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Abstract: We demonstrate that nanocrystalline diamond films grown on highly doped silicon 

substrates can be patterned using a CO2 laser operating at a wavelength of 10.6 μm, where 

both low doped silicon and diamond exhibit negligible optical absorption. The patterning is 

initiated by free carrier absorption in the silicon substrate and further enhanced by the thermal 

runaway effect, which results in surface heating in the silicon substrate and subsequent 

thermal ablation of the diamond film in an oxygen rich atmosphere. Using this approach, 

micron-scale grating and dot patterns are patterned in thin film diamond. The localized 

heating is simulated and analyzed using concurrent optical and thermal finite element 

modelling. The laser patterning method described here offers a cost effective and rapid 

solution for micro-structuring diamond films. 

© 2016 Optical Society of America 

OCIS codes: (350.3390) Laser materials processing; (160.6000) Semiconductor materials; (120.6810) Thermal 

effects; (240.0310) Thin films. 
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1. Introduction 

Diamond is a wide bandgap semiconductor with unique optical, mechanical and thermal 

properties. Advances in material growth and wafer bonding techniques have enabled the 

integration of diamond thin films with standard semiconductor materials such as silicon (Si) 

and silicon-on-insulator (SOI), leading to an increasing range of applications. In particular, 

nanocrystalline thin film diamond layers, which can be seeded and grown on a variety of 

substrates, are finding increasing applications in photonics, MEMS and electronics [1–4]. 

Patterning such thin films is a fundamental processing step in any of these applications. 

Patterning of thin film diamond has been achieved with a variety of techniques including 

oxygen based reactive ion etching [5], pre-patterning of the seed layer [6] and laser 

micromachining [7]. 

Laser patterning of diamond is based on one of two main processes, vaporization ablation 

(physical removal), or laser induced chemical etching [7]. Vaporization ablation occurs when 

the surface of diamond is heated to above the sublimation temperature of carbon (≈4000 °K). 

This type of patterning can be carried out in non-reactive environments such as argon gas or 

vacuum using high peak power pulsed lasers [8,9]. Laser induced chemical etching, on the 

other hand, occurs at much lower temperatures but requires the presence of a reactive gas 

such as oxygen. In this case, the etching process is initiated through graphitization of diamond 

at about 1000 °K [7]. In the process of graphitization the mean atomic distance between the 

carbon atoms increases. Therefore graphitization is initiated at locations where free space is 

available for volume expansion, namely the surface of the diamond film. This surface 

graphite layer has higher optical absorption and reduced thermal conductivity compared to 

diamond and, under the right conditions, will absorb an incoming laser beam and continue to 

heat up to the point of chemically reacting with oxygen (combustion). During this process the 

surface of diamond will re-graphitize, resulting in sustained removal of diamond at the 

location of the laser beam. Patterning diamond with high peak power pulsed lasers in a non-

inert environment such as oxygen can be due to a combination of vaporization and chemical 

etching. 
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It has been previously observed that laser beams with high peak powers but with photon 

energies below the bandgap of diamond can induce chemical etching of diamond thin films 

grown on silicon substrates. This is somewhat unexpected, given the high transparency of 

diamond at these wavelengths. Albin et al. [10] observed laser induced damage of 

polycrystalline diamond films grown on silicon, using a 1064 nm 50 nanosecond pulsed 

Nd:YAG laser beam at a fluence of 1.5 J/cm2. At the same time they noticed that free 

standing films of diamond have much higher damage thresholds, about 7 J/cm2. They 

attribute this difference to substrate surface modification and thermally induced mechanical 

stress in the diamond film. Migulin et al. [11] report patterning of diamond on silicon under 

similar illumination conditions in an oxygen-rich environment. Kononenko et al. [9] report 

ablation of free standing chemical vapor deposited (CVD) diamond with nanosecond pulses at 

1078 nm, 539 nm and 270 nm. They also note insensitivity of the ablation rate to wavelength. 

In both [9] and [11], the patterning is ascribed to surface graphitization and absorption of the 

laser beam by the graphitized layer [12]. 

It is reasonable to assume that the high intensity of a pulsed Q-switched or mode-locked 

laser beam can initiate the graphitization process, either directly (through multiphoton, 

multiphonon or surface state absorption processes) or indirectly (through impurity absorption 

and localized heating in the bulk of the diamond). However, in some instances patterning has 

also been demonstrated with continuous wave (CW) laser beams at relatively low peak 

powers. Ral’chenko et al. demonstrate patterning of grooves and holes on polycrystalline 

diamond films grown on silicon and molybdenum using a 2 watt CW argon laser operating at 

488 nm [13]. They also ascribe this etching to surface graphitization, however it is not clear 

how this would be initiated at this (relatively) low optical power. 

