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Sputtering pressure influence on growth morphology, surface
roughness, and electrical resistivity for strong anisotropy

beryllium film∗
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The strong anisotropy beryllium (Be) films are fabricated at different sputtering pressures by direct current magnetron
sputtering. With the increase of pressure, the deposition rate of Be film first increases, and when the pressure exceeds
0.8 Pa, it gradually descends. The X-ray diffraction analysis indicates that Be film is of α-Be phase, its surface always
reveals the (101) crystal plane possessing the low surface energy. As for the growth morphology of Be film, the surface
is mainly characterized by the fibrous grains, while the cross section shows a transition from a columnar grain to a mixed
grain consisting of a cone-shaped grain and a columnar grain as the sputtering pressure increases. The large grain fraction
decays exponentially from 75.0% to 59.3% with the increase of sputtering pressure p, which can improve the grain size
uniformity. The surface roughness increases due to the insufficient atom diffusion, which is comparable to its decrease due
to the etching effect at p < 0.8 Pa, while it increases drastically at p > 0.8 Pa, and this increase is dominated by the atom
diffusion. The electrical resistivity values of Be films range from 1.7 µΩ·m to 2.7 µΩ·m in the range 0.4 Pa–1.2 Pa, which
is 50 times larger than the bulk resistivity.
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1. Introduction

With the development of laser inertial confinement fusion
(ICF), it is found that the beryllium films not only improve the
implosion speed due to their good ablation properties, but also
tolerate the larger roughness for the the D–T ice layer and con-
trol the Rayleigh–Taylor instability growth. Consequently, Be
films are preferred to be used as the ignition target materials
for the ICF experiments,[1–8] which is another important appli-
cation for the beryllium besides serving as the X-ray window
material. However, due to the fact that Be material has a poor
ductility and large residual stress, it is difficult to fabricate the
high quality Be films to meet the target design requirements,
which restricts its application in the field of ICF. Thus, many
fundamental properties of Be films need to be investigated.

The beryllium crystal lattice is of a hexagonal-close-
packed structure, and has the lowest c-to-a ratio value in all the
hexagonal-close-packed metals. The morphology and phys-
ical properties of Be film are different from those of other
metals. Recently, the morphologies and physical properties
of various film, such as pure metal films, oxide thin films, and
alloy films[9–12] have been extensively studied, but little atten-
tion has been paid to the Be films. For the Be materials, the
attention was focused mainly on the areas of the bulk materials

founding, milling, bonding, and machining.[13–18]

The sputtering pressure is one of the important parame-
ters for the film fabrication, and has a remarkable influence on
the microstructure of metal thin films, such as the grain ori-
entation, crystal structure, grain size, and grain distribution.
However, its effect is still unclear on the property of Be film
with strong anisotropy. The objective of this paper is to pre-
pare the Be films by the DC magnetron sputtering technique,
investigate the intrinsic relationships, such as the relationship
of sputtering pressures with microstructure, and the relation-
ship of sputtering pressures with surface roughness, grain size,
and electrical resistivity. Finally, the obtained results provide
a technique that supports fabricating high quality Be films.

2. Experimental details
The Be films were prepared by the DC magnetron sputter-

ing technique. Four round magnetrons were equipped with a
Be target 76 mm in diameter, positioned symmetrically around
the center of the chamber. The discharge took place in a high
purity argon gas (99.999 at.%) at a total pressure ranging from
0.4 Pa to 1.2 Pa. Before the deposition, the Si (100) substrates
were boiled in the potassium dichromate solution for 5 min–
10 min, and then washed by distilled water. Afterwards, the Si
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substrates were cleaned by ultrasonic cleaning in an acetone
solution for about 10 min, and then were etched in diluted hy-
drofluoric acid (5%) to remove the native oxide for about 30 s.
Finally, the Si substrate was dried by the nitrogen blowing and
fixed on the substrate holder in the sputtering chamber.

