the thermal barrier at the 
substrate-diamond interface, associated with the disordered transition 
region [7]. Therefore, the ability to monitor these early stages of growth 
is incredibly important to optimise growth conditions. 

The harsh plasma environment during microwave plasma-enhanced 
chemical vapour deposition (MPECVD) diamond growth largely limits 
in-situ monitoring to optical techniques [8], with the relatively high 
pressure during growth precluding the use of electron-based techniques 
such as reflection high-energy electron diffraction. Pyrometric and laser 
interferometry [9–11] are commonly used for the monitoring of film 
thickness, but do not provide any compositional information. Whilst 

Raman spectroscopy is also commonly used for characterisation of 
diamond films [12], it is significantly more sensitive to non-diamond 
carbon and completely insensitive to void [13]. Spectroscopic ellips-
ometry (SE) provides advantages over existing optical techniques, 
demonstrating an ability to determine the thickness and diamond, sp2 

and void fractions (with close to equal sensitivity) of films as thin as 4 
nm [14]. SE involves the measurement of changes in polarisation state of 
light upon reflection from a sample. Measured spectra are compared to 
those simulated by an optical model of the sample structure, with an 
iterative fitting process used to improve the model to minimise the mean 
square error (MSE) between the two [15]. As the measurement is of the 
change in polarisation state and not intensity of the reflected light, the 
measurement is possible even when there is a bright background [16]. 

Due to a number of factors, including the large free surface energy 
difference between diamond (6 J m− 2) and silicon (1.5 J m− 2 for {100}) 
[17], the low sticking coefficient of gaseous precursors and the lattice 
parameter mismatch, the nucleation density of diamond on untreated 
silicon is on the order of 104-105 cm− 2, which is too low for the growth 
of coalesced films [1,18–20]. A pre-treatment step, such as electrostat-
ically seeding the wafer with diamond nanoparticles [21] or mechanical 
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abrasion with diamond grit [22] is necessary to enhance nucleation. 
Diamond growth on silicon will generally follow the Volmer-Weber 
growth mechanism, with adatoms preferentially bonding to existing 
nuclei, resulting in the formation of isolated islands [17]. These islands 
expand both laterally and vertically until they coalesce, with the inter-
section of crystallites causing the trapping of non-diamond carbon 
within grain boundaries [23]. At this point, growth proceeds via the 
columnar van-der Drift model, with competitive overgrowth of crystal-
lites resulting in increased surface roughness and crystallite size with 
increasing thickness [24,25]. 

Previous attempts at SE characterisation of diamond films have 
employed a Bruggeman effective medium approximation to mix refer-
ence optical constants of the various components of the film, modelling 
it as a single bulk layer [8,26–28]. Reductions in MSE were achieved by 
the inclusion of components to approximate sp2 and void content, as 
well as the addition of a layer to account for surface roughness [8,13, 
28]. Lateral Volmer-Weber growth of islands is observed as a parabolic 
reduction in void content, with a sharp peak in sp2 content resulting 
from the trapping of non-diamond content within grain boundaries [8, 
14,28]. The majority of previous SE characterisation of diamond films 
was carried out on substrates pretreated using mechanical abrasion [8]. 
Due to the damage to the silicon substrate caused by this technique, a 
rough amorphous silicon layer was observed on the surface of the sub-
strate. The similarity between the optical constants of this layer and the 
diamond film components prevented the detection of diamond in the 
very early stages of growth, necessitating the fixing of bulk volume 
fractions for this period [8]. Recently, an SE study of substrates seeded 
with diamond nanoparticles has removed this limitation, as this seeding 
technique does not cause substrate damage [28]. 

In this work, application of SE to the early stages of polycrystalline 
diamond growth on silicon is demonstrated. Ex-situ spectra are used to 
build up an optical model for film characterisation which is then applied 
to in-situ spectra, taken in the first 30 min of growth. This model is 
validated using ex-situ atomic force microscopy (AFM) and Raman 
spectroscopy. The model is later used to investigate the impact of 
different methane concentrations during growth. 

