Diamond films for laser hardening
S. Albin and L. Watkins

Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529

K. Raviand S. Yokota

Crystallume, 125 Constitution Drive, Menlo Park, California 94025
(Received 22 December 1988; accepted for publication 21 April 1989)

Diamond has many unique physical properties useful as thin-film coatings for laser optics. The
calculated value of the laser-induced stress resistance parameter of diamond is orders of
magnitude higher than any other material and, therefore, diamond films should have a higher
laser damage threshold. This is confirmed by laser damage experiments carried out on free-
standing polycrystalline diamond films. Materials susceptible to laser damage can be protected
by diamond thin-film coatings to enhance the damage threshold. This is demonstrated in the

case of diamond coated silicon substrate.

Diamond has many unique physical properties which
are technologically important. Its thermal conductivity,
hardness, and breakdown field are several times higher than
those of other solid-state materials. These properties of dia-
mond have already been effectively exploited to develop
electrical and optical devices.'* The wide band gap and sta-
ble color centers in diamond have also been used to make
tunable solid-state lasers.* These properties also lead to resis-
tance to damage from intense optical radiation. Since sur-
faces of optical elements are often most sensitive to laser
damage, increasing the surface damage threshold with an
optical coating can be expected to improve the damage
threshold of these elements. High-reflection and antireflec-
tion coatings on optical elements in laser systems are used to
optimize performance. These films most often suffer from
laser damage at low threshold which limits the energy flux
from a laser. Improvements in the laser damage threshold of
these films will significantly reduce design requirements as
well as increase the transmitted laser power limits. Conver-
sion efficiency of nonlinear crystals increases with input
power, but the low damage threshold of such crystals pre-
vents their optimum use. If damage threshold can be in-
creased by coating the crystals with appropriate films, then
higher conversion efficiencies can be obtained; diamond film
can be one of such coatings.

One measure of the laser damage tolerance of a material
is the laser-induced thermal stress resistance parameter R ,,
which depends on the tensile fracture strength, thermal con-
ductivity, Poisson’s ratio, thermal expansion coefficient, and
elastic modulus. R; has been used as a figure of merit for
evaluating laser material tolerance to laser damage.® It is
found that the higher the R value of a material, the higher
its laser damage threshold. We have calculated R ; for dia-
mond as well as other common materials; the results are
shown in Table I. Diamond, having a thermal conductivity
several times higher and a thermal stress parameter orders of
magnitude higher than the other materials, appears to be a
good choice as a material tolerant to laser damage. Hence
diamond films may also be useful for a variety of optical
coatings as well as for optical windows. Therefore, it is im-
portant to study the laser damage threshold of diamond
films and its effectiveness as a coating for laser hardening of
materials having low damage threshold.
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Chemical vapor deposition of diamond films using reac-
tive pulse plasma, hot filament, electron bombardment, and
dc plasma has been reported.*'? With the progress achieved
in chemical vapor deposition of diamond films, new applica-
tions of diamond films in laser optics are possible. For the
results reported here the diamond films were prepared by a
plasma-enhanced chemical vapor deposition (PECVD)
process. Typical ranges of conditions employed were as fol-
lows:

Temperature  600-800 °C
Pressure 20-30 Torr
CH4/H2 0.1-5

Silicon wafers were used as substrates. Free-standing
diamond film windows were produced by etching back the
substrate. Laser damage on the samples was induced by
varying the energy from | to 100 mJ from a 1064 nm
Nd:YAG laser with a pulse duration of 20 ns. The beam
profile and the diameter of the laser spot at the impact point
were measured using a scanned array detector. The laser
damage threshold was measured using a differential reflecto-
meter setup shown in Fig. 1. The sample was mounted on an
x-y-z microposition stage. A He-Ne laser was used as a probe
to measure the reflectance of the surface. The reflection from
an undamaged portion of the surface was detected and fed to
the lock-in amplifier along with the reference signal to obtain
a null point. The high-energy laser beam was incident at this
spot, and the intensity of the reflected probe beam was mea-
sured. A deviation from the null condition occurred when
the reflected intensity changed, due to absorption and scat-

TABLE 1. Comparison of thermal conductivity and thermal stress resis-
tance parameter of diamond with other materials.

Thermal conductivity R,
Material (W/mK) (W/m)
Diamond 2000 lox10*
Silicon 1.5 20x10*
Silver 406 1.8x10*
Sapphire 28 l4x 10
Magnesium fluonde 21 1.3x10
Glass 0.62 7.0x10'
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FIG. 1. Schematic diagram of the differential reflectometer for damage
threshold measurement.

tering from the damaged spot. The deviation was measured
as a function of laser damage energy. The damage on the
films was also confirmed by using a low-power optical mi-
croscope. The films were analyzed using Raman and absorp-
tion spectroscopy and scanning eclectron microscopy
(SEM).

