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Novel technique for low-jitter dual-laser synchronization
in a thin film deposition system

Pritish Mukherjee,a) John B. Cuff, and Sarath Witanachchi
Laboratory for Advanced Materials Science and Technology (LAMSAT), Department of Physics,
University of South Florida, Tampa, Florida 33620

~Received 13 October 2000; accepted for publication 20 November 2000!

The need for precise laser pulse synchronization in a dual-laser ablation system to optimize the
quality of the deposited thin films has been previously demonstrated. We present, in this article, a
novel technique for the synchronization of an excimer and a CO2 laser with synchronization having
a temporal fluctuation~jitter! of less than614 ns. This is several times better than the best precision
of temporal synchronization possible using traditional electronic techniques and is crucial for the
application of dual-laser ablation in the manufacturing of thin films. Evidence for reproducibility in
the ablation of targets using this system is presented by analyzing the initial stages of the ablated
plasma using a time-gated charge coupled device imaging system. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1367359#
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I. INTRODUCTION

We have previously established the need for precise
ser pulse synchronization in a dual-laser ablation system
optimize the quality of the deposited thin films in an earl
article.1 The synchronization of two laser pulses on the
trafast time scale is important in a variety of other applic
tions including various pump–probe experiments,2–5 double-
resonance spectroscopy,6,7 nonlinear optics,8–10 and laser
welding.11–13 If the second laser pulse is derived from t
first, i.e., if it is identical in wavelength and pulse duratio
and the delays involved are on the nansecond time sca
less, the use of beam splitting and synchronization by opt
delay of the second pulse upon introducing a larger opt
path length with respect to the first is sufficient to allo
precise temporal synchronization. The same technique
be used if the second laser is the second, third, or mult
harmonic of the first laser pulse simply by introducing
nonlinear frequency conversion mechanism in the path of
second laser~such as second harmonic generation for f
quency doubling, etc.!. However, when the requisite tim
delays are larger than tens of nanoseconds, such a syn
nization technique becomes progressively impractical w
increasing delays that require corresponding unfeasibly l
optical delay lengths.

Also, if the two laser pulses are derived from differe
sources, the issue of temporal synchronization becomes m
complicated. Such a situation could occur either when
frequencies are nonharmonically related or are not easily
tainable by frequency up-conversion techniques. In s
cases, the conventional technique is to use an electr
pulse generator as the master oscillator for two separate
sers and to introduce variable delays for the two lasers
using electronic pulse delay generators. Although appro
ate in some circumstances, these conventional electr
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techniques are not applicable when precise synchroniza
of two lasers with a temporal jitter of less than625 ns is
required. This situation is encountered in the practical ap
cation of a dual-laser ablation system discovered in our la
ratory for large-area, defect-free growth of a variety of m
ticomponent thin films.14

This dual-laser system and its applicability to hig
quality film growth is described elsewhere.1 Briefly, this la-
ser ablation system consists of an infrared CO2 laser (l
510.6mm) and an ultraviolet KrF excimer laser (l5248
nm) having pulse widths of approximately 150 and 20
respectively. This pair of laser pulses is temporally synch
nized and spatially overlapped on the target to be ablated
thin film deposition. Previous experiments have demo
strated that precise synchronization of these two laser pu
to within tens of nanoseconds is crucially important for t
particulate-free deposition of thin films.15 The mechanism
responsible for such an effect has also been discussed
report, in this article, on the implementation of a novel op
cal synchronization technique for the two lasers in the du
laser ablation system. This system is an important pract
example of the synchronization of two laser pulses deriv
from independent laser sources that require delays gre
than several tens of nanoseconds with reliably low shot
shot temporal fluctuations.