2. Material and methods 

All samples were grown on 15 × 15 mm, 0.5 mm thick polished P- 
type Si {100} wafers. Prior to seeding, all wafers were cleaned using the 
RCA SC-1 process [29,30] to remove any organic residues and ensure a 
uniform native oxide thickness. Silicon substrates require pre-treatment 
to result in sufficient nucleation densities for the growth of coalesced 
diamond films [1,18]. This was done by immersing substrates in a 
hydrogen-terminated/DI H2O colloid for 10 min. The seeding technique 
used is known to result in seeding densities in excess of 1011 cm− 1 [21]. 

Growth was carried out in a Carat Systems CTS6U clamshell-type 
microwave CVD reactor, at a microwave power of 3 kW and a cham-
ber pressure of 55 Torr. Substrate temperatures were measured at 
approximately 710 ◦C using a WilliamsonIR Pro92 dual-wavelength 
pyrometer. This relatively low substrate temperature was chosen to 
result in a slower growth rate and therefore greater resolution for the in- 
situ SE monitoring. 5 samples were grown for durations of 5–30 min at 
3% methane diluted in hydrogen. 2 further growths were carried out to 
investigate the effect of a variance in methane flow rate, one for 30 min 
at 5% methane, the other for 90 min at 1% methane. The plasma was 
sparked at a microwave power of 1.5 kW and chamber pressure of 15 
Torr, with microwave power and chamber pressure ramped up to 
growth conditions over a period of 3 min. This ramp up in power and 
pressure was software-controlled to ensure that the process was uniform 
for all samples. The growth timer was started at the conclusion of this 
ramp as soon as the microwave power and chamber pressure reached 
growth conditions. Methane concentration remained constant 
throughout the spark, ramp up and growth process. At the end of each 
growth, samples were cooled in a purely hydrogen-fed plasma to reduce 

the formation of non-sp3 material. 
Spectroscopic ellipsometry was performed both in-situ and ex-situ 

with a J. A. Woollam M-2000D rotating compensator ellipsometer and 
CompleteEASE software over a wavelength range of 300–1000 nm. In- 
situ acquisitions were taken through fixed fused silica viewports, at an 
angle of incidence of approximately 66◦, with an acquisition time of 1s. 
Fig. 1 shows a schematic of the setup used for collection of in-situ SE 
spectra. Ex-situ spectra were taken at incidence angles of 65, 70 and 75◦. 
An iterative fitting process (detailed in section 3.1) was used, with 
various sample structures iterated within the CompleteEASE software to 
minimise the difference between simulated and measured spectra. 

Raman spectroscopy was performed using a HORIBA LabRAM 
spectrometer using an excitation wavelength of 473 nm, chosen to 
maximise sensitivity to both sp2 and sp3 carbon [31]. Atomic force mi-
croscopy was carried out using a Bruker Dimension Icon microscope in 
peak force tapping mode with a ScanAsyst tip. 

3. Results and discussion 

3.1. Ex-situ SE 

Ex-situ spectra of the 20-min growth duration sample were used to 
develop an optical model for characterisation of other samples, with an 
iterative fitting process used to minimise the mean square error (MSE) 
between simulated and measured spectra. Fig. 2 shows the development 
of this model throughout the fitting process. 

The initial model consisted of a bulk layer comprising two oscillators 
matched to optical constants of type I and II natural diamond [32] atop a 
silicon substrate [33]. This resulted in an MSE of over 100, so was un-
suitable for characterisation of the sample. Addition of a layer to account 
for surface roughness, a Bruggeman EMA made up of 50% bulk layer and 
50% void, resulted in a huge reduction in MSE to 25.72. A further 
reduction in MSE by almost 50% to 13.66 was achieved by changing the 
bulk layer to a second EMA, mixing optical constants of diamond and 
void, with the bulk void fraction allowed to vary. The optical constants 
of glassy carbon [34] have previously been shown to be a good 
approximation for sp2 content in the bulk layer [28]. Addition of this 
third component to the bulk EMA reduced MSE again to 10.18. 

