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A theoretical and experimental description of laser machining of
thin metallic films is given. Caleulations are carried oul for the tem-
perature rise of a thin film in response to a pulse of incident light
energy and for the dependence of the temperature rise on the different
thermal constants of the substrate and film and on the illumination
conditions.

Ezxperiments have been conducted on the pulsed machining of thin
bismuth films with glass and mylar as substrates using a lowest-
order transverse mode argon laser with an average power output
capability of 20 milliwatts. A fast intracavity acoustooptical modula-
tion system produced optical pulses with durations controllable from
25 ns to several ms. The pulse repetition rate could be varied from a
single pulse up to several MHz. The peak power depended on the duty
cycle but was limited to 2 watts for low duty cycles. Experiments were
done with both front and back tllumination. (In back illumination the
laser beam is incident on the film through the substrate.) For optimal
machining conditions in which the optical beam diameter is adjusted
to produce the maximum diameter of transparent area for a given
pulse energy, less than 50 percent of the removed material left the
surface of the substrate. The remainder was displaced so as to leave
some areas free of bismuth while the thickness of bismuth in other
areas was increased. With a pulse duration of 25 ns and a 600-A-thick
bismuth film on mylar, the peak power required to machine a 6-pum-
diameter spot was about 0.7 watt,

Variable amplitude light pulses produced by the intracavity modu-
lation system with a 1-M Hz repetition rate and dwration of 25 ns were
used to write images on a 600-A-thick bismuth film, deposited on a
mylar substrate, by deflecting the laser beam in raster fashion over the
surface of the bismuth film. The average laser power output was 20
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mW. The film area was 8 X 10 mm?. Both positive and negative
continuous-tone images were recorded. The tmages consisted of an
array of 1200 by 2000 completely independent spots of varying diam-
eter and a spot density of 4 X 10°/cm?. Images of documents which
were originally of size 84 X 11 inches showed a limiting resolution of
over 175 lines per inch when magnified to the original size.

I. INTRODUCTION

Images can be recorded on an opaque metallic film on a transparent
substrate by using an amplitude-modulated laser beam to machine
the metallic film. The modulated laser beam is scanned in raster
fashion over the surface of the film, and the thermal energy dissipated
in the film causes a local displacement or removal of the metallic
material. In this way a permanent image suitable for immediate dis-
play or storage is created.

Experiments along this line have been reported™? but reveal a
number of shortcomings from the standpoint of practical application.
Generally, there is no gray scale, only negative line images are repro-
duced, resolution is limited, and the required laser power is large.

A new laser machining technique is described in this paper which
overcomes these shortcomings and permits the generation of high-
quality, continuous-tone, permanent images using low-power gas
lasers. The significant departure from previous work rests in the use
of very short laser pulses to record the image in the form of an array
of diserete holes in the metal film and in the modulation of the in-
tensity of the laser pulses so as to vary the size of the holes. Each
laser pulse serves to machine a single, nearly circular hole in the metal
film by displacing and removing metal from the transparent substrate.
In this way a transparency is created, and incandescent light can be
directed through the film to display the image on a screen. The de-
livery of the laser energy to the metal film in short (20-30 nanosecond)
pulses reduces the energy density required to raise the metal film to
a given temperature by at least an order of magnitude over that which
would be required for the same writing speed if a CW laser were used.
Consequently, the average laser power required to displace or remove
a given amount of metal per unit time from the transparent substrate
is correspondingly reduced. In addition, the area of the transparent
spot machined in the film varies in a nearly linear fashion with the
pulse height, so that a good gray scale results. Equally good positive
or negative images are produced, and successive, isolated machined
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spots have a transmission factor independent of adjacent spots or
position along the scan line. The spots were machined at the rate of 10°
spots/second, and the frames consisted of about 2000 lines of spots
with about 1200 spots in each line.

