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Pulsed laser deposition~PLD! has quickly emerged as a unique tool with which to grow high quality
films of complex chemical compounds. It is estimated that at present the number of different
materials which have been deposited by PLD now exceeds two hundred. Scientists have used this
process primarily as a laboratory tool to deposit films of various compounds that are typically
difficult to synthesize by other techniques, and then quickly evaluate the relevant material
properties. Deposition techniques such as ion-beam, rf, or dc magnetron sputtering, electron-beam
evaporation, molecular beam epitaxy, chemical vapor deposition, and metal organic chemical vapor
deposition, have all achieved wide-spread acceptance as processes with which to grow various types
of electronic and optical films. In order for PLD to emerge as a real production process, it must be
demonstrated that PLD is capable of depositing material over useful substrate sizes with acceptable
uniformity. PLD must also compete with more established growth techniques or provide film
properties which are otherwise unobtainable with these alternatives. Furthermore, as with any
commercial process, PLD will become viable only if it is cost effective. Due to its unique
capabilities, it is expected that PLD will emerge as a production tool for several applications in the
near future. However, such applications are expected to be relatively low volume with high value
added to the end product by the laser-deposited film. ©1995 American Vacuum Society.
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I. INTRODUCTION

This article will review three large-area techniques whi
have been used to scale the pulsed laser deposition~PLD!
process to substrates ranging in size from 50 mm~2 in.! to
150 mm~6 in.! in diameter. Several issues related to scali
up PLD will be examined and some of the significant diffe
ences between these large-area approaches will be discu
Furthermore, a few applications of PLD will be present
which point out some of the more salient features of th
unique thin-film growth process.

II. LARGE-AREA PLD APPROACHES

It is well known that the ablation plume produced durin
laser deposition has a highly forward scattered and nons
metric flux distribution.1,2 This fact initially led to a wide-
spread belief that PLD could not be scaled up for any use
applications. However, over the last several years three la
area PLD approaches have been developed to deposit fi
over substrates at least 100 mm in diameter. These incl
two techniques utilizing laser beams which are focused~or
imaged! down onto small-diameter rotating targets along
fixed optical path, as shown in Figs. 1~a! and 1~b!. These
approaches are referred to as ‘‘offset’’~OS! PLD, and
‘‘rotational/translational’’ ~R/T! PLD, respectively. In OS
PLD the target is positioned such that the center of the ab
tion plume~which nominally leaves normal to the target su
face!, impinges near the outer edge of the rotating substra
OS PLD was first described as an approach with which
deposit films over several small substrates simultaneous3

This technique easily accommodates substrate heating,
has been further used to grow high quality films of YBC
in situ on 50-mm-diam LaAlO3 substrates.

4 Furthermore, the

a!Electronic mail: james–a–greer@ccmail.eo.ray.com
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OS approach has been scaled up to deposit Bi4Ti3O12 films
over 100-mm-diam Si substrates for RAM applications.5

In the second static beam approach, R/T PLD, the sub
strate is both rotated and translated in a linear fashion a
shown in Fig. 1~b!. A computer controls both substrate mo-
tions such that uniform film properties are obtained. Due to
the excursions required to coat large or multiple substrates
this approach does not readily lend itself to substrate heating
However, R/T PLD has been used for several years to de
posit the thallium based high-temperature superconductin
~HTS! precursor onto three 50-mm-diam LaAlO3 substrates
simultaneously, with excellent uniformity of all relevant film
properties. This latter work represents the first real small-
scale production system for the PLD process.6,7 More re-
cently, this approach has been used to deposit YBCO film
onto 75-mm-diam LaAlO3 substrates.

