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Abstract. A new normal-incidence pulsed-laser depositionas high-temperature superconducting [10, 11] and ferroelec-
method is presented=e/Mn multilayers were fabricated tric materials [12]. The advantages of PLD are (1) that the
using both45°- and normal-incidence deposition of a pulsedstoichiometry of a target is maintained in fabricated films,
laser and were characterized using the small-angle X-raf2) that the deposition under a broad range of ambient pres-
reflectivity measurement. This new method provides muclsures of various gases is possible, (3) that the spectrum of
better control of the lateral uniformity and layer thicknessmaterials that can be vaporized is wide and, (4) most im-

than the45°-incidence deposition method. portantly, that the system is simple. However, the fabrication
of MLs with sharp interfaces by using PLD has not been
PACS: 81.15.Fg; 61.10.Kw; 68.55.Jk quite successful. The thickness profile of an ML fabricated

by PLD is not uniform because of the high directionality of
the plume and the change of the plume’s direction during de-
position [13]. There have been theoretical and experimental
During the past decades, multilayer (ML) structures have atefforts to improve uniformity, such as placing a substrate off-
tracted many researchers because they may provide waysduis, the translation of a substrate, in addition to rotation and
develop new materials. In ML structures, materials with dif-laser beam scanning [14—16]. Recently, with a large and com-
ferent physical, chemical ayidr optical properties are placed plex PLD system, a uniform coating on &-diameter wafer
next to each other. MLs show exotic behaviors such as gihas been achieved [17]. This demonstrates that PLD can also
ant magneto-resistance (GMR) [1, 2], vertical anisotropy otoat a large substrate, but this system is complex and expen-
the magneto-optical effect [3], enhanced normal-incidencsive, discouraging its wide-spread use.
reflectivity [4] in soft X-ray regions, and more.

ML structures unavoidably have roughness at their in-
terfaces, which has been known to significantly affect theil Normal-incidence pulsed laser deposition
physical andor optical properties. Roughness significantly
reduces the reflectivity of an ML soft X-ray reflector suchiIn this paper we describe a new normal-incidence PLD
asMo/Si ML [4—6]. On the other hand, the roughness in-(NIPLD) method which can provide a way to fabricate high-
creases the GMR effect infge/Cr ML [7]. In the case of quality MLs by using an inexpensive, small PLD system.
Co/Cu MLs, the roughness decreases or increases the GMRe/Mn MLs were fabricated by both NIPLD and conven-
effect, depending on how the current flows [8, 9]. Althoughtional 45°-incidence PLD (CIPLD). The comparison shows
it is believed that the spin-dependent scattering at the inthat superior MLs are fabricated by NIPLD when it comes
terface might play an important role in the change in thdo the lateral uniformity, layer-by-layer thickness control
GMR effect resulting from roughness, further investigationsand roughness at an interface. A schematic diagram of
are still needed for a better understanding. This clearly india NIPLD system is shown in Fig. 1a. The main difference
cates that the ability to fabricate MLs with sharp interfacedrom a CIPLD system is that a laser beam is incident perpen-
and to control the degree of roughness is critical to systematidicularly onto the target surface. This geometry has been used
investigations. to study particulate production [18] and energy distribution of

Among various ML fabrication methods, pulsed laser departiclesin PLD [19]. However, to our knowledge the fabrica-
position (PLD) has recently become popular owing to theion of MLs by using NIPLD and their characterization have
successful fabrication of thin films of oxide materials, suchnot yet been reported.
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hole on an aluminum foil is positioned at the focal position of
a focusing lens, as shown in Fig. 1a. The laser is thus slightly
defocused on the target surface. The pinhole was drilled by
the laser so that the size of the pinhole is just enough for the
laser beam to pass through. Nevertheless the window is still
coated, although only a little. After a run of deposition, the
window is rotated so that a new area may be placed in the
Target laser beam’s path.

