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At low temperatures dislocations are the dominant flux-pinning centers in thin films ofC(B@;_ s
deposited 0r§100) SrTiO; substrate$B. Damet al, Nature(London 399, 439(1999]. Using a wet-chemical
etching technique in combination with atomic force microscopy, both the length and the lateral dislocation
distribution are determined in laser ablated ¥B&0;_ s films. We find that(i) dislocations are induced in the
first stages of film growth, i.e., close to the substrate-film interface, and persist all the way up to the film
surface parallel to the axis, resulting in a uniform length distribution, afig) the radial dislocation distribu-
tion function exhibits a universal behavior: it approaches zero at small distances, indicating short-range order-
ing of the defects. This self-organization of the growth-induced correlated disorder makes epitaxial films
completely different from single crystals with randomly distributed columnar defects created by means of
heavy-ion irradiation. Since the substrate temperature can be used to tune the dislocationnggnsitgr
almost two orders of magnitude-1—100fm?), the mechanism by which dislocations are induced is closely
related to the YBgCu;0;_ 5 nucleation and growth mechanism. We present evidence for preferential precipi-
tation in the first monolayer and precipitate generated dislocations.

[. INTRODUCTION by vortices that are individually pinned along dislocations.
Interestingly, dislocations are induced by the thin-film

In the last few years the quality of highs superconduct- growth process itself. In the present paper, we investigate the
ing thin films has improved significantly. Thin films have dislocation structure in laser-ablated YBasO, _ 5 films and
become more and more single-crystalline like. However, thets origin in detail. Instead of looking at the as-grown surface
magnitude of the critical current densify in films is still ~ morphology, we investigate wet-etched films. It has been
orders of magnitude higher than in single crystals. Insuggestetithat the density oscrewdislocations can be de-
YBa,Cu0,_ 5 films, for examplej. is as high as #8A/m?  termined by counting the number of spiral outcrigSat the
(at small magnetic fields and low temperatyregile in  film surface. However, in this way the total dislocation den-
single crystals it is typically 7§ A/m2.! The highj. of films  sity (edge, screw, and dislocations of mixed characier
is generally attributetito the strong pinnintf®* of vortices to  severely underestimattfor two reasons(i) edge disloca-
extended defects. In single crystals the transport propertiegns do not give rise to any topological structure @mngnot
are mainly determined by randomly distributed point defects
(e.g., oxygen vacancigdeading to weak collective pinnirfy.

The highj. values found in films must thus be caused by 1
extended defects which are specific for flms such as sub-
strate induced antiphase boundarietislocationg =8 or sur-
face roughnes®® Although there are experimental
results®!! pointing to the importance of pinning hisloca-
tionsin films, until recently no quantitative relation between
the dislocation density and the pinning properties could be
established.

By comparing YBaCusO;_ s films with widely differing
dislocation densitiesngy we observetf a universal .
magnetic-field dependence of the critical current der(siée 0.01 0.1
Fig. 1): j.is constant up to a certain characteristic fiBit B [Tesla]
3:2 ;ij;(é%yg/v E?hplc()jgj;io]r.d(l)r)]g'Itzscf)r?g:crztlgér?;ﬁﬁieb*O\i/se FIG. 1. Critical current density, at 10 K as a function of the

. o T ) . magnetic fieldB for three YBaCuO;_ s films laser deposited on
proportional tong with a proportionality constant of 0¥ (100 SrTiO; with dislocation densitiesg= 7.8, 25, and 72/m?.
per dislocation(where @ is the flux quantury indicating  j (B) is measured by means of torque magnetométrsing a
that dislocations are responsible for the high critical currentgyeep rate of 1 mTjsand normalized tqj.(B=0)=6.6x 10,
in YBa,Cu0;_ 5 films. The magnitude of . for B<B*,  41x 10" and 3.7 101 A/m?, respectively. The critical current is
however, doesiot depend strongly on the defect densfty. constant up to a characteristic fidd , as indicated by arrows, and
For all films we findj values in the range 16-102A/m?  decays rapidly at higher fieldB* increases linearly witingg with
(at 4.2 K. In other wordsj . belowB* is solely determined a proportionality constant of 0dY,.
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all screw dislocations generate growth spirals. Wet-chemicahese films are excellent. For instance, the transition tem-
etching in combination with atomic force microscopy revealsperature of the PLD filnf€ used in this investigation is 90 K
the full dislocation structure and allows for a statisticalor higher (with a transition width of less than 0.5)Kas
analysis. Not only the length but also the lateral dislocatiordetermined from four-point electrical resistance measure-
distribution can be determined. In this way important infor-ments. X-ray-diffraction measurements indicate perfect
mation about the pinning energy landscape in YBa0,_;  c-axis orientation and a high degree of crystallinitgcking
films is obtained. Moreover, it appears that in films grown oncurve widths of the 005 reflectiof wgps~0.1°).

(100 MgO substrates even high-angle grain boundaries are The aim of this work is to investigate the dislocation
resolved. Therefore wet-chemical etching is also an attractivetructure in these films as a function of the deposition con-
tool for studying weak links in YB#Cu0; _ 5 films. ditions. As is well known in metallurg$’ dislocation densi-

