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Pulsed laser deposition with a high average power free electron laser:
Benefits of subpicosecond pulses with high repetition rate
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We have conducted experiments exploring pulsed laser deposition of thin films using the high
average power Thomas Jefferson National Accelerator Facility Free Electron Laser. The
combination of parameters of this laser, including subpicosecond pulses, high average power, high
repetition rate, and tunability, makes it a unique tool for the study of the effects of laser
characteristics on thin-film quality. When compared to ablation and deposition with an ultrafast,
high energy per pulse, low repetition rate laganplified Ti:sapphirg we find that the lower energy

per pulse with high repetition rate of the free electron laser leads to very different plasma emission
and produces films with high quality with the potential of very high deposition rates. This is
demonstrated in the optical spectroscopy of plasma emission from Ti and the growtgyeéNi

thin films. © 2003 American Institute of Physic§DOI: 10.1063/1.1543646

I. INTRODUCTION of micropulses at 18.7, 37.4, or 74.8 MHA major strength
Pulsed laser depositiofPLD), the technique by which _recently quonsFrated of using gfree electron laser in PLD is
positioPLD) . y pits tunability. This was shown in the resonantly enhanced

material is ablated from a target by interaction with a hig deposition of polymer thin films with preserved charadter
fluence, pulsed laser beam and deposited onto a substrate,’ L : '
P P ith the TINAF-FEL, the combination of high average

an extremely versatile and powerful film growth technique. : . . -
y P ¢ : bower and high repetition rate makes it possible to reach

Nanosecond pulsed lasers, particularly excimers, are cuI f tine d ” f id f
rently the standard used in PLD, but recent work has ex- uences necessary for routine deposition of a wide range o

plored the benefits of using other systems, particularly ul_mater?als_ and th_e exploration of a variety of parameters on
trafast lasers and also high repetition rate lasers. UItrafagpe fh'nt;]f_"m qtqalllty. ‘ d i . N
(pulse widths<10 p9 lasers have shown dramatic benéfits n this article we report deposition experiments con-

in less target damage, lower ablation thresholds, eliminatiof"niuc'[8d with the TINAF-FEL. When compared to ablation

of the particulate problem, and the creation of unique ablaf’lnd deposition with an ultrafast, high pulse energy, low rep-

tion conditions such as a highly ionized plasiamplified etition rate laserfamplified Ti:sapphirg we find that the

picosecond and femtosecond laser sources, however, aI yer pulse energy with very high repetition rate of the free

typically limited in repetition rate to tens of Hz to kHz. Ex- electron Ia_ser 'e‘?ds to very different p'aS".‘a emission_ and
ploration of PLD with lower energy per pulse but higher produces films with markedly different quality at very high

repetition rate lasers has shown advantages of higher qualig/e'oos't'On rates.

films with high deposition ratebAlthough there has been an

increasing number of laser sources introduced into PLD, it i8] EXPERIMENTAL SETUP
beneficial to continue to explore a wider range of laser pa-

rameters(pqlse widths, tunability, repetition ratéo enhance | taq plasma plume of Ti and deposition offfie,, (permal-
the capabilities of PLD. , loy) were carried out with the TINAF-FEL650 fs pulse
The high average power Thomas Jefferson National ACyiqths at a 18.7, 37.4, or 74.8 MHz micropulse repetition
celerator Facility Free I_Ele_ctron L_as(e'l'rJNAF-FEL) in New—_ rate and an amplified Ti:sapphire systeBpectra-Physics
port News, VA, commissioned in 1999, presents a uniquérgnami and Spitfire system with150 fs pulse widths at a
opportunity in acombinationof parameters unavailable t0 1 yp; repetition rate For these experiments, the FEL had a
other laser systems. Specifically, we can study the Comb'“e\g/avelength ranging from 2.9 to 34m and pulse energies of
effects of short pulse¢<1 ps, high average powe(>2 55 20,3 were used. The amplified Ti:sapphire wavelength

kW), high and varying repetition rat€l8.7, 37.4, or 74.8 a5 800 nm and pulse energy was 0.5-0.7 mJ. Ablation and
MHz) and wavelength tunabiliticurrently in the IR. Unlike deposition were studied in an 8 in. turbopumped vacuum

other FELs, the TINAF-FEL can be run in both pulsed mode.p,a mber with a pressure 6f1x 10~ Torr. A schematic of
(with macropulses in thgss to ms rangesat repetition rates  the setup for is shown in Fig. 1. Laser input and viewing

up to 1 kHz, as well as in cw modevith a continuous train  indows were made of sapphire. The targets used were
99.99% pure metal targets purchased from Angstrom Scien-
¥Electronic mail: reilly@physics.wm.edu tific Inc. and were rotated by a dc motor1 revolution/s.