In this work we suggest another pathway to explain laser induced chemical etching in 

such thin film structures. We believe that this is especially relevant to low peak power CW 

cases, however it is very likely that the same process plays an important role in the case of 

pulsed laser etching of diamond. We contend that the role of the substrate has been neglected 

in most (if not all) reports of laser induced chemical etching of diamond thin films on silicon 

substrates. In particular we show that, under certain conditions, localized substrate heating 

can be the dominant factor for initiating graphitization. In this scenario, the laser beam does 

not directly graphitize the surface of the diamond film, but rather the underlying substrate 

absorbs the incoming beam which then heats up the adjacent area on the diamond film to 

temperatures above 1000 °K, leading to surface graphitization. Through thermooptic 

simulations and laser machining experiments we demonstrate that this effect holds even for 

wavelengths far from the band edges of diamond and silicon, in this case the CO2 laser 

operating at 10.6 μm. 

2. Infrared optical properties of diamond and silicon at high temperatures 

Our experiments involve the laser patterning of diamond films grown on silicon wafers using 

a CO2 laser. The CW CO2 laser, operating at 10.6 μm, is a widely used workhorse of the laser 

micromachining industry due to its high optical power and relatively low cost of ownership. 

At first glance it would seem that, given the much lower photon energy of the CO2 laser 

compared to the band gaps of silicon and diamond, patterning diamond films with a CO2 laser 

beam will not be possible. However, as we will show, this can be facilitated through the free 

carriers present in doped silicon substrates. 

We first present an overview of the infrared optical properties of both materials at 

elevated temperatures at the wavelength of interest. Crystalline diamond has a bandgap of 

5.47 eV, a refractive index of 2.38 and a transparency window covering the UV to 20 μm 

[14], with some heightened absorption between 2.6 and 6.2 microns due to lattice absorption. 

These superior transmission properties have led to the use of diamond in a variety of infrared 

optical applications, such as high power infrared transmission windows. Nanophotonic 

diamond based waveguide platforms have also been developed, such as integrated photonic 
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circuits using wafer-bonded hybrid diamond on oxide substrates [15] or CVD nanocrystalline 

diamond grown on oxide [16]. 

 

Fig. 1. Calculated optical absorption coefficient of silicon at 10.6μm for different doping levels 

and temperatures (calculated using the absorption model described in [17]). 

The absorption coefficient of diamond at 10.6 μm is quite small and remains below 1 

cm−1, even at elevated temperatures around 1000 °K [14]. CVD deposited diamond films have 

optical properties very similar to single crystal diamond, however optical losses are likely to 

be somewhat higher in some cases due to scattering from surface roughness and grain 

boundaries [16]. Since the diamond films of interest in this work are at most a few microns 

thick, we do not consider absorption in the diamond film, given that the absorption in the 

highly doped silicon substrate is orders of magnitude higher. It should be noted that graphite, 

on the other hand, has much higher infrared absorption, but in this work we only focus on 

modelling the pre-graphitized diamond layer up to the point where graphitization is initiated. 

The dominant heat generation process in our structure is due to absorption of the laser 

beam in the silicon substrate. Optical absorption at 10.6 μm in silicon is mainly due to lattice 

absorption and free carrier absorption. At 10.6 µm, lattice vibration absorption dominates the 

absorption mechanism at low temperatures and low doping levels [18]. Intrinsic carrier 

absorption is temperature dependent, and it dominates the absorption mechanism at elevated 

temperatures. On the other hand, at high doping levels, doping induced free carrier absorption 

is the dominant absorption mechanism at low temperatures in extrinsic semiconductors; and 

for very high doping it becomes comparable to intrinsic carrier absorption at elevated 

temperatures. 

To model the free carrier absorption increase due to thermal effects we use the simplified 

model described in [17], which is in reasonable agreement with experimentally derived 

results [18]. The absorption coefficient as a function of doping and temperature can be 

modeled with the approximate form: 

 ( ) ( ) ( ) 0
,  

i
N T T N n Tα σ α= + +    (1) 

where ( )Tσ is the absorption cross-section as a function of temperature in cm2, N  is the 

extrinsic doping concentration in cm−3, ( )in T  is the intrinsic carrier absorption as a function 
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of temperature in cm−3, and 0α  is the lattice vibration absorption in cm−1. After substituting 

the values and equations from [17], the absorption coefficient for n-doped silicon becomes: 

 ( ) ( )
7020

20 1.5 16 1.5, 1.9 10 3.87 10 2TN T T N T eα
−

−  
= × + × + 

 
 (2) 

Calculated absorption curves for various doping levels are shown in Fig. 1. As expected, 

the curves all converge to a common asymptote at high temperatures, due to the dominance of 

the thermally generated intrinsic carriers. The behavior for p-doped silicon is qualitatively 

similar to the n-doped case, however we were not able to find quantitatively reliable optical 

models in the literature that were backed by experimental data at the wavelength and 

temperatures of interest. 