We find that dislocations are generated in the early stageses can be determined by counting the number of etch pits
of growth, i.e., close to the substrate-film interface. Sincformed upon applying a suitable dislocation sensitive etc-
dislocations cannot end inside a crystathey persist up to  hand. In the case of YB&uO,_ 5, we use a 1 vol % Br in
the film surface parallel to the axis, resulting in a uniform ethanol solutiot®?®=2°To analyze the surface morphology
length distribution. Consequently, they can pin vorticesof both the as-grown and the etched films, we use scanning
along their entire length. At first sight this situation seemstunneling microscopySTM) and atomic force microscopy
very similar toartificial linear defects created by irradiating (AFM) in the tapping modéNANOSCOPE llla multimode
single crystals with heavy iorf§:'°However, in our fims the  system. STM measurements are performed in the constant
linear defects arggrowth inducedand also exhibit short- current mode using mechanically sharpened Ptlir tips, oper-
range ordering, whereas artificial columnar defects are rarated at a bias voltage of 700 mV and tunneling currents
domly distributed. The nonrandom dislocation distributionaround 100 pA.
enhances the pinning efficiency even more. Since we can In order to investigate thpersistenceof etch pits upon
also tune the dislocation density at will without affecting repeated etching, a specific area on the film surface is iden-
either the length or the lateral distribution of these lineartified by means of two perpendicular engraved markers. Us-
defects, we now have a very attractive system to study vorteing the large range of the tube scanfi@aximum scan size
matter. For instance, the predicted Mott-insulator vortex100 um), horizontal displacements of the AFM tip of about
phasé?®® may be observable in thick laser-ablated 20 um with respect to these reference markers can be repro-
YBa,Cu;0;_ 5 films at low dislocation densities. duced. In this way surface features can be traced back, even

after repeatedly etching and remounting of the sample.
II. EXPERIMENTAL PROCEDURE Ill. REVEALING DISLOCATIONS

C-axis oriented YBgCu;O;_s films are deposited on
(100 SrTiO; and (100 MgO substrates by means of pulsed
laser depositionPLD). The 30-ns, 248-nm excimer laser
beam(QUESTEK Impulse 4750GL: fluence 1.3 Jigmep-
etition rate 5 Hz is guided into an UHV deposition system
using projection optics to ensure a reproducible deposition
proces$? The films are deposited from a polycrystalline
high-density, single phase, tetragonal ¥88;0¢. , target
(PRAXAIR, 99.995% pure raw materialsising substrate
temperature3 g, between 750 and 850 °C, as measured with
a pyrometer. The background oxygen presqugis varied
from 15 up to 50 Pa using substrate-target distartes The surface morphology of as-grown PLD films is gener-
between 3.0 and 3.5 cm. Our laser-ablated films generallglly characterized by a semiregularly spaced array of growth
follow a two-dimensional (2D) nucleation and growth islands, separated by trenclsse Fig. 2a)]. These trenches
mode?®?3 The sizeD of the growth islands can be modified have a depth up to 20% of the film thickness. In the trenches
reproducibly between 125 and 450 nm by adjusting the depcsome deeper depressions can be discerned. Changing the
sition conditions: raising ¢, and/orpo, (while keeping the  deposition conditionsT,, and pg,) Mainly affects the size
substrate in the top of the plume by properly adjustifgs) D of the islands, i.e., the spacing between trenches. Since our
results in larger growth featurés. PLD films grow by 2D nucleation and growtfi?® we find

For comparison, also some YR2u;0;_ s films sputtered  no spiral outcrops at the surface. Therefore from the surface
on (100 SrTiO; were investigated. Using dc sputtering at morphology only, it is not possible to determine tiserew
840 °C and 3 mbar’s oxygen pressure with a substrate-targelislocation density.
distance of 2 cni? films containing large growth spira(s-2 In order to reveal dislocations ending at the film surface,
um) are obtained. In contrast to PLD films, these sputteredve apply a dislocation sensitive etchand. For etching to start
films need to be post annealedrfd h at 650°C in on a flat, defect-free crystal surface, a negative 2D nucleus
10° mbar's G in order to optimize the superconducting prop- has to be forme&3° Analogous to growth by 2D nucleation,
erties. the radius of this nucleusR, has to exceed some critical

The PLD and sputtered films have a thickness of typicallyvalue R* to become a stable and expanding nucleus. This is
140 and 200 nm, respectively, except when mentioned othdue to the positive edge free-energy term in the total Gibb’s
erwise. The superconducting and structural properties of afree-energy change:

In this section we show how wet-chemical etching in 1
vol % Br ethanol reveals dislocations. As a first step, the
development of etch pits at defect sites is described. Since
sputtered films exhibit spiral outcrogge., screw disloca-
tions), we use these film to test our etching technique. Fi-
nally the persistence of etch pits upon repeated etching at
' defect sites is probed in PLD films, indicating that the de-
fects that are revealed are inddetkar defects.

A. Principle of etching
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square, sharp-bottomed etch pits forms. As shown in Fig.
2(d), within an etch pit concentric steps can be discerned.
These steps are usually several unit cells in height. Clearly,
the pits are not negative spirals. Negative spirals are only
expected at extremely small undersaturatitinas the etch

pits are symmetriéZ we infer that the dislocation line is
perpendicular to the film plan@.e., parallel to thec axis).

The square edges of the pits are roughly parallel td 106)]

and [010] directions, indicating that the etch pit shape is
determined by the slowest etching step directions. These di-
rections are indeed parallel to the strongest chemical
bonds®® Since on SrTiQ substrates all etch pits have the
same orientation, we infer that the in-plane crystal orienta-
tion of the films is goodexcept for the occurrence of twin
boundaries which are generally present in ¥BaO; 5
films deposited on SrTig). The etch pits are not bounded by
low index crystal planes. The slope of the sides of the etch
pits varies between 7 and 12° and appears to be determined
by the etching kinetics.