The short laser pulses were generated with an argon ion laser in
conjunction with an intracavity acoustooptic modulator®*. The laser
had an average power capability of 20 mW. The intracavity modulator
served to deflect very short pulses from the laser cavity with much
higher peak power but with an average power of approximately
20 mW.

In what follows, a model of the machining process will be developed
based on electron micrographs of the machined spot. A caleulation of
the temperature rise of the film as a function of time is described and
used to predict the laser power required to produce threshold ma-
chining for pulses of a given length.

II. DISCUSSION

2.1 Temperature Rise of Thin Films Due to Laser Radiation

A laser beam incident on a thin, optically absorbing film will cause
the film temperature to rise.”" Assuming a laser power density P,
transmitted through the film surface, the light intensity absorbed per
unit thickness of the film at depth 2 may be described by

P(x) = —f(P /%y = Do oo 1

where 8§ is the skin depth of the film, that is, the depth at which the
light intensity drops by a factor e from its initial value. If the laser
beam diameter is very large compared with the film thickness, the
heat flow may be treated as a one-dimensional problem. It will be
assumed that the thermal and optical®* properties of the absorbing ma-
terial are independent of its temperature and phase.! Under these con-
ditions and assuming no heat loss by radiation, the temperature rise of
the thin film and the substrate is described by the differential equa-

* The optical properties of thin bismuth films were measured and no significant
change was detected below the vaporization temperature. The measurements were
carried out by monitoring the amount of transmitted and reflected light from
the bismuth film during a laser machining process.

t While this assumption clearly limits the aceuracy of the calculations, the
experimental results presented later show reasonable agreement with the caleu-
lations (See Fig. 14, for instance) and hence the error involved may not be
very great.
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tions of heat conduction:®

T, 19T, _ 1P, —n

otk ol K s ° )
Ty, _ 19T, _

oz’ k, ot =0 )

where T, is the film temperature, T, is the substrate temperature
measured relative to the ambient temperature, k; and k, are the ther-
mal diffusivity of the film and substrate respectively, (k = K/pc), p
is the density, c is the specific heat, K; and K, are the thermal con-
ductivity of the film and substrate respectively, and ¢ is time. The
initial conditions, corresponding to the onset of illumination, are:

at t =0, T, =T,=0.
The boundary conditions are:
at t>0 and z =0,
oy _ .
dx !
at t>0 and z=4d
(where d is the thickness of the metal film),

T1=T2
and

o, _ o T,

' dx -K2aa:

(equal temperature and heat fluxes at film-substrate boundary). The
qubstrate is assumed to be infinitely thick, so that T» = 0 at z = .
The temperature at depth z within the thin film can then be shown
to be approximately equal to

Tz, t) = % i {+ 2 VIkta"" ierfe (2_(9?%-;_/1_)5‘;&_3)

1 n=0

_ys Ad" . (2n + 1d + z)
— 2 Vte 1_i_Alerfc()——ﬁ——z\/i.l_t

s o 2n + 1)d = a:)
+2\/ic:.te ———1_'_Aerfc(~————*-2\/k_.lE

— 8" + 2 Vit ierfe (Qﬁ_})} )
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in which erfe is the complementary error function and ierfe is its in-
tegral over the argument between limits 2 and oo.

A—1
A 1
+ %)

1= ()

All the terms in equation (4) which have =z should be repeated once
with +2 and a second time with —x. The first term for example is
equal to:

@

w1 2+ Dd 4+ | . 2m + 1)d — x
> 2Vl o {1erf ovE i + ierfe /X }

For the case of back illumination, where the laser beam is incident
on a transparent substrate, the differential equations are the same as
equations (2) and (3) with z replaced by d — z in the exponential
term. The boundary and initial conditions are the same as in the pre-
vious case. The temperature of the thin film in this case is approxi-
mately equal to

T(x, t) % K, ZO {-— 2kt e™" o™ ierfe (2—(?%—:;\/1)10;——%%—3:)