II. IDENTIFICATION OF THE SOURCE OF INTERPULSE
JITTER

The first step in the reduction of the temporal jitter b
tween the CO2 and KrF lasers in the dual-laser ablation sy
tem is the determination of the primary source of the flu
tuations. This can be done by isolating the individu
contributions of each laser to the collective interpulse jitt

A. Measurement of interpulse temporal fluctuations

An obvious approach for the synchronization of the K
and CO2 lasers in the dual-laser ablation system is to use
il:
0 © 2001 American Institute of Physics
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electronic method discussed in Sec. I. The resultant range
temporal fluctuations in interpulse delay for 50 success
laser shots are shown in Fig. 1, as a function of the h
voltage of the CO2 laser discharge. Fluctuations as high
155 ns at low values of the discharge voltage are somew
alleviated at the higher laser voltages where the minim
observable fluctuation at a CO2 discharge voltage of 37 kV is
still at an unacceptably high value of approximately 57
Thus, electronic synchronization does not provide a relia
method for the practical application of film deposition usi
the dual-laser ablation technique in which the KrF laser
to be positioned precisely on the 100 ns rising edge of
CO2 laser.

A series of measurements was made to locate the so
of the largest contribution to the jitter in the whole syste
Measurements of temporal delay were made between the
tical flash from the CO2 discharge and the CO2 laser pulse,
the electronic trigger pulse for the excimer laser and the
put excimer laser pulse, the trigger pulse for the CO2 laser
and the CO2 laser pulse, and the CO2 and excimer laser
pulses. All of these experiments were performed at the h
est CO2 laser discharge voltage~without arcing! of 37 kV, as
this yielded the lowest fluctuations~see Fig. 1!. After 50
measurements were taken, the jitter was determined by
ing the standard deviation of the delay times. Figure 2 de
onstrates that the greatest variation is within the CO2 laser.
The fluctuation between the trigger pulse and the excim
laser pulse is approximately 15 ns while the correspond
value between the CO2 and excimer laser pulses is;325 ns,
which is 20 times greater than the internal jitter of the ex
mer laser. It can be concluded that the largest source of j
is between the trigger from the pulse generator to the C2

laser pulse. This is not surprising since the CO2 laser is a
gain-switched laser with delays involved in both the trigg
ing of the high voltage discharge as well as the buildup
gain in the laser cavity. Remediation of the fluctuation pro
lem therefore requires a new method for pulse synchron
tion.

There are two factors of importance in precise contro
the synchronization of the two laser pulses in the dual-la
ablation system. First, in order to place the excimer laser

FIG. 1. Delay between the excimer laser pulse and CO2 laser pulse as a
function of the CO2 laser discharge high voltage while using electron
interpulse synchronization.
Downloaded 07 Jun 2008 to 131.247.209.14. Redistribution subject to A
of
e
h
s
at

.
le

s
e

ce
.
p-

-

h-

k-
-

r
g

-
er

-
f
-
a-

f
er
n

the rising edge of the CO2 laser pulse~a condition necessary
for control of film quality1!, the excimer laser~which has low
jitter! could not be triggered by the CO2 laser output since
there was a 1250 ns delay between the trigger to the exc
laser and the emission of the laser pulse. Second, any t
nique relying on electronic synchronization of the trigger
the two lasers would be ineffective due to the large jit
inherent in the CO2 laser, as illustrated in Fig. 2. In tandem
these two factors required a trigger source from the C2

laser that minimized the fluctuations with respect to the o
put CO2 laser pulse while serving as a trigger that could
electronically delayed to trigger the excimer laser. This tr
ger source would also need to precede the emission of
CO2 laser pulse by greater than 1250 ns to allow suita
temporal positioning of the excimer laser pulse with resp
to the CO2 laser.

We used the optical flash from the CO2 laser high volt-
age discharge to provide this trigger source. This elimina
the fluctuations associated between the trigger to the th
tron and the generation of the high voltage excitation of
CO2 laser gas mixture. In addition to using the optical flas
a variety of CO2 laser parameters had to be optimized, bo
to reduce the temporal fluctuations as well as to maintain
minimum delay between the optical flash and the emission
the CO2 laser pulse, to obtain the required KrF–CO2 laser
interpulse synchronization. The optimization of these la

FIG. 2. Individual delays for 50 shots between~a! the pulse generator and
the excimer laser pulse and~b! the CO2 laser pulse and excimer laser puls
The CO2 laser discharge voltage was 37 kV.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2382 Rev. Sci. Instrum., Vol. 72, No. 5, May 2001 Mukherjee, Cuff, and Witanachchi
parameters is discussed in Sec. II B, followed by details
the optical triggering scheme in Sec. II C.

