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ABSTRWT

Pulsed laser de sitiol. (PLD) has been widely used for de osition of high TC
P \superconducting thin dins, and has been approved as one of the est physical vapor

techniques to
I

repare the films. The most Important advanta e of this technique is
{stoichiometric epositio~ namely rhe films could be made with t e same composition of

tile targets. Utilized PLD, not only thin films but also multilayers and superlattices of high
T superconductors have been fabricated. In this paper, the performance of the technique

5WI1be reviewed, and the future will be speculated.

lNTRODUCIION

Utilizing laser irradiation as an energy source to vaporize materials and form thin
films has been researched over the last twenry years. An excellent review has been given by
Cheung and Sankur in 1988 [1]. The successful use of laser deposition of high T su r-

Fconducting thin films has brought world-wide attention to this less well known ~in dm
deposition technique. Luer de osition is becoming a strong contender among various
vapor deposition techniques For de osition of not only superconducting thm films,

Yinsulators, and metals but also for multl ayers and supedattices.

CHOICE OF LASERS

There are various lasers (both pulsed and W) with wavelengths from ultraviolet to
far-infrared are common!y available. The choice of the lasers depends on specific
applications as discussed by Boyd [2]. In applications where melting and evaporation are
desired, the pulsed lasers have been selected because of their high power outputs.

The abso~tion coefficient of the material plays an important role in the laser-
material interaction process [1-2]. The higher the absorpicm coefficiem, the thinner
surface layer will be heated to the vaporization point. Moreover, the reflectivi~ should he
small in order to incorporate the optical ener

7
to the material more efficiently. In table 1,

estimated values of abso tion coefficient an rcflectiviw for yB@J 07.1 are given for
%few selected wavelengths, ?ose values are calculated from the UM o 0 tlc transmission

!{or elli sometry measurement on YBa Cu 07.X superconducting thin films 3.5 . The values
Ecould e different for bulk materials. h\ !e’ arge absorption coe ficienl and sma I reflectivity

at 193 nm, 248 nm and 308 nm make cxcimer lasers the choice for deposition of high ?
superconducting thin films. Though large wavelength lasers such m 1064 nm Yd:YAG Iiise;
were employed for thin film deposition, the superconducting properties of the deposited
films were generally worse than those deposited using excimer lasers [545].

SUPERCONDUCTORS

Which high Tc superconductor should be the choice for target material? As we
know, there are a number of Cu-based oxides which ore superconducting o:er 77 K [7-9].



Tablel, Estimated wduesof absorption coefficient (a) and reflectivity(R)

for }73a~Cu307_, m

Laser \ Wavelength R,
I (w) (lOs ;m-’)

Carbon Dioxide :
J

-- 10 0.5 0,75
?Jd:Y’.\G i— 1.064 1.2 0.18

Nd:Y.4G (~/2) 0.533 1.5 0.14
?Jd:YAG (A/3) I 0.355 1.7 0.12

Excimer

XeCl 0.308 1.9 0.12
KrF 0.248 2.3 0.13
.4rF 0.193 ~.q 0.15

From art ap lication
! r

int of view, a higher superconducting transition temperature would
be desired. o far, T1- ased superconductors have the highest transition temperature of 12S
K [9]. The main problem for making II-base oxide superconducting thin film is not the
tome issue of the materials but the existeucc of many su~rconduct:ng phases wilich are
formed at similar ~rocessin~ conditions. This creates difficulties to form single phase
superconducting thm films vwth hi her transition tern ratures. Bi-based su rconductors
have the same problem. Loss of d rand Bi at high su strate tem eratures

F
r so introduces

extra problems for thin film fabrication. That is why so ar there are no god
superconducting thin films with transition temperatures over 100 K. Certainly, it is a
challenge to solve the mentioned problems.

At this moment, the choice of superconduc !X for thin film fabrication is 90 K
ReB@ O ~ (Xc= Y, Dy, Ho, Er, Gd, ...) (so called “123” superconductors). The “123”
supercon&c?;n~ thin films are much easier to be formed in a s,ngle phase. Many~rou~

9
are a Ie to ma e “123” supcrconductin thin film w~th critical current densities o 5x1

fA/cm at 77 ~ which is the hi best or an superconductors. For this reason, We Ml!
h !restrict our discussions o~y for Y qcu@7.X YBaCuO

YBaCuO has an orthorhombic structure with a= 0.382 nm, b = 0.389 nm and
c = 1,168 ~, For the material to be superconducting, one must be able to (1) make films
with right compositio~ (2) get right crystalline phase, and (3) produce the right oxygen
stoichiomctry in the films.

