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ABSTRACT

Thick (>150 um) beryllium coatings are studied as an ablator material of interest for
fusion fuel capsules for the National Ignition Facility (NIF). As an added complication, the
coatings are deposited on mm-scale spherical substrates, as opposed to flats. DC magnetron
sputtering is used because of the relative controllability of the processing temperature and energy
of the deposits. We used ultra small angle x-ray spectroscopy (USAXS) to characterize the void
fraction and distribution along the spherical surface. We investigated the void structure using a
combination focused ion beam (FIB) and scanning electron microscope (SEM), along with
transmission electron microscopy (TEM). Our results show a few volume percent of voids and a
typical void diameter of less than two hundred nanometers. Understanding how the stresses in
the deposited material develop with thickness is important so that we can minimize film cracking
and delamination. To that end, an in-situ multiple optical beam stress sensor (MOSS) was used
to measure the stress behavior of thick Beryllium coatings on flat substrates as the material was
being deposited. We will show how the film stress saturates with thickness and changes with
pressure.

INTRODUCTION

Beryllium is one of the ablator materials for National Ignition Facility (NIF) due to its
low x-ray opacity and higher density. In particular, a graded copper-doped Be capsule is desired
for ignition experiments. The capsule requires thick Be coatings (up to 160 um) which are made
on spherical mandrels, typically CH in composition [1]. The coating has to be carried out at low
temperatures to avoid any deformation of the mandrel in order to produce uniform wall thickness
and smooth and spherical surface finish. The coating must be dense with low void fraction and
be leak-free when filled with D7 fuel gas. DC Magnetron sputtering is used to produce the
coating because of the energetics of the depositing species and relative low coating
temperatures [2].

The coating process has been described previously in several articles [2—5]. Typically, Be
coatings on a spherical surface show a consistent columnar microstructure with acceptable void
content and size. However, the Be coating suffers from sufficient interconnected porosity leading



to rapid gas leakage. The measurements of D; leak half-life at low temperature and ambient
temperature indicated the leak is molecular flow through nanochannels [5]. Ion-assisted physical
vapor deposition (IPVD) is the most commonly used method to produce dense films and to coat
high aspect ratio trenches [6—10]. Using IPVD for growth of thin films has led to improved
microstructures, improved adhesion, and improved coverage of three-dimensional substrates.
Therefore, IPVD is a suitable approach to achieve high-density coating on spherical substrates
used for making NIF capsules. IPVD techniques similar to those described in the literature has
been employed here to produce Be coatings of NIF capsules and improved coating
microstructure has been achieved.

Deposited films under stress can result in deformation, cracking and delamination.
Because of the requirements of sphericity and surface roughness of Be coating on spherical
substrates for NIF targets, it is essential to understand the Be film stress, especially the evolution
of the stress during coating thick Be films.

EXPERIMENTAL PROCEDURES

Beryllium coatings were prepared in a vacuum chamber pumped by a cryopump. The
base pressure was typically low 10-6 to middle 10-7 Torr. For coating on spherical mandrels, a
bounce pan is used so the spherical substrates can be agitated during the coating for better
uniformity. Be coating was produced by magnetron sputtering of Be targets onto ~2 mm
diameter glow discharge polymer spheres (mainly CH) in 5-10 mTorr Ar environment. The
distance between substrate and magnetron is a few cm, which is not close enough to cause over-
heating of the substrate. To enhance the plasma density near substrates and supply extra flux of
energized ion to the growing films, a secondary plasma was introduced near the substrate region
and a negative biasing was added to the substrate to extract ions. The details of this ion-assisted
physical vapor deposition (IPVD) process have been described elsewhere [11].

Be coatings were fractured to examine the cross section by scanning electron microscope
(SEM). The detailed microstructures were analyzed by focus ion beam (FIB) lift and
transmission electron microscopy (TEM) imaging at Lawrence Livermore National Lab. Because
TEM only provides local void and defect information, ultra small angle x-ray scattering
(USAXS) was used to analyze the defects or voids in the coating on a larger scale. The USAXS
experiments were carried out at Sector 33 of APS (Chicago, IL, USA), with the beam energy of
12 keV. The scattering factor q is given by (4n/L)sinf, where A is the synchrotron wave length
and 20 the scattering angle. The end station consists of a Bonse-Hart camera, which can measure
scattering vectors (q) from about 10-4-100 A-1. Data were processed using the codes developed
for use on this USAXS instrument, and included absolute scattering intensity calibration and slit
desmearing. The maximum entropy method, implemented in the “Irena” package for SAS data
analysis, was used to determine scatterer size distributions [12].



Most studies of film stress in the literature focus on the initial stress development dealing
with adatom nucleation and island coalescence. Typical film thickness studied is very thin
compared to Be film thickness studied here. Residual stress measurements were carried out in-
situ on flat Si substrates using a multi-beam optical sensor (MOSS) system manufactured by k-
Space Associates, Inc. This system uses an array of parallel laser beams reflecting from the
growing substrate surface to measure surface curvature and then convert the measured curvature
to stress by using the Stoney formula [11]. The Si substrate has a thickness of 500 um to ensure
accurate measurements. The substrate temperature was monitored during MOSS measurements
to ensure that the stress measured is mainly due to intrinsic growth stress [11].