B. Effect of CO 2 laser parameters

In initial experiments to study the effect of the vario
CO2 laser parameters on the jitter of the system we u
measurements of the delays between the discharge
~from the region between the electrodes! and the outgoing
CO2 laser pulses. These delays~internal delays! were mea-
sured by focusing a portion of the light of the discharge fla
onto a photodetector. Figure 3 shows the initial layout u
to obtain these delay measurements. In order to access
from the internal flash, the laser cavity was opened up
extended. A flat mirror was placed just outside the path
the laser cavity to intercept and reflect a portion of the lig
beam from the flash caused by the high voltage discha
Subsequently, an 8 in. focal length lens was used to fo
this light onto a photodetector. A pyroelectric detector w
used to monitor the CO2 laser pulse and the delay betwe
the flash and the laser pulse was measured on a 400
Tektronix TDS 380 digital oscilloscope.

1. Effect of laser mirrors

The laser output and internal photon buildup in the c
ity can be affected by the reflectivities and radii of curvatu
of the output coupler~OC! and the rear mirror of the lase
cavity. Since both these parameters affect the single-p
gain, they impact both the laser pulse energy and the tim
and jitter of the emitted pulse. Our experiments with a va
ety of output couplers and rear mirrors resulted in low pu
energy and high jitter, or high pulse energy and low jitter,
even high pulse energy and high internal jitter. A balan
must be found so that the laser pulse has both an accep
pulse energy and low jitter.

The buildup in the cavity is related to the circulatin
intensity. The net intensity in the cavity forN roundtrips
~taking timeT for one roundtrip! is

FIG. 3. Schematic diagram of the arrangement for optimizing the inte
delay of the CO2 laser.
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I ~T!5I 03R1R2~R3 ...,!exp@2ampm22a0p#

5I 0 exp@dm2dc#, ~1!

where theRi ’s are the mirror reflectivities andI 0 is the initial
intensity from the noise level. Larger than 2 mirror refle
tivities are encountered when additional turning mirrors
introduced into the cavity.am , a0 , pm , andp are the laser/
molecular gain coefficient, scattering loss, roundtrip len
through the medium, and roundtrip path length of the cav
respectively. Thedm and dc variables are the gain coeffi
cients due to the laser atoms and the total roundtrip po
loss due to the cavity, respectively.16 Equation~1! demon-
strates the effect of mirror reflectivity on the buildup of ph
tons in the cavity. If the rear mirror (R2) has a reflectivity
close to unity, Eq.~1! is dependent only on the reflectivity o
the output coupler. As the output coupler’s reflectance
increased, theI (T) will increase, leading to a delay in th
emission of the CO2 laser pulse and a decrease in the pe
intensity emitted. A longer duration pulse with larger intern
jitter will result.

The radii of curvature of the laser mirrors will affect th
beam waist (v0) and the laser spot size (v i). The following
equations, Eqs.~2! and ~3!, are related to the effect of th
radii on these two parameters.17 In these equations,L is the
length of the laser cavity.

v0
25

lL

p

3A@12~12L/R1!~12L/R2!#~12L/R1!~12L/R2!

22L/R12L/R222~12L/R1!~12L/R2!
,

~2!

v i
25

lL

p~12L/Ri !
A ~12L/R1!~12L/R2!

12~12L/R1!~12L/R2!
. ~3!

In Eq. ~3!, i is 1 and 2 for the output coupler and the re
mirror, respectively. For a flat rear mirrorR2 , with an infi-
nite radius of curvature, Eqs.~2! and ~3! simplify to

v0
25

lL

p
A12L/R1, ~4!

v2
25

lL

p
A12L/R1

L/R1
5

lL

p
AR1

L
21, ~5!