3. Modelling and simulations 

COMSOL Multiphysics was used to model the interaction between the incoming laser beam 

and a doped silicon substrate with a diamond layer grown on top. The substrate was assumed 

to have a diameter of 2 inches and a thickness of 380 µm. The mechanical support modelled 

by a metal heatsink on its lower rim (5 mm overlap between the substrate and heatsink). 

Steady state simulations were conducted to study the effect of varying the doping 

concentration, incident laser beam power, and diamond layer thickness on the temperature 

profile within the structure. Radiative, conductive and convective heat loss mechanisms were 

all considered, with relevant parameters listed in Tables 1 and 2 in the Appendix. The laser 

beam was assumed to have a Gaussian profile with a radius of 50 µm. Due to the beam radius 

being large compared to the wavelength, and the relatively short propagation distance in 

silicon compared to the Rayleigh range, the beam was assumed to have a constant cylindrical 

shape throughout the substrate. We used an axisymmetric Beer-Lambert model to simulate 

the propagation of the laser beam through the wafer. Reflections at the thin film interfaces 

were modeled using a transfer matrix analysis [19] of the silicon-diamond-air multilayer 

structure under normal plane wave illumination. 

The objective of these simulations is to predict, under various conditions, the attainable 

temperature of the diamond surface. We assume that once the graphitization temperature 

(1000 °K) is achieved, the laser assisted chemical etching process will be initiated, resulting 

in sustained local removal of the diamond film. As mentioned above, we do not attempt to 

simulate the process past the point of graphitization. 

The doping of the substrate has a drastic effect on the laser penetration depth and substrate 

heating. At low doping levels the optical absorption is low and the beam passes through the 

wafer, resulting in very little heating. At sufficiently high levels of doping, however, the 

optical absorption is substantially increased and the beam only penetrates a thin layer near the 

top surface of the silicon wafer. This creates a hot spot which, in turn, locally increases the 

number of thermally generated carriers, resulting in even higher absorption and runaway 

thermal heating. 
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Fig. 2. Simulated laser beam penetration (left) and resulting temperature profiles (right) for 

silicon substrate doping levels of 1018 cm−3 (a and b) and 1019 cm−3 (c and d). 

Figure 2 shows two sets of simulations pertaining to these two cases, for a beam power of 

15 W. In Fig. 2(a) and Fig. 2(b) the steady state optical intensity distributions and 

corresponding temperature profiles are shown for an n-type silicon wafer doped at 1018 cm−3 

and covered with a 500 nm diamond layer. As can be seen, the maximum temperature of 670 

°K is occurring at a point about 10 microns below the silicon surface. The maximum 

temperature on the diamond surface is about 1 degree lower (669 °K), which is far below the 

graphitization temperature. 

Figure 2(c) shows the optical intensity distribution for a substrate doped at 1019 cm−3. In 

this case the room temperature optical absorption coefficient is already quite high (about 1000 

cm−1, see Fig. 1). The runaway thermal process results in localized heating at the center of 

beam to about 1500 °K, resulting in an increased local absorption coefficient of 2 × 104 cm−1. 

The effect of this increase can be seen in Fig. 2(d), where the penetration depth at the center 

of the beam is smaller than at its edges. In this case the locally generated heat will be more 

than sufficient to initiate graphitization. 

To further explore this effect we carried out a set of simulations over varying beam power 

and substrate doping. We consider a silicon substrate covered with a 500 nm layer of diamond 

with n-type doping levels ranging from 1016 to 1020 cm−3. The color map in Fig. 3 shows the 

steady state surface temperature of the diamond surface for incoming laser beam powers 
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varying between 1 and 20 W. As can been seen, at low powers and low doping levels the laser 

beam is not able to sufficiently heat up the diamond surface to the graphitization temperature. 

As the doping and laser power are increased, the heat generated by the initial beam absorption 

is able to create sufficient carriers such that it leads to a runaway buildup of further carriers. 

