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The origin of Li deficiency in films grown by laser ablation of single-crystal LiNk@rgets in a

buffer gas has been investigated by analyzing the stoichiometry of the deposited films as a function
of the following parameters: the distance target-substrate, the nature of the buffeteg&y, and

Ar) and the deposition configuration. The results show that significant Li losses are related to
scattering processes during the expansion regime which are higher the higher the mass of the gas
species. The results show that the Li content of the films can be enhanced by setting the substrate
either at distances larger than the plume length or in a configuration in which the substrate is not
facing the target. ©1997 American Institute of Physids$S0021-897¢07)06418-9

I. INTRODUCTION on the PLD process have to be performed in order to eluci-
date these points.
Lithium niobate (LiNbQ) is known to have excellent In an earlier work, we combined Rutherford backscatter-

nonlinear properties, including piezo-electric, acousto-opticing spectrometefRBS) and nuclear reaction analy$iSRA)

and electro-optic propertiésThese properties make LiNGO to study the influence of the target composition, the laser

a promising candidate for many opto-electronic applicationgluence and the oxygen pressure applied during deposition on

such as modulators, frequency converters, or storagthe stoichiometry of films grown by ablation of LiNGG"

medig- if the production of high quality films on substrates The results showed that a Li/Nb molar fraction of 1.5-2.0

with lower refractive index can be achieved. was required to obtain nearly stoichiometric films in agree-
Several deposition methods have been attempted to groent with other report¥) and this result depended very little

high quality LiNbO, films, including molecular beam ©n both laser fluence and oxygen pressure. The aim of this
epitaxy? liquid phase epitaxy, sol-gel proces§, rf ~ Work is to investigate the influence of the target-substrate

sputtering, and more recently, pulsed laser depositiondiStancea the nature of the buffer gas and the substrate con-

(PLD).222 The latter technique has been very successful ifiguration, on the stoichiometry of films grown by ablation of
the growth of highT,, superconducting films and other com- single-crystalline targets. The results are analyzed in terms of
plex oxides’® The main limitation when producing the expansion dynamics of the plasma and the role of colli-

LiNbO , films by PLD is the loss of Li in the films, which sional processes leading to a preferential scattering of the

promotes the growth of a Li deficient phase, such as“ghter SPecies.

LiNb305.81%12The use of Li-enriched sintered targéts' or

mixed O/Ar gas ambientscan partially overcome this prob- Il EXPERIMENT

lem and _Igad to stoichior_netri(? LiNbp‘i_ImsE neverthelgss, A LiNbO; single-crystal([LiJ[Nb]=0.94 in the melt

the conditions for producing high quality films are still un- 55 peen ablated using an ArF excimer la@er193 nm,
clear, and in the literature some controversial results can bg_ 15 ng FWHM focused on the target surface. The target
found. Some authofslaim that no single phase films can be \yas mounted in a rotating holder and placed in a vacuum
obtained by ablation of stoichiometric LING@ a pure oxy-  chamber evacuated to a residual pressure of 2@ ’ mbar,

gen environment, whereas others succeédieth other  which will be referred to hereafter as vacuum. The angle of
cases ' no stoichiometric films were obtained by ablation incidence of the laser beam was 45°, and the laser energy
of stoichiometric targets, this result being attributed to thedensity at the target surface wa2 J/cm?. The films were
re-evaporation of the adsorbed Li on the film surface uporgrown on S§100 substrates held at room temperature by
rising the temperatur®. In addition, the use of single- ablating the target during 60 minutes after 5 minutes of pre-
crystalline stoichiometric targets to grow stoichiometric ablation, both at 5 Hz. Although the target composition
films might be desirable, because their use has been reportetight be modified by the laser ablation proc@sand thus

to lead to the growth of particulate-free filsTherefore, lead to non-stoichiometric films, this cleaning procedure to-
further studies of the influence of the deposition parametergether with the long deposition time guarantees that a steady
state in the target composition is reached and therefore all the
films are deposited under similar target conditions.
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on substrates located at=20, 33, and 40 mm from the 2

target in 7.0¢ 10”2 mbar of oxygen. The role of the buffer @)

gas was studied by growing films at a fixed distande (

=33 mm in four different environments: vacuum and 7.0

X 10~ 2 mbar of He, Q, and Ar. Finally, since the scattering

of the ejected species by the gas atoms and/or molecules is

known to play a crucial role on the stoichiometry of the films

grown by PLD® ! an experiment involving simultaneous

deposition on two substrates was performed. The substrates

were located at two sites as described in detail elsewfiere.