—  Ad" . 2n + 1)d £+ :t:)
() ———
+ d\/klt A 1 ierfe ( 2\/@

— 2\/k_lte i lerfc( \/k t)

o e (@2n + 1)d i@) _ —(d—:/&)}_
+51+Ae1fc( /it de (6)

The model used above refers only to illumination by a step function
of optical intensity. For comparison with experimental pulses having
finite rise and fall times, a correction factor depending on the time
dependence of the incident light pulse should be included in equations
(4) and (6). For most practical cases in which d > § all the terms in
equations (4) and (6) which contain the expression e *° are smaller
than the other terms and can be ignored. In addition, for the cases
in which the illumination duration ¢ is 10 ns or longer, \/E > 6 s0
that all other terms with § can be ignored. Numerical results based
on equations (4) and (6) were obtained for the temperature distribution
across the film and for the temperature dependence on the time from

n=0
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the onset of illumination. Of a number of metallic films examined,
bismuth films required the least energy to machine a given size of
spot at a given optical density. For this reason, the results presented
herein all relate to bismuth films on glass and mylar substrates.

The thermal constants of bismuth, glass, and mylar are given in
Table I. The light absorption in bismuth was measured, and § was
found to be ~140 A for the 4880-A wavelength of the argon ion laser.
The calculated temperature rise of the bismuth film as a function of
the light pulse duration, with the film thickness as a parameter, is
shown in Figs. 1, 2, and 3. Figures 1 and 2 illustrate the case of front
illumination with mylar and glass substrates, respectively. The results
in Figs. 1 and 3 are given for bismuth film thicknesses of 330, 670,
and 1000 A and in Fig. 2 for film thicknesses of 330 and 1000 A. The
temperature rise is shown both at the bismuth-substrate boundary
(x = d) and the bismuth-air (x = 0) surface. Figure 3, which refers
to a bismuth film on mylar with the laser beam incident onto the
mylar substrate, is seen to be essentially identical to Fig. 1. For long
times, the temperature is proportional to 4/t (slope equal to that of
the broken line on the figures). This same proportionality is obtained
for the surface temperature of a semi-infinite solid with constant flux
of heat at the surface.’

As seen in Figs. 1, 2, and 3, for short times (<50 ns), the tempera-
ture rise approaches a linear dependence on time such as one might
expect if the thermal loss to the substrate were small compared with
the absorption of thermal energy by the thin metallic film. This is
especially so with the mylar substrate due to the lower thermal con-
ductivity of the mylar as compared to glass. For the same reason, the
temperature rise of the bismuth film on glass is smaller than that of
the same film on mylar.

The temperature distribution through the thickness of the film in
the case of a 1000-A-thick bismuth film on mylar is shown in detail in

TaBLE [—THERMAL CONSTANTS

Conductivity
[eal/(s)(cm?) Diffusivity
Substrate (°C/em)] [em?/s] a A
Bismuth 2 X 1072 7 X 1072
Glass 28 X 107 58 X 10—
Mylar 4 % 107 1.1 X107
Bismuth on glass 0.35 2.06
Bismuth on mylar 0.72 6.30
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Fig. 1—Temperature rise of a bismuth film on a mylar substrate caused by
front illumination.
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Fig. 2—Temperature rise of a bismuth film on a glass substrate caused by
front illumination.
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Fig. 3—Temperature rise of a bismuth film on a mylar substrate caused by
back illumination.

Fig. 4a and b. The temperature distribution is given for the case of
front illumination at the end of 10 ns (Fig. 4a) and at the end of 100
ns (Fig. 4b). The temperature gradient decreases with longer illumina-
tion, which can also be seen from the previous figures.

The temperature gradient across a 670-A bismuth film on mylar,
illuminated from the back, is shown in Fig. 5. Results are shown after
10 ns (Fig. 5a), after 100 ns (Fig. 5b), and after 1 ps (Fig. 5¢). As
expected, for short illumination duration, the temperature is higher
near the substrate interface, where most of the laser intensity is ab-
sorbed. Because of loss of heat to the substrate, the location of maxi-
mum temperature shifts in time towards z = 0, and the temperature
gradient decreases (Fig. 5¢).