Prior to seeding, a 1.69 nm-thick native oxide layer was observed on 
the surface of the silicon substrates by SE. However, addition of this to 
the optical model of the 20-min sample increased the MSE, so this was 
not included in future iterations. It is worth noting that H2 and H2/CH4 
plasmas have been shown to result in etching of the native oxide of 
silicon [35,36]. Previous XPS and SE studies have also identified the 
existence of a sub-10 nm amorphous SiC layer in the early stages of 
diamond growth, resulting from carburisation of the silicon substrate 
[28,37,38]. A final reduction in MSE to 6.09 was achieved by the in-
clusion of an interfacial 7.38 nm layer of cubic SiC [32] between the 
substrate and bulk layer. When applied to samples with a growth 

Fig. 1. Schematic of the reactor showing the measurement of in-situ SE spectra. 
The thickness of the sample is exaggerated for visibility. (A colour version of 
this figure can be viewed online.) 
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duration of 15 min or less, removal of the surface roughness layer did not 
significantly impact MSE, so was unnecessary to include when charac-
terising these samples. 

3.2. In-situ SE 

The application of the model to in-situ data required several addi-
tional considerations. The in-plane window effects were accounted for 
using spectra of a reference sample as detailed in Ref. [39]. At CVD 
diamond growth conditions, substrate temperatures routinely exceed 
700 ◦C [8,40,41], influencing the optical properties of the silicon sub-
strate. As the refractive index of nanocrystalline diamond films does not 
vary substantially with temperature [42], it was unnecessary to vary the 
optical constants of the film components. The SiC layer optical constants 
were similarly not varied as the trajectories of ellipsometric parameters 
are very close together for extremely thin films [43]. The substrate 
temperature at growth conditions was extracted using a library of 
temperature-dependent optical constants of silicon within the Com-
pleteEASE software, built by interpolating optical constants at known 
temperatures using an algorithm based on the critical point shifting al-
gorithm detailed in Ref. [44]. Whilst this method of determining the 
temperature proved effective in the initial stages, a high degree of 
parameter correlation between temperature and bulk layer glassy car-
bon fraction was observed as the film approached coalescence. As a 
result of this, the temperature was fixed at a point 1 min after the 
completion of the ramp up to growth conditions. As with the ex-situ 
spectra, addition of a roughness layer to the model proved unnecessary 
in the initial stages but was required later. A roughness layer was 

included in the model from 18 min, the point at which its inclusion 
reduced the MSE by more than 10%. This is consistent with the ex-situ 
characterisation, with a roughness layer not necessary in the 15-min 
growth duration sample but needed in the 20-min growth duration 
sample. A schematic of sample morphology and the optical models used 

Fig. 2. Above: Development of the model fitted to the 20-min growth duration sample, showing MSE, layer thicknesses, and bulk layer diamond (D), void (V) and 
glassy carbon (G) content for each iteration of the model. Below: Comparison of the modelled parameters with measured parameters at an incidence angle of 70◦ for 
the first iteration (left) and final iteration (right). (A colour version of this figure can be viewed online.) 

Fig. 3. Schematic of the growth process (left), with the optical models used to 
fit each stage (right). (A colour version of this figure can be viewed online.) 
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to fit SE data can be seen in Fig. 3, showing the increase in surface 
roughness and sp2 content upon coalescence. 