One was along the target normg@1) at a fixed distance =

(d=33 mm and facing the target, and the second 688

was shifted upwards and located such as the deposit was

non-facing the target. Two different configurations were con-

sidered for substrate S2 during the deposition prodgsthe

re-emission(S2RB configuration, in which both S1 and S2

substrates were present afi) the gas scatteringS2GS |

configuration in which only the S2 substrate was present, and 01— - e &, d2s
. . 20 25 30 35 40

therefore, the material deposited could only come from the

scattering of the ablated species by the buffer gas. d (mm)

The composition of the films was determined at their

thicker region by simultaneous RBS and NRA using a deuf!G- 1. (8 Total amount of atomsNy,), and(b) Li and O to Nb atomic

teron beam at 0.85 MeV: The Nb content was detected by 210% M te N of s dsposted o subtte & o e

RBS, while the Li and the O contents were determined by, 10-2 mbar of G, The dashed lines correspond to the estimation of the

NRA through the®Li(d,a)*He and *®0(d,p)*’O* reac-  plume length according to the adiabatic expansion model.

tions, respectively. We have considered as representative ra-

tios to describe the composition of the films, the lithium and

oxygen to niobium atomic ratiosN(; /Nyp & No/Nyp). The  ments: vacuum and 72010 2 mbar of He, Q, or Ar. It is

absolute values of the film composition have been deterclearly seen that, although thé,; /Ny, and No/Ny, ratios

mined by comparison with references known within 3%  are always below the stoichiometric content, they generally

and Nb and 20%(Li). The reduced precision of the Li ref- follow opposite trendS:NLi/NNb decreases an(NO/NNb

erence leads, therefore, to a low precision in the determinql']creases as the mass and radius of the gas Species are

tion of the absolute values. Nevertheless, the changes of relgycreased.

tive composition of films grown in the different experimental The total amount of atoms\,,) (Fig. 3 and the relative

conditions remain unaffected by this imprecision and arecomposition of the filmgFig. 4) also have a strong depen-

only affected by the statistical erro(eoot-mean-square er- dence on the substrate configuration. Results obtained for

rors) that are in all cases in the range 4—7.5%. Further detail§ims grown on the facingS1) and non-facing(S2 sub-

of the experimental configuration used for analysis and thetrates either in vacuum or in a buffer géte, O, and Ap

determination of the experimental errors can be foundre included in both figures. It is clearly seen in Fig. 3 that

N, x 10'® atoms/cm?

(b)

e
%)

3,0

N; /Ny, ratio
Ng /Ny, ratio

elsewheré! the value ofN, for films grown on the S1 and S2 substrates
follow opposite trends: the former decreases and the latter
ll. RESULTS increases as the mass and radius of the buffer gas increases.

Figure Xa) shows the total amount of atombl{=N,;
+Nppt+ Ng) measured in films deposited on the facing sub-
strate (S1) at different distances from the target in 7.0 3]
X102 mbar of Q. It is seen that the amount of material x?““m CoTTTTT
deposited on the substrate decreases when the distance from B o, | s
the target increases, this decrease being sharped>*@3 : |
mm. Figure 1b) shows the dependence of thig; /Ny, and
No/Nyp ratios measured in the same films. Both ratios de-
crease agl is increased to 33 mm; nevertheless, they in-
crease for greater distances. Figutb)lalso shows that the
films are in all cases deficient in Li, witN,; /Ny, ratios well
below the desired value for LINBO(N; /Ny,=1). Finally, 0-
both Figs. 1a) and Xb) clearly show that there is a change in

behavior nead=33 mm. FIG. 2. Li and O to Nb atomic ratios\y; /N No/Nyp) for films d
. .2. Lian o Nb atomic ratiosN(; /Nn,, No/Nyp) for films depos-
The presence of a buffer gas has also a strong mﬂuenqu on substrate S1 dt=33 mm from the target surface in the different gas

on the relative composition of the films as it can be seen ifnyironments considered in this wofkacuum and 7.8 102 mbar of He,
Fig. 2 for films grown atl=33 mm in different gas environ- 0, or Ar). The dashed lines indicate the composition of the target.

N
|

Relative content

Li/N O/Nb
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o 2GS configuration is higher than in the S2RE, similarly to what
o/o.,ﬂ i\ has been earlier reported for BiSrCaCuO filtfs.

Sevee N Figure 4 shows th&l;; /Ny, andNg/Nyy ratios for films
| ] grown in the different configurations and buffer gases con-
T sidered. Both ratios ar always higher for films grown on S2
substrates than for the corresponding films deposited on the
s S1 substrates. Films deposited on S2 substrates in the pres-

S2in S2RE

B ozins20s ence of a buffer gas shown I /Ny, ratio close to the
I stoichiometric value, or even much higher when using the

w

N
.

lightest gas(He). The oxygen relative conteniNG/Nyy,) of
films grown on S2 substrates is in all cases above the sto-
ichiometric value, although the exact value depends on the
particular buffer gas, and similarly to th,; /Ny ratio, it
decreases for films grown in heavier buffer gaes, O, or

Ar).