The temperature gradient across the film thickness is always very
small (about 2 percent of surface temperature for the case described
in Fig. 4b). For this reason, the model used for the foregoing caleula-
tions, which assumes that a single phase of the film is in existence at
any instant, is adequate up to the vaporization temperature.

2.2 Optimal Machining Considerations

It is assumed that the laser beam power density absorbed by the
thin film has an azimuthally symmetric Gaussian shape of the form
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I(z, 1) = I (z)e” """ Q)

in which r is the radial distance from the axis, I(z, r) is the laser in-
tensity at a distance z from the focal plane along the optical axis,
I,(z) is the laser intensity at r = 0, and w(z) is the radius of the waist
at the 1/e points of the intensity. For a beam propagating in the z
direction, H. Kogelnik and T. Li*® have shown that

w@) - (ﬁ)

(wn L= 2w’ ®)
where A is the light wavelength and w is the waist radius at the focal
plane, w, = w(0). Assuming a laser beam with a specified total power

P, one can write

P = f L&~ 2 dr = I ©)
0
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Fig. 4—Temperature distribution across 1000 A of a bismuth film on mylar:
(a) after 10 ns of front illumination; (b) after 100 ns of front illumination.
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Fig. 5—Temperature distribution across 670 A of a bismuth film on mylar
after 10 ns (a), 100 ns (b), and 1 us (c¢) of back illumination.

which defines

1 P
Io(z) - T w(z)z' (10)
Machining or evaporation of the thin films with a spot diameter D
and a given pulse duration requires a certain threshold intensity Ir =
I(z, D/2). At the focal plane (z = 0), it follows from equation (7)
that
1,1

I, =WPFe'“”2‘”"" (11)
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or

D 0 a)?
P = nl e

where D is the machined spot diameter. By taking the derivative of P
with respect to w, and setting dP/dw, = 0, it can be shown that the
laser power required to machine a spot of given diameter is minimum
when

I,
I, = (12)
It follows that the optimal beam waist diameter machining a spot of
diameter D is

2w,,. = D. (13)

As an example, consider the machining of a 1000-A bismuth film
with a mylar substrate. The laser power density absorbed in the film
is assumed to have a Gaussian shape with a peak intensity I, equal
to 3 x 10> watts/em® The melting temperature of bismuth is about
271°C. From Fig. 3 it is found that starting from room temperature
the thin bismuth film will reach the melting temperature after 16 ns of
llumination time. The latent heat of fusion of the bismuth is L = 10.2
cal/g, and the specific heat is ' = 0.03 cal/g°C. The additional time
At used in supplying the latent heat of fusion is estimated from the
time required to raise the temperature by the amount AT = L/C =
300°C. From Fig. 3 this time is found to be At = 20 ns. Following
that, the temperature will continue to rise toward the evaporation tem-
perature. The time required to reach the evaporation temperature after
supplying the latent heat of fusion is found from Fig. 3 to be equal to
124 ns. Assuming that machining is done under optimal conditions, as
previously described, the temperature rise was ealculated at different
points across the diameter of the Gaussian beam. Results are shown
in Fig. 6 for the temperature of the bismuth film after 160 ns illumina-
tion duration with a laser peak intensity of 3 x 10° watts/cm?. The
four lines shown correspond to the temperature at @ = 0 (the center of
the machined spot, at @ = 0.25D, at @ = 0.50D (the edge of the ma-
chined spot), and at « = 0.67D, which is the radius where the film
just reached the melting point.