Fig. 4 shows data from the in-situ SE model for a sample of growth 
duration 30 min with 3% methane concentration. In the first 4 min of 
growth, a high level of parameter correlation is present. Parameter 
correlation is the result of the data fitting process where the sensitivity of 
multiple parameters (in this case bulk layer thickness and void content) 
exhibits the same spectral signature, meaning that the parameter values 
determined are not unique; there are multiple combinations of bulk 
thickness and void content values that produce the same quality of fit 
[45]. In this case, the fitting process suggests a modelled structure with 
an unrealistically thick bulk layer with very high void content. After 4 
min, this correlation had decreased and resulted in a more realistic 
model. This does illustrate the importance of validation of the SE model 
using alternative measurement techniques. From approximately 18 min 
of growth, a parabolic decrease in the bulk void fraction is seen as the 
individual islands expand laterally. Just before 25 min, a peak in glassy 
carbon content of approximately 23.5% is seen, due to the trapping of 
non-diamond carbon in grain boundaries following the coalescence of 
the individual crystallites into single film. The parabolic decrease in bulk 
void content followed by a peak in sp2 content at the point of coales-
cence is consistent with what has been previously seen [8,14,28]. If the 
individual islands are assumed to be hemispheres arranged on a hex-
agonal grid, contact between them would occur at a void fraction of 
40%. However, in reality the islands are not as efficiently spaced or 
perfectly hemispherical. As a result, the contact between islands, 
marked by the beginning of a steep decrease in void fraction and cor-
responding increase in sp2 content, occurs at approximately 50% void 

fraction. This is closer to the contact at 48% void fraction predicted by 
modelling the islands as hemispheres on a square grid, a less efficient 
spacing [14]. 

The SiC layer increased in thickness up to the point of coalescence, 
before starting to decrease in thickness following coalescence. This trend 
matches previous SE analysis of early-stage diamond growth on silicon 
seeded with diamond nanoparticles [28]. 

When comparing in-situ and ex-situ data, it can be seen that prior to 
coalescence, the ex-situ model suggests a higher void fraction and lower 
glassy carbon fraction. It is likely that this is at least partially the result of 
the process of cooling in a hydrogen plasma, which is known to pref-
erentially etch non-diamond carbon [46]. Immediately before and after 
coalescence, the reduction in glassy carbon fraction is not seen. The 
process of coalescence results in the trapping of sp2 material in the grain 
boundaries, and as a result it is inaccessible to the plasma, reducing the 
etching possible. 

A peak in the roughness layer was also seen around the point of 
coalescence, as the crystallites reach a maximum size prior to forming a 
coalesced film. This roughness decreased after coalescence, before again 
increasing due to the overgrowth of competing crystallites [47]. 

The ex-situ SE data displayed the same trends in bulk impurity con-
tent, bulk thickness and SiC thickness, although the exact values of the 
bulk impurity fractions differ slightly. Prior to coalescence, ex-situ data 
suggests a lower sp2 bulk fraction as well as a greater void fraction than 
is seen in the in-situ data. This may be in part due to the cooling of 
samples in a purely hydrogen fed plasma, which is known to etch sp2 

carbon at a much faster rate than sp3 material [37]. 

Fig. 4. In-situ SE-measured data from a 30-min growth at 3% methane concentration. From top panel: SE-measured temperature and MSE; bulk layer impurity 
fractions; bulk thickness and surface roughness; SiC layer thickness. The square points plotted are from ex-situ spectra of samples of the same growth duration. (A 
colour version of this figure can be viewed online.) 
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Fig. 5. Left: Ex-situ Raman spectra of samples of varying growth duration, normalised to the second-order silicon Raman peak. Right: Magnified view of the same 
spectra, offset for clarity. (A colour version of this figure can be viewed online.) 

Fig. 6. AFM images of samples grown for durations of 5–30 min. (A colour version of this figure can be viewed online.)  
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3.3. Raman spectroscopy 

Fig. 5 shows ex-situ Raman spectra of several samples with growth 
duration from 5 to 30 min, normalised to the second order silicon Raman 
peak at 950 cm− 1. As is to be expected for such early stage diamond 
growth, the most significant peaks in the spectrum are from the silicon 
substrate; the first and second-order Raman peaks at 520 and 980 cm− 1 

[48], with the minor peak at approximately 830 cm− 1 also part of the 
second-order silicon spectrum [49,50]. The two peaks at 620 and 644 
cm− 1 are the result of local vibrational modes of boron atoms within the 
doped substrate [51,52]. 