The target gun shutters and substrate shutter were closed
during the pre-sputtering about 20 min. This aimed at etching
the beryllium oxide on the Be target surfaces and cleaning the
Si substrate surface. As is well known, the film microstruc-
ture, surface roughness, and physical properties are sensitive
to the sputtering parameters. Therefore, they were adjusted
and controlled strictly in the present experiment. The system
was evacuated to a base pressure of 5.0×10−8 Pa. The pure
Be (99.0 at.%) was used as the sputtering target. The distance
between the substrate and Be targets was set to be ∼ 110 mm.
The coating normally took place at 40 sccm of Ar gas flow
and the Be guns operated at 60 W. During the deposition, all
the shutters were open, and the sputtering time was accurately
controlled to be 4 h by a computer.

The phase composition, microstructure, surface rough-
ness, and electrical resistivity were determined using X-ray
diffraction (XRD), a scanning electron microscope (SEM), a
stylus-type surface profiler, and a four-point probe resistivity
tester, respectively.

3. Results and discussion
3.1. Deposition rate

Figure 1 exhibits the variation of the deposition rate of
beryllium on the Si (100) substrate with sputtering pressure.
The deposition rate increases from 6.7 nm/min to 6.9 nm/min
with pressure increasing from 0.4 Pa to 0.8 Pa, and then de-
creases gradually to 6.0 nm/min at 1.2 Pa.
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Fig. 1. Deposition rate of Be film versus sputtering pressure.

From the molecule kinematics viewpoint, the relationship
between the molecule mean free path λ and sputtering pres-
sure p is described as[19]

λ = kBT/
√

2πd2 p, (1)

where kB is the Boltzmann constant, 1.38×10−23 J·K−1; T is
the gas molecule temperature, 573 K; d is the molecular diam-
eter, about 0.376 nm. In the light of Eq. (1), the molecule mean
free path is inversely proportional to the sputtering pressure.
Obviously, the collision time between Be atoms and Ar atoms
will increase with the enhancement of the sputtering pressure.

During the sputtering deposition, the possible Ar gas ion-
izations are listed as follows:

e+Ar→ Ar∗+ e, (2)

e+Ar∗→ Ar++2e, (3)

e+Ar→ Ar++2e. (4)

It can be seen that there are the Ar ions and metastable
excited Ar∗ atoms according to expressions (2)–(4). When
the sputtering pressure increases from 0.4 Pa to 0.8 Pa, the
mean free path λ of Ar gas calculated from Eq. (1) decreases
from 30 mm to 15 mm, which suggests that the particle scat-
tering degree increases. While the ionization density of Ar gas
increases with the rise of sputtering pressure, the deposition
rate of Be film is enhanced due to the greater particle number.
Here, although the particle scattering degree increases and the
mean free path decreases, it cannot prevent the deposition rate
from increasing. Accordingly, when the sputtering pressure
is below 0.8 Pa, its growth results in an increase of the depo-
sition rate. When the sputtering pressure exceeds 0.8 Pa, the
mean free path is less than 15 mm, the collision probability
between Be and Ar particles increases sharply, and the num-
ber of particles arriving at the substrate decreases. Although
the sputtering pressure increases the number of sputtering par-
ticles, it cannot increase the deposition rate. Therefore, the
deposition rate is mainly dominated by the mean free path at
the higher sputtering pressure.

The sputtering pressure enhancing has both a positive
contribution and a negative contribution to the deposition rate
due to the increase of both the sputtering particle number and
the scattering degree. When the sputtering pressure is about
0.8 Pa, the deposition rate has a maximal value of 6.9 nm/min.

3.2. Phase composition

The X-ray diffraction patterns for Be films grown on the
Si (100) substrates in the pressure range from 0.4 Pa to 1.2 Pa
are shown in Fig. 2. The Be films are mainly of α-Be phase.
Their diffraction peaks are very sharp, and the intensity of the
(101) peak is stronger than those of other peaks. It indicates
that the (101) crystal facet possessing the lower surface en-
ergy always appears in the surface. The intensities of the other
peaks change weakly with the increase of the sputtering pres-
sure. In addition, the (101) peak of BeO occurs at 0.4 Pa and
1.2 Pa, which suggests that some amount of BeO exists in the
Be films.
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Fig. 2. XRD patterns of Be films at the different sputtering pressures.

