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Gr azi ng-in cid ence X -ray di ˜rac ti on supp lemented wit h atomic force mi-
croscopy and secondary ion mass spectroscopy were applied to the character-

ization of Ùlms deposited by laser ablation on cold substrates from Y Ba C uO
targets and subsequently irradiated w ith addition al laser pulses of lower en-
ergy density . E volution of X -ray di˜raction pattern w as observed as a func-

tion of irradiati on dose. For the as-dep osited Ùlms the pattern w as typical
of the amorphized solids. For the Ùlms irradiated with doses higher than the
threshold , the pattern w as enriched w ith the di˜racti on peaks, whose general

features, like peak position s, w idths and relative intensities were almost in-
dep endent of the dose. T he size of the crystallites w as deduced from the peak
w idths to be not smaller than 12{1 6 nm. Comparison of the pattern w ith
patterns of know n phases indicates that, apart of the amorphous comp onent,

a structure w ith an admi xture of some new metastable or high temp erature
phase (s) is formed during the pro cess of pulsed laser annealing . The atomic
force microscopy observations revealed that the surf ace roughness show s a

pronounced minimum at low irradiati on doses. T he secondary ion mass spec-
troscopy investigation conÙrms that the strongest chemical changes (increase
in concentration of yttrium and copp er) due to irradiati on w ith higher doses
are observed in the near- surf ace Ùlm material.

PAC S numb ers: 52.38.Mf , 81.15. {z, 68.55. {a

(787)



788 J.B. Pe¤ka et al.

1. I n t rod uct io n

Pul sed laser depositi on (PLD ) is one of wi dely used metho ds of obta ining
thi n oxi de Ùlm s. It is a com pl icated pro cess carri ed out in a low- pressure oxygen
atm osphere. The pul se energy from a high power excim er laser is absorb ed on the
ta rget surf ace resulti ng in its rapid heati ng. As a consequence, an expl osive gener-
ati on of therm al stresses occurs, and near-surface layers of the ta rget are m elted
and evaporated. A characteri sti c pl asma plum e is form ed from the ejected mate-
ri al . The pl um e is condensed subsequentl y on the substra te surface, where Ùnal ly
a solid layer is form ed. Its structura l pro perti es depend on the substra te tem per-
ature, the am bient oxyg en pressure, geom etry of depositi on and other param eters
of the pro cess.

Fi lm surfaces produced by thi s m etho d exhi bi t high roughness, and com plex
m orpho logy [1{ 3]. Understa ndi ng of the physi cal processes invol ved in the Ùlm
form ati on is im porta nt to impro ve growth of layers wi th desired properti es. In
studi es of the Y{ Ba{ Cu{ O system , most attenti on wa s usually paid to the struc-
ture of sup erconduct ing YBCO (YBa 2Cu 3 O7 À £ ) phase. Som e other nonsup ercon-
ducti ng phasesof the system show also interesti ng properti es due, e.g., to stro ng
pyro electri c ẽ ect, along wi th a high tem perature coe£ cient of resisti vi ty [4, 5].
Prepa rati on of crysta l l ine layers requi res m ainta ini ng of the substra te at a high
tem perature duri ng or after depositi on. The ful ly crysta l l ized layers are usual ly
obta ined in the PLD process due to anneal ing i f substra te is heated to a high
tem perature duri ng depositi on. A post-depositi on laser i rra diati on ( \ laser anneal-
ing" or \ photo doping" ) is another metho d of m odiÙcati on of the Ùlm structure
and i ts properti es [6, 7]. The post-depositi on laser trea tm ent of solids Ùnds many
pra cti cal appl icati ons and f or thi s reason is a subj ect to intense research acti vi ty .
It was shown tha t appl icati on of excimer laser can signi Ùcantl y lower the crys-
ta l l izati on tem perature of som e amorpho us com pounds [7]. In superconducti ng
YBCO Ùlms, the laser i rra diati on was found to induce persistent and metastable
insul ato r{ meta l and insulato r{ superconducto r tra nsiti ons [8]. General ly, the laser
trea tm ent is found to f acil i tate structura l tra nsform ati ons of the i rradi ated medium
[9]. The exact nature of the inv olved intera cti ons is not ful ly understo od. A cruci al
ro le in ini ti al izi ng the laser induced structura l changes is most probably played
by the near-surf ace m ateri al of the Ùlm [9, 10]. These facts m oti vated us to study
the possible aspects of the compl icated structura l changes induced by laser trea t-
m ent in ini ti al ly am orpho us materi al . In thi s work, we focused on the study of
structura l m odiÙcati ons in the Ùlm s form ed by PLD from YBa CuO targets due to
post-depositi on i rra diati on by addi ti onal laser pul ses of vari ous energy densiti es
(Ûuencies) far below the ablati on thresho ld.
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2. E x per i m en t a l

