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Angular distribution of laser-ablated species from a Pg .Srg 3MnO 5 target
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The angular distributions of laser ablated species generated from a colossal magnetoresistant metal-oxide
Pry 67515 33MN0O5 at 532 and 355 nm have been investigated by an angle- and time-resolved quadrupole mass
spectrometric technique. It is found that the angular distributions of ionic and neutral ablated species vary
distinctly with respect to the kinds of the ablated species as well as the laser fluence. For the laser ablation of
a dense target at a moderate fluence, the angular distributions of the ablated species can be described by a
cos' 6 or a bicosine functiora cosé+(1—a)cos' 6. [S0163-182809)04439-7

[. INTRODUCTION ond ejection due to the collisions between the ablated spe-
cies, which has a sharp angle dependence and can be de-
' >
pulsed laser depositio’LD) has been drawing much atten- 2?1['slltr)p()ar(ljesk;yp:jrafnd:jtae(rl.1 H«l':\)ns(gr?frggglga' a\;\v(;] ?_ruennnelj ht:\(/ae stud-
tion in the recent decade. Thin films of higl-supercon- oy the angular distribution of laser ablated Agnd found
ductor YB3Cu0;_; and colossal-magnetoresistd@MR)  h4¢ the forward-directed component mainly consist of Ag
divalent metal doped lanthanide magnites, such agns!3 Schreiner and Urbassek have demonstrated by theo-
La; xCaMnO; and Pi_,SpMnO; as well as dielectric  retical simulation that fast species does not account for the
Ta,05 and TiQ,, have been fabricated successfully by thenonthermal cdsé term in the angular distribution; on the
PLD method:™* In order to facilitate the development and contrary, fast species broadens the angular distribdfigut
improvement of a PLD process, various techniques includingvhatever the mechanisms of these two components might be,
time-of-flight quadrupole mass spectroscopic analyéisnd  cos@ and/or co&6 are valid for most experimental cases.
optical diagnosf® have been employed to examine the un-Qin, Han, and Dang have studied the laser ablation g©fa
derlying mechanism of laser ablation. It is well known thatand found that the ablated ions are ejected strongly forward-
the quality of pulsed laser deposited thin films is closelypeaked while the ablated neutrals are regulated by Knudsen
related to the composition of the laser ablated plume, as welaw, which follows a co® -type angular distributiofi.How-
as the velocity and angular distribution of the ablatedever, despite the great efforts to understand the PLD tech-
species? nique, the nature of laser ablation has not been made very
Angular distribution of laser ablated species providesclear and the mechanisms underlying the angular distribu-
much instructive information about the ablation mechanisntions are still controversial. In this paper, we employ an
as it is closely related to the expansion dynamics of the abangle- and time-resolved mass spectrometric technique to
lated plume, and hence, in some senses, affects the film unitudy the angular distributions of ablated species from a
formity in both its chemical composition and thickness. CMR Pr-Sr-Mn-O target as well as the laser fluence effects.
Since the success of the laser deposition of Higisuper-  The angle dependence of the kinetic energy of ablated spe-
conductive films in late 80s, great efforts have been carriedies is also examined. By these measurements we try to gain
out to clarify the nature and the behavior of angular distri-insight of the ablation mechanism.
bution of ablated species. Two methods of examination of
the angular distributions have been employed, one is the
measurement of the radial thickness distribution of the de-
posited film, and the other is the direct determination of the The experimental apparatus used in this work has been
angular dependence of the ejection flux of ablated species. fescribed previousl§. Briefly, a reaction chamber was
great deal of studies have been reviewed by Saenger copumped down to a base pressure of10 Storr. A
cerning the angular distributions of ablated spetteand it Pr, 551, 3qMnO5 disc target was mounted onto a rotatable
was found that although a great variety has been observed target holder, which was fixed at the center of the chamber.
the angular distributions of laser ablated species from metafhe ablated species were measured by a quadrupole mass
oxides, generally, c89 and/or a bicosine functioacosfd  spectromete(QMS, ULVAC MSQ-40Q housed in the de-
+(1—a)cos' § are usually employed to describe the angulartection chamber, which was designed to be able to move
distributions of ablated species. Venkatesaial. have stud- around the laser beam-target interaction center for a range of
ied the deposition of Y-Ba-Cu-O film and suggested that thed~90°. The time-of-flight spectra were recorded with a 10-
angular distribution consists of two distinct componéats, MHz transient recorder, which was interfaced to a computer
one is a broad component resulting from a thermal evaporaand triggered synchronously by the laser pulses. lonic spe-
tion process induced by the laser heating of the target sucies were detected with the ionizer of QMS switched off.
face, which obeys a casdistribution (Knudsen law, while ~ When the ionizer was switched on, the overall ions, includ-
the other is a forward-directed component undergoing a sedng the nascent ionic ablated species and the ions originated