8

An alternative to these two static-beam approaches use
computer-controlled laser-beam rastering over a large
diameter rotating target9–12as shown in Fig. 2. In this case a
target at least one-half the diameter of the substrate is use
and its center is offset from the rotation axis of the substrate
as shown. This arrangement allows large substrates to b
coated with relatively small targets. Alternatively, a large tar-
get whose rotation axis is aligned with the substrate can b
used. A focused laser beam is rastered over the target using
mirror held in a programmable kinematic mount. Thus, the
laser beam can be programmed to dwell longer at target lo
cations where the center of the ablation plume impinges on
the outer edge of the rotating substrate. Laser beam rasterin
is the oldest of the large-area PLD approaches,10 accommo-
dates substrate heating,11 and has been used recently to de-
posit films on 125-mm-diam substrates.9 As will be dis-
cussed, this process has now been further scaled up to gro
highly uniform oxide films on substrates that are 150 mm~6
in.! in diameter.
1175/13(3)/1175/7/$6.00 ©1995 American Vacuum Society
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III. LARGE-AREA PLD RESULTS

Most applications of the PLD process will require that th
films be deposited with a relatively high degree of thickne
and compositional uniformity over a given substrate siz
Figures 3~a!, 3~b!, and 3~c! display the normalized thicknes
profiles which have been obtained using one of the th
PLD techniques described above. First, in Fig. 3~a!,
Bi4Ti3O12 was deposited onto heated 100-mm-diam~100! Si
substrates using the OS technique with a 7 cm target–
substrate distance and a 3.2 cm offset distanced @defined in
Fig. 1~a!#. Using a fluence of 2 J/cm2 ~248 nm, 25 ns pulse
length! with a pulse repetition rate of 10 Hz and a bac
ground O2 pressure of 200 mTorr, an average growth rate
0.5mm/h over the central 20 cm2 portion of the substrate was
obtained. Themaximumvariation in the film thickness~de-
fined as the difference between the maximum and minim
values measured across the substrate divided by the ave
thickness! was found to be just 3%~61.5%! over the central
;50 mm portion of the substrate. At larger diameters t
thickness starts to drop sharply, and dips below 50% at
substrates outer edge. It has been demonstrated that inse
a metal mask in front of the central region of the substra
during OS deposition can improve the thickness uniform
of the laser-deposited film.4 However, the insertion of such a

FIG. 1. ~a! Schematic diagram of the ‘‘offset’’ large-area PLD approach.~b!
Schematic diagram of the ‘‘rotation/translational’’ large-area PLD approa

FIG. 2. Schematic diagram of large-area PLD utilizing laser beam raste
with target one-half the diameter of the substrate.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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mask will clearly reduce the deposition rate as well as sig
nificantly alter the temperature of heated substrates.

Figure 3~b! shows the normalized thickness profile ob
tained from films of the~2122! TlCaBaCuO HTS precursor
deposited by the R/T PLD technique onto 50-mm-diam~100!
LaAlO3 substrates.

6,7 This film was deposited using a fluence
of 4 J/cm2 ~248 nm!, with a 50 Hz pulse repetition rate, a
background O2 pressure of 20 mTorr, and a target–substra
distance of 5 cm, yielding an average growth rate of 1.
mm/h over an area of 127 cm2. In this case, the thickness
profile was measured across one of three 50-mm-diam su
strates which were all held in a 125-mm-diam fixture durin
deposition. The thickness profile obtained from this substra
was measured in the radial direction of the substrate hold
Themaximumvariation in film thickness across the 50-mm-
diam substrate was found to be 6%~63%!. Assuming the
deposited film thickness is symmetric about the center of th
substrate holder, these data were reflected about the hold
center in order to depict a thickness profile which should b
obtainable from a single 125-mm-diam substrate.

