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To investigate in detail the development of surface morphology and bulk 
optical attenuation in diamond films we have followed diamond film 
growth on silicon by in situ laser reflection interferometry in a microwave 
plasma chemical vapor deposition system. A model for the interpretation 
of the reflectivity data in terms of film thickness, rms surface roughness 
and bulk losses due to scattering and absorption is presented. Results are 
compared with ex situ measurements of these quantities and found to be in 
good agreement. 

INTRODUCTION 
The remarkable properties of diamond have led to considerable research in the 

area of diamond thin film deposition (1). Diamond films have been characterized ex situ 
by a large number of diagnostic techniques while desirable in situ diagnostics, which can 
provide information in real time as the film is growing, have been less common. Laser 
reflection interferometry (LRI) has been applied as an in situ diagnostic for diamond film 
growth and found to accurately measure thickness and growth rate from the reflectivity 
oscillations (2-4). For diamond films, the reflectivity is further affected by attenuation in 
the bulk film and scattering due to surface roughness, both of which may change as the 
film grows. In this paper, a quantitative model of the surface reflectivity of diamond film 
growth on silicon is presented. The model is based on scalar scattering theory and takes 
into account the effects of film thickness, surface roughness and attenuation, and can be 
used to determine these quantities in situ using no adjustable parameters. RMS surface 
roughness is related to film morphology and is an important parameter for coatings 
applications. Smoother films result in lower friction coefficients for tribological 
applications and reduce scattering losses for optical applications. The attenuation 
coefficient is a direct measure of the optical quality of the bulk film and may provide an 
estimate of the nondiamond carbon fraction in the film. 

MODEL 
For the case of a diamond film growing on a smooth silicon substrate the 

following assumptions are made for the model. 1) The diamond-silicon interface is 
assumed to be perfectly smooth, so scattering is negligible. We have etched the silicon 
substrate from a number of diamond films grown on silicon and have found the exposed 
diamond surface to be optically smooth, supporting this assumption. 2) The diamond 
growth surface at the gas-diamond interface is characterized by an rms roughness 6,  
which is small compared to the film thickness d, implying that the diamond nuclei have 
coalesced into a coherent film. Additionally, Scch, the laser wavelength used to measure 
the reflectivity. 3) The indices of refraction at h=632.8 nm for the gas and silicon are 
assumed to be the 1.00 and 3.88 respectively. 4) The diamond film index of refraction is 
assumed to be 2.41 + iK(z), where K(Z)<<2.41 and accounts for attenuation in the bulk 
film due to scattering and absorption. From scalar scattering theory (5 ) ,  the Fresnel 
reflection coefficient at normal incidence on a film of thickness d is 
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where k = 2n / h, @ = kd[n -iK], Z is the average value of K(z), n and K are the real and 
imaginary parts of the diamond film index of refraction, rl is the Fresnel reflectivity at the 
gas-diamond interface, r2 is the Fresnel reflectivity at the diamond silicon interface and 
f(x) is the deviation of the film thickness from the mean in the z direction at lateral 
position x. The surface reflectivity R is given by R=rr*, where r* is the complex 
conjugate of r. 

Expanding the denominator and assuming the associated probability density for 
the function f(x) is a Gaussian with nns value 6, the expected value of the reflectivity is 
approximately expressed below. 
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Each oscillation indicates an increase in film thickness of h/2n,. For a HeNe laser 
at 632.8 nm , each oscillation indicates an increase in film thickness of 0.13 pm. The 
maxima and minima (extrema) in the reflectivity define an envelope within which the 
reflectivity oscillates. The extrema in the reflectivity are related to 6 and i? by the 
following equation, where d is determined from the number of oscillations in the 
reflectivity. 

. 
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Using the value of the reflectivity at a maximum and interpolating between adjacent 
minima to estimate the simultaneous minimum in reflectivity results in two equations for 
the two unknowns 6 and K. The change in 3 with increasing film thickness can be used 
to determine K(z). Thus, the film thickness, rms surface roughness and K(Z) can be 
monitored as a function of time during film growth. 