—_
L

N, x 10'® atoms/cm?

Vacuum He 0, Ar

Environment

IV. DISCUSSION
FIG. 3. Total amount of atomd\y,) for films deposited on substrates S1 . .
and S2 in the two configurations considef@&2RE & S2G$ at a distance The expansion of the plasma produced by laser ablation

d=33 mm from the target surface in the different gas environments considin the presence of a buffer gas is known to be dominated by
e hows e epman oo oo e S e nteraction ofthe fected species and the background gas
emission(S2RB and gas scattering52G3 configurations. - atoms or mOIeCUIega".l?’.l “In .the pressure range CO'.’]SId_
ered (P<0.1 mbay, this interaction has been modet&d’in
terms of the scattering of the ejected species by the buffer
gas atoms and/or molecules, which alter the kinetic energy of
In vacuum, the amount of deposited material on S2 subthe ejected species and eventually lead to changes in their
strates is below our experimental resolution either in S2G&Qngular distribution and in the composition of the grown
or S2RE Configuration; whereas in the other buffer gasefims. The Changes depend not 0n|y on the nature and pres-
considered, the amount of deposited material in the S2G§yre of the buffer gas, but also on the target-substrate
distance?® During the initial expansion, which extends along
as a few mm from the target surface, the driver madsda-

tion product$ is very large compared with the mass of the
driven gas; and thus, the buffer gas is pushed on by the
leading edge of the plume, the plume expansion remaining
unaffected by the presence of the buffer §ag!

For higher distances, and once the ejected species inter-
act with the buffer gas atoms and/or molecules, the decrease
of the thickness and the compositional changes observed in
Fig. 1 as a function of the target-substrate distance should be
understood in terms of the collision probability and the an-
gular dispersion. Assuming a simple model based on hard
sphere® and taking into account that the mean velocity of
the ablated species is much higher than the thermal mean
velocity of the buffer gas species, the meanfree pathof
species 1 in buffer gas 2 is given by

)\l:kT/WPdEZ’ (1)

Relative content

wherek is the Boltzmann constant, is the temperature of
the gas,P is the gas pressure ard},=(d;+d,)/2 is the
= impact parametefd; andd, being the diameters of the spe-
B 52 in 5265 : N cies 1 and 2 Taking into account the experimental condi-
tions and the diameter of the different species and gases,
showed in Table f# we have estimated the mean free path of
the ejected atomic species i), Nb (\np), @and O(\g) in
O,. The results are in all cases of the order of a few mm, the
mean free path of Li being approximating;~1.3 mm.
FIG. 4. Li and O to Nb atomic ratios\(; /N No/Nyp) for films depos Since the ratio\; /Ayy~1, both species have a similar col-
ited in 7.0< 102 mbar of He, @, and :r regl;)’ecti\c/)elch?n substrates %1 and lisional probability; nevertheless);<my, and thus the an-

S2 in the two configurations consider82RE & S2G$atd=233 mm from QUIar dispgrsion in laboratory coordinates of Li per collision
the target surface. The dashed lines indicate the composition of the targeis much higher than that of Nb. Consequently, Mg/Nyy

Li/Nb O/Nb
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TABLE I. Atomic (or moleculay masses and radius, taken from Ref. 23, result suggests that dt= 20 mm the films were grown in the

corresponding to the different elements present in Lip@d the gases expansion stage whereas whers 40 mm the films were
considered in this work. The estimated mean free path values in oXxgen ’

for Li, O, and Nb are also included. grown in the diffusion one. ) )
As a consequence of the scattering processes which oc-

Element Mass Radiugh) A (mm) cur for distances shorter than the plume length, the angular
Li 6.94 205 13 dist_ribution of the sp(_ecies laiwLp at which the diffus.ion
o} 16.0 0.65 3.3 regime starts to dominate is not the same for the different
Nb 92.1 2.08 13 species: the lighter the speciéls and O) the broader the
He 4.00 1.09 angular distribution. Since in the diffusion regime the species
0, 32.0 1.80

are thermalized and their movement becomes random, the
species having initially the broader distribution will provide

a higher relative amount of species in the forward direction,
i.e., the center of the deposit in the facing substrate, as they
simulate planar diffusion to a slightly higher degree. Accord-
51_g to this reasoning, the films grown dt=40 mm should
present an enrichment in Li and @ respect to Npbwhen
compared to those grown dt=33 mm. This reasoning is in