Figure 3~c! displays the normalized film thickness ob-
tained from a Y2O3 film deposited onto a 150 mm~6 in.!
diameter Si substrate using laser beam rastering over a
mm-diam target with a 12.7 cm throw. The target was offse
45 mm from the rotation axis of the substrate, as shown
Fig. 2. The film was deposited using a fluence of 3.5 J/cm2

~248 nm and 18 ns pulse length! in an Ar background gas
pressure of 7 mTorr with a 100 Hz repetition rate yielding a
average growth rate of 0.4mm/h. The final film thickness,
0.75mm, was measured with an ellipsometer at 50 location
25 each in two mutually perpendicular directions and th
normalized film thickness profile is shown in Fig. 3~c!. The
maximumvariation over the 150-mm-diam substrate wa

h.

ng

FIG. 3. ~a! Thickness profile obtained over 100-mm-diam substrates usin
OS PLD. ~b! The thickness profile obtained over a 50-mm-diam substra
held in a 125-mm-diam substrate holder using R/T PLD.~c! The thickness
profile obtained in two mutually perpendicular directions over a 150-mm
diam substrate using laser beam rastering with a 75 mm target diameter
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found to be just 7.1%. However, neglecting the four e
points, each located at a radial location of 74.5 mm~taken
0.5 mm from the substrate edge!, themaximumvariation in
film thickness was found to be only 4.6%, or62.3%.

While the thickness uniformity is a relevant issue, fil
composition may in fact be more important for most PL
applications. Figure 4 shows the composition profile of
2-mm-thick YBCO film laser deposited onto a 150-mm-dia
Si substrate using beam rastering over a 90-mm-diam
ichiometric target. YBCO was chosen as it provided thr
elements whose composition could be easily mapped us
energy dispersive x-ray analysis~EDXA!. This film was de-
posited onto an unheated substrate using a fluence of 3 J2

~248 nm! at 100 Hz in an O2 pressure of 2 mTorr. Using a
12.7 cm throw distance the average growth rate over a
cm2 area with these conditions was 1mm/h. EDXA was used
to map the film composition at 50 different locations~every
6.35 mm! across the substrate surface, 25 points in each
two mutually perpendicular directions. The nominal film
composition was defined as Y1Ba2Cu3O7 at the substrate’s
center for the EDXA calculations. Themaximumvariation in
film composition, defined simply as the difference betwe
the maximum and minimum atomic concentration values o
tained from the EDXA data, for the Y, Ba, and Cu cation
were 1.4, 1.2, and 0.8 at. %~60.7,60.6, and60.4 at. %!,
respectively, across the 150-mm-diam substrate. In comp
son, the standard errors for the EDXA data were found to
61.48,60.17, and60.36 at. % for the Y, Ba, and Cu spe
cies, respectively. Matching the levels of uniformity demo
strated by PLD with laser beam rastering for both thickne
and composition for a complex chemical compound such
YBCO would be difficult for most of the alternative PVD
techniques mentioned previously. The R/T PLD approa
has also demonstrated excellent compositional uniformity
ter a high-temperature thallination step. Using EDXA to m
the composition of a film deposited onto a 50-mm-diam su
strate held in a 125-mm-diam holder, maximum variatio
between 1.0 and 2.8 at. % for the Tl, Ba, Ca, and Cu e
ments were obtained.

Not only is the uniformity of film composition over the

FIG. 4. The composition profile of a YBCO film grown by PLD on a 150
mm-diam Si substrate as measured by EDXA. The data were measure
two mutually perpendicular directions of the substrate as shown.
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substrate surface a concern when using any growth tec
nique, but the reproducibility of film composition for succes-
sive depositions needs to be addressed as well. Furthermo
certain applications of PLD will require relatively thick
films, and the question of composition gradients in the
growth direction become an issue. One such applicatio
which will require thick films is microwave circulators based
on ferrite materials such as Y3Fe5O12 ~YIG!. Thick YIG films
were deposited over 3-cm-diam polycrystalline YIG sub-
strates using a target–substrate distance of only 4 cm. Th
laser beam was rastered over the outer radii of a 50-mm
diam target located under the substrate. Average depositio
rates of 10mm/h were obtained using a fluence of 4 J/cm2