In this work, optical emission spectroscopy of the ab-
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FIG. 1. Schematic of PLD vacuum chamber used in experiments at the
TJINAF-FEL and with the amplified Ti:sapphire system. =
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Silicon substrates were used for thedRie,o deposition and FIG. 2. Optical spectra recorded from ablation of Ti with an amplified
were mounted to an aluminum plateith neither heater nor  Ti:sapphire laser at 0.5 mJ/pulse at 1 kHz @by the TINAF-FEL at 20
cooling provided. The target—substrate distance was 2 in_,t_LJ/puIse, 18.7 MHz, 20@s macropulses at 60 Hz. For the FEL spectrum,
The subsirates were cleaned in acetone and alcohol befoff 2721 580,21 6 tm s hamonice of he P bea, et speca
placement in the chamber. Characterization of the ablatiofines at the top of the figure are the lines for Ti emission taken from the
was carried out by means of optical spectroscopy of theéNIST database.

plasma emission with a fiber-coupled charge-coupled-device

(CCD) spectrometefOcean Opticswith 1 nm resolution.

The emission was focused with a fused silica lens onto thdll- EXPERIMENTAL RESULTS

fiber input. Other characterization included time-resolved opA. Characterization of plasma plume

tical emission by a Hamamatsu photomultipler with input - .
) . . The emission spectra of the plasma plumes for ablation
into a fast Tektronix scope and a Faraday cup for time-

resolved measurements of electron and ion output of a Ti target with an amplified Ti:sapphire laser and the
For experiments with the TINAF-FEL, the ChamlDerTJNAF—FEL are shown in Fig. 2. For Fig. 2, the FEL was

i h in Fig. 1 laced tical table in th running in macropulse mode with 1 ms pulses at 6Q\ith
SEIUp Snown In F1g. 1 was placed on an optical table Inhe, g 7y, micropulse repetition rateThe spectra uncor-

beamlmg of t.he FEL. The FEL beam was focused onto th?ected for spectrometégrating response are shown for em-
target with either a 25 or 50 cm Cafens, placed on a ,p.qjs For the amplified Ti:sapphire system, the plume gave
translation stage so the best focus could be achieved. Thigyiticant neutral and ion emission. To the eye, the plumes
gave approximate spot sizes 6f100 and 200um, respec- \yere piye in color. In contrast, the emission from FEL abla-
tively. The deposition rates with the FEL were so high thatijon showed overwhelming blackbody radiation. To the eye,
the input window was quickly coated with material, which plumes were dense and white. With the spectrometer,
led to distortion and absorption of the bedand ultimate  jygividual emission lines were seen, but were overwhelmed
destruction of the windo To circumvent this problem, a py the blackbody emission. As the repetition rate, macro-
window assemblyPVD Producty with a rotating sapphire pyise length, or power were increased, the amount of black-
plate to catch the deposited material, was used during thirpody radiation overwhelmed the single line emission. To
film growth. For ablation and deposition with the amplified confirm that this is blackbody emission, the inset in Fidp)2
Tizsapphire laser, a 25 cm focusing lens was used, with focushows the spectra corrected for spectrometer response along
spot sizes 0f-100 um. with a curve for blackbody emission at 2400 K. With the
The thin films produced in this work were analyzed FEL in macropulsed mode, changing the repetition rate or
structurally by scanning electron microscopy, atomic forceaverage power changed the intensity of emission but did not
microscopy (CP Researghand x-ray diffraction using a change the temperature of the plume extracted from the spec-
CuKea source(Phillips). A profilometer(Dektak was used tra. When the laser was run in cw mogrith the same pulse
to measure the film thickness. The magnetic properties of thenergy and repetition ratethe temperature decreased to
NiFe films were measured with a vibrating sample magneto1700 K. Spectra of FEL ablation plumes for other materials
meter(VSM Lakeshorgwith a magnetic field applied paral- were also measured and all showed a large amount of black-
lel to the sample plane. body radiation. The spectra shown were taken with the fiber
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FIG. 3. SEM(left) and AFM (right) scans for thin films grown witlfia) the  FIG. 4. XRD spectra for films grown with amplified Ti:sapphitep) and
amplified Ti:sapphire systeiftop picture$ and(b) the TINAF-FEL(bottom FEL (bottom).