FIG. 2. Surface morphology of a 110-nm-thick Y&akO;
film laser deposited o(l00) SrTiO; and subsequently etched in 1
vol % Br ethanol:(a) as-grown surface morphology consisting of ~ TO prove that we are revealingislocations we etched
semiregularly spaced growth islands separated by trenthesfter ~ Sputtered films. The surface morphology of sputtered films
5 s of etching both the as-grown surface morphology and the foreonsists of large growth spirals of unit-cell step height and a
mation of etch pits can be discerned, giilafter 10 s of etching large (>100 nm step spacing, resulting in islands up to 2.5
only sharp-bottomed etch pits are visible. In these three AFMum in diameter? Since sputtered films grow in a spiral
height images of 1.81.0um? dark is low and bright is high. Ifd)  growth mode, we can exactly identify the position where
a closeup (228225 nnf) of an etch pit is shown that consists of screwdislocations are locatee., at the spiral outcropWe
steps of several unit cell§i.c) in height: 11 nm(5 u.c), 24 (2  find that etch pits develop both at the spiral core and ran-
u.c), 3.6 nm(3 u.c), and 2.4 nm2 u.c) from high (bright) to low  domly around the corésee Fig. 1a in Ref. 22The pit at the

B. Etching sputtered films

(dark, corresponding to an average inclination angle of 7.5°. gpjra| core has to be due to a screw dislocation and from the
unit-cell height we infer that this dislocation has a Burgers
AG(R)=— 7mR*hAu+2mwRyh. (1)  vector of 1.2 nm.

is the edge f he heiaht of th | Generally, the vertical etch rate is determined by the
He(;eAy 'Sht %.]?f ge free enre]zrgjn_,t Ie €9 j[(ljbt € NUCIEUS, gtress field around the dislocation. Since the magnitude of
andAp the ditference In chemical potential between atomsy,g giress depends on the size of the Burger's vector and not

in the solid and those dissolved\>0). After a stable it girection, etching reveals all dislocations. Therefore
(negativg nucleus has been formed, dissolution proceeds byhe phits within the spiral that are not related to any growth
fast lateral movement of the negative steps. In the absence @i5:,re have to be of an edge character.

defects, nucleation is a random process and the crystal gets \ya note that the spiral in Ref. 12 is in fact a double spiral

thinner, while, on average, the surface remains flat. originating from two screw dislocations with Burger's vec-

The situation is different in the presence of defects. Ay g of opposite sight Consequently, also at the other end of
defect provides for a site where locally eitheris reduced  yhe gpiral a screw dislocation is expected. Ind¥ede find
and/orAp is increased, i.e., a site where the activation en-,

) bt ) another etch pit exactly at this position, proving that disloca-
ergy for dissolution is lowered. Therefore at defect sites res;ns are revealed.
petitive preferential nucleation takes place and an etch pit
forms. However, as soon as the defect ends, there is no
longer a source for preferential nucleation and the surface
gets flat again. In the case of linear, i.e., extended defects, How do we prove that the defects, which are revealed by
repetitive preferential nucleation at linear defect sites resultetching, are reallylinear defects, i.e., defects that have a
in persistent sharp-bottomed etch pits. length comparable to the film thickness? To answer this
As follows from Fig. 2a), as-grown PLD films are not question we followed an ensemble of etch pits upgpeated
flat. Upon etching a film with a rough surface, but without etching PLD films, by marking an area on the film surface
defects, steps proceed by fast lateral movement and the suising a set of engraved perpendicular markers. Since both
face smoothens upon etching. In the presence of linear dehe depth of etch pits increases and the film thickness de-
fects, the roughness first increadeseation of etch pits, creases upon repeated etching, we are able to follow the etch
whereas the original surface roughness has not yet begitsin the film. A sequence of consecutive etch experiments
smoothed, see Fig(3)] and then decreaséstch pits persist, is shown in Fig. 3. In this figure, it can be seen that etch pits
whereas the surface in between the pits becomes flatter, sdevelop at the periphery of the islands and that all etch pits
Fig. 2c)]. Hence upon etching YB&u;O,_ ;s films in Br  persist upon repeated etching. Since the bottoms of the etch
ethanol the growth islands are erased and an ensemble pits do not turn flat but remain sharp, there is a persistent

C. Repetitive etching
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FIG. 4. AFM height images of a YBEuO;_ s film laser de-

posited on(100) SrTiO; taken on the same positidscan size 2.0

um): (a) as-grown surface morphology afin) etched for 5 s. Every

hole in the as-grown film surface corresponds to an etch pit, indi-

cating that dislocations are situated around the growth islands. On

FIG. 3. Surface morphology of a 490-nm-thick YakO;_5;  the etched film surface some material is redeposited in the form of

film laser deposited o100 SrTiO;. Consecutive AFM height im-  small precipitates.

ages are taken after repetitive etching of the same area (0.5

X 0.5um?): (a) as depositedb) 10's,(C) 15's,(d) 20 s,(e) 25 5,(F) Concluding, we find that the density of linear defects in

30's,(g) 35 5, andh) 40 s etched, showing the persistence of etchyg, 3. “films can be quantitatively determined by
pits upon.prolonged gtch!ng. The average etching rate, estimated t@’ombining Br-ethanol etching with AFM. We identified
fully etching off the film, is about 1 nm/s. In the upper left corner, . . . . -

a precipitate is revealed upon etching. some of the pits as being due to screw d!sIO(_:atlons with a
unit-cell Burgers vector. As etch pit formation is due to the
stress energy within the dislocation cdi@nd does not de-

source for preferential etching. Thus we conclude that we arpend on the direction of the Burgers vegtboth edge and

indeed dealing with linear defects of a considerable length.screw dislocations with Burgers vectors of one unit cell or

In Fig. 3 some etch pits are hampered in their develophigher are revealed. Although in principle we can observe
ment(see, for instance, the etch pit in the upper left corner dislocations tilted with respect to theaxis, none of those
Upon prolonged etching first a precipitate is revealed andvere detected. Note that dislocations running parallel to the
then an etch pit forms again, indicating that dislocations carsubstrate are not revealed in our experiments.
end and originate again at precipitatésHowever, in all
etching experiments this fraction is sméat#5%).