~248 nm! with a 100 Hz repetition rate in an O2 pressure of
2 mTorr. No attempt was made to heat the substrate durin
deposition, but it is estimated that the substrate temperatu
rose well over 100 °C due to the high rate of ferrite film
condensation. Figure 5 shows a scanning electron micro
scope~SEM! micrograph obtained from the cross section of
an as-deposited thick YIG film grown on a polycrystalline
YIG substrate. The vertical white bar in the figure represent
a length of 106mm, and the interface between the fully
dense film and substrate is clearly visible. EDXAwas used to
measure the cross-section’s composition first at four loca
tions within the bulk YIG substrate, and then at eleven points
within the deposited film each point taken at 10mm intervals
~Fig. 6!. A laser-deposited YIG film whose composition was
determined by Ruthford backscattering spectroscope~RBS!
served as a standard for the EDXAmeasurements. Variation
in composition of the YIG substrate were found to be large
than that obtained within the laser-deposited YIG film, which
hadmaximumvariations of 2.3 and 5.0 at. % for the Y and
Fe, respectively. The magnitude of these fluctuations ar
likely caused by sample charging and statistical variations i
the x-ray signal for oxygen, both of which will affect the

d in

FIG. 5. Scanning electron micrograph of the cross section of a 106-mm-thick
YIG film which was grown by PLD on a polycrystalline YIG substrate.
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calculated composition. However, there appear to be no c
centration gradients for either Y or Fe in the direction of fil
growth. This fact has important implications for commerci
applications ofthin films ~;1 mm thick! since it illustrates
that the film composition remains constant even when la
amounts of target material have been removed. Thus, us
laser beam rastering with the PLD process should prod
films with the same composition from run to run. It shou
be mentioned that the substrate shown in Fig. 5 sponta
ously cracked a few minutes after removal from the vacuu
chamber, even though the deposition parameters~pressure
and fluence! were chosen to yield a relatively low film stres
~2150 MPa,s!.

Each of the large-area PLD approaches described ab
have been used to grow films of HTS materials over lar
areas.4,6–11 The electrical properties of these films such
Tc , Jc , normal state dc resistance, and microwave surfa
resistance have found to be quite uniform for all three of t
large-area PLD techniques. It should be stressed that
properties of HTS thin films depends critically on a wid
variety of deposition parameters. The demonstrated ability
grow uniform films of high quality HTS materials over larg
substrates is relevant since it indicates that obtaining unifo
film properties of other potentially less complex materia
should be a relatively easy task using the PLD process.

While both static beam and rastering approaches h
demonstrated the ability to deposit uniform films over lar
substrate sizes, the basic difference between these
proaches has some important implications for the condit
of the ablation target surface topography, which in turn c
effect deposited film properties. The static large-area P
approaches typically utilize 25-mm-diam rotating ablatio
targets with laser beam focused down to a small spot~;133
mm! close to the target’s outer edge. When the deposit
process starts with a new target the plume is ejected nor
to the target surface, as shown in Fig. 7~a!. However, as the
deposition proceeds, the laser beam etches a trench in
target surface with each laser pulse. The formation of t
trench can have several deleterious effects on the film gro
process. First, as the trench forms, the irradiated surface
increases, and thus the on-target fluence is reduced w
can have significant effects on the characteristics of
deposition process as well as film properties. Furthermo

FIG. 6. The composition of the cross section of the YIG substrate and fi
shown in Fig. 5 as measured by EDXA.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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since the ablation plume leaves the target in a direction no
mal to thelocal surface, the plume starts to tilt back toward
the incident laser beam, as shown in Fig. 7~b!. The plume
angle changes continually throughout the film growth pro
cess, and will continually alter the deposition rate as well a
other film properties. This effect also makes it difficult to
predict the final film thickness and thickness uniformity from
one deposition to the next. As an example, a YBCO film wa
deposited onto a 75-mm-diam Si substrate using a static las
beam focused 9 mm from the center of a virgin 25-mm-diam
YBCO target using 90 K laser pulses. The centers of rotatio
of both the substrate and target were aligned. After depos
tion, the substrate was removed from the chamber and t
film thickness profile was measured and is displayed as
Fig. 8, curve~a!. This ablation target was then irradiated for
another 180 K laser pulses using the same fluence and pr
sure, simulating two more ‘‘identical’’ depositions. Finally,
another film was deposited onto a second 75-mm-diam su
strate using a final 90 K laser pulses with the same param
eters. The thickness profile of this second film is shown i
Fig. 8, curve~b!. Clearly evident is the fact that the thickness
profile changed significantly and the deposition rate droppe
to 32% of its initial value. While the thickness uniformity
appears to have improved, the bulk of the film is now com
prised of mostly off-axis ~nonstoichiometric! mate-