RESULTS

A typical Be coating prepared using magnetron sputtering shows columnar grain
structure. The temperature of the substrate during the coating rises to ~150°C. Since Be melting
temperature is 1287°C, according to Thornton zone model [13], the coating structure is
consistent with a transition zone microstructure. At this zone, the adatom does not have enough
mobility on the surface for long-range migration and the shadowing effect leads to columnar
structure. High resolution TEM pictures show some voids of 100200 nm diameters along the
grain boundaries. These voids are acceptable in size for NIF targets. However, coatings prepared
in this way leak D; fuel gas.

The studies of leak rates at different temperatures indicate that the leak is consistent with
molecular flow mechanism and possibly through nanochannels. Detailed TEM images at high
resolution reveal that there exist intra-granular channels. Fig. 1(a) shows a TEM image with
striking features of intra-granular striation lines. These striation lines are oriented along the
growth direction and showed a width of a few nanometers. They are believed to lead to the
leakage of Dj gas. As suggested in the literatures these channels are the results of low surface
adatom mobility and shadowing effects. Since IPVD can enhance the adatom mobility by
supplying more energy to the growing film, it has been used to improve the microstructure and
produce leak free Be coatings. Fig. 1(b) shows a high resolution TEM image of Be coating
produced by IPVD method. The biasing on the substrate in this case is -80 V. It is clear from the
picture that the striation line defects observed in Fig. 1(a) disappeared. This result is consistent
with leak testing results that IPVD produced Be films can hold the D, gas although some voids

can still be seen in the coating along the grain boundaries.

Although TEM characterization reveals the microscopic defects, it is limited to very local
scale. USAXS measurements can provide information on defects size and distribution on a larger
scale. By measuring the x-ray scattering intensity at different scattering vector q, the scatter size
and distribution are measured. The typical magnetron sputtered Be shells showed a void fraction
of 5%—7% of the coatingby USAXS measurement, which is consistent with previous
measurements of Be coating density of 95+2% by weighing [3].



(a) (b)

Fig. 1. High resolution TEM images of regular magnetron sputtering coated Be film showing
striation lines of defects (a). An IPVD produced Be coating showed no striation line defects (b).

A comparison of regular magnetron sputtered Be coating with IPVD coating indicated
reduction of void size and volume in the IPVD coatings. Figure 2 shows a comparison of two
different Be capsules. The “good capsule” refers to an IPVD produced capsule and is leak-free.
The “bad capsule” refers to a regular magnetron sputtering produced capsule, which leaks. A
rolled Be sheet produced by Brush Wellman was also measured as a reference. It shows that the
IPVD-prepared Be capsule scatter intensity is significantly reduced compared to the regular
magnetron sputtered Be capsule. The IPVD Be capsule scattering curve is very close to Brush
Wellman Be sheet in terms of void scattering intensity, suggesting similar void fraction and
sizes. The lower void fraction and size by IPVD compared to regular magnetron sputtering is
also consistent with above TEM observations.

In-situ stress measurements using a MOSS system was carried out on flat Si substrates
during the coating to gain insight into the stress evolution with thickness. The MOSS
measurements of multiple laser beam reflection spot spacing are converted to substrate curvature
and then stress. The stress curves at 2 mTorr, 5 mTorr and 10 mTorr for Be coating by
magnetron sputtering showed that they initially dipped into compressive stress and then rose to
tensile stress. The stress at 2 mTorr Ar pressure sputtering showed more compressive stress. The
instantaneous stress shows that after initially rise to tensile, the stress at 2 mTorr, 5 mTorr and
10 mTorr are reaching a plateau indicating new coating does not cause further increasing of the
stress. Stress recorded up to 18 pum showed the same saturation behavior.
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Fig. 2. A comparison of “good capsule” produced by IPVD method and being leak-free, a “bad
capsule” produced by regular magnetron sputtering and leaked. A third sample is a flat from
Brush Wellman for reference.

IPVD Be coating stress was also measured by in-situ MOSS. As shown in Fig. 3, [IPVD
at —20 V and —40 V both showed more compressive stress than regular magnetron sputtering
when they were measured at 5 mTorr Ar pressure. The instantaneous stress curves showed that
the stress at —20 V and —40 V biasing approached a plateau and settled at lower stress level than
regular magnetron sputtering. The compressive stress under IPVD has been discussed in Detor,
et al. paper [11] and was attributed to ion peening effects. The ions with sufficient energy can
displace the coating surface atoms and induce atomic rearrangement and compressive stress in

the growing film.

CONCLUSION

Thick Be coatings have been produced by magnetron sputtering. Although the void size
and fraction meets the NIF target requirements, Be coatings leaked D5 fuel gas. The IPVD
magnetron sputtering was used to improve the coating microstructures and reduced void fraction
has been observed by TEM and USAXS measurements. The coating produced by IPVD
magnetron sputtering is leak free. The stress of the coating by in-situ MOSS measurements
showed stress saturation at larger thickness. The IPVD magnetron sputtered coatings are more
compressive although they exhibit the same saturation behavior as regular magnetron sputtering.



5 mTorr

/_/—\_'ﬁfﬁ
0.5 15 i 35
—)

— 20

Instanianecus streos (HPs)
i

— 40V

Fig. 3 Instantaneous IPVD Be film stress curves measured by in-situ MOSS. The IPVD coating
under -20V and -40V biasing showed more compressive stress than regular magnetron
sputtering.
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