When the laser beam is focused to a radius different from w,y, , the
machined spot diameter is reduced. The ratio between the diameter of
the machined spot and the optical beam diameter is found from equa-
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Tig. 6—Temperature distribution across the machine spot diameter.
tions (7), (10), and (12) to be:
D) _ —
s = V1~ 210 @6)/ve). (14)

Suppose a beam is focused to a waist w,,, which is optimal for machin-
ing a spot of diameter D,,, = 2w, . Let the depth of field be the
distance I from the focal plane for which the machining spot diameter
is reduced by a factor of V2. It is found from equations (8) and (14)
that

2
1 = 417 Don, (15)
A
As an example, to machine a spot diameter of 10um, with an argon ion
laser which has a wavelength of 0.488 &, the field depth according to
(16) is

2
- il'—7)\D°—"‘ — +348um.
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III. EXPERIMENTAL RESULTS

Machining experiments have been conducted on thin bismuth films
using glass and mylar as substrate materials. These films were pre-
pared by vacuum evaporation techniques in thickness of 200, 400, 500,
600, 800, and 1000 A respectively. A folded-cavity, CW argon laser was
used in conjunction with a fast acoustooptic modulator® to provide
light pulses whose length could be varied from 25 ns to several ms. The
repetition rate of the light pulses could be controlled and varied from
a single pulse up to several million pulses/second. The focused spot
could be swept in one dimension using deflectors, such as galvanom-
eters,’* rotating mirrors, etec. However, for most of the data reported
in this section, the focused spot was kept fixed, and the film was moved
in a direction perpendicular to the optical axis of the light pulses, as
shown in Fig. 7. Tilting the film at a small angle « with respect to its
direction of travel (shown in Fig. 7) causes the bismuth film to pass
from inside the plane of focus to outside in its travel past the focused
spot. With sufficient power in the light pulse a line of circular spots
was machined.

Figure 8 shows four pairs of lines machined with four different light
intensities. The spot diameters along these lines exhibit two maxima
corresponding to the optimum case described in Section II [equations
(12) and (13)]. The two maxima are at equal distances from the spot
machined when the film is at the beam waist. The pulse repetition rate

LIGHT
PULSES

" { LENS
INTRACAVITY MODULATED /\

ARGON LASER T

o

—— MOVABLE

BISMUTH —— SUBSTRATE

Fig. 7—Experimental setup.
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Fig. 8—Four sets of lines machined with different intensities.

and film speed were adjusted to produce nonoverlapping but nearly con-
tiguous spots along each line; i.e., each spot was formed by a single op-
tical pulse. The film in this case was a bismuth film of 1000 A thickness
on a glass substrate. The optical beam was focused to a diameter 2w, of
about 4pm. The light pulse duration was 25 ns with peak intensities of
1.6, 0.8, 0.5, and 0.25 watts for the first, second, third, and fourth pairs
of lines, respectively. The maximum spot diameter (which occurs at
the brightest part of each line in Fig. 8) and the separation between
the two maxima in each individual line increase with the intensity of
the incident light. The machining obtained when the beam was in focus
on the bismuth film is marked by the vertical line in the center. The
disappearance of machining at the two ends of each line occurs where
the peak power at the center of the beam falls below the machining
threshold power Ir.

A more detailed picture of some individual spots machined with the
same laser intensity is given in Fig. 9. These photographs were ob-
tained from a seanning electron microscope at 10,000 and 2000 times
magnification. The approximate locations of these spots are indicated
by the letters a, b, ¢, d, and e in Fig. 8. All spots shown in Fig. 9 are
located on the top line of machined spots in Fig. 8. The individual
machined spot magnified by 10,000 times in Fig. 9 is also marked by a
small arrow on each 2000 magnification photograph. The machined
spot obtained when the laser beam was focused in the plane of the bis-
muth film is shown in (a) of Fig. 9. Machining obtained with a power
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Fig. 9—Photographs of individual machining spots obtained from a scanning
electron microscope.
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just above threshold is shown in (d). The largest machined spot ob-
tained is shown in (b). As clearly seen from these photographs, very
little, if any, of the bismuth film was evaporated at the lower power
densities, as shown in (¢) and (d). Near the threshold power, the metal
was only melted and the surface tension pulled the metal back from the
center forming a crater, as shown in (c). In the machined spot at the
center of (c), surface tension caused a large percentage of the liquid
metal to resolidify into a sphere within the crater. In (e) the laser
power was just below the threshold level, and while the metal appears
to have been melted at each spot, only in a few cases were craters
formed.