STOICHOMETRIC DEPOSITION

Thin film deposition process can be divided into three steps: vu oriution of the
Psource material, transporting the Vaporized material to substrate, and fi m nucleation on

the substrate surface. The Ideal w:~y for !hin film fabrication is to usc a stoichiometric
target, and obtain fiims with the same composition of the target.

Congruent evaporation is the most unique feature of pulsed laser deposition [1]. For
a rnulticom nent material, the pulse heating enables all components to be eva rate
inslantl ,

f
$ ough pulsed laser de

r
rsition had been used for reparation of thin llm of

BaPbB O [10], which has T of 1 ~ it was first reported b
r

b ijkkamp ei. aL [11] that a
multi-element oxide cnulrf he denmited stnichinmetrical v hv nulsed exeimer laser



deposition. Fi~ 1 shows a Ruthcrfcird backscattering (RBS) spectrum of a Y-Ba-Cu oxide
film on a carbon subs’rate (solid line) made from a stoichiometric YB@307- target at
room temperature in vacuum. It is obvious that the film had a composition very c~xe to the
tar~et as evident from the simulation (dashed line) assuming Y:Ba:Cu:O = 1:2:3:6. The
stolchiometric de

r
ition indicates congruent evaporation of the superconductor b

Jr
ulsed

laser heating, an unite or same sticking coefficients for all the elements. The sm 1 0ss of
oxygen in vacuum is obvious. The large amount of oxygen found in the film deposited in
vacuum shows strong evidence for existence of owdes or sub-oxides in the evaporated
material, which was con.fhmed by a mass spectroscopic study [12].

15
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RBS Spectrum (4 MeV He++) of an as-deposited Y-Ba-Cu oxide thin film on a
carbori substrate (solid line) made at room-temperature in vacuum, overlayed with a
simulation (dashed line) of 190 nm YB@.1306.

The pulsed ltuer de osition process is rather complicated as shown by a further
study. In the e

T
!riment [1 ], a ulsed laser (248 nm, 30 ns) was incident cm a rotating

target at an ang e of 45 degrees. ?%e substrate was held in parallel with the YB CU307.X
target. The an

f
7Iar distributions of composition and thickness of the deposited fi MSwer~

/
measured by BS [13 . ?he data in Fig. 2 was obtitined at an energy density of 1.5 J cm ,

(and the angle was de ined as trom the normal direction of the target, The results c early
showed that the deposition was fonvard-directed, and the composition for large angles wa~
deviated from the Ideal one such as in the center ~]f the deposition. It was also found that
there is a laser energy density threshold (- 1 J/cm for the excimer Itiser) to obtain correct

M
com osition even at the center 13 i Since more particles (size up to 1000 nm in diameter,

Ron t e film surfaces) per unit t ic ness were found a$ higher energy densities there is a
window of hcr energy density, typicully 1.5-3 J/cm for excimer lasers, for thin film
deposition.

Furthermore, at f~ed energy densities, the com
F’

sition of the deposited films of
ReBqti 07.X (Re -Y, Dy, Ho, h, Gd, ...

1?
) was not e ected b the deposition chamber

2’backgrou d pressure and the substrate temperature up to W [14]. This unique feature
of laser deposition makes thin film fabrication much easier.
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Fig, 2 At 1.5 J/crn2 laser (248 nm, 30 ns) ener
$’

density, the an ular distribution of the
deposited film: (a) thickness (the dashe fline is the cos~ it) and (b) composition.



SUPERCONDUCTING THIN FILMS

Once the correct composition in the films ~c obtained, there are still two obstacles
to be overcome before one can have gd superconqu~ing films. The atoms in the film
must in the right crystallographic phme Md the right amount of oxygen needs to be
incorporated into the structure.

There are at least two approaches 3] to accomplishing this: one is to deposit the
\film in some random phases at a relatively ow tempe~ature and follow this up with a high

temperature (800-900 C) anneal in oxygen. But the h@ temperature treatment creates a
number of problems [15]:

1. chemical reaction with the substrate resulting in the formation of a dead hyer at
the interface,

2. loss of film stoichiometry after annealing due to film-substrate interactio~ and

3. crack formation during thermal cycling destroying the percolation path for
superconductivity in the film.

These lead to poor reproducibility and performance of the films.