In order to reduce the production of particulates, the laser

g Q fluence on the target should be minimized as much as pos-
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sible. When the fluence is too small, a thin film deposited
on a substrate is laterally non-uniform. In general, uniformity
improves as the target-to-substrate distance becomes large.
Target In this case, for a reasonable deposition rate, a large amount
of plume is required, which means a large fluence. However
a large fluence tends to generate many particulates, which are
% detrimental to the fabrication of high-quality ML films. On
the other hand, the reduction of the fluence results in a smaller

amount of plume. In this case, the substrate has to be put

closer to the target. Consequently the uniformity becomes
Target worse. For lateral uniformity, the fluence has to be optimized
r\4vith respect to the target-to-substrate distance.

Stepper
Motor

Fig. 1. Schematic diagram of the normal-incidence pulsed laser depositio
system

2 Results and discussion

When using a CIPLD system, the change in the plume’s
direction during deposition, as shown in Fig. 1b, makes it difdn this work, Fe/Mn MLs were fabricated on a native oxide
ficult to fabricate high-quality MLs. As the laser beams hitSi (100) wafer by using both NIPLD and CIPLD. The base
the target, a crater or trench is created. As the crater becompeessure wa8 x 10~/ Torr. The target manipulation system
larger, the normal direction of the surface where the lasetan hold up to four targets. A computer-controlled stepping
beams hit changes and the laser beam absorption becormstor is used to rotate the targets on their axes and to select
non-uniform. These effects lead to a continuous change in thene target. A direct current motor is attached to a substrate
plume’s direction. This effectis severe, especially for soft maholder to rotate a substrate. The sample—target dista)ce (
terials (e.g. non-metallic materials). and the off-axis distanced), in Fig. 1a, were optimized by

When we use a CIPLD it is quite difficult to fabricate MLs moving the substrate back and forth and left and right, re-
with more than 15 bilayers that require stringently controlledspectively, until an appropriate uniformity was obtained. The
layer thickness, as for X-ray reflectors. Laser-beam scanningptimized separations) was 6 cm The optimized off-axis
has been introduced to avoid trenching. However, then thdistance @) was2 cmfor CIPLD and1 cmfor NIPLD. The
off-axis distance)) changes, leading to a non-uniform coat- second harmonic of ahd:YAG pulsed laser (pulse width
ing on the substrate. Consequently, substrate translation, ;insFWHM, 532 nmat a repetition rate 0f0 H2 was used
addition to rotation, has to be implemented. In general, théo ablate the target materials. The laser fluence on the tar-
larger the laser scanning and the translation distance, the befet was aboul.8 J/cn? for Fe and0.5 J/cn¥ for Mn. The
ter the uniformity. Therefore the system becomes complicatedeposition rate was calibrated by measuring the thickness of
and expensive. test single-layer films with an X-ray diffractometer. The layer

In NIPLD, however, the plume orientation does notthickness was deduced by fitting computer-generated X-ray
change even though trenching occurs. The laser beam is idiffraction (XRD) data to experimental XRD data. The thick-
cident normal to the target surface, the surface normal is notess was then divided by the total number of laser pulses
significantly changed, and the laser energy is absorbed unised. In CIPLD, the average deposition rates were about
formly so that the plume always exists perpendicular to thé x 10~* nm/shotfor Fe and4.7 x 10~% nm/shotfor Mn; in
surface. The off-axis distance does not change significantlMIPLD the rates were and@.9 x 10~*nm/shot for Fe and
because the surface normal always remains almost constaft? x 10~3 nm/shotfor Mn. Fe/Mn MLs have been deposited
and the laser beam is not scanned. It is more desirable to osn 1" x 1” Si (100) wafers (substrate). Due to the optimiza-
cillate the target than to scan the laser beam, thereby keepitign of the separationsf and the off-axis distanced, only
the off-axis distance fixed. The fluence changes because thige rotation of the substrate was needed for uniform coating
trenching changes the morphology of a surface. For soft maver an 1 x 1” area. Scanning of the laser beam and transla-
terials, this effect can change the deposition rate. For haribon of substrate were not done. The substrates were held at
materials, this effect is negligibly small. room temperature during deposition. Mo buffer layer of