In (a) and (b) of Fig. @ the optical beam intensity at the center of
the spot is greater, and it is likely that some evaporation of material
occurred in this region. The metal vapor pressure has forced some of
the liquid metal away from the substrate, and surface tension has
caused the remainder of the liquid bismuth to resolidify in the irregu-
lar form evident in (a) and (b). By estimating the volume of material
accumulated around the crater in (b), the amount of material evapo-
rated for the optimum machining is found to be less than 50 percent of
the total metal displaced from the crater.

In order to measure the machining field depth, a similar experiment
was carried out. Argon laser pulses with 25 ns duration and peak power
of 0.75 watt were focused to a minimum diameter of 2um. The bismuth
sample was again moved perpendicular to the optical axis and was
tilted at a small angle a with respect to its direction of travel. Assum-
ing that the beam has a Gaussian shape, the optical beam diameter
could be caleulated for each machined spot. The relation between the
machined spot diameter and the light beam diameter is given in Fig.
10. The results are given for an 800-A-thick bismuth film on a glass
substrate. The solid line is the theoretical line given by equation (14).
As seen in this figure, the observed machining field depth is extended
beyond that of the theoretical curve, especially at the lower power
densities. This may result from the surface tension effect near the
threshold power.

Figure 11 shows the effect of varying the laser intensity. A 400-A-
thick bismuth film on a mylar substrate was used in this case. The
optical beam was in focus all along the machined line, and the machin-
ing was obtained by back illumination. As indicated on this figure, the
beam intensity was varied from 100 percent to 24 percent, the 100-per-
cent intensity corresponding to a light pulse of 1 watt peak intensity
with 25 ns duration. The machining spots varied in diameter according
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Fig. 10—Relation between machining spot and light beam diameters. The
notation is that used in equations (13) and (14).

to the incident light intensity, from about 8 to 1um. The optical beam
diameter was 2 w, = 6xm. As shown in Fig. 12, above threshold the
measured machining area varied linearly with the light beam intensity
for these particular machining conditions.

The variation of threshold machining power density with pulse dura-
tion was measured for pulse durations in the range from 25 to 4000 ns.
The light pulse shapes for several durations are shown in Fig. 13. The
results obtained with a 600-A-thick bismuth film on mylar (illumi-
nated from the substrate side) are given in Fig. 14. The solid line is
the theoretical curve based on the results given in Section IT. The small
circles are the experimental results. Both the theoretical and the ex-
perimental results in Fig. 14 have been normalized so that they coin-
cide at the 1-ps illumination period, The small deviations from the
theoretical results for the short durations are not yet explained.

The peak pulse power required to machine 6-pm-diameter spots on
500-A bismuth films on mylar with 25 ns pulse duration was found to
be of the order of 0.7 watt. This corresponds to an average energy den-
sity of 0.06 joule/em? over the area of the spot. As theory predicted
(Figs. 1 and 3), the same power requirements were found for both back
and front illumination.

Figure 15 shows the dependence of the energy density, required to
machine 6-pm-diameter spots with laser pulses of 25 ns duration, on
the film thickness. The energy density plotted in Fig. 15 is the peak
pulse power times the pulse duration divided by the spot area. For
optimal machining, this is also equal to the peak power density I, at
the center of the beam times the pulse duration [from equations (10)
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Fig. 11—Machining spots obtained with different light intensities. (The 100-
percent value corresponds to a peak intensity of 1 watt with 25 ns pulse duration.)