The red line in Fig. 3 denotes the boundary beyond which graphitization is initiated. The 

black area corresponds to points where the temperature exceeds the melting point of the 

silicon substrate (where our modelling assumptions would be rendered invalid). 

 

Fig. 3. Maximum diamond surface temperature for different substrate doping and beam power 

combinations, assuming a 500 nm thick diamond layer doping and a 50 μm beam radius. The 

red line marks the graphitization threshold temperature of 1000 °K. The black area 

corresponds to temperatures higher than the melting point of silicon. 

As the thickness of the diamond layer is increased, more optical power is required to reach 

the graphitization temperature on the surface. This is mainly due to increased lateral and 

longitudinal heat loss in the diamond film as heat is transferred from the hot spot on the 

silicon surface to the surface of the diamond layer. To investigate this effect we simulated a 

silicon/diamond structure in the aforesaid mounting and illumination conditions, assuming 

fixed 1019 cm−3 doping, the power varying in the range of 12 W to 20 W and the diamond 

thickness varying between 250 nm and 3 μm. Figure 4 shows the color map corresponding to 

the steady state temperature of the diamond surface for each of these conditions. As before, 

the points past (below) the red line correspond to attainment of the surface graphitization 

temperature and the black area corresponds to temperatures above the melting point of 

silicon. 

This set of simulations show that diamond layers as thick as 2.5 μm can be patterned with 

CO2 laser beams under 20W of power, assuming a beam radius of 50 μm. The limit on layer 

thickness and patterning resolution can be improved by using a more focused beam to create a 

smaller, more intense, laser beam spot. 
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Fig. 4. Maximum diamond surface temperature for different diamond thickness and beam 

power combinations, assuming a substrate doped at 1019 cm−3 and a 50 μm beam radius. The 

red line marks the graphitization threshold temperature of 1000 °K. The black area 

corresponds to temperatures higher than the melting point of silicon. 

4. Experimental results 

To demonstrate micromachining of thin film nanocrystalline diamond layers grown on silicon 

we carried out patterning experiments using a custom-built CO2 laser micromachining setup. 

The setup consisted of a CO2 CW laser (Coherent Diamond C-20A) and a computer 

controlled 3D positioning stage. The mode quality (M2) of the emitted beam was specified to 

be better than 1.2 and the nominal maximum specified optical output power was 20 W, 

controllable to a precision of approximately 50 mW. In practice a slightly higher optical 

output power of about 22 W was achievable. The laser beam was focused down to a spot with 

a beam radius of approximately 130µm by the use of a biconvex zinc selenide lens with a 

focal length of 100 mm. An image acquisition system performed live capture and control of 

the illumination process of a sample. 

The sample used in the experiments consisted of a nanocrystalline diamond film grown on 

a 380μm thick silicon wafer highly doped with boron. The surface conductivity of the wafer 

was measured to be 79.4 mΩ/ using a four point probe measurement system (Jandel, 1mm 

probe spacing). This translates to a conductivity of 0.003 Ω-cm and a doping level of 3.7 × 

1019 cm−3. The diamond film was grown from monodispersed hydrogenated diamond 

nanoparticles using chemical vapor deposition in a microwave plasma reactor with methane 

and hydrogen gases [20]. The growth conditions were set to (CH4:5 sccm, H2:475 sccm, 

Power: 3500 W, Pressure: 40 Torr) at a temperature of 842°C, for a growth duration of 298 

minutes, resulting in a 600 nm unpolished film. The film grain size was not measured before 

polishing, however the grain sizes are estimated to be in the range of 150-300 nm, inferred 

from the growth conditions and similarly grown samples [20]. Detailed information on the 

effect of growth parameters on the film morphology can be found in [21]. The film was 

polished using chemical mechanical polishing down to an average thickness of 520nm and a 

surface roughness less than 2 nm (RMS). 
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Fig. 5. (a) Undercut nanocrystalline diamond film on silicon substrate. Lines (b) and dots (c) 

patterned in diamond. (d) Zoomed-in image of a dot showing interference fringes and debris. 