A more elegant way to accomplish the aal is to deposit the films directl in the
7crystalline phase at a temperature of 600- 00 C in an oxygen ambient. $ rom a

technological point of view, in order to reduce sharp inted’aces and minimize fihn-
?substrate interaction and stresses in the dins, a low tem~erature process is absolutely

essential. With the second approach epitaxiai films wth superior superconducting
properties could be prepared since the films are grown layer-by-layer.

The first experiment on the low temperature process was done at a deposition
temperature of 650 C and 5 mTorr of oxygen [16]. A shown in Fig. 3, the as-deposited fdm
was oxygen deficient, and low temperature annealing pushed the superconducting
transition temperature over 80 K. The films made by this process were very smooth an !
shiny, and had a sharp interface with the substrate.

By simply increasing the oxygen pressure during deposition from 5 mTorr to 1W2MI
mTorr and using substrate temperature between 650-750 C, high quality superconducting
thir~ films were obtained wthout further heat treatment after cooling down to room
temperature in over 2(M Torr of oxy en [17-21]. Higher oxy en pressure in the system

t henhances the formation of sub-ox.ies in the gas phase 22, and higher substrate
temperature helps the film nucleation. A typical reslstiwty vs temperature Mshown m Fi~. 4
for a film deposited under those conditions. The film is highly metallic with a transition
temperature and width of over 90 K and less than 1 ~ respectively,

A 10 nm thick YB Cu O . film on SrTi03 made by pulsed laser deposition had a
3transition temperature of 2 f [; fi, which is m good as those made by other techniques

[23-24]. YBaCuO thin fil mad by laser de ositlon in-siru have one of the highest critical
current densities (-5x1 &A/cm~) at 77 K ~ose films are also highly oriented with c-axis.
normal to the film surfaces, and crystalline with R13Schanneling minimum “eIds of -370

R[25], which are as good as those obtained on buik sin Ie c stais [26]. e films aiso
Hexhibited the iowest flux noise meusurcd to date [27 , w ich urther confirmed the high

quality of the films. In-situ YBaCuO films on m J had a order of magnitude iowcr
surface resistances rompared to Cu w 77 K m a few C?Hz [25], showing promising future
for microwave apDiications.

More recentiy, hi h quality YBaCuO superconducting thin fiims have been
!Prepared in-du by puised aser deposition at a deposition rate up to 14.5 rim/s [28], which

IStwo orders of magnitude hi~her than the conventional rate of t icaiiy -0.1 rim/s. Those
Pflims had superconducting transition temperatures of 90 K. W at is more remarkable is

that the films at 77 K exhibited no marked degradation of current cmying capacity with
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Fig. 4 Resistivity vs tern erature for an as-deposited 100 nm YBaCuO film on
f’SrT103 made at 30 C in 200 mTcwr oxygen.



– critical current densities of 4xl@ A/cm* [29]. The high deposition rate achieved by the
laser deposition enhances the effkiency of the technique.

HETEROST’RUCllJRES AND SUPERLA’ITICES

In order to fabricate planar junction devices such as superconductor-normal metal-
superconductor (SNS) or su erconductor-insulator-superconductor (S1S), heterostructure

[systems are needed. Since t e high TC superconductors are crystalline materials lattice
matched multilayers aie the only choice in order to have the superconductor maintain its
transition temperature or order parameter right u

R
to the interfaces. From the material

growth
z

int of view, the processing conditions s ould be very similar for all matched
materi to assure the quahty.

One of matched materials for YBaCuO is Y~fly%%07.x (Y=O to 1), which has
an orthorhombic stmcture with nearly the samz la ce constants over the entree alloylng
range [30]. YPrBaCuO thin films can be prepared at same

f
recessing conditions as

YBaCuO films [31]. Most of the substrate materials can be a so used as the matched
systems.

Multi-lzjers were accomplished by laser de
Y

ition in-situ by emplo “n a multi-
target holder, which ailows different targets to be

f
$3aced in the laser beam. y temating

the tar ets,
B

heterostmctures were abricated. Epiti.xal growth of
YBaCuO rBaCuO/YBaCuO trilayers [32] has been shown with the demonstration of ac

/and dc eso hson effects in the SNS junction devices fabricated from such trilayer
Ystructures [33 .2.8 MeV He ion backscattering minimum yield of 6% on the YBaCuO top

layer was obsemed, indicating high crystalline nature of the trilayers [32],

~ increasing the number of the layers and reducing the individual la er thickness of
dthe heterostructure, a superlattice including two or more different materi s is formed. By

fabrication of the superlattices, one will be enable to form possible new metastable bases,
#and study the char e transfer effects due to alloying in the various sires, proximity e ects at

tthe interfaces, an so on. Moreover, fabrication of the superconductor superlattices in a
controlled way may lead to layer by layer synthesis of high quality superconducting thin
films.