pictures. For the SEM scans, magnification13 000x (the white line in-

dicates lum). For the AFM scans, dimensions are.B square and the line

indicates 1500 A height. . . .
rower, stronger(111l) FeNi peak. The amp:Ti:sapphire

grown film shows a small amount of crystallized Fe. The
viewing the target, but it should be noted that the blackbodyfilm quality has obvious effects on the magnetization, as
spectra were also observed when the spectrometer was vieshown in Fig. 5. The amp:Ti-sapphire film is highly coercive
ing the plasma from the side. We have performed some ini¢coercivity 115 G while the coercivity of the FEL film is
tial time-resolved optical emission experiments and haverery low (2 G). The larger coercivity of the Ti:sapphire
found that the emission does show enhancement with eagrown film could be due to a combination of the crystallized
individual micropulse. Fe phase, less crystalline orientation, and rougher surface.

Preliminary results with the Faraday cup reveal a signifi- ~ The most dramatic difference in PLD with these two

cant emission of electrons and ions during the ablation prolaser systems is in the deposition rates. For the Ti:sapphire
cess. For time-resolved measurements, the same micropuln, ~1400 A of material was deposited #1220 min, with a
structure as seen for the optical emission is seen for thdeposition rate of-1 A/s or 1x 10 2 A/pulse. For the FEL,
electron/ion emission, confirming again that individual mi- a~1000 A film was grown in~1 min, with a deposition rate
cropulses are contributing to the ablation process. We weref ~17 A/s or 5<10 7 A/pulse. Even higher deposition
unable to resolve the energies of the electrons and ions wittates are expected with the TINAF-FEL for higher fluences,
our equipment, but can only set an upper limit of 100 eV athigher repetition rates, and different focusing and vacuum
the substrate distance of 2 in. conditions(a rate of 200 A/s was recently measured for Nb

film depositiorf).
B. Thin-film quality

To test thin-film quality, we compared NiRpermalloy V- DISCUSSION

films grown with FEL PLD and amplified Ti:sapphire. This From the optical spectra and quality of thin films, it is
material was chosen for its importance as a magnetic met@jear that the character of the ablation and deposition is very

produced thin films of other materials. We have found thajoy repetition rate laser versus and ultrafast, low energy per
the best films are produced for cw mode and at higher rep-

etition rates. It is believed that having the target and plume

continuously bombarded with pulses aids in the deposition 0.006 , . . . . : .

process. Comparison with films grown with the amplified = [ j
Ti:sapphire gives a good illustration for this. The general g 0.004 1 E
character of the films is shown in the scanning electron mi- £ 4400 © a)Ti:Saph
croscopy(SEM) and atomic force microscopyAFM) scans 5 ]
of the films of Fig. 3. For the films shown, the amplified = 0 _____Jf—__
Tizsapphire had pulse energy of 0.7 mJ while the FEL was N I ]
running in cw mode at 37.4 MHz with a pulse energy of 5 e -0.002 a ]
ud. The films grown with the low repetition rate amp:Ti:sap- 2 0.004 [ b)FEL ]
phire laser are granuldthe film had a granular appearance = [ - ]

i -Si icles. i -0.006 Loviiin it ]
to the eye with nanometer-sized particles. The film shown 800 800 400 2000 500 400 660 800
below had an averagems) roughness of 275 A. The FEL Ei
film is smooth in comparison, with an average roughness of ield (Gauss)

44 A Figl_.lre 4 ShOWS the x-ray diffrac_tiO@XRD) _spectra, FIG. 5. Magnetization curves for NiFe films produced with tAeamplified
and the higher quality of the FEL film is shown in the nar- Ti:sapphire system angb) the FEL.
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pulse, high repetition rate laser. Better film qualias mea- high quality films with very high deposition rates and offers
sured by crystalline structure, film smoothness, and magnetithe opportunity to study the effects of a wide range of pa-
propertie$ is achieved by having lower energy per pulse butrameters on thin-film quality.
higher repetition rate. This has also been demonstrated by
PLD o_f garboﬁ by Gamaly and cq—workers_.. They beIieve_ ACKNOWLEDGMENTS
that this is due to the fact that for high repetition rate there is
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