In the magnified spectra, which are offset for clarity, the first-order 
diamond Raman peak at 1332.5 cm − 1 is only visible from 20 min on-
wards. This corresponds with the SE model, which indicates an increase 
in bulk diamond content from approximately 18 min onwards. By 30 
min, the diamond Raman peak has significantly increased, consistent 

with the SE model showing coalescence just before 25 min, with the 
corresponding increase in bulk layer diamond content at this point. As is 
typical for nanocrystalline films, the first-order diamond Raman peak 
exhibits broadening due to the limited thickness and crystallite size [53, 
54]. 

In-plane stretching of pairs of sp2 sites results in the G-band, which is 
seen here at approximately 1450 cm− 1. Whilst typically seen closer to 
1560 cm− 1 [53], a downshift in the position of this peak indicates an 
increased level of disorder with the sp2 material, suggesting that is more 
amorphous in nature [53]. This band is more intense in the 30-min 
growth duration sample. The G peak, caused by bond stretching of 
pairs of sp2 atoms in both rings and chains [55], is visible in all samples 
at 1555 cm− 1, although it is obscured by the G-band in the 30-min 
sample. 

Only visible in the 30-min growth duration sample is a peak at 1140 
cm− 1, assigned to trans-polyacetylene, present within the grain bound-
aries [12]. The lack of this peak in the 20-min sample suggests coales-
cence (and therefore formation of grain boundaries) occurs between 20 
and 30 min, again consistent with the SE model’s prediction of it 
occurring immediately prior to 25 min. Whilst this peak is always 
accompanied by a second peak at 1450 cm− 1 [12], the 1450 cm− 1 peak 
is obscured by the G-band. 

3.4. Atomic force microscopy 

Fig. 6 shows AFM images of samples grown for varying duration, 
whilst Fig. 7 shows the RMS roughness and maximum roughness depth 
(Rmax) of the same samples. In the 5-min growth duration sample, in-
dividual islands are visible. The lateral sizes of these islands increase 

Fig. 7. RMS roughness and maximum roughness depth for samples of varying 
growth duration. (A colour version of this figure can be viewed online.) 

Fig. 8. In-situ SE-measured data from a 20-min growth at 5% methane concentration. From top panel: SE-measured temperature and MSE; bulk layer impurity 
fractions; bulk thickness and surface roughness; SiC layer thickness. (A colour version of this figure can be viewed online.) 
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with growth duration, with a coalesced film visible by 30 min of growth. 
The RMS roughness increases with growth duration, although the rate of 
increase is greater in the first 15 min of growth. The trend of a peak in 
RMS roughness at the point of coalescence seen in the in-situ spectra and 
previously observed by Thomas et al. [28] is not seen in the AFM images. 
This is because the in-situ SE data indicates that the spike in roughness is 
seen at approximately 22–27 min, whilst the closest two AFM images are 
taken at 20 and 30 min respectively, before the appearance and after the 
disappearance of the SE-measured roughness peak. The maximum 
roughness depth peaks at 20 min but decreases after this as the voids 
between crystallites are filled. 

3.5. 5% methane 

Fig. 8 shows in-situ SE-measured parameters for a sample grown for 
20 min at a methane concentration of 5%. As with the 3% methane 
growth, in the first 2 min of growth the model suggested an unrealisti-
cally high bulk thickness and void fraction due to high parameter cor-
relation. The level of correlation decreased after 2 min, resulting in more 
realistic values being suggested by the model. The SE-measured tem-
perature was also fixed after 1 min of growth to avoid the issue of cor-
relation with this parameter. The thickness of the SiC layer parameter 
presented an issue not seen in the 3% growth; a high level of correlation 
between this parameter and the bulk thickness was seen after coales-
cence. As a result, the SiC thickness was fixed in the model prior to 
coalescence. 