The Ùlm s were prepa red on glassand two ki nds of m onocrysta ll ine substra tes:
Si (100), and LaAl O 3 (110). The depositi on was carri ed out in am bient oxygen
atm osphere under pressure of 400 m Torr. The sto ichi ometri c ta rget was ablated
wi th 248 nm KrF excimer laser of pul se dura ti on 30 ns and repeti ti on rate 10 Hz
at the energy density (Ûuence) of 1.5 J/ cm 2 per pul se. Al l sampl es were deposited
on cold substra tes (T = 3 0 0 K) positi oned in \ on-axi s" geom etry by appl yi ng 3000
pul ses. As a resul t of the above procedure, the Ùlms of thi ckness about 1 ñ m and of
hi gh surface roughness were grown. Af ter prepa rati on, the sam ples were exp osed
to addi ti onal laser trea tm ent. The sam e laser, as f or Ùlm depositi on, wa s used but
the pul se energy density wa s kept in the range of 25{ 100 m J/ cm2 , m uch below
the ablati on thresho ld. The repeti ti on rate of the annealing pul ses wa s kept at
1 Hz. To obta in a ref erence X- ray di ˜ra cti on pattern, the Ùlms of superconducti ng
YBCO phase deposited in standard \ o˜- axi s" geom etry on SrTi O 3 and LaAl O3

were studi ed.
The X- ray di ˜ra cti on patterns were recorded by a powder di ˜ra ctom eter in-

sta l led at the B2 beaml ine at Ha sylab (Ha mburg ), usi ng paral lel beam monochro -
m ati zed wi th a Ge(111) doubl e crysta l monochro mato r. The di ˜ra cto meter was
equipp ed wi th a set of para l lel hori zonta l foi ls (o f angular aperture 0 : 1 £ ) at the
di ˜ra cted beam . The patterns reported in thi s work were recorded wi th monochro -
m ato r set to Ñ = 1 : 2 0 6 5 ( 4 ) ¡A. The wa velength was determ ined by a least squares
pro cedure for sil icon NBS 640b standard (a S i = 5:43094 ¡A). The incident beam
geometry wi th grazing angle Ùxed at 0 : 5 £ was empl oyed duri ng the measurements;
thi s allowed obta ining opti mal X- ray signal / no ise rati o, almost free of background
ori ginati ng from the substra te.

Sampl esurf aceswere studi ed by D igita l Instrum ents ato mic force micro scope
(AFM) and the secondary ion mass spectroscopy (SIMS) m easurements were per-
form ed wi th CAMECA IMS 6F devi ce using cesium pri m ary ions and positi ve
secondary ions MCs + (M = Y, Ba, Cu, O, Si).

3 . R esul t s an d d iscu ssio n

In Fi g. 1 the di ˜ra cti on patterns are shown of Ùlm sdeposited on Si substra tes
and trea ted wi th 1, 3, 5, and 10 anneal ing pul ses, each of Ûuency 100 m J/ cm 2

(curves B1, B3, B5, B10, respect ively) and, for com pari son, of the as-deposited
non- i rradi ated sampl e(curve B0). The latter pattern is characteri sti c of am orpho us
m ateri als. The di ˜ra cti on peaks due to crysta ll izati on induced by laser i rradi ati on
of the ini ti al ly amorphi zed materi al appear after Ùrst 1{ 2 anneal ing pul ses. The
observed l ine wi dths of the m ost intense reÛections in curves B3{ B10 are highl y
sim i lar, indi cati ng tha t the sizes of the crysta l l i tes (esti mated to be not smal ler
tha n 12{ 16 nm from Scherrer f orm ula) practi cally do not depend on numb er of
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pul sesappl ied. The sam echaracteri sti c di ˜ra cti on pattern was found for the inv es-
ti gated sam plestrea ted wi th i rradi ati on dose(understo od in thi s wo rk as a product
of the pul se Ûuency and the num ber of annealing pul ses) of 240{ 270 mJ/ cm2 and
hi gher, independentl y of the ki nd of substra te.

Fig. 1. X -ray di˜raction patterns of Y {Ba{C u{O Ùlms dep osited on cold Si(1 00) and

annealed w ith laser pulses applied after depositi on. T he n in the B n symb ol denotes the

numb er of the irradiati on pulses. The anneali ng pulse energy density w as 100 mJ/cm 2 .

Fig. 2. X -ray di˜raction pattern of sample B10. N umerical values in bold and under-

lined ref er to Ùtted p eak position and FW H M, resp ectively . T he interplanar spacing, d

(in angstroms) is indicated in italics.