Fabrication of multilayered Bi(Pb -Sr-Ca-Cu-O thin films by laser deposition of
successive la ers was reported b

i
L nai et. al. 34] More recently, excellen~

YBaCuO/Dy~aCuO supcrlattices wit the shortest peri J icity of 2.4 nm have been made
by DC magnetron sputterin [35]. E itaxial YB CuO/PrBaCuO superlattices with a similar

%fperiodicity were prepared y a u sed laser deposition techni ue [36 . The composition
r 1 1°oscillations in the superlattices Fig. 5) and the presence of t e sate hte peaks m x-ra

diffraction spectrum demonstrated the
r

riodicity was achieved in the structures. Hi
i

[
quality of the su rlattices was confirm by showing a 1.2 nm YBaCuO layer separated y

r10 n.m PrBaCu la er, which is insulating at low temperatures, was still superconducting
abovn 4 K [37]. ~e transport measurements on the superlattlces revealed interesting
physics [37].

DEPOSITION TEMPERATURES

At present, the de osition tern erature needed for high quality superconducting thin
! Yfilms is still high (650-7 O C) for al the thin film deposition techniques. Reducing the

processing temperature is one of dreams for all the researchers. One of the ideas is to
create more reactive o gen by using an oxygen plasmas [38], and ozone [39]. Witanachchi
et. al. [40] used a +3 % V bms potential between the target and substrate durin laser
deposition to enhance the laser generated Iasma

d!
%Ium. It was found that the su strate

temperature could be reduced by 50 to 1 C to o tain same superconducting transition
temperatures. Further ex eriment by Korcn et. al. [41] using the atomic oxygen produced

Jby photodissociation of 20 also indicated the importance of the atomic oxygen. It should



.
be noted that the effect of atomic oxygen could be only seen at temperatures below 600 C
[4042, and the superconducting transition temperatures and critical current densities of
thin fiL made under those conditions are not as ood as those made at higher substrate

%temperature. Further research is still needed to re ucc the processing temperature and at
same time maintain the quality of the films.

Fig. 5
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ADVANTAGES AND DISADVANTAGES

As mentioned above, the most im~rtant featu~e of ulsed laser deposition is the
+’stoichiometric deposition. The use of a single t~ge~ slrnph les the deposition process [3 .

IOnly single target sputtering such ~ reverted cyllndrl~ magne~ron sputtering [43] and of -
axis sputtering [44] can compete Wth the PUIS+ !~er ~eposltlon in these two areas. The
versatility is an extra feature for the ker deposition. Simply spiftln the targets, different

fmaterials or multi-layers are formed. The recent demonstration o h!gh deposition rate
using pulsed laser deposition is a P!US.Another adv~ta e of the techmque is that a small
amount of materials is enough as source materials an f the target usage is much higher
compared to sputtering.

To further demonstrate the advantages, a thin film was made from a small piece of
Berlin Wall b pulsed laser deposition at room temperature in vacuum. Fig. 6 shows a RBS

is ectrum of t e film on a carbon substrate, clearly indicating the existence of Ca, Si, Fe and
8 in the film. The composition of the film is close to the target average composition.

Fig. 6
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A RBS (2 Mev He ions) spectrum of an as-depositd film on a carbon
substrate made in vacuum from a small iece of Berlin Wall. The result indicates

1’that laser deposition is a versatile thin fi m technique.
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The main disacivanta~e of the technique isthat the laser-solid interaction process is
not fully understood at this time [3]. Much more work should be done in this area. Another
problem is that there are always particles on the smooth surface of the filrm deposited by
the laser technique. By using short wavelength lasers, the density and average size of the

R
articles are relatively reduced [5]. For a single layer thin films, so far no measurements
ave shown that the existence of particles is degrading the superconducting properties of

the films. Certainly, the particles should be removed in order to prevent possible shorting
in the multilayers. The high cost of lasers is another concern.

One of the popular questions is whether the techniques can be scaled up. Since the
de osition is highly forward-directed, one can ima e the laser deposition as a spray gun. B

r ! [re ative movement of the gun or the substrate hol er, large area coating will be possible. t
is believed that it is an engineering problem.

CONCLUSION

The successful use of pulsed laser deposition of high TC superconducting thin films
fwill bring more research in the technique. Detailed research is needed or further

development of the technique. It is obviousthat pulsed laser deposition will be one of the
most important thin film techniques not only for research but also for manufacturing.
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