With a small spot size,v2 , on the rear mirror, a smalle
portion of the gain medium is being utilized. This can lead
gain saturation and inconsistent pulse energy with associ
temporal jitter. With a larger spot size, more of the ga
medium is used, allowing reproducible buildup of the las
pulse.

Although we did not continuously vary the reflectivitie
and radii of curvature of the laser mirrors, experimentat
with a variety of available possibilities confirmed the cons
erations previously discussed. All of these measureme
were performed under conditions of maximum pumping a
37 kV discharge voltage. For example, using an output c
pler with a reflectivity of 65% and a radius of curvature of 4
m, the pulse energy of the resulting TEM00 laser output was

al
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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2383Rev. Sci. Instrum., Vol. 72, No. 5, May 2001 Low-jitter laser for thin films
400 mJ. However, the jitter was too large at681 ns. Upon
changing the output coupler to one with a reflectivity of 86
and a 10 m radius of curvature, the laser pulse ene
dropped to 250 mJ, but the internal delay still fluctuated a
unacceptably high value of653 ns. Increasing the reflectiv
ity of the output coupler to 96% while maintaining the 10
radius of curvature produced the same laser pulse energ
250 mJ with a reduction of the jitter to68 ns. However, the
internal delay between the flash and the pulse was 980
too short for the synchronization of our dual-laser ablat
system in view of the 1250 ns internal delay of the KrF las
The general trend of larger jitter associated with longer
lays in the emission of the laser pulse was consistently
served.

In our case, another important parameter was the pla
ment of the discharge head within the laser cavity. In all
previous measurements reported above, the discharge
was located close to the rear mirror. Therefore, the spot
of the intracavity oscillating laser beam was close to its m
mum value, leading to possible gain saturation and lar
fluctuations in the temporal delays of the laser output. T
can easily be remedied by moving the discharge head or
laser mirrors and results in a relative shift of the active m
dium closer to the curved mirror. Because of space con
erations, we simply switched the radii of curvature of o
laser mirrors while keeping their positions and that of t
discharge head invariant.

The final combination used was a curved rear mir
with a 20 m radius of curvature and a flat 50% reflectiv
output coupler. This resulted in a stable CO2 laser pulse en-
ergy of 250 mJ and low jitter of614 ns. Interestingly, the
delay was large enough to place the excimer pulse 110
before the CO2 laser pulse for synchronous triggering of th
excimer laser with the optical flash.

2. Effect of cavity layout

As stated earlier, the internal delay of the CO2 laser was
required to be at least 1250 ns for dual-laser synchronizat
One obvious approach is to change the length of the cavit
the longer the cavity, the longer the delay. This is indica
in the buildup time of the steady-state intensity in Eq.~6!,

Tb'
tc

r 21
lnS I ss

I 0
D , ~6!

where I ss is the steady-state oscillation intensity,tc is the
cavity decay lifetime, andr is the normalized inversion ratio
given by16

r 5
dmo

dc
5

amo

ac
5

2amopm

2aop1 ln~1/Btot!
, ~7!

whereRtot5R1R2R3... The relationship between the roundtr
pathp and the cavity buildup time is evident from Eqs.~6!
and ~7!. The length of the cavity was therefore adjusted
meet the needs set by the excimer laser triggering delay

The cavity was lengthened to incorporate extra delay
the appropriate dual-laser synchronization. In an attemp
reduce the overall length occupied by the laser cav
changes from a linear configuration into an ‘‘L-shaped c
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ity’’ ~adding one extra mirror! and a ‘‘U-shaped cavity’’
~adding two extra mirrors! were explored. Although the de
lay in laser pulse emission was increased, the addition
extra mirrors served as additional loss mechanisms for
multipass CO2 laser and contributed to lower pulse energ
as well as unacceptable levels of jitter. Therefore, we
stored the elongated straight line configuration with a cav
length of 4.4 m, to get the delay needed, with a const
pulse to pulse energy and an acceptable jitter.