As a powerful and universal film deposition technique

II. EXPERIMENT
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from electron impact ionization of the neutrals by 70 eV 1.2
electrons in the ionizer were recorded.

The 355 and 532 nm laser beams, with a pulse width of . Lof
6 ns and a repetition rate of 10 Hz, were provided by the 3
third and second harmonic frequencies ofQaswitched 5 0.8
Nd:YAG laser(Quanta Ray GCR-190The laser beam was £
focused onto the target surface at an incident angle of 45° > 06f
with respect to the surface normal. The diameter of the laser a
spot was about 0.75 mm and the laser intensity was mea- 5 0.4+
sured with an Ophir DG-HH power meter. =

The Pp §:S15.3dMNO; (simply noted as Pr-Sr-Mn-disc 021
target was prepared by successive sintering, grinding, and
preszin@ and proved to be colossal magnetoresistant as pre- 0.0
pared.

Angle 6 (deg.)

Ill. RESULTS AND DISCUSSION

FIG. 1. The predicted angular distributions of laser ablated spe-
cies (solid lines are fitted curves with cbg), M is the apparent

It is well known that a great amount of ablated speciesvach number defined byl = u/vo=u(2kT/m) 2
will be ejected within a very short time when a pulsed laser
beam irrad_iate_s a solid target surface_. These_species with vy, vy, v)dv,dy,dy,
great density in the ablated plume might collide with each .
other and are directed toward the surface normal. The origin :cyze*<m/2kT>[Vx+Vy+(vz*U>2]d,,xd vydv,, (3)
of angular distribution lies in the fact that the initial velocity L — .
distribution of the ablated species is a half Maxwe”_Transformmg into a global coordination system, it becomes
Boltzmann distribution ¢,=0, wherez Qenotes the direction f(»,Q)dQdv
normal to the target surfagdt can be illustrated as follows:
As the symmetry of the ablated plumesrandy directions =C1® cosfe (MADLVsin? -+ (v coso-w)?]q ) . (4)
which define a plane parallel to the target surface, its partial ) ) ) ] )
momentump, andp, =0, while p,=0. Let the initial veloc- yvhereQ is Fhe solid angley is the velocity of the speme_ﬁ,
ity of a certain particlé is v, with the velocity component IS the ejection angle with respect to the surface normas

A. The mechanism of angular distribution

in z direction of v,;o, then its initial projectile angle the mass is a temperature parameters the stream ve-
locity, andk is Boltzmann constant. Integratirigv,{)) over
6o=arcco$v,io/ vio), (1) v gives the angular distribution. It should be noted that the

. _ _ . o exact analytical integration is impossible. However, kinds of
After a serious of elastic a_nd inelastic collisions betWt_een theypproximation have been employed to give an empirical for-
ablated species, the velocity and the componeatiinection  mula, among them the following equation can give a perfect
of the pa_trtlc!e become; and v,; when_ it enters the free- reproduction of the exact solutidh®
flight region in vacuum, then the ejection angle
3
6=arcco$v,;/v;). 2 f(§)=B cosge M*sit 0. > ai(Mcosé), (5)
i=0
Due to the momentum conservation,; is expected to be h B B B T
equal tor,, while v, is expected to be less thar, taking ~ WNeréa,=0.5,a,=1.8,a,=0.25, a—ndag—’ﬂ 1)2M =ulvg
into account the kinetic energy loss in collisions. So eacH® the apparent Mac_h number witlg = (2kT/m)“*being the
particle is expected to be deflected toward the surface normgpermal velocity. It is clear that Eq5) can dggenerate; to
during the collisions, i.e.g< ,. On the other hand, as the "€Produce the cosform for thermal evaporation whemis
expansion is much greater in direction than in thex-y  Z€r°: Detailed analysis shows that each term and the overall