RESULTS 
Diamond growth experiments were carried out using an ASTeX PDS-17 

microwave PACVD reactor described previously (6). The silicon substrates used for film 
growth were pretreated by mechanical polishing with 0.1 ym diamond powder. A HeNe 
laser at 632.8 nm was incident normally on the substrate and a photodiode with a HeNe 
laser line filter was used to measure the reflected intensity. The voltage from the 
photodiode was measured and recorded by a computer. 

The accuracy of the rms surface roughness values measured in situ by LRI was 
checked by measuring the surface roughness for 16 diamond films with a Burleigh ARIS- 
3300 atomic force microscope (AFM), scanning a 35 pm x 35 pm area. The results are 
plotted in Figure 1 and show strong agreement between the two techniques for nns 
roughnesses (6) over the range of 20-120 nm. For 6<20 nm (=A/30), the scattering is 
weak and changes in the specular reflectance are small and difficult to measure. For 
6 > 120 nm (=h/5), the scattering is very strong, making it difficult to measure the 
specular reflectance. Consequently, there is an optimum range of roughness values that 



LRI is able to measure. If in situ measurements of rougher films are needed, a longer 
wavelength laser may be employed. A HeNe laser at 3.39 ym or a C02 laser at 10.6 ym 
would be expected to measure rms surface roughnesses up to 680 nm and 2.1 pm, 
respectively. Film thicknesses were found to be within 10% of the value measured 
ex situ by SEM or with an optical microscope. 

Results of two films grown under different conditions are presented to 
demonstrate LRI. Film A was grown with 100 sccm Ha, 4 sccm C b ,  80 Torr pressure, 
1500 W microwave power and a substrate temperature of 850°C. This condition will be 
referred to as growth condition 1. Film B was grown under condition 1 for 75 minutes, at 
which point the conditions were changed to 2 sccm H2, 1 sccm CH4, 98 sccm Ar, 
100 Torr pressure, 800 W microwave power and a substrate temperature of 85OoC, 
hereafter referred to as growth condition 2. Film A was grown to a thickness of 34 ym 
while film B was grown to a thickness of 13 pm. Growth condition 1 leads to growth of 
large, well-faceted diamond grains while condition 2 leads to growth of fine-grained 
diamond films. 

Raman spectra for these films were measured using a Renishaw microraman 
spectrometer with a HeNe laser (632.8 nm) excitation source and are plotted in Figure 2. 
A sharp diamond peak at 1332 cm-1 is evident for Film A. The broad peaks between 
1200 and 1600 cm-1 have been attributed to small amounts of nondiamond carbon 
present in the film (7). The spectrum of Film B shows broad peaks at 1320 and 
1580 cm-1, which are attributed to nondiamond carbon, and no sharp diamond peak at 
1332 cm-1 is apparent. There is a feature at 1150 cm-1 which has been attributed to the 
presence of nanocrystalline diamond in the film (8). X-ray diffraction measurements 
(XRD) are shown in Figure 3, where the intense silicon peak at 69" due to the silicon 
substrate has been omitted. Both films show strong diamond peaks with no evidence of 
the strong graphite peak at 26". XRD measurements are not as sensitive as Raman 
spectroscopy to noncrystalline carbon phases, but clearly indicate that diamond was 
grown. Figure 4 shows Auger electron spectroscopy (AES) measurements of the carbon 
KLL peak for Films A and B and a graphite sample. The KLL peak is sensitive to the 
bonding state of the carbon atom and has been used to determine sp2/sp3 ratios in a-C:H 
films (9). The AES spectra for Films A and B are very similar to that reported in the 
literature for diamond (lo), and significantly different from that of graphite, indicating a 
low sp2/sp3 ratio. This provides further evidence that the films grown were 
predominantly diamond. 