Perhaps the most obvious change with the increase in methane 
concentration was the point of coalescence; this occurred much earlier 
at around 7 min compared the almost 25 min seen with 3% methane. 

Additionally, the peak in glassy carbon content at the point of coales-
cence was higher with 5% methane (26.5% vs 23.5%). It is important to 
note at this point that whilst the SE model estimates the glassy carbon 
content within the bulk layer, these numbers are best used for com-
parison than as absolute compositional values. This higher glassy carbon 
fraction is likely the result of greater levels of re-nucleation, which is 
enhanced by higher methane concentration during growth and leads to 
more sp2 bonding [1]. Both of these observations are consistent with 
what has been previously seen in-situ by Hong et al. [8,14]. 

Following coalescence, the growth rate at higher methane concen-
tration was significantly faster than at 3%. From approximately 16 min 
onwards, the MSE began to increase as a result of depolarisation caused 
by the increase in surface roughness from overgrowth of crystallites. 
This does demonstrate the limitation of SE for the characterisation of 
thicker, rougher, films, indicating that its most effective use is for 
characterisation of the early stages of growth. 

3.6. 1% methane 

Fig. 9 shows in-situ SE data from a sample grown for 90 min at 1% 
methane concentration. The point of coalescence is significantly later 
than at 3% or 5% methane concentration, with the characteristic in-
crease in glassy carbon content not seen until 60 min. The initial peak in 
glassy carbon content at around 75 min was of a similar magnitude to 
that seen in the 3% growth. Unlike the other two growths, an initial 
increase in void content is seen up to 30 min, and the bulk thickness at 
the point of coalescence is greater. This is likely the result of etching of 
the diamond seeds by the plasma, which is known to occur at low 
methane concentrations and can result in a decrease in nucleation 

Fig. 9. In-situ SE-measured data from a 90-min growth at 1% methane concentration. From top panel: SE-measured temperature and MSE; bulk layer impurity 
fractions; bulk thickness and surface roughness; SiC layer thickness. (A colour version of this figure can be viewed online.) 
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density [20]. Another difference from the other two growth was seen 
after coalescence. In this case, the glassy carbon content continued to 
increase at this point, whereas it decreased following coalescence in the 
other two growths. A clear increase in the gradient of the bulk thickness 
is seen at around 70 min due to the switch to columnar growth. The 
thickness of the SiC layer at the time of fixing seen in the 1% growth is 
slightly greater than that of the 5% growth, typical of the long incuba-
tion period for low-methane growth [17]. 

4. Conclusions 

Spectroscopic ellipsometry was used to investigate the early stages of 
diamond growth on silicon. An iterative fitting process was used to 
develop an optical model of the substrate and diamond film using ex-situ 
SE spectra, comprising a bulk EMA with optical constants of diamond, 
void, and glassy carbon (to approximate sp2 content) atop a silicon 
substrate, with a third layer to account for surface roughness. This model 
was validated using AFM images and Raman spectra of samples of 
growth durations of 5–30 min. The model was then applied to in-situ 
data, taken during the growth process. A parabolic decrease in void 
content was seen, with the point of coalescence of the individual crys-
tallites marked by a peak in bulk glassy carbon content and surface 
roughness. The impact of varying methane concentration on the initial 
stages of growth was also investigated using SE. An increase in the 
methane concentration to 5% resulted in earlier coalescence and a 
higher peak glassy carbon fraction, whereas decreasing the methane 
fraction to 1% significantly delayed coalescence. 

The application of SE to diamond growth presents a powerful tool for 
in-situ monitoring of the critical early stages of growth, with a sub- 
nanometre resolution and ability to identify changes in the composi-
tion of the film. This work also opens the door to using SE to further 
understand the nucleation and early stages of diamond growth on ma-
terials that can be challenging to grow diamond on, such as aluminium 
nitride and gallium nitride. 
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