3.3. Growth morphology

The lattice constant of monocrystal Si is 0.5431 nm, while
Be lattice constant is a = 0.2281 nm and c = 0.3578 nm.
The large difference between them prevents perfect hexago-
nal beryllium crystal grain or monocrystal Be from growing
on a Si (100) substrate. The surface and cross-section mor-
phologies of Be films observed by the SEM are characterized
by the coarsening fibrous grains with pressure increasing. The
adjacent grain boundaries form an angle of 120◦, as illustrated
in Figs. 3(a)–3(c). It is reasonable to infer that the grain is a
corner of the hexagonal crystal. There are remarkable varieties
of grain sizes and they are distributed on the film surface.
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Fig. 3. Surfaces and cross-section morphologies of Be films at the different sputtering pressures. Panels (a), (b), and (c) show the
surfaces morphologies at sputtering pressures of 0.4, 0.8, and 1.2 Pa, respectively, and panels (d), (e), and (f) show their corresponding
cross-section morphologies.

The cross section is characterized by the coarsening
columnar grains, as shown in Figs. 3(d)–3(f). With the in-
crease of the sputtering pressure, the cross section shows a
transition from the columnar grains to the mixed grains con-
sisting of the cone-shaped and columnar grains. The cross
section displays the columnar grains below 0.6 Pa. In the
initial nucleation process, the Be film grows in the form of
fine columnar grains with a diameter of 30 nm and a length of
130 nm. When the film thickness reaches 1.6 µm, the colum-
nar grains can grow up to 162 nm in diameter. A new deposit-
ing atom attaches to an available grain, and the grain grows
up gradually with the increase of deposition time. When the
sputtering pressure is in the range 0.8 Pa–1.2 Pa, the cross sec-
tion consists of the cone-shaped and columnar grains with an

average grain size of ∼ 140 nm.

In order to further study the intrinsic relations of grain

sizes and distribution with sputtering pressure, the quantita-

tive metallographic method is used. The average grain size Ga

is defined as the ratio of the total scanning length to the grain

number, and the large grain fraction F is the ratio of the large

grain number (their grain size exceeds Ga) to the total grain

number. The Ga decreases from 189 nm to 148 nm in the

range 0.4 Pa–1.0 Pa, and increases slightly to 161 nm at 1.2 Pa

as indicated in Fig. 4. The F decreases gradually from 75.0%

to 59.3% with the rise of the sputtering pressure. Clearly, the

sputtering pressure can improve the grain uniformity and be

favorable to the grain refinement.
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Fig. 4. Average grain size and large grain fraction of Be films versus
sputtering pressure.

Be has a high melting point, Tm = 1287 ◦C. The substrate
temperature Ts is about 60 ◦C during the deposition, and the
ratio of Ts/Tm is about 0.21. When the sputtering pressure
is in the range 0.4 Pa–1.2 Pa, the morphology belongs to the
zone T (transition) region on the basis of Thornton classifica-
tion. The films have the dense fibrous structures and their sur-
faces are very smooth. However, the morphologies for strong
anisotropy Be films are different from that grown in the T re-
gion. Although the film surface consists of fibrous grains, the
grains are rather large.

3.4. Surface roughness

The root-mean-square roughness Rq and the average
roughness Ra have a similar dependence on the sputtering
pressure, as plotted in Fig. 5. The surface roughness values
of strong anisotropy Be films have no evident changes in the
range 0.4 Pa–0.8 Pa. Rq is about 14 nm, and Ra is about 11 nm.
When the sputtering pressure exceeds 0.8 Pa, both Rq and Ra

increase sharply. The Rq is 25 nm and Ra is 17 nm at 1.2 Pa.
Due to the shadowing effect during the deposition, the high
points on the growing surface receive more sputtering flux than
the valleys, the surface roughness will increase with the sput-
tering pressure, especially at the higher sputtering pressure.
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Fig. 5. Surface roughness values of Be films versus sputtering pressure.