Figure 5 shows the reflectivity measured during the first 250 minutes of 
deposition for films A and B as well as the growth rate, rms surface roughness and K(Z) 
determined from the model. For film A, the growth rate increases from 0.8 to 1.2 ymkr. 
This trend has been observed previously and attributed to texture formation in which the 
slowly growing crystal faces are buried by the faster growing faces. The rms roughness 
initially decreases to a minimum of 35 nm rms and then increases monotonically with 
time. The initial decrease in roughness occurs as the diamond crystals coalesce to form a 
continuous film. As growth proceeds and the slow-growth crystal faces are buried by the 
fast-growth faces, the crystal size in the film increases and the film becomes rougher. 
K(Z) decreases from 0.15 to near 0 during the first 200 nm of growth, indicating that the 
film is initially attenuating, but becomes very transparent as growth proceeds. The scatter 
in K(Z) increases with time due to the decreasing reflectivity caused by the increasing 
surface roughness. Film A was observed ex situ to consist of faceted, large (=lo ym) 
diamond grains, consistent with the interpretation of textured growth. 



Film B shows similar trends to film A during the first 75 minutes while the 
growth conditions are the same. When the growth conditions were changed, the growth 
rate initially dropped rapidly due to the decrease in the microwave power. Response to 
the change in the gas composition took longer due to the =12 minute residence time of the 
reactor under these conditions. As the Argon concentration in the reactor increased, the 
growth rate increased, as observed in previous experiments (1 1,12). 6 and K(Z) continued 
in similar fashion to Film A until t=105 minutes. At this point, the growth rate dropped, 6 
decreased slightly and then remained constant and K(Z) abruptly increased, corresponding 
to a transition from growth of textured diamond crystals to growth of a fine-grained 
diamond film. As growth proceeded, the grain size remained small and the surface 
roughness remained constant. The abrupt increase in K(Z) corresponds to either an 
increase in grain-boundary scattering associated with the large grain-boundary area of a 
small grain-size material or increased nondiamond carbon in the film, probably located at 
the grain boundaries. Film B was observed ex situ to be fine-grained, consistent with the 
interpretation of a transition to fine-grained growth. After removing the silicon substrate 
from the back of the diamond films by chemical etching, Film A was observed to be 
translucent at 632.8 nm while Film B was opaque. Qualitatively, this agrees with the 
in situ measurements of K(z). 

CONCLUSIONS 
Measurements of diamond film thickness, growth rate, ms surface roughness and 

bulk film attenuation can be made in situ using LRI. This provides a relatively simple 
diagnostic for monitoring many of the important characteristics of diamond films in situ 
in real time. RMS surface roughnesses could be measured from h/30 to 3J5, and longer 
wavelength lasers might prove useful for measurements on rougher films. Qualitative 
agreement has been observed between the LRI determined attenuation coefficient and 
ex situ measurements of film transparency. 
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Figure 1. Comparison of rms 
surface roughnesses for 16 films 
measured by ex situ by AFM and 
in situ by LRI. The two methods 
show good agreement. 
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Figure 3. X-ray diffraction 
measurements of films A and B 
show the diamond peaks and no 
evidence of graphite. 
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Figure 2. Raman spectra of films 
A and B. Film A shows a sharp 
diamond peak at 1332 l k m .  Film 
B shows broad features associated 
with nanocrystalline films. 

I i 

200 220 240 260 280 300 
Energy (eV) 

Figure 4. Auger spectra of films 
A and B and a graphite sample. 
The curves for films A and B are 
similar to those in the literature 
for diamond, indicating a high 
sp3/sp2 ratio in these films. 
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Figure 5. LRI measurements of films A and B. The reflectivity as a function 
of time for each film is shown. The growth rate, rms surface roughness and 
k(z) as a function of growth time were determined from the reflectivity 
measurements. 