plane, the initial inner energy of the plume is converted into®@" &ll be approximated by cbé It means that Eq(5) can
be well reproduced with the following equation:

kinetic energy mostly irz direction rather than ix-y plane.
These mechanisms both contribute to the narrowing of the 1

TR . . f(0)=A +A 20+ A 30+A 4
angular distribution. It is clear that the expansion of the (0)=A1 COF™ 0+ A C0F2 0+ Az COF2 O+ A, COS 6
plume also tailors the velocity distribution of ablated species, ~co? 6, (6)
so one might expect an intrinsic relation between the angular

distribution and the velocity distribution of the ablated spe-"i @ndp; (i=1 to 4) are parameters as functions of Mach
cies. number. Figure 1 shows the results from Es). and fittings

In fact, the well accepted angular distribution 6ss a with Eq. (6_), and the fitted parameters are listed in Table I.
good approximation of what is derived from the velocity The following relation betweep andM can be concluded:
distribution of ablated species. In a real-ablation system, due
to the surface escape barrier, a particle with a gregtenay
have greater escape probability, so following velocity distri-In laser ablation process, the velocity of ablated species is
bution is usually recommended for the ablated species:  usually described by a bicomponent Maxwell-Boltzmann

p=1.05+1.40M + 0.81IM?. (7)
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TABLE I. The fitted parameters for different Mach number.

M=u/v, P1 P2 P3 P4 p
0.0 / / / / 1
0.2 1.025-0.002 2.036:0.002 3.0330.001 4.0340.001 1.38-0.01
0.5 1.16+0.01 2.193-0.01 3.21+0.01 4.21+0.01 1.96-0.04
1.0 1.72+0.03 2.80:-0.02 3.84:0.02 4.870.02 3.34-0.06
2.0 4.43-0.08 5.54-0.07 6.61-0.06 7.65-0.05 7.03-0.07
5.0 25.3-0.10 26.3-0.10 27.4-0.09 28.4-0.09 28.3-0.09

(MB) distribution due to either the different formation cies has a quite different angular distribution, in which there
mechanisms or the plume splitting during expansfobsu-  is a broader peak along with a slowly varying component
ally the fast component is characterized by a sharp velocitgominated at large detection angle.

distribution, which implies a great stream velocity while the  From our simulation results of the angular distribution for
slow component by a broad velocity distribution, typically a both ionic and neutral Mn, the bicosine equatiarose

MB distribution with zero stream velocity. From the above +(1—a)cos' # with a=0.28 andn=16 gives a satisfactory
discussion, we know that the angular distribution should bditting for the neutral Mn, while a one-term cb&cannot fit
described by a two-component function, namely a bicosinghe angular distribution of nascent Mrso well. Instead, it
function a cosé+(1—a)cos' ¢ in this case. also needs the bicosine equation watk 0.1 andn=107. It
means that both the ablated ions and the neutrals originate
from thermal evaporation and nonthermal ejection mecha-
nism. Integrating the above bicosine equati@oosd+(1

The time-of-flight(TOF) spectra of ablated species at a _g)cod ¢ over the hemispherical space results in the contri-
laser fluence of 1.8 J/chrejected from a Pr-Sr-Mn-O target bution fraction of thermal proces&j.e.,