The results of analysis of the pattern obta ined for sam ple B10 are shown in
Fi g. 2. The observed pattern is deÙnitel y di ˜erent tha n tha t recorded for the super-
conducti ng YBa 2 Cu3 O7 À £ phase [11]. W idth and shape of some weak and broad
bands at higher ˚ angles ( ¤ 3 2 £

À 3 5 £ and ¤ 4 1 £
À 4 4 £ ) suggest thei r m ul tip eak

compositi on. It can be assumed tha t the observed pattern is probably f orm ed by a
m ulti phase structure conta ining copper and yttri um oxi des, whi ch is supp orted by
the results of SIMS measurements, as di scussed later. The pha se(s) contri buti ng
to the di ˜ra cto gram are assumed to be m etastable or stable at hi gh tem peratures
onl y. Extensi ve e˜o rts of identi Ùcati on were unsuccessful . In parti cular, none of
phases of the Y{ Ba{ Cu{ O system or any of i ts subsystem s, as compared wi th the
avai lable l i tera ture data wi th the aid of ICD D powder di ˜ra cti on data base, could
be ascribed to the pattern (see [12] and references therei n).

The Ùlm surf aceswere studi ed by the AFM techni que. In Fi g. 3, the patterns
are shown for sampl es deposited on LaAl O 3 substra te. D 0 refers to as-deposited
sam ple wi tho ut addi ti onal laser irra di ati on, D 1 and D2 to sam ples i rradi ated wi th
5 pul ses of Ûuency 40.6 and 55.4 m J/ cm 2 , respect ivel y (i rra diati on dose: 0, 203,
and 277 mJ/ cm 2 , respecti vely). As expected, the surface roughness is hi gh for
al l inv estigated sam ples, reachi ng for as-deposited Ùlm s the values of 300{ 400 nm
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peak- to -peak, typi cal of the sam ples grown in on-axi s geom etry [3]. The vari ety
of m orpho logical features, reported in some papers [3, 4], has not been found in
the investigated materi al . Unexp ectedly, we found tha t the surface of sampl es
annealed wi th smal l i rra diati on doses (of the order 200{ 250 m J/ cm 2 ) was clearl y
m ore smooth, of smal ler granul ari t y, tha n tha t of as-deposited sampl es annealed
wi th higher doses (see Fi g. 3). Thi s can signi fy some selecti ve decompositi on or
evaporati on of near-surface m ateri al when trea ted wi th the low i rradi ati on doses.
Further increase in the i rradi ati on dose resulted in a m onoto ni c increase in the
size of observed surface features. The appearance of a surface roughness minimum
as a functi on of the i rra diati on dose was also observed in (not shown here) AFM
im ages of sam ples deposited on silicon and glass substra tes. Surf ace detai ls of size
comparable to the size of crysta l l i tes deduced from X- ray l ine wi dth were not
observed.

Fig. 3. Variation of layer roughness on laser anneali ng conditions, illustrated by A FM

patterns obtained for layers deposited on LaA lO 3 substrate. D0 | sample w ithout

additio nal laser irradiati on, D1 and D2 | irradiated with 5 pulses of Ûuencies 40.6 and

55.4 mJ /cm 2 , resp ectively .

The SIMS techni que wa s appl ied to study in-depth concentra ti on changes
of the elements in the sam ples due to laser i rradi ati on. The recorded SIMS depth
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pro Ùles of ato m ic distri buti on for Y, Ba, Cu, O, and Si elements in two Ùlms
deposited on sil icon substra tes are shown in Fi g. 4. Both studi ed sampl es were i r-
radi ated wi th the sam eirra diati on dose of 500 m J/ cm2 . Sam ple A10 was i rra diated
wi th 10 laser pul sesof Ûuency 50 m J/ cm 2 each, and the sampl e B5 wi th 5 pul ses
of Ûuency 100 mJ/ cm 2 . The obta ini ng of the depth pro Ùles from the non-annealed
ref erence Ùlm deposited on sil icon was not possible due to strong stati c charg ing
of the sam ple. Sim ilar, but less intense e˜ect, was observed for the sampl e A1 0.
Theref ore, the SIMS signal for thi s sam ple is slightl y shif ted from the starti ng
sputteri ng ti me. The observed di minishi ng of charging wi th increa se in anneal ing
energy indi cates for an increase in conducti vi ty of the Y{ Ba{ Cu{ O Ùlm due to
laser irra di ati on. A sim i lar phenom enon has been reported in the li tera ture [9].