In NIPLD, the window through which the laser beam about2.5 nmwas deposited to smooth the surface roughness
passes is more easily coated than in CIPLD since the plurmen theSi (100) wafer for all the samples.
always goes directly to the window. This coating reduces the Small-angle X-ray scattering (SAXS) measurements have
transmission of the window and eventually alters the deposbeen conducted by using synchrotron radiation at the Pohang
tion rate. To block the plume and minimize the coating, a pinLight Source (PLS). Three types of SAXS measurements
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were made at the X-ray energies of thie K edge and the Table 1. Parameters of NIPLD samples deduced from fitting for Fig. 3
CoK edge:0-26 scans for specular reflectivity, offsét20
scans for off-specular reflectivity and a rocking curve scan. N* d dre dvn  OFgMn  OMn/Fe  Ofe o
Off-specular intensities were subtracted from specular inten- /om - /nm . /nm . /nm /nm

sities before analysis. The computer code [5, 6] calculates

o : ; ) : : (@ 20 171 060 111 038 053 206 1.67
reflectivity by using dynam|caIXrayscattermgtheorylnthe(b) 20 271 134 137 046 037 18 149

recursive formalism [20]. (0 20 219 060 159 040 051 206 152
Figure 2 shows the data for the CIPLD samples. Thenum@) 40 298 150 148 029 035 204 1.66

ber of bilayers is 15. The calculations are represented by solid
lines and the measured intensities by the line and open cif-number of layers] number of electrong0.1 nm*
cles. Note that Kiessig fringes are not clearly resolved and
the Bragg peaks are not sharp, indicating a gradual change in
the thickness of each layer. It has been known that the fluc-
tuation in the thickness of an ML structure is manifested by
W7 T T the smearing of Kiessig fringes and the broadening of Bragg
peaks [5,21]. By fitting computer-generated SAXS data to
the experimental data, bilayer thicknesses were deduced. The
best fitting yields that the bilayer thicknesses are 2.18, 3.35,
2.4 and3.5 nm as seen in Fig. 2a—d, respectively.

A series ofFe/Mn MLs with the different bilayer thick-
nesses were made in NIPLD. The experimental XRD data
(line and open circle) are shown in Fig. 3. The number of
layers is 20 except for the sample of Fig. 3d, which has 40
layers. The NIPLD samples show sharp Bragg peaks and
regular and clear Kiessig fringes, which indicate that the layer
thickness is uniform and the interface roughness is small. To
investigate the lateral uniformity, XRD measurements were
made on five different areas of a sample. The XRD meas-
urements on each area were almost the same, wit%in
Figure 3 shows the excellent fit of the calculations (solid line)
to the SAXS data. By fitting [6], the structural parameters
such as the bilayer thicknesg)( Fe and Mn electron den-
sities ), and the total interface widths] are deduced, as

Intensity (A. U.)

Bt 7T listed in Table 1. The contains the contributions both from
A T roughness and from diffusion at interfaces. We have grown
Fig.2. SAXS data [jne with open circles and fitting €olid line) for ultrathin Iayers ofFe ranging from0.6 nmf CorreSpondmg to
aFe/Mn ML made by CIPLD several monolayers dfe, to 1.6 nm The interfaces are very

smooth. In the case of Fig. 3d, the 2nd-order Bragg peak is

suppressed because the ratiQ/dita is 0.5. The 3rd-order
T T T Bragg peak begins to split. This splitting is caused by the
] ] gradual change in deposition rate due to the coating on a vac-
uum window. This sample is the thickest, the deposition of
which took longer than other samples, with enough time for
significant coating on the window. If the coating on the win-
dow is further minimized, the fabrication of even thicker ML
film with the same quality as Fig. 3a, and 3b would be pos-
sible.

3 Conclusion

Intensity (A. U.)

We have demonstrated that NIPLD is capable of fabricating
MLs that are superior to those produced by CIPLD. It was
shown that a uniform ML with sharp interface and smaller
roughness can be fabricated in a simple NIPLD configuration.
We anticipate that further prevention of deposition on the vac-
uum window will allow us to fabricate thicker samples with
excellent layer thickness uniformity and small roughness.
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