On the one hand, the deposited Be particles are scattered
by Ar+ ions, metastable atom Ar∗, and Ar atoms with the in-

creasing of sputtering pressure. The mean-free-path and ki-
netic energy of incoming Be particles will decrease, and the
atom diffusion ability on the substrate will weaken. It will lead
to void formation due to insufficient atom diffusion distance.
Thus, the surface roughness will increase. At the same time,
the sputtering particles have an etching effect on the Be film
surface. This effect in a peak region is stronger than in a valley
region. Therefore, the more sputtering particles, the better the
surface smoothing and finishing are. According to experimen-
tal results, the surface roughness changes weakly in the range
0.4 Pa–0.8 Pa. It indicates that the roughness increase by the
insufficient atom diffusion is comparable to its decrease by the
etching effect. When the sputtering pressure exceeds 0.8 Pa,
the surface roughness increases sharply, which suggests that
the surface roughness is dominated by the atom diffusion and
mobility ability.

3.5. Electrical resistivity

When the collision of the free electrons takes place, they
lose their directional velocity given by the outer electric field.
The crystal lattice atoms move around their balanceable posi-
tions. Their unregulated array will result in the collisions of
electron with crystal lattice, impurities, crystal boundary, sur-
face, etc. The electrical resistance of metal thin film results
from two contributions, i.e., the intrinsic resistance deriving
from the heat vibration of the crystal lattice atoms and the
residual resistance originating from the impurity atoms, vacan-
cies, and dislocations. For most metals, the intrinsic resistance
is larger than the residual resistance at room temperature.

The electrical resistivity ρ is measured by the four-point
probe resistivity tester, and it is expressed as[20]

ρ =
π

ln2
V
I

δF, (5)

where V is the probe voltage, I is the probe current, and δ

is the film thickness. If the distance between probe and film
edge is three times larger than the probe distance, the modified
factor F = 1.

Figure 6 shows the electrical resistivity versus sputter-
ing pressure. When the sputtering pressure is below 0.8 Pa,
the electrical resistivity of Be film always keeps the ascending
trend, and increases from 1.7 µΩ·m to 2.7 µΩ·m within a mea-
surement error of 3%, while the electrical resistivity descends
to 2.1 µΩ·m at 1.2 Pa. Compared with the Be bulk resistiv-
ity of 4.0×10−8 Ω·m, the film electrical resistivity is 50 times
larger than the bulk resistivity.

It is found that the electrical resistivity ρ depends on av-
erage grain size Ga, as indicated in Fig. 7. With the increase
of grain size, the electrical resistivity of Be film decreases first
conspicuously, and then slowly. It can be reasonably deduced
that the average grain size Ga directly influences the film resis-
tivity. The smaller the grain size, the more atoms are located
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at the crystal boundary. Accordingly, the electrical resistivity
of Be films will increase due to the collision of free electrons
on the crystal boundary.
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Fig. 6. Electrical resistivity of Be film versus sputtering pressure.
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Fig. 7. Electrical resistivity of Be film versus average grain size.

4. Conclusions
In this paper, it is found that as the sputtering pres-

sure increases, the deposition rate of Be film increases from
6.7 nm/min to 6.9 nm/min, and then decreases gradually to
6.0 nm/min. The increase of the sputtering pressure enhances
the sputtering particle number, and it reduces the particle
mean-free-path as well. The deposition rate of Be film is de-
termined by both of them. Be film with a strong anisotropic
property is mainly of α-Be phase, and the film surface al-
ways presents the (101) crystal plane possessing the lower sur-
face energy. Although the sputtering conditions correspond
to Thornton’s T zone, there exist some differences in mor-
phology. The film surface is characterized by a coarsening
fibrous grain, and the cross section shows a transition from a
columnar grain to a mixture grain consisting of a cone-shaped

grain and