IMAGE RECORDING BY LASER BEAMS 1779

o
o

o o
=} o
I

IN ARBITRARY UNITS
n W
o 5]
T T

MACHINING SPOT AREA

0 | | | | |
0 20 40 60 80 100

INTENSITY IN ARBITRARY UNITS

Fig. 12—Relation between machining spot area and illumination intensity.

and (13), I, = P/(=D*/4)|. The films were on mylar substrates and
the machining was from the substrate side. As expected from the
theoretical results presented in Figs. 1, 2, and 3, due to some loss of
energy to the substrate, the required machining power increases rela-
tively slowly with film thickness in the range from 200 to 1000 A.

The power densities required to machine different thicknesses of
bismuth films with different illumination duration ecan be estimated
from Figs. 14 and 15. For the example given at the end of Section II,
the peak power density required to machine a 1000-A film with a 160-
ns illumination duration, according to Fig. 14, is 4.5 times smaller than
the peak power density with a 25-ns illumination duration. From Fig,
15 it is found that the energy density required to machine a 1000-A film
with a 25-ns pulse duration is 0.085 joule/em?®. Assuming that due to
reflectivity only 50 percent of the laser light is absorbed in the film, the
peak power density 7, is then of the order of 0.5 x 0.085/(4.5 X 25 X
10-*) = 3.8 x 10° watts/em® This is in agreement with the theoretical
prediction presented in Fig. 6 and with the experimental results of Fig,
9 which indicate that only a small portion of the film is evaporated.

Back illumination machining experiments were carried out and com-
pared for Mylar S* and Mylar D* substrates. Both of these materials
have similar thermal constants. The Mylar 8 however has a better
optical quality. The same power densities were required for machining
in the two cases. As experimentally observed, due to the poorer optical

* Trademarks of DuPont,
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Fig. 13—Different light pulse durations obtained by the modulation system.
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Fig. 14—Relation between threshold machining powers and illumination duration.

quality of the Mylar D, the optical beam shape was distorted causing
a distortion in the shape of the machining. In Fig. 16a, b, and ¢, ma-
chining spot shapes are shown and ecompared for front and back illumi-
nation on Mylar D substrates and back illumination on Mylar S. As
seen in Fig. 16a, the spot shape is distorted for the back illumination
on Mylar D.

Many bismuth particles in the vicinity of the machining area can
be observed in Fig. 16. These apparently were displaced as molten
drops by the vapor pressure during machining.
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Fig. 15—Dependence of the energy densities, required to machine 6-um-
diameter spots, on the bismuth film thickness.
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(b)

(¢) 10 um

Fig. 16—Machining spot shapes with different substrates for front and back
illumination: (a) Bismuth on Mylar D, back illumination. (b) Bismuth on Mylar
D, front illumination. (¢) Bismuth on Mylar 8, back illumination.
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IV, IMAGE RECORDING ON THIN BISMUTH FILM

The use of laser beams to record information on thin metallic film
has been demonstrated by several authors.®*1218 C, O. Carlson, et al.!
used a 38-mW CW He-Ne laser to write video information on various
kinds of thin films on a glass substrate. The thin films used were 500 A
of lead and tantalum and 1um of a triphenylmethane. A negative
image of a page was formed by micromachining the thin film with the
laser heam which was modulated at a video frequency. Machining
lines had a width of 2um with a total image size of 0.24 X 0.24 mm.
The writing speed was equivalent to about 10° spots per second. The
energy density required was 1.2 joules/cm?,

A 100-A-thick bismuth film on a glass substrate has been utilized
to record holograms of various patterns with a pulsed ruby laser.?

In the present work, an intracavity modulated argon laser of average
power capability, 20 mW, has been utilized to record images on a 600-
A-thick bismuth film on a mylar substrate. The recorded image size
was 10 by 12 mm and the writing speed was 10° spots per second. Im-
ages of documents which were originally 8.5 X 11 inches have a resolu-
tion of over 175 lines/inch when magnified to the original size. The
picture quality obtained is comparable with a good black and white
photograph with 8 to 10 shades of gray. The energy density (given by
the pulse peak energy divided by the spot area) had a maximum value
of about 0.060 joule/em?®.