Since the lateral size of the etch pits increases upon re-
peated etchingFig. 3), it becomes more and more difficult Having a tool to determine dislocation densities, we in-
to follow the individual etch pits. Although initially overlap- vestigate now the mechanism by which dislocations are in-
ping etch pits can still be distinguished due to their pro-duced during growth. Therefore we take a closer look at the
nounced square shape, at a certain moment this is not pogesition of the dislocationor etch pitg with respect to the
sible any more. Consequently, it is impossible to follow theas-grown film surface. Figure 4 shows two AFM height im-
etching process down to the substrate. A better method tages recorded directly after deposition and after etching the
investigate the length distribution of linear defects is to etchsame film. Since these images are taken on the same posi-
films of various thicknesgsee Sec. VA tion, we infer that dislocations are mainly situatacbund

IV. TUNING THE DISLOCATION DENSITY
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FIG. 5. Dislocation densityng as measured by etching as a  FIG. 6. Electrical resistand® as a function of temperatufiefor
function of the density of growth islanatg g 0f 10-490-nm-thick  three YBaCuwsO,_ 5 films laser deposited o100 SrTiO; with
YBa,Cus0;,_ 5 films laser deposited of100) SrTiO; substrates. By  dislocation densitieg= 7.8, 34, and 72/m? R(T) is normalized
manipulatingnig.nq the number of dislocations can be tuned. The with respect toR(T=300K). The transition temperaturg, de-
film thickness affects neithargg NOr Nigjang- creases with increasingyg . The inset show&(T)/R(T=300K)
over a larger temperature range for the film withy=72/um?. A
typical value for the resistivity of films with intermediatg; is 83

the islands in the holes in the trenchés fact, this can also 40 cm at 100 K.

be seen in Figs.(®) and 3. Apparently, surface depressions
form at positions where dislocations emerge at the film sur- o - ,
face. Indeed, Frank predicf®dsuch depressions to form as a &round 800°C in a flow of 97% Ar and 3%;@fter deposi-
result of the strain energy associated with dislocations. Howtion- As shown in Figs. (&) and 4b), we observe a signifi-
ever, the depressions in our films are much wider than prec_:ant reconstructlon of the film surface upon post annealing.
dicted and they do not form around all dislocations. The films not only become much flattems roughnes®,
To check the relation between the location of dislocations= 2-1—1.6 nm), but also the size of the growth features in-
and the island structure, we deposited a series of
YBa,Cu;0; _ 5 films with various sizes of the growth islands.
By increasingTg,,from 750 to 850 °C angg, from 15 to 50
Pa, the island diametdd can be varied reproducibly be-
tween 125 and 450 nm, respectivéfyin Fig. 5 the disloca-
tion density as measured by etching these films~@0 s in
Br ethanol is plotted as a function of the density of growth
island ng 0= 1/D?, showing that on average there is about
one dislocation per island. By manipulating the island den-
sity the dislocation density can be varied reproducibly. In
this wayng, can be increased up to §8h°. The range over

which ng can be tuned is limited. As shown in Fig. 6, the ; y | oo as grown

annealed

superconducting transition temperatufe decreases only
slightly when increasingnyg. Up to now, T, could not be
maintained above 90 K when decreasing the island size be-
low 125 nm.

Films with various dislocation densities were used by
Damet al?to prove that dislocations are responsible for the
high critical currents in YBgCu;0O;_ 5 films. However, be-
cause of the one-to-one correspondence between islands
(nigland @nd dislocations ry) the identification of the
strongest pinning defect might be ambiguous. There could be . i .
other types of extended defects related to the island siz f a 41'.nm'th'0k YBaCWO,—; T"m laser deposited Odloo).

. . . . . SrTiO; with a large island density. Shown are two AFM height
Two important experimental observations provide conclusive

. ' . . images of 1.7% 1.75um? (a) after deposition ffigane= 105/um?
evidence that dislocations are the most important defects 'IQnd%b) after post an#ealin(g)the Sam;ﬁh’lnl formés(')a”r‘:]_m at 'goo ZC in

these films. First of all, in sputtered films the relation be'flowing Ar+3% O, (Nigun= 19/um?) and (c) an STM image of

tween dislocation and island_ density does not hold,nqis 1 gox 1.00m? after post annealing. Ifd) the typical height varia-
r_norlez than an order of magnitude smaller tgg,. Yet, we tions are shown as measured after deposftdeM image (a)] and

find™ that the characteristic fiel@8* is determined by the after the anneal treatmefSTM image (c)]. Both nig.,g and the
dislocation density. The second argument comes from PLBoughness are greatly reduced upon annealing. We note that upon
films themselves. It turns out that we can manipulgt@,qy  annealing small off stoichiometries segregate to the film surface and
by means of annealing the films for 30 min at temperaturegsorm small secondary phases, as can be seéh)in

height [nm]

0 250 - 5-00
@ distance [nm]

FIG. 7. Influence of post annealing on the surface morphology
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creases drasticallffeading to a drastic decrease of their den-
Sity: Nigane= 105—19/um?). To illustrate these points, in
Fig. 7(c) an STM image of the surface morphology after post
annealing is shown. Interestingly, the step height of the is-
lands after post annealing is exactly equal to two
YBa,Cu;05_ 5 unit cells(2.4 nm, see Fig. 7).

Since the dislocation density as measured by etching does
not change as much ashe island density upon post
annealing®® the relation betweemg,nq and ngg (Fig. 5) is
lost. Yet,B* remains determined hy,iq and not bynigang. >
We conclude that dislocations are the most important source
for strong pinning in YBaCuw0;_ ;5 films.

We note that post annealing only has an effect on the
surface morphology Migand If the anneal temperature is
higherthan the applied deposition temperature. It is the high-
est temperature that determines the surface diffusion distance ., o A\ height image of a 10-nm-thick YB&,O;_, film

and therefore the resulting surface morphology. Our POSt cer deposited 0f100) SrTiO; with an island density of 7@#m?

anneal experiments also indicate that the relation betV\’(':‘(':‘l'ﬂdicating that the familiar morphology is already formed after de-

growth morphology and etch pit density depends on the,,gjting a few monolayers of YB&WO, 5. The image size is
growth parameters. For instance, if one chooses a lowef gy 1.0 ,m2

deposition rate some of the post annealing will already occur

during deposition, yielding a decrease of the islands densityineq the radial dislocation distribution functigr) from

with film thickness. This may also explain the fact that someyo etch pit distributiof? as measured by AFM. Taking a

authors observe an increase of the island size with the filRda tain etch pit as a reference point, we count the number of

. 7 1
thickness’ pits AN(r) within a ring of widthAr at a distance. Then,
g(r)=AN(r)/(2nggmrAr). This procedure is repeated with

V. DISLOCATION DISTRIBUTION every dislocation as a reference dislocation and finally aver-

. . o _aged. In order to improve the statistics, periodic boundary

At this point we are not only able to quantitatively deter conditions are usefthe results are not influenced by the use

mine dislocation densities, but we can also tune their density: O o X .
In this section both the lengtialong the ¢ axis of of periodic boundary conditionsThe outcome of this statis-

YBa,Cu,O; ,) and lateral(in the ab plang distribution of t@cal danaly;is isfshown in Fig. 9 fozr three films with disloca-
the growth-induced linear defects are investigated as a func',g'-On ensmeer 7.8, Sﬁ and Gaf. h disl .
tion of the defect density. By norma|_zmgr with respect to the average dis ocatl_on
spacingdgis) (= 1/ynyg), all curves scale onto a single radial
- distribution functiong(r/dgyg), indicating that the distribu-
A. Length distribution tion is universal. For comparison, the result for a random
So far, we determined dislocation densities at or close télistribution[g(r)=1] is included. We note that the decrease
the film surface. In order to investigate tlengthdistribu- ~ of g(r) for smallr is not an artifact of the analysis. By
tion of dislocations, a series of films was grown with a thick- etching films very shortly, we are able to distinguish etch pits
ness of 10, 35, 70, and 490 nm. These films exhibit the same
characteristic island structure as in Figa)2 even for films
as thin as 10 nnisee Fig. 8 for an exampleEtching these
films and plotting the results in Fig. 5, we find that the rela-
tion between islands and dislocations does not depend on the
film thickness. This observation indicates thaf,,q and
therefore alsamgg do not depend on the film thickness. Since
dislocation cannot end inside a crystalthis implies that
dislocations have to run through the entire film thickness.
Hence they must be formed at the substrate-film interface.
Therefore the distribution of dislocation lengths is uniform:
all dislocations have a length comparable to the film

g()

thickness®® Indeed, TEM studi€€ on laser ablated 0.0 e
YBa,Cu;0;_ 5 on (100 SrTiO; substrates revealed disloca- 0 1 2 3 4
tions with a density of the order of 1@h? that extend from r/d

. . disl
the interface towards the film surface.

FIG. 9. Radial dislocation distribution functiog(r) of three
YBa,Cus0;_ 5 films laser deposited ofl00) SrTiO; with disloca-
tion densitieq = 7.8, 34, and 63/m2. By normalizing the radial

As dislocations are situated around the growth islandgoordinater with respect to the average dislocation spacihyg,
(Fig. 4), the in-plane defect distribution is not completely =1//ny, the functiong(r/dggs) scales onto a universal curve;
random. To quantify this short-range ordering, we deterg(r)=1 for a random distributioridotted ling.

B. Lateral distribution
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thqt are only 30 nm apart. Moreover,l because Qf the charagvott-insulator phase in thick laser ablated YBayO,_ s
teristic square shape even overlapping etch pits can be réitms with a low density of natural linear defects.

solved. Obviously, the statistics become poor at smaihd
we estimate the lower limit of our analysis to be 50 nm,
which corresponds to/dyg=0.41, 0.29, and 0.14 fongg
=7.8, 34, and 6§/m?, respectively. The most striking dif-

VI. MECHANISMS OF DISLOCATION FORMATION

In the previous section, it was shown that dislocations are

ference between the measured defect distribution and a raghroduced in the early stages of growth at the substrate-film

dom distribution (Fig. 9) is found at small distances,

interface. In this section we address the question how dislo-

<dgs- Below the average dislocation spacing, there is onlycations are generated. Generally, the mechanisms for dislo-
a small chance to find another dislocation, pointing to shortzation formation in thin films are either substrate related or

range ordering of the defects. In the next section we willg|ated to the growth of YBEWO;_ 5 itself. We consider
discuss the origin of this self-organization of defects in morenere three possible mechanisffis:

detail.

()
C. Implications for vortex pinning

The fact that dislocations run from the substrate-film in-(ii)
terface up to the film surface is highly favorable for the pin-
ning of vortices. This is the main reason for large critical
current densities up to 3A/m? in YBa,Cu;0;_ ;5 films in
magnetic fields belovB* .*213 The self-organization of dis-
locations results in a more efficient occupation of the strong
pinning sites by vortices. For a given density of defects, theiii)
critical current remains constant up to higher fields than for
randomly distributed columnar defects created by means of
heavy-ion irradiatiort?

Moreover, the short-range ordering of the defect structure
could make these films a good candidate for observing the
Mott-insulator vortex phasé?’which was predicted to occur
at low temperatures when the applied magnetic figld
axis) exactly equals the matching fieBl,=ng®,. In this
situation all linear defects are occupied by exactly one vor-

Inheritance of dislocationd“® Linear defects in the
SrTiO; substrate may be reproduced by the
YBa,Cu0O5_ ;5 film deposited on it.

Release of misfit straiff The lattice mismatch be-
tween substrate and film induces strain during the
growth of YBgCu;O;_ s films. Since the elastic strain
energy increases with film thickness, it is expected
that this strain is released by introducing dislocations
above a certain critical thickness.*®

Merging of misaligned growth fronf$*’ During
deposition, growth fronts of different heights/
orientation can merge, resulting in the formation of a
dislocation. Within this mechanism we can
distinguis® coalescence of two different growth
fronts and recombination of the same growth front.
The latter process occurs when growth fronts flow
over small irregularities, for instance, off-
stoichiometric precipitates.

tex. Consequently, introducing another vortex requires &hese mechanisms are discussed in more detail below.

large energy. Therefore both a characteristic jump in(the
versible magnetization as well as a diverging tilt and com-
pression modulus of the vortex lattice are expected. So far,

A. Inheritance from the substrate

however, only remnants of these characteristics have been As Eissler, Wang, and Dietscifesuggested that disloca-
observed! As was numerically shown by Wengel and tions are inherited from the substrate, we determined the dis-

Tauber#42

insulator phase is only expected fG) weakly interacting
vortices, i.e., when the average defect spaciggis consid-
erably larger than the magnetic penetration depi\/dgg

this is not surprising because the true Mott- |ocation density in SrTi@substrates by means of etching in
1 HF: 2 HNG;: 2 H,O. Analogous to the etching of
YBa,Cus0;_ 5 films, etch pits form at linear defect sites. In
Fig. 10 AFM images of two different SrTiQsubstrates are

—0) and(ii) for a regular array of columnar defects. Since shown after etchingnote the large scalgsgiving an idea of

in our films the defect distribution exhibits short-range order-the range of dislocation densities that can be found in the
ing, the latter condition is much better satisfied than for ransubstrate material. Usually, we find densities that are three
domly distributed columnar defects in irradiated single crys-orders of magnitude smaller (1& xm?) than those in the
tals. What about the first condition? The smallest dislocatiorfiims (10/um?); see Fig. 1(8). The highest dislocation den-

density obtained thus far is 78h’ corresponding talg
=358nm, i.e., much larger that theulk abpenetration
depth at zero temperatube,,(0)=145nm*3 Yet, we did

sity observed in substrates so fe@about 1km? see Fig.
10(b)], is still smaller than the lowest dislocation density
achieved in films, indicating that inheritance is not the main

not observe the predicted characteristic jump in the magneorigin of dislocations in films. Although we cannot rule in-

tization. However, in thin films one should compatg to
the effectivé* penetration depth\ ~2\?/t, wheret is the
film thickness, which is significantly larger\(=300 nm for

heritance out, in general, the film seems to be insensitive to
the substrate defect structure.
This is again shown when we artificially create linear de-

t=140nm). Therefore in order to observe the Mott insulatorfects in the SrTiQ substrate by bombarding it with 500-keV
phase, one should) decrease\ by depositing thicker films Xe** (with a dose of 20QUm?). YBa,CuO,_ 5 films grown

and (ii) increaseal g5 by depositing films with lower disloca-

on these bombarded substrates, all show the expected dislo-

tion densitiegusing T¢,,>850 °C). As in our films both the cation densitie§10/um?) rather than the implanted dose in
length and the radial distribution do not depend on the filmthe substratéwe checked that the linear defects due to im-

thicknesg(for 10<t<<490 nm) nor on the defect densitfpr

plantation were still present after film deposition by etching

7.8<ngy<68/um?), it will be meaningful to search for the off the film and subsequently etching the subsiratée con-



PRB 62 NATURAL STRONG PINNING SITES IN LASER. .. 1345

a film with larger islands, i.e., at higher substrate tempera-
tures. Given the large activation energy associated with the
formation of half loop$? one would rather expect a larger
number of loopgand thus a larger number of threading dis-
locationg at higher deposition temperatures. Moreover, we
do not observe the merging of etch pits upon repeated etch-
ing or any other sign that they originate from dislocation half
loops. Another argument against this mechanism is the fact
that also in films as thin as 10 nfsee Fig. 8 dislocations

are observed. These thin films are expected to grow strained,
without relaxation, since the energy to form a dislocation is
larger than the elastic energy gain. For ¥B&0;_s on
SrTiO; the critical thickness, at which this occurs was es-
timated to be 20 nrf i.e., considerably thicker than the
10-nm thin film investigated here.

The most convincing argument, however, against the in-
fluence of the substrate mismatch ong is found in
YBa,CuzO;_ 5 films deposited on(100 MgO substrates.
Since the mismatch between YRapO,_ s and MgO is
about 9%, i.e., much larger than the mismatch with SgTiO
(1.5%), more strain relieving dislocations are needed when
using MgO substrates. Indeed, dislocation densities up to
10*/ um? have been revealed by transmission electron mi-
croscopy(TEM) of YBa,Cw,0,_ 5 films on MgO>? In Fig.

11, AFM images of the surface morphology of two
YBa,Cu;0;_ 5 films laser deposited on MgO with different
dislocation densities are shown. It turns out that also on MgO
the dislocation density can be decreased by increabipg
and/orpg,, analogous to films deposited on SrEiCAlso,

the surface morphology of films grown on SrEiCFig. 2

and on MgQ[Fig. 11(a)] is comparable. A clear island struc-

FIG. 10. AFM height images of tw¢100 SrTiO, substrates, ture is again observed and no indication of spiral outcrops is
etched for 30 sri a 1 HF:2 HNQ:2 H,O solution, showing the found. Upon etching, etch pits form with a density equal to
spread in dislocation density; between different substratgs) a  the island densityFig. 11(b)], indicating that no additional
typical substrate with ngg=10"%/um? (image size 100 dislocations along the axis are created as compared to films
X 100um?) and (b) a “bad” substrate withngg=1/um? (image  on SrTiQ,. Misfit may induce in-plane dislocations. How-
size 20< 20 um?). ever, these dislocations do not influence the characteristic
field dependence of the critical current densftyyhen the

clude that the linear defects in the film are due to theapplied field is parallel to the axis. Etching YBaCusO;_ 5
YBa,CuO,_ 5 growth process and are relatively insensitive films deposited at high substrate temperatusesall n s on
to the surface properties of the substrate. MgO) reveals the presence of additional grain boundaries
[(Figs. 11c) and 11d)]. The amount of grain boundaries
increases with increasing substrate temperature. Since the
B. Release of misfit strain edges of the etch pits are always parallel to fh@0] and

Another possibility for the formation of dislocations at the [010] directions of YBaCu;O;- 5 (see Sec. Ill 4, the orien-
interface is the relaxation of strain, originating from the mis-tation of etch pits in the different grains in Fig. (il implies
match between substrate and film. Generally, a film mayhat these are 45° grain boundaries. Indeed, 45° in plane
release this strain either by introducing misfit dislocatféns rotationally misaligned YB#u0;_ s domains have been
or by forming cracks? Clearly, crack formation does not observed on MgQRef. 53 at a density that increases with
take place in our YBZw0;_ 5 films and we will concen- the substrate temperatui¥tWe note that these grain bound-
trate on the formation of misfit relieving dislocations. Be- aries may consist of dislocations, thereby explaining the high
cause the substrate-film mismatch is in the p|ane, the densities of dislocations that were observed by @M
mechanism leading to the creation of dislocations alongthe  Apart from the introduction of grain boundaries at high
axis is nota priori clear. It has been suggestééfthat dis-  substrate temperatures, the use of a larger mismatched sub-
location half loops created at the film surface glide towardsstrates does not induce additional growth dislocations. We
the substrate-film interface to form strain relieving misfit dis-conclude that the release of misfit strain is not the main
locations. The dislocation segments left at each end of thErechanism for introducing dislocations along thexis of
misfit dislocation thread the filngparallel to thec axig).>*  the film.
However, energetically this mechanism is very unfavorable
because of the large Burgers vector involV2dhlso, this
mechanism cannot explain why the number of dislocations Since the defect density can be tuned by means of the
created at the interface decreases substantially when growinfgposition conditions, we expect that the mechanism for dis-

C. Merging of misaligned growth fronts
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form preferentially during the growth of the first monolayers
of YBa,Cu;0;_ 5. This might well be the case, since in het-
eroepitaxial growth the nature of the nucleus is determined
by a delicate balance of surface/interface energy and crystal-
lization energy’® It has been observed both fry situ STM
(Ref. 56 and TEM(Refs. 57 and 5B8that the first monolayer
consists of a phase different from Yg&2u;0;_ 5 on SrTiO;.
In that case, the remaining constituents tend to form precipi-
tates, presumably X0; or CuO>° Indeed, Matijasevic
et al® observed a high density of precipitates when depos-
iting less than a monolayer of SmEaL0,;_s (123 on
SrTiO; by means of molecular-beam epitaxy. They could
reduce the precipitate density significantly by properly ad-
justing the 123 composition of the first monolayer towards a
1:3:3 cation stoichiometry. Also, TEM observati6hsn
one-unit-cell-thick YBaCusO;_ s films grown on (001)
Y-ZrO, substrates by pulsed laser depositions show prefer-
ential formation of CuO precipitates in the initial growth
stages. Such precipitates obstruct the propagation of a
growth front, leading to the merging of two misaligned
branches of the same growth when they are overgrsen
for instance Fig. 7 in Ref. 45 or Fig. 6 in Ref. ¥®onse-
quently, it is likely that dislocations form at precipitate sites.
In the scenario of precipitate induced dislocations, the tem-
perature dependence of the dislocation density is explained
in terms of the segregation kinetics of the precipitates. At
lower temperatures, the spacing between precipitates is
smaller due to the smaller surface diffusion distance, result-
FIG. 11. AFM height images of two YB&u,O,_; films laser  ing in a higher precipitate densitthigher dislocation den-
deposited 01100 MgO substrates with a higm(,g=24/um? and  sity). The self-organization of dislocations can be understood
alow (ngs=8/um?) dislocation density. The thickness of film with by assuming that the kinetics are diffusion controlled.
a highng,g shown in(a) and(b) is 160 nm, while the film with a We have therefore two mechanisms, i.e., dislocations in-
low ngig in (c) and(d) is 100 nm thick:(a) as-grown surface mor- duced by overgrowing precipitates or by islands coalescence,
phology (isian=27/wm?, image size 3.8 3.0um?), (b) same film  which are potentially leading to the observed phenomena. In
but now etched for 25 s an(t) the low dislocation density film grder to decide which mechanism is dominant we started
after etching for 25 s, showing that grain boundaries are also réimvestigating ultrathin films. In Fig. 18 an AFM image of
vealed (mr;age size 5.85.0um?). In (d) a closeup (1.07 a YBa,CuO,_ 4 film with a thickness slightly over one unit
XZO'OA'W,") of a high-angle grain boundary ift) is shown; the o) (y ¢) is shown. The substrate is fully covered with one
45° rotation of etch pits across the boundary is clarified by arrowsmonolayer of YBaCu,0,_; (or a related pha§‘é‘5§). Em-
bedded in this matrix, we observe a significant number of
location formation is closely related to the first stages ofprecipitateg22/um?). As shown in Fig. 1&), these precipi-
heteroepitaxial growth. It has been suggested that dislocdates are absent in films of 4 u.c. in thickness. Apparently,
tions are induced when misaligned growth fronts n{8&f, these precipitates are characteristic for the first layer only.
for instance, at the intersection of nuclei that originated aNow, these secondary phases may generate dislocations
nonintegral number of unit cells away from each otter. when the are overgrown. The density of precipitates is larger
Thus coalescence of the first layer of growth islands carhan the dislocation density expected for a thicker
yield dislocations that persist all the way up to the film sur-YBa,CusO-_ s film deposited under the same deposition con-
face. ditions (7.8/um?. However, we should stress that not all
There are a number of experimental arguments which arprecipitates necessarily generate dislocations when they are
in favor of such an island coalescence mechanism. First afvergrown.
all, the tunability of the dislocation density by means of the To prove that precipitates can generate dislocations, we
island density. Lowering the deposition temperature, resultsleposited small particles from a,®; target on a bare
in a reduced surface mobility of the impinging atom speciesSrTiO; substrate prior to the actual film deposition, see Fig.
As a result, the number of nuclei increases and, correspond-3. In this figure %05 precipitates can be distinguished with
ingly, the number of island coalescence events, generating density of 544m? Now depositing a YBgCw,0;_ 5 film
more dislocations. over this precipitate structure at a substrate temperature of
In fact, any growth process that generates misaligne®50 °C, yields a dislocation density of 4ah2. This is more
growth fronts could, in principle, act as a source for disloca-than five times larger than the dislocation density in films
tions. Therefore also precipitates can well be the cause aleposited under identical condition on clean substrates
such misalignment. Since the dislocations form close to th¢7.8/um?) and we conclude that precipitates serve as nucle-
substrate, this means that such secondary phases haveation sites for dislocations.
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FIG. 13. AFM height image (3:03.0um?) of Y,05 precipi-
tates laser deposited on(200) SrTiO; substrate. The density of
Y0, precipitates is 54/m?. The vicinal steps in the substrate of
0.4 nm in height are along tH&10] direction and are separated 177
nm, corresponding to a miscut angle of 0.13°.

from 490 down to 10 nm, we find that dislocations are in-
duced at the substrate-film interface. Consequently, disloca-
tions must be induced either by the substrate itdsjfinher-
itance of defects from the substrate or by release of the
substrate-film misfit strajnor during the first stages of
growth when misaligned growth fronts merge.

It is shown that linear defects in the substrate and the
misfit between substrate and film axet the origin of dislo-
cation formation. We propose that dislocations form as a

FIG. 12. AFM height images (2:02.0um? of two ultrathin ~ esult of the merging of misaligned YBau;0;_ ; growth
YBaCuO films laser deposited ¢000) SrTiO;: (a) one monolayer, ~fronts when overgrowing precipitates which are formed in
showing precipitate&22/um?) embedded in the first monolayer and the first monolayer only. These precipitates are a result of the
(b) four monolayers, indicating that precipitates are absent or overpeculiarities of the nucleation mechanism of %B&0;_ s
grown. on SrTiG;. Indeed, precipitation is observed during growth

of the first monolayer of YB#u;0;_s on SrTiO; with a

Summarizing, we have shown that preferential precipi- density of the order of the expected dislocation density. It is
tation takes place in the first stages of ¥Ba;O;_ ; growth  also shown that artificially induced precipitates create addi-
and (ii) Y,0; precipitates induce additional dislocation. tional dislocations, indicating that such a dislocation genera-
These are strong indications that dislocations are not formetion mechanism is indeed operative.
as a result of coalescence of the first growth islands but that Since dislocations can only end at interfaces, they persist
they are induced by the precipitates that form preferentiallyup to the film surface parallel to the axis, resulting in a
in the first monolayer. However, we did not yet observe theuniform length distribution. As the dislocations are mainly
creation of dislocation when such precipitates are oversituatedaroundgrowth islands, we can reproducibly tune the
grown. To reveal the details of this dislocation formationdensity of dislocations between 5 and 6 by manipulat-
mechanism we are presently carrying out cross sectionahg the size of the growth features. To obtain a certain defect
TEM studies andn situ AFM/STM measurements on ultra- density we only need to adjust the substrate temperature and

thin YBa,Cu;O;_ s films. oxygen background pressure. At higher temperatures the
larger surface diffusivity results in a lower density of precipi-
VIl. CONCLUSIONS tates, generating less dislocations.

Statistical analysis of the lateral defect distribution of

Since dislocations are the most important flux pinningfilms with various dislocation densities shows that the radial
centers in YBgCuO;_ 5 films deposited on(100) SrTiO;  dislocation distribution functiorg(r) can be scaled onto a
substrated? it is of great interest to understand the mecha-single curveg(r/dgs), Wheredg is the average dislocation

nism by which these dislocations are induced. We developedpacing. Both the length as well as the radial dislocation

a repetitive wet-chemical etching technique which enables udistribution do not depend on the density of defects nor on
to determine the density of all dislocatiofexige, screw, and the film thickness. Interestinghg(r/dgg) approaches zero
mixed characterwhen combined with atomic force micros- for small distances <dy, indicating that the defect distri-

copy. It turns out that also high-angle grain boundaries aréution exhibits short-range ordering. We attribute this self-

resolved by this technique. organization to the presence of diffusion fields around the
By etching laser-ablated films with a thickness rangingprecipitates.
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In conclusion, we have identified the nature of strong pin-precipitates prior to the actual film growth, it may be pos-
ning defects in YBgCu;O;_ 5 in films. Pinning is due to sible to observe the predicted Mott-insulator vortex phase.
dislocations formed at the substrate-film interface. We can
enhance the density of pinning sites by decreasing the sub-
strate temperature or by depositing a layer gOY precipi-
tates before starting the YBawO;_ 5 growth process. In The authors thank S. Freisem and J. AdKamerlingh
contrast to the artificial columnar defects created by mean®nnes Laboratory, Leiden University, The Netherlanfds
of heavy-ion irradiation, in thin films the strong pinning lin- supplying us with sputtered YB@u;O;_ s films. Use of the
ear defects exhibit a nonrandom spatial distribution. Both théon implantation facility at the AMOLF-FOM institute in
tunability of the defect density and the self-organization ofAmsterdam is gratefully acknowledged. This work is part of
defects show that films are very attractive for studying vortexhe research program of FOMstichting Fundamenteel
matter. If we are also able to influence thistribution of ~ Onderzoek der Materje which is financially supported by
dislocations, for instance, by depositing a regular lattice oNWO (stichting Nederlands Wetenschappelijk Onderzoek
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