were recorded at different detection angle. Figure 2 displays
the angle-dependent TOF spectra of 355-nm laser ablated na+a
species measured at'e55(Mn*) with the ionizer of QMS f= an—a+2° ®
switched off(a) and on(b), respectively. It is seen that the
TOF spectra show only one component peaking-40 us It is estimated that the thermal process contributes not only
when the ionizer of the QMS is switched off, and the peakto the neutral Mn production by 77%, but also to the ionized
intensity and the integrated signal intensity fall dramaticallyMn™ production by 86%. The nonthermal part of neutral
with the increase of the detection angle. When the ionizer iproduction may concern the ion-electron combination and
switched on, however, the measured TOF spectra consist #fie nonemitting decay of excited species, while the thermal
two components, a fast one corresponding to the nascegpntribution of ions(the cosf term) may come from those
ionic Mn™ and a slow one corresponding to neutral Mn. Theablated ions at the relatively low-density wings of the expan-
fast component has the same peak time and similar peaion as well as those at the leading and trailing edges of the
shape as the measured with the ionizer switched off. Th@ulse which, suffering fewer collisions and thus having a
bicomponent spectra as shown in Figh)2can be fitted with more “effusivelike” velocity distribution, will contribute to
a bicomponent shifted Maxwell-BoltzmaniMB) velocity  the broadened distributiori. This isotropic ejection profile
distribution” and by fitting, the peak times and integratedwas also observed in ablation of metal target such as Cu
intensities for both components of Mrcan be found. (Ref. 19 and was attributed to a so-called “Coulomb explo-
The relative flux of the ablated species is obtained bysion.” In a laser ablation, the generated electrons have much
integrating the corresponding TOF spectra, taking into congreater velocity than the positive ions and escape the plume
sideration the velocity dependence of the detection efficiencghortly after production, leaving the position ions behind.
of QMS. The plot of the flux versus the detection angle givesThus, a positively charged vapor cloud can be formed and
the angular distribution. In Fig. 3, angular distributions of the coulomb repel between the charged particles forces them
laser ablated nascent Mrand neutral Mn are presented for escape from each other isotropically, and an isotropic com-
the data in Fig. 2. It is found that the ablated ionic species arponent is overridden on the forward-directed component in
strongly directed to the surface normal while the neutral speangular distribution.

B. Angular distributions of ablated species

(2 (®

- FIG. 2. Time-of-flight spectra
54 of Mn* (m/e=55) measured at a
different detection anglé at a la-
18 ser fluence of 1.8 J/icin(a) ion-

70 0 izer off, (b) lonizer on.
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FIG. 3. Angular distributions of ablated Mn(A) and Mn(A)
from a 532-nm laser ablation of a Pr-Sr-Mn-O target at a laser -
fluence of 1.8 J/cr.

The angular distributions of My Sr*, and P ablated at
355 nm at 1.2 J/chis presented in Fig. 4 and good 8as Angle 6 (deg.)

fittings are shown witm=38, 5, and 9, respectively. As an FIG. 5. Angular distributions of Pr@a) and Mn (b) from a

exgmple fqr 532-nm laser ablation, angular distributions Of532-nm laser ablation of a Pr-Sr-Mn-O target at a laser fluence of
oxide species PrO and Mn ablated at 1.5 ¥/ane shown in 1.5 Jicr? (A ionizer off, A: ionizer on.

Fig. 5, the fittedn for cog' @ is 3 and 7, respectively.

From the MB fitting of the measured TOF spectra, thegjstribution in a same ablation process. In Fig. 6, we plot the
stream velocity of ablated species are found to beelative intensity of Sf, Pr, and PrO normalized to MA.
1.9x10% 2.3x10° and 1.%10°m/s for Mn*, S, and |t can be seen that these main ablated species are ejected
Pr®, respectively, while the thermal motion velocity are aimost with a constant stoichiometry within the angle of 20°.
found to be 2.&10°, 2.0x10°, and 1.5<10° m/s, respec-  Similar conclusions can be drawn for the neutral species.
tively. The apparent Mach number is then calculated to berhis demonstrates that the composition of deposited films
0.7, 1.15, and 1.13, respectively. Thevalue in Eq.(7) is  can be expected to be uniform along the film surface for a
estimated to be 2.5, 3.7, and 3.6, deviated from the measureghical arrangement of PLD process.

n. This suggests that other narrowing mechanism such as
3gi¥§$?oﬁje0tion may also account for the measured angulag:_ Angle dependence of the kinetic energy of ablated species