lm

FIG. 7. ~a! The ablation plume as shown when a laser beam impinges onto
virgin target surface.~b! The ablation plume as shown when a static position
laser beam impinges on the trench which has been etched into the tar
surface by this type of laser deposition process.

FIG. 8. Curve ~a!: the thickness profile, shown as~d!, obtained from a
rotating 75-mm-diam Si substrate using 90 K laser pulses with a static las
beam and a new 25-mm-diam YBCO target. Curve~b! the thickness profile,
shown as~s!, obtained across a rotating 75-mm-diam substrate deposite
using a final 90 K laser pulses with a static laser beam after this target h
been previously etched by 270 K pulses.



e
d

a

a

c
e

g

a

r

f

w
i
h
i
a

a

l

a

ts
s
h-
d
t
ic
the

s

d
-
s

-
e

f
m
se
is

e
ve
s
-
to

t-
-

b-
°C
n
x-

ly

r-
lly
te
y
r-

r
e
i-
-
nt

ly

m

g
f
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rial. The change in deposition rate and film uniformity ar
primarily due to dynamic tilting of the ablation plume cause
by the macroscopic topographical changes in the target s
face. In order to minimize these effects researchers typica
remove the ablation target after each run and polish the s
face with emery paper. This process wastes significa
amounts of target material, can possibly contaminate the t
get, and requires a loadlock if an ultrahigh vacuum~UHV!
type PLD systems is used. Local rastering of the laser be
over small diameter targets can help, but it will not eliminat
the need for frequent target resurfacing. As applications d
mand larger substrate sizes and/or thicker films target tren
ing will become even more of a problem for both of th
static beam PLD approaches.

On the other hand, rastering the laser beam over a lar
diameter target eliminates the macroscopic trenching a
leads to much more reproducible deposition rates and thic
ness profiles. Figure 9 shows the thickness profile
measured in two mutually perpendicular directions o
a phosphor film deposited onto a rotating 75-mm
diam Si substrate using a virgin 50-mm-diam Tb
YAGG target. This film was deposited with 240 K lase
pulses using a fluence of 1 J/cm2 ~248 nm! in a background
O2 pressure of 2 mTorr. The substrate was then remov
from the chamber, and the target was irradiated again
another 720 K pulses~representing three more runs! using
the same deposition parameters. A second substrate
placed in the chamber and a film was again deposited w
240 K pulses using the same deposition conditions. T
thickness profile obtained in two mutually perpendicular d
rections for this latter substrate is also depicted in Fig. 9
curve ~b!. In this case the thickness profile has remaine
virtually unchanged. However, the film thickness and thu
the deposition rate has dropped to about 57% of its initi
value. This drop in deposition rate is not due to gros
changes in the plume angle, but is caused by much sma
changes in the target topography, i.e., the microscopic form
tion of cone like structures on the target’s surface.2 The for-
mation of these cones reduces the average laser fluence,
once they have formed over the entire target surface, t
fluence reaches a steady state value and the deposition r