Fig. 4. SIMS depth proÙles of atomic concentrations for Y , Ba, C u, O, and Si atoms

for layers A 10 and B5 deposited on Si substrates.

Co mparison of results f rom A10 sam ple and from sto ichi ometri c YBCO
1{ 2{ 3 Ùlms characteri zed by smooth surfaces has shown tha t the relati ve inten-
siti es of Y, Ba, and Cu ion currents are highl y simi lar and can be ascribed to
the near-surface part of the layer itsel f (i n the range of about 600{ 800 s for A1 0
sam ple). Thi s impl ies a sto ichi ometri c ato m ic rati o, Y: Ba:Cu = 1:2:3, in thi s part
of sam ple. Hi gh surf ace roughness of the sam ples, conÙrm ed by AFM, resul ts in
smeari ng the signal depth and deteri orates e˜ecti ve in-depth resoluti on. It inÛu-
ences also the sputteri ng speed, m aki ng especial ly di £ cul t a precise cal ibrati on of
the resul ts both wi th respect to the distance scale and the relati ve concentra ti ons
of the investigated elements (ato m s). In parti cular, i t al lows onl y f or an appro x-
im ate local izati on of Ùlm{ substra te interf ace positi on. D espite these l im ita ti ons,
som e general pro perti es of the in-depth distri buti on of the four elements in the
sam ples can be determ ined. Concentra ti ons of Ba and Y ato m s seem to be m ax-
im al near the substra te surface, wi th the maxi ma slightl y shifted wi th respect to
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each other. Thi s is especial ly pronounced in sampl e A1 0. Irra diati on wi th higher
energy density per pul se pro duced in sampl e B5 an addi ti onal maxi mum of con-
centra ti on of the yttri um and copper close to the to p surface of the Ùlm . Because of
insu£ ci ent inf orm atio n about the sputteri ng yi eld of sil icon in the Ùlm matri x i t is
m ore di £ cul t to evaluate the sil icon concentra ti on in the Ùlms. The resul ts im ply
a signiÙcant m igrati on of sil icon into the layer duri ng depositi on, whi ch leads to
relati ve concentra ti on of Si, over the who le Ùlm depth, of the order of 1 0 À 3

À 1 0 À 2

(0 .1{ 1%). As we obta ined simi lar di ˜ra cti on patterns in layers deposited on vari -
ous substra tes, the concl usion is tha t thi s hi gh sil icon adm ixture does not inÛuence
form ati on of the observed di ˜ra cti on structure duri ng laser i rra diati on.

The relati ve constancy of the di ˜ra cti on pattern was observed for the Ùlm s i r-
radi ated wi th to ta l energy densiti es of about 250{ 270 mJ/ cm 2 up to 1200 m J/ cm 2 ,
the highest appl ied in the present investi gatio n. Its general features, l ike l ine po-
siti ons, relati ve intensi ti es, and wi dths did not depend signiÙcantl y on the dose.
Thi s indi cates tha t crysta ll i tes inv olved in creati on of the respective di ˜ra cti on
l ines do not grow signiÙcantl y wi th the dose. Instea d, the observed increasing in-
tensi ty of the peak pattern impl ies increase in the num ber, or the volum e fracti on
of the crysta l l ites wi th dose. There are m any possible mechani sms tha t can resul t
in such behavi or. Al tho ugh the present resul ts could suggest a stable crysta l l i te
size wi th irra di ati on, i t m ust be stressed tha t m ore inf orm atio n on the structure
and properti es of Ùlm s in vari ous anneal ing schemes and ambient condi ti ons wi l l
be necessary to clari fy thi s issue. Attem pts to grow the crysta ll ine gra ins of the
structure should also involve the i rradi ati on doses much above the upper l im it
appl ied in the present report. Mo re compl ete analysis of the case and di scussion
wi l l be publ ished elsewhere.

4. Co n cl usion s

The presented work provi des prel im inary characteri zati on of Ùlm s deposited
by laser ablati on on cold substra tes from YBa CuO ta rgets and i rra diated wi th ad-
di ti onal laser pul ses. The grazing- incidence X- ray di ˜ra cti on suppl emented wi th
AFM and SIMS reveals compl icated structura l changes in the Ùlm s. The di ˜ra c-
ti on patterns range from the pattern typi cal of am orphi zed sol ids observed in
as-deposited sam ples to the relati vely stabl e pattern obta ined after i rra diati on by
a dose higher tha n a certa in thresho ld. The AFM results dem onstra te tha t the
surf ace roughness shows a pro nounced m inimum for sam ples irra di ated wi th low
doses and the SIMS inv estigati on conÙrm ed tha t the strongest changes due to
i rra diati on are observed in the near-surf ace Ùlm materi al .
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