The system is illustrated in Fig. 17. An acousto-optical intracavity
modulation system was used to obtain 25-ns-duration light pulses from
a CW argon laser producing 20 mW average power in the Gaussian
mode. The modulation technique preserved the average output power
of the laser. The video information was acquired by a He-Ne laser
flying-spot scanner. A balanced mixer amplitude modulated a 5-mW
450-MHz RF signal with the video =zignal. By supplying a de bias in
addition to the video signal, the modulation depth could be adjusted to
obtain the proper gray scale. A second balanced mixer, triggered with
30-ns-duration base band pulses at a 1-MHz repetition rate, was used
to obtain the RF pulses required to dump the cavity. The video-mod-
ulated 30-ns-duration RF pulses, after being amplified by a 20-watt
linear amplifier, were fed directly into the ZnO transducer sputtered on
the fused silica modulator. As a result of a Bragg interaction between
the acoustic pulses and the light beam, light pulses with the duration of
25-30 ns were dumped out of the cavity at a 1-MHz repetition rate.
The pulses were intensity modulated at the video frequency. The light
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Tig. 17—The system setup for recording video information ®y laser machining.

pulses after being collimated were focused with an f/5.6 lens onto the
bismuth film so as to machine 6-pm-diameter spots. The light pulses
were deflected in the horizontal direction by a galvanometer mirror.
The 16-mm mylar substrate with the bismuth coating moved at a
constant speed in the vertical direction. To prevent the bismuth vapor
from coating the optical components, the laser beam was incident
on the thin film through the mylar substrate. The writing speed was 2
ms per line including 40-percent retrace time. The number of lines
printed was about 2000 lines per frame (4-second frame with 2.4 X
10° total number of resolvable spots). Figure 18 shows a photograph
of a micromachined copy of an IEEE facsimile test chart. As seen in
this figure, about 8 to 10 shades of gray were obtained. A magnified
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Fig. 18—Microfilm recording of a facsimile test chart.

region of an all-white area is shown in Fig. 19. A region of several gray
scales (a detail of the eye in Fig. 18) is shown in Fig,. 20.

By changing the polarity of the video signal (Fig. 17) either posi-
tive or negative images could be recorded. In Fig. 21, magnification of
both positive and negative images of newspaper clippings are shown.

V. CONCLUSION

Calculations and experiments have been carried out for the machining
of thin metallic films by a laser beam and for the associated temperature
rise of the film. For a long illumination duration ¢, depending on the
thermal constants of the film and substrate and on the film thickness,
the temperature to which the film has risen by the end of the light
pulse is proportional to /. For a very short illumination duration,
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TFig. 19—1000 times magnification of a white area.
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Fig. 20—Magnification of a gray scale area.
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however, the temperature rise approaches a linear dependence on
time. Tor longer light pulses, a larger portion of the laser energy is
lost to the substrate by heat conduction during the pulse. Machining
of thin films on substrates of very low thermal conductivity is most
efficiently obtained when the pulse duration is short enough that the
temperature rise is linearly proportional to the pulse duration.

With optically transmitting substrates, machining could be obtained
either by front illumination or by back illumination. The machining
efficiency is approximately equal for the two methods. In many cases,
however, back illumination is advantageous since the vapor from the
surface is directed away from the focusing and deflecting optical com-
ponents. By varying the laser pulse intensity, the machining spot area
varies nearly linearly with the pulse intensity over a certain range
above some threshold value. A better understanding of the dynamies of
the machining process, however, is still required and further work is
planned.

The use of very short laser pulses permits the machining of images
of a given size and resolution in a given length of time with much
lower average laser power than would be required with a CW laser.
By varying the intensity of the laser pulses and hence the area of the
machined spots, images with a continuous range of shades of gray
were obtained. Images of printed material having a resolution of about
175 lines per inch of an original 8% x 11 inch document were machined.
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