3. Effect of gas mixture

Another parameter that affected the laser pulse ene
and the jitter was the gas mixture in the cavity. To reduce
effect of the gases being depleted, the cavity was set up
flowing system. This allowed the gases to be continuou
replenished, thus reducing the buildup of the depleted ga
and CO. By controlling the amount of each component~N2,
CO2, and He! of the gas mixture individually, it was possibl
to optimize the laser output and jitter. Increasing the perce
age of N2 in the mixture can increase the pulse energy
pressure broadening.16 The increase in the N2– CO2 colli-
sions will result in a longer pulse width and increased jitt
Slightly increasing the buffer gas, He, stabilized and
creased the pulse energy. This was most likely due to
increase in the amount of He assisting in depletion of
lower CO2 excited level to the ground state. The final g
mixture for stable laser operation without arcing at 37 k
was 20%N2, 30%CO2, and 50% He, which resulted in
pulse energy of 250 mJ in the TEM00 mode. Higher pulse
energies were obtainable by increasing the partial pressu
N2, but resulted in increased jitter. The CO2 laser output
used in our experiments was at the strongest 10P(20)CO2

laser transition, which corresponds to a wavelength of 10
mm.

4. Effect of discharge voltage

After optimizing the laser cavity configuration, lengt
and the gas mixture, we determined the effect of the h
voltage of the CO2 laser discharge on the jitter. The effect
the high voltage is to change the pumping rate by coupl
more energy into the N2, which isoenergetically transfers th
energy to the upper CO2 laser level.16 The time delay to
inversion is given by

td5
t ln@2Wpt/~Wpt21!#

Wpt11
, ~8!

where t is the lifetime in the excited state andWp is the
pumping transition probability.16 The pumping transition
probability can be related to the pumping rate by

dN4

dt
5Wp~N12N2!2N4 /t4 , ~9!

where theNi ’s are the population densities at specific ener
levels of the four-level CO2 laser system andt4 is the life-
time of the upper most energy level.16

With lower voltage and consequently lowerWp , less
photons are emitted and a longer buildup time results. As
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 4. Schematic diagram of the final optical trigge
ing arrangement.
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high voltage decreases, the internal delay increases, as
in Fig. 1. There was also an increase in the delay between
optical flash from the high voltage discharge and the em
sion of the CO2 laser pulse with a decrease in high voltag
This could be an advantage when setting the temporal d
between the CO2 and excimer laser pulses, but the increa
in jitter was too great. Therefore, the maximum high volta
without arcing should be used to minimize the jitter and
delay should be adjusted by modifying the length of the c
ity linearly.

III. DESCRIPTION OF THE OPTICAL TRIGGERING
SYSTEM

Since the variation in the internal delay of the CO2 laser
could be small~,15 ns! after the optimization discussed i
Sec. II, and the delay between the flash of the CO2 laser
discharge and the outgoing laser pulse was sufficient~.1250
ns!, an optical triggering scheme can be implemented
synchronizing the two lasers for the dual-laser ablation p
cess.

There are two parts to the flash of the CO2 discharge, a
white continuum from the preionizers and a purple glo
from the high voltage gas discharge. The purple glow w
used as the optical trigger. A schematic representation of
optical triggering scheme is shown in Fig. 4. The flat mirr
in Fig. 3 ~used for optimization of the CO2 laser parameters
in Sec. II! was replaced by a 10 cm circular aperture conc
mirror of 25 cm focal length for increased efficiency of lig
gathering. This light was then incident on a grating and
cused onto a photodetector~as shown in Fig. 4!. The photo-
detector signal was sent to a pulse-delay generator, w
triggered the excimer laser.