As for PLD technique, the angular distributions of the As we have mentioned above, the velocity and the kinetic
ablated species affect the film quality and the homogeneitgnerdy of the ablated species can be estimated from their
of the relative concentration of each constitute. From thelOF spectra measured. In Fig. 7, the peak tin@sand
measured angular distributions shown in Figs. 4 and 5, it i§orresponding kinetic energiéb) of the nascent Mh and

clear that different ablated species share a similar anguldteutral Mn are presented as a function of the detection angle.
It is clear that the peak time of the nascent Mkeeps con-

stant while that of the neutral Mn is steadily delayed with

increasing the detection angle. It is interesting that the ki-
g netic energy of the neutral Mn decreases by several folds
e
& 3
2
§
g o 2
5 E A
g ; A A A O
z T ]
= 1 A A 6 6 A A ]
0 20 40 60 80 01— . . .
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FIG. 4. Angular distributions of ionic species MnSr*, and
Pr* from a 355-nm laser ablation of a Pr-Sr-Mn-O target at a laser FIG. 6. The ratios of ablation yield StMn* (A), Pri/Mn* (A)
fluence of 1.2 J/crA. and PrO/Mn™ (0) as a function of the detection angle.
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250 agreement with the velocity distributions. Furthermore, the
= 200} 2 stream velocity of various ablated species does not change
= A b B with the detection angle in our experiments. We attribute
§ 150¢ A these deviations to the fact that under our experimental con-
& 100fa & & a (@) dition, the ablated species may obtain stream velocities in all
A directions rather than only in the target surface normal.

S0P s 4 4 a a 4 4 &
0= A' ' ' ' D. Laser fluence effect
A A
6 4 Laser fluence has great effects not only on the kinetic

energies and relative amount of ablated species, but also on
their angular distribution. The dependence of the angular dis-
tribution of ablated species on the laser fluence can give
some information about the ablation mechaniénSome
0 AMA studies of the angular distribution based on the measurement
0 20 40 60 80 of the film thickness concluded that the angular distributions
Angle 6 (deg.) of ablated species from metal-oxide targets such as Y-Ba-
Cu-0O and Sm-Ba-Cu-O are little affected by the laser fluence
FIG. 7. The delay timega) and kinetic energy(b) of ablated  \yhjle the angular distributions of ablated species from poly-
Mn" (A) and Mn(A) as a function of the detection angle. mer targets are much sharper at higher laser fluence. We
have measured the angular distribution of laser ablated spe-
when the detection angle varies from 0° to 80°, but the abgjes from Pr-Sr-Mn-O as a function of the laser fluence at
solute decrease in kinetic energy is nearly the same as that gbth 355 and 532 nm. Table Il lists the bicosine fitting pa-
nascent Mi. Previous studies on laser-induced etching of;ameters for Mii and Mn as example. It can be seen that
metal showed that the kinetic energy of the desorbed SpeCiQﬁhen a higher fluence is employed, the sharpness parameter
from a hot surface decreases distinctly with increasing the, for the nonthermal component tends to be increased, but
detection anglé] so it might be reasonable to attribute the the contribution fraction of thermal process seems less sen-
neutral ablated species to the thermal evaporation mechaiple to the laser fluence. The mechanism related to the laser
nism. However, although either Co% or acosé+(1  fluence effects on the angular distributions may be rather
—a)cos' ¢ fitting can be explained from the velocity distribu- complicated since it depends on the nature of the ablated
tion, the angle dependence of the kinetic energy of ablatedpecies as well as the physical properties of the target. How-
species deviates greatly from what may be expected. Fromver, higher laser fluence will result in higher-ablation yield
Eq. (4), the kinetic energyEy) of the ablated species can be which enhances the collisions between the ablated species
derived to be near the surface, it makes the ejection of ablated species
more forward peaked. Thus, a greater sharpness parameter
is expected to describe the angular distribution at high flu-

(b)

KE (eV)

Ex=0.25mu’ cog 6+ 1.5KT ence.
702 Besides the laser fluence, other experimental parameters
+0.5mucos60.2517 cos 6+ 3kT/m such as the laser beam spot size and incidence angle, the