The chip was supported on a horizontal metal platform with a beam exit hole, without the 

use of any additional heatsinking compounds. The diamond film on the chip edge was 

undercut and released using a XeF2 silicon dry etch (Fig. 5(a)). The absence of ripples in the 

undercut membrane indicates very little residual stress in the diamond film. Exposure of this 

section of the chip to a focused CO2 laser beam did not result in any perceptible changes in 

the film appearance, even at high powers up to 20 W. This confirms the very low absorption 

coefficient of the diamond film at 10.6 µm. However, when the beam was directed to sections 

with an underlying silicon layer, the diamond film was rapidly removed at beam powers 

above 9 W (with a beam radius of ≈130 µm), resulting in a clean and unblemished exposed 

silicon surface. The beam intensity levels required for patterning the diamond film in our 

experiment are lower than the levels predicted by the simulations. We attribute this to the 

smaller size of the actual chip compared to the full 2 inch wafer used in the simulations and 

also use of an ideal heat heatsink boundary condition in the simulations. In practice we also 

observed that points closer to the chip edge were machined faster and at lower power levels 

compared to the center of the chip, which is due to the difference in the heat loss parameters 

at these points. 

It may be argued that initiation of the diamond etch process could also be due (in part, or 

fully) to surface absorption processes in the diamond film. These would consist of absorption 

at the nanocrystal diamond surfaces on the air/diamond interface and a silicon carbide layer 

(< 1nm thick) existing on the silicon/diamond interface. However, both of these surface 

effects would also be present in the suspended diamond film, since silicon carbide is not 

etched in XeF2 gas. Since the experiments show that the suspended diamond film is not 

affected by the incoming laser beam, we can conclude that the heating effect of any surface 

absorption in the diamond film is negligible compared to the heat generated through 

absorption in the silicon substrate. 

Using the automated stage controls, arrays of dots and lines were written into the diamond 

film (Figs. 5(b), 5(c)). Closer inspection of the patterned areas shows interference fringes, 
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indicating a gradual increase in the film thickness away from the etched diamond edge. Also, 

some dark micron-scale and sub-micron-scale particles can be seen in the periphery of the 

etched edge which are possibly residual graphite or diamond nanoparticles generated during 

the heating process. 

It should be mentioned that the focused CO2 laser beam was not optimized for achieving 

the smallest focused spot size and we expect that a patterning resolution substantially higher 

than shown in Fig. 5 should be achievable in practice. In the ideal case of a diffraction limited 

spot, assuming a numerical aperture of unity, a focused CO2 laser beam would have a spot 

diameter of 0
0

2
2 6.8w

λ
π= =  μm, which is about 40 times smaller than the spot size used in 

the experiments. Additional improvement in resolution can also be achieved by using a high 

power laser source with a shorter wavelength, such as a fiber laser operating in the near IR. It 

should however be noted that free carrier absorption in silicon is approximately proportional 

to the square of the wavelength [18], therefore operating at shorter wavelengths will require 

higher laser powers and substrate doping levels in order to reach the graphitization 

temperature. 

5. Conclusion 

Through simulations and experiments we have demonstrated that under the right substrate 

doping conditions, a thin diamond film grown on a silicon wafer can be patterned with a CO2 

laser beam at modest optical power levels. Our simulations show that the presence of the 

substrate and its doping level play a crucial role in this process, a fact that seems to have been 

unnoticed in previous work done in this area. Our work demonstrates that patterning of 

diamond can be achieved without directly graphitizing the diamond surface with high peak-

power pulsed lasers. This in turn opens up the possibility of using industrial CW CO2 lasers 

for micromachining diamond films. The results can also be relevant to laser micromachining 

of other types of transparent thin film material systems grown on silicon substrates. In 

addition, the substrate heating effect described here is not necessarily limited to the case of 

CW laser machining and can play a significant role in analyzing the processes involved in 

high peak power pulsed laser machining of diamond thin films. 

Appendix A: 

Details of relevant physical parameters used in the COMSOL modelling steps. 

Table 1. Silicon parameters 

Parameter Value Units Comment 

Density ( ) 22330 2.19 10 ( 293.15)TTρ − −= − ×  
Kg/m3 

From [22]. 

Heat Capacity ( ) 641 74.2
300

p

T
C T = +  

J/(Kg°K) 

From [23]. 

Thermal 

conductivity ( )
4

3

156
300

T
k T

−
 

= ×  
 

 

W/(m°K) After 

modifying the 

equation in 

[23], also the 

effect of 

doping on 

thermal 

conductivity 

has been 

ignored. 

Emissivity 0.5 

 Using average 

value from 

[24]. 
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Table 2. Diamond parameters 

Parameter Value Units Comment 

Density 3515 Kg/m3 From [14]. 

Heat Capacity 3 400pC T= −  
J/°K Extrapolated and 

extended from [14]. 

Thermal 

conductivity 

6

1.245

2.833 10
k

T

×
=  

W/(m°K) 

From [25]. 

Emissivity 0.03 
 Average value from 

[25]. 
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