FIG. 9. ~a! The thickness profile obtained across a rotating 75-mm-dia
substrate using 240 K laser pulses with laser-beam rastering and a n
50-mm-diam target.~b! The thickness profile obtained across a rotatin
75-mm-diam substrate using 240 K pulses with laser beam rastering a
this target was previously etched by nearly 106 laser pulses.~s!: Horizontal
direction; ~j!: vertical direction.
JVST A - Vacuum, Surfaces, and Films
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remain constant. Subsequent depositions with such targe
yield both reproducible deposition rates and film thicknes
profiles. Thus, when using laser beam rastering target polis
ing or loadlocks are not required, and target utilization an
film purity are greatly enhanced. It should be pointed out tha
the cones are formed on the target surface with both stat
and rastered laser beams, and have been associated with
particulates found in laser-deposited films.2 The formation of
the cones will be much quicker with small diameter target
~with or without rastering! due to the fact that there is a
smaller available area to irradiate. However, the normalize
particle densities obtained from films of the same com
pounds deposited with either static or rastered laser beam
have been found to be similar in magnitude.

IV. LARGE-AREA APPLICATIONS

One interesting application of the PLD process is the
growth of yttria ~Y2O3! coatings on CdTe or CdZnTe
substrates.9 With the proper thickness, these films act as an
tireflective coatings and enhance the sensitivity of backsid
illuminated HgCdTe infrared~IR! diode arrays. While there
are several ways with which to deposit yttria films such as r
magnetron or ion-beam sputtering, as well as electron bea
evaporation, PLD can offer several advantages over the
techniques. The advantage for this particular application
the fact that PLD can be alow-temperatureprocess. Low-
temperature processing is critical to the fabrication of th
HgCdTe diode arrays as process temperatures much abo
75 °C causes Hg diffusion which in turn produces vacancie
in the HgCdTe lattice, altering device performance. Large
area PLD based on laser beam rastering has been used
deposit Y2O3 films over several rectangular~20 by 30 mm!
~111!b CdTe and CdZnTe substrates simultaneously. The y
tria films were deposited with 248 nm radiation using a flu
ence of 3.5 J/cm2, a repetition rate of 100 Hz, in a pressure of
7 mTorr of Ar with a 12.7 cm throw, yielding a growth rate
of 1 mm/h. Special temperature monitors attached to the su
strates indicated that the substrate did not rise above 72
during deposition. On the other hand, monitors placed o
similar substrates indicated that the substrate temperature e
ceeded 120 °C for Y2O3 deposition with both rf magnetron
sputtering~5 cm throw distance and 150 W of rf power! and
electron-beam evaporation~91 cm throw and 3 Å/s deposi-
tion rate!. Both CdTe and CdZnTe substrates are extreme
fragile, and the Y2O3 films are deposited onto the backside of
the substrates after the formation of the HgCdTe diode a
rays. Thus, the substrates cannot be clamped or therma
greased down to water-cooled holders to reduce substra
temperature when using any deposition technique. X-ra
powder diffraction scans of these low temperature lase
deposited Y2O3 films indicates that they display bcc poly-
crystalline texture. In contrast, films deposited with the othe
PVD techniques were amorphous. The adherence of th
laser-deposited films were also superior, they resisted chem
cal attack much better than the alternative PVD films in sub
sequent diode array processing, and they displayed excelle
lift-off properties. Furthermore, the adherence of the yttria
films to the CeTe and CdZnTe substrates depended strong
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1180 J. A. Greer and M. D. Tabat: Large-area PLD 1180
on the deposited film stress. However, by varying both t
background gas pressure and on-target laser fluence the Y2O3
film stress could be tailored to yield high quality, well ad
hered films with excellent anti-reflective~AR! properties as
well as low normalized particulate densities2 ~65
particles/cm2/Å!. All the particulates found with the SEM
were below 1mm in diameter. Figure 10 shows the IR tran
mission characteristics of~111!b oriented CdTe and CdZnTe
substrates with and without a 0.77mm Y2O3 laser-deposited
AR coating. As noted, the coatings increased the IR tra
mission for these substrates from 65% to 80%~the amount
predicted theoretically for this material!. The adherence and
IR transmission characteristics of these laser deposited Y2O3
films were found to be as good or better than those produ
by electron-beam evaporation, rf, and dc magnetron sput
ing. Furthermore, the PLD process provided higher depo
tion rates with significantly lower substrate temperatur
making it much more attractive for this application. Finall
the IR diode arrays being processed are expensive, and
value of product which can go through the chamber in o
Y2O3 deposition can exceed $250K, indicating a high lev
of confidence in this large-area PLD process.