All the diamond film samples studied were polycrystal-
line. The front surface was faceted whereas the back surface
(etched back) was smoother than the front. The Raman
spectrum of a sample is shown in Fig. 2; the spectra from the
front and back surfaces of the film were identical. All the
diamond films showed the characteristic first-order Raman
spectral linearound 1332 cm ™', In addition, a broad fluores-
cence background centered around 1550 em ™' is also ob-
served, which is an indication of the presence of small
amounts of sp’ bonded carbon in the diamond film. The ab-
sorption coefficients of these diamond film windows at 532
and 1064 nm measured using a Perkin-Elmer spectropho-
tometer were 3.93 10" and 1.20< 10° em ™', respectively.
These high values again indicate the presence of highly ab-
sorbing sp* bonded carbon.

In Fig. 3 we show the results of laser damage on dia-
mond film windows for 532 and 1064 nm laser radiation with
a spot size of 320 um in diameter. The output signal from the
lock-in amplifier is plotted against the laser energy density.
The film thickness was 1.87 um. It can be seen that the laser
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FIG. 2. Raman spectrum of a diamond film.
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FIG. 3. Differential reflectance vs laser damage energy density for diamond
film windows for 532 and 1064 nm laser radiation

damage thresholds at 532 and 1064 nm are 6.0 J/cm?® (300
MW/cm?)and 12.4 J/cm® (620 MW/cm?), respectively.
The irradiated spots were examined using a low-power opti-
cal microscope for laser-induced damage, and the threshold
energy agreed with that determined by the reflectance tech-
nique. At and above the threshold energy, laser irradiation
produced holes in the diamond film windows where the film
had ablated. SEM examination showed no signs of melting at
the edges of the holes. In general, laser damage on thin films
is due to cither dielectric breakdown induced by the electric
field of laser radiation or melting induced by the absorption
of laser energy by impurities in the film. For the former, the
laser power density P is related to the dielectric breakdown
field E by the equation,

P=E’n/Z,,

where n is the refractive index and Z, is the impedance of
free space. For bulk diamond, the above equation gives a
threshold of 600 GW/cm®. For 10.6 um laser radiation a
threshold of 4 GW/em? has been measured for bulk dia-
mond.'* Based on the sell-focusing effect, the damage
threshold at 1.06 um has been estimated to be 2.97 < 10"
W/cm® for bulk diamond.'* The damage thresholds mea-
sured for the diamond film windows were lower lhan the
estimated values given above. We believe that the diamond
film windows were damaged by ablation of the diamond
films caused by high absorption due to sp* bonded carbon.
The grain boundaries and defects in the film may enhance
the absorption leading to low damage threshold.

Similarly, the laser damage experiments were per-
formed on uncoated and diamond coated Si substrates. The
measured damage thresholds of silicon substrates were 2.1
J/em? (105 MW/cem?) and 5.3 J/em? (265 MW/cm?) for
532 and 1064 nm laser pulses. These are within the range of
values reported for silicon.'® The absorption coefficients of
silicon at these wavelengths are high, and energy transfer by
resonant surface plasmons has been considered as a damage
mechanism.'® The measured damage thresholds for a silicon
substrate coated with a 1.87 um diamond film were 3.65
J/em? (182 MW/cm?) at 532 nm and 14.4 J/cm® (720
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FIG. 4. SEM of a damage spot on diamond coated Si illustrating melting of
Si and ablation of diamond film.

MW/cm?) at 1064 nm. The substrate-film combination was
not optimized for reflectance or transmittance. An improve-
ment of nearly threefold in damage threshold at 1064 nm
was obtained for this sample compared to the uncoated Si
substrate. Thin films of oxides and fluorides having high
damage threshold often used in optical coating have at least
three orders of magnitude lower absorption coefficient than
those measured for our films; yet the diamond films have
damage threshold comparable to the values of these films.
We believe this is due to the high thermal conductivity of the
diamond films. A high value of thermal conductivity has
been shown to be beneficial in achieving a high laser damage
threshold.'” The SEM examination of the damaged regions
on the diamond coated silicon samples showed signs of melt-
ing of the substrates whereas no sign of melting was visible
on the diamond film. This is clearly illustrated by the SEM
photograph in Fig. 4. Experiments are under way to reduce
sp* bonded carbon content of diamond films in order to
achieve higher damage thresholds.

In summary, free-standing diamond films have a high
laser damage threshold at 532 and 1064 nm; therefore, they
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are useful as laser windows and as an overcoat for high re-
flectors and as an undercoat for antireflectors.'® However,
the experimentally measured damage threshold was found
to be lower than the calculated values. The diamond films
were ablated by the laser irradiation. The damage threshold
of silicon substrate has been enhanced by diamond film coat-
ing. Better quality diamond films will be most useful for laser
hardening applications.

This work was supported by National Aeronautics and
Space Administration grant No. NAG-1-791.
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