The purpose of the grating was to isolate the purple g
of the high voltage discharge from the preionizer illumin
tion. However, the grating results in an overall reduction
light intensity that reduces the photodetector signal, ther
leading to an associated increase in the observed interp
jitter. This is easily overcome by using a suitable optic
band-pass filter or a more sensitive detector such as a
tomultiplier tube.
Downloaded 07 Jun 2008 to 131.247.209.14. Redistribution subject to A
een
he
-

.
ay
e
e
e
-

r
-

s
he
r

e

-

ch

-

y
lse
l
o-

We have also implemented an alternative gratingl
configuration in which the grating is replaced by a flat m
ror. Since the preionizer emission is much weaker than
purple glow of the high voltage discharge, a less sensi
photodetector can be used to screen it out. This option is
least expensive approach to implementing the optical trigg
ing technique. To ensure that the light from the preioniz
was not being detected by the photodetector, the high volt
was reduced to a level where only light from the firing of t
preionizers was visible. Under these conditions, when
purple glow was visible and no laser output was detect
there was no detectable optical signal from the photode
tor. As the high voltage was raised and the main electro
discharged, a photodetector signal was obtained. Once it
determined that only the purple flash from the main d
charge was being detected, a series of experiments was
formed to compare the electronic and optical triggering te
niques.

IV. COMPARATIVE PERFORMANCE OF ELECTRONIC
AND OPTICAL TRIGGERING

The delay between the excimer and CO2 laser pulses was
obtained at different CO2 high voltages. As before, the stan
dard deviation of the 50 delay measurements provided ji
for each high voltage. This was done for both the opti
trigger and the previous method of electronic triggering. T
results can be seen in Fig. 5. The lowest jitter of613 ns was
obtained for optical triggering at a high voltage of 37 kV a
also resulted in the excimer laser pulse being detected be
the CO2 pulse. This allows the use of the pulse generator
temporally adjust the excimer pulse with respect to the C2

pulse. As the high voltage decreased, the delays incre
along with the jitter for both triggering methods. Howeve
the relative increase in jitter for the optical trigger was mu
smaller than that for the electronic trigger. As expected, th
was also a decrease in the pulse energy with decreasing
voltage. Thus, for optimum performance, the CO2 laser must
be run at its maximum voltage to ensure both the larg
pulse energy and the lowest jitter.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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The operational efficacy of the optical triggering tec
nique for greater control over the temporal location of t
synchronization of the two lasers can be assessed by ima
the early plasma from the dual-laser ablated plume. We u
a ZnO target as a representative example. The KrF la
pulse was positioned at a delay of 35 ns with respect to
onset of the CO2 laser pulse as shown in Fig. 6. This timin

FIG. 5. Delay of the CO2 laser pulse and the excimer laser pulse at differ
CO2 laser high voltages under~a! electronic and~b! optical triggering. The
output CO2 laser pulse energy is indicated for each CO2 discharge voltage.

FIG. 6. Illustration of the timing between the excimer and CO2 lasers for the
ablation of ZnO.
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coincided with separately published studies indicating s
face melting of ZnO due to the CO2 laser18 and particulate-
free film deposition using dual-laser ablation at this int
pulse delay.19 Charge coupled device~CCD! images of the
first 150 ns of the ZnO plume immediately following dua
laser ablation under these conditions was obtained for
successive shots~for both optical and electronic triggering!
to assess the reproducibility of the interpulse synchroniza
between the KrF and CO2 lasers. These CCD images, show
in Fig. 7, demonstrate the reproducibility of the optical tri
ger compared to the electronic triggering. The optical trigg
results show a consistently reproducible image of the plu
that does not vary appreciably from shot to shot.

A plot of the full width at half maximum~FWHM! of
the emission along the central propagation axis of the C
image shows the reproducibility of the optical triggering
compared to electronic synchronization~Fig. 8!. The
FWHMs for the 10 shots vary by650% for the electronic
trigger, a factor of 10 greater than the approximately65%
variations for the optical trigger. This consistency using t
optical triggering technique for the synchronization of t
CO2 and KrF laser pulses in dual-laser ablation implies le
shot-to-shot variations in the laser–target interaction a
consequently the possibility of better quality films. The u
of this technique for reproducible particulate-free, thin fil
growth is currently under investigation and will be report
elsewhere.18,19

t

FIG. 7. Individual CCD images of the ZnO plume for 10 successive sh
using ~a! electronic and~b! optical triggering for the dual-laser synchron
zation.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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