Another interesting application for the PLD process is t
growth of thin-film phosphor materials for use in flat pan
displays ~FPDs! based on field emission array~FEA!
technology.13,14 Thin-film phosphors will offer several ad-
vantages over conventional powder phosphor screens. Ag
due to the ability to grow films at low temperatures, PLD c
be used with photo resist and a standard lift-off process,
full color red-green-blue~RGB! thin-film screens can be fab
ricated as shown in Fig. 11. To form this screen, PLD w
laser beam rastering was employed using 50-mm-diam
gets of Y2.82Eu0.18Ga2Al3O12 ~Eu:YAGG! for red,
Y2.82Tb0.18Ga2Al3O12 for green, and Y2.80Tm0.20Ga2Al3O12
for blue, respectively. These YAGG films were deposited to
thickness of 2mm one at a time onto a photolithographicall
patterned 75-mm-diam~11̄02! sapphire substrate. The unde
ired material was removed using liftoff after each depositio

FIG. 10. The transmission characteristics of~111!b CdTe and CdZnTe sub-
strates with and without 0.77-mm-thick yttria films deposited by PLD.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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and the process was repeated for the next color. After
three materials were deposited the substrate was anneale
oxygen at 1400 °C for 3 h. An Al film was then deposite
over the phosphor for charge dissipation, the screen was
to size, and then placed inside a CRT test apparatus to m
sure the efficiency. A luminous efficiency of 1.2 lm/W wa
obtained with a screen brightness of over 1000 cd/m2 using a
screen potential of 20 kV, as shown in Fig. 12. For compa
son, modern TV screens using powder phosphors prov
about 550 cd/m2 with total RGB efficiency of about 20 lm/W
at 27 kV. Monochrome screens up to 8mm in thickness have
also been fabricated and tested, indicating that in order
obtain high brightness and improved efficiency thicke
YAGG films are necessary.

V. CONCLUSIONS

The PLD process is still being explored by researc
groups worldwide as a unique deposition tool which can d
posit an array of complex materials for a variety of usef
applications. As these processes are transitioned from
laboratory to the market place the techniques which can d
posit large-area films will then be rigorously tested. Thre

FIG. 11. A photograph of a 50-mm-sq RGB thin-film phosphor screen d
posited by PLD and a lift-off process.

FIG. 12. The extrinsic luminous efficiency of a 2-mm-thick RGB thin-film
phosphor screen deposited by PLD as a function of screen lumina
~brightness! and anode potential.
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approaches have been used to scale up the PLD proce
substrates of at least 100 mm in diameter. While
rotational/translational approach provides excellent unif
mity over large areas, the two static beam approaches wi
hampered by the dynamic changes in target topography,
thus are not likely to become useful for commercial prod
tion systems. Laser beam rastering over large-diameter
gets appears to offer the best approach for obtaining la
area films with predictable and reproducible growth rates
film qualities. It has also been shown that PLD is compati
with temperature sensitive materials and that, unlike spu
ing, PLD can deposit patterned films using photoresist
lift-off processing. Furthermore, PLD has now demonstra
the capability to deposit highly uniform films over 150 m
~6 in.! diameter substrates. Variations over the useable
of 150-mm-diam substrates were found to be only62.3%
and60.5 at. % for thickness and composition, respective
These latter data presently represent the state of the ar
the laser-deposition process, and clearly indicates that P
can be scaled to sizes compatible with mainstream semi
ductor processing equipment. Finally, the limits of the PL
process have not yet been reached, and it is expected
similar uniformity over even larger substrate sizes will
demonstrated in the near future.
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