=1.5T(1+0.33V12cog 0 detection distance from the surface, and the ambient pres-
sure, all have significant effects on the angular distributions
+/0.055501% cos 9+0.66M2%cos 6). (9)  of ablated species. Furthermore, the effects of laser fluence
are also more profound than what we have investigated. Tos-
nov et al. studied the angular distribution of ablated species
It is seen that the kinetic energy should decrease in accofrom Y-Ba-Cu-O and found that a bicosine distribution
dance with Eq.(9). In Fig. 7(b), fittings of the measured should be adopted to characterize the angular distribution for
kinetic energy with Eq(9) gives the apparent Mach number a fresh surface, while after some time of irradiation, the ther-
of 0.52 and 3.0 for M and Mn, respectively, also in dis- mal component cog disappeared and only the nonthermal

TABLE II. The bicosine fitting parameter for angular distribution of Mand Mn and the contribution
fraction of thermal process.

Wavelength  Fluence Mn™* Mn
(nm) (Jlen?) acosé+(1-a)cod 4 f acos#+(1—a)cod 4 f
355 0.7 0.17 cog+0.83 coé' ¢ 0.81 0.26 co®+0.74 coé? 9 0.88
355 1.5 0.21 cog+0.79 cof ¢ 0.92 0.25 co®+0.75 cos’ 9 0.94
355 1.8 0.10 co$+0.90 cos% ¢ 0.86 0.28 co®+0.72 cos® 9 0.77
532 0.7 0.23 co8§+0.77 co§ ¢ 0.53 0.36 co®+0.64 co§2?6 0.67
532 15 0.11 cos+0.89 cod® 0.50 0.27 co®+0.73 co 0.75

532 1.8 0.11 cog+0.89 cod® o 0.50 0.28 co®+0.72 cod® 0.76
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component cdsd remained in the angular distributiGhWe IV. CONCLUSIONS
have also observed unexpected lump aro@sadl5° in some

o Angular distributions measured with angle- and time-
cases as shown in Figs. 3 anth)5for PrO*. Furthermore, 9 9

o ; resolved QMS spectrometry for the pulsed laser ablation of a
even peak ejection shifted away from the surface normal h .
been also observed. Similar observations have been reportadp-67>0.:3MNnO; target are caried out, and the effects of

p

in previous studied“?? but no sound explanation were pre- some ablation param_eters on the angular distributions are
sented. One reason might be that the local surface is mod?_xamlne.d. Our experlmenta! results show that the angular
fied after some time of laser irradiation and the local surfac&istributions of ablated species usually follow a téor a
normal changes. But we believe that the angular distributiof?icosine function acosé+(1-a)cos'6, depending on
originates in nature from the confinement of the ablategvhether the ejection of_ the _ablated species is attributed to
plume expansion by the target surface%0), and minor ~more than one mechanism, i.e., a fast expansion and a slow
cones on the surface can not affect the expansion obviouslgne. Furthermore, the kinetic energy of neutral ablated spe-
Foltyn et al. have examined this issue carefully, indicating cies decreases distinctly with increasing the detection angle
that the presence of cones had not spatially altered thwhile that of ionic ablated species seems less depend of the
plume?® So another reason concerning the incidence direcdetection angle. Although the laser fluence effects the angu-
tion of laser beam sound more reasonable. When the lasér distributions in a completed way, usually a higher direc-
beam irradiates the target surface at an incident angle awdional distribution of the ablated species could be expected
from the surface normal, one part of plume away from thefor ablation at high-laser fluence. A simple model about the
laser beam will receive less photons than the other part duangular distribution is proposed, which can predict the ex-
to the shielding and thus the resulted plume is not balancegerimental results qualitatively in most cases. However,
both in density and in temperature. This leads to the distorpulsed laser ablation of multicomponent metal oxides is a
tion in final angular distribution. However, the distorted an-complicated process, both the behaviors of the angular dis-
gular distributions might be related to other mechanismgributions of ablated species and their sound explanation
which depends on the ablation conditions. need much more endeavor to explore.
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