Ar 40.0 1.82

ratio should decrease as the distacéo the target is in-
creased. This reasoning agrees with the results shown in Fi
1(b) for distances shorter that=33 mm. In order to apply

this reasoning to th&lo/Ny,, ratio, one has to take into ac- _ ; .
count the mean free path ratia §/\,~2.5, in Oy and the excellent agreement with the experimentally measured ratios

mass relationshiprig<my,). Thus, although the collision Shown in Fig. 1b); therefore, it can be concluded that the
probability of O in G is a 40% of that of Nb, the angular composition of the films is cc_)II|S|on or diffusion cc_)ntrolled
dispersion per collision is much higher for O. Therefore, it isf0r d<Lp and d>L, respectively and that the Li and O
not straightforward to predict accurately the behavior of thecontent of the films is enhanced at larger distances by a dif-
No/Nyp, ratio when increasing the distance. However, sincdusion cpntrolled process. This interpretation is also in agree-
Ao and oy, in O, are much smaller than 33 mm, the O and ment with the sharp decrea_se in the _ﬂlm thlckn_ess of the
Nb species will suffer several collisions before reaching thdilms grown atd=40 mm [Fig. (@] since for distances
substrate. Then th&lg/Ny, ratio at this distance will be larger tharL, the total amount of material reaching the sub-
most likely dominated by the effect of the angular dispersiorstrate should be significantly decreased as a consequence of
and therefore it should decrease, in agreement with what i€ random movement of the species.
observed experimentally. Equation(1) also indicates that the mean free path of the
The former collision-based reasoning does not explairfiected species depends on the nature of the buffer gas and it
the change of behavior observed f¥f; /Ny, and No/Nys should decrease as the radius of the gas species increases,
ratios for films grown atl=40 mm shown in Fig. (). In thus increasing the collision probability. In addition, the an-
the presence of a buffer gas and after the initial free expargular dispersion per collision increases as the mass of the gas
sion region, it has been suggested that the plasma expansigﬁecies increases. Therefore as the mass and the radius of the
occurs in two consecutive Stag?ész_l (i) an expansi\/e stage gas SpeCies increase, as it is our case, a Iarger fraction of
in the region where the plume pressure is still higher than thépecies are deviated from their original trajectories, leading
gas pressure and in which the deceleration of the ejectel® less species reaching the substrate located in front of the
species is observed atid) a diffusive stage that starts once target atd=32 mm. This reasoning is in very good agree-
the plume and gas pressures equilibrate, the ejected speci@ent with the experimental results plotted in Fig. 3 which
being then transported by diffusion to the substrate. The disshow that the thickness of the films grown on the substrate
tance at which the change of stage occ(pme length ~ S1(facing the target and along its norméa lower in a gas
represents a distance related pressure threshold that ha®vironment than in vacuum and it decreases as the mass and
strong influence on the physical properties of the films likeradius of the gas species increagds—O,, Ar). In order to
crystallinity!? refractive indexX2?® or roughnes& The fully understand the composition changes occurring when
plume length can be estimaf8d®within the model of adia- varying the nature of the ga&ig. 2), the dependence of the
batic expansion as scattering probability on the mass and radius of both the
_ _ _ ejected and gas species has to be taken into account. Since
Le=Al(y=DEJHEPHENVOTIOTS), 2) the mean free path ratdo,; /A y,~1 in any of the considered
whereA is a geometrical factor related to the shape of theatmospheres, thid,; /Ny, ratio reaching the substrate will be
laser spot at the target surfageis the ratio of specifics heats mainly controlled by the mass of the gas species, and a de-
(Cp/C,), Eisthe laser energy per pulde,is the gas pres- crease of the value ®; /Ny, should be expected in heavier
sure, andV is the initial volume of the plasmaV=voX 7  environments in reasonably good agreement with the experi-
X spot sizeyq being the initial species velocity, andthe  mental results shown in Fig. 2.
laser pulse duration Taking into account the experimental The ratio of the oxygen to niobium mean free paths
parameters used in this wotkA=1.6, =12 ns and a spot (Ag/A\y,) decreases as the radi(@nd maskof the buffer
size of approx. 1 mR) together with the expansion velocities gas species increasesd/Ay,~3.3, 2.4 and 2.3 in He,
of the ejected species measured in an earlier Workand Ar, respectively Following the above reasoning, a de-
(vp=0.8-0.9<10* m/g) and a value ofy=1.3-1.42° the  crease of the value dy/Ny, should be also observed as the
above formula leads to a plume lendth~34+4 mm. This  mass of the gas species increases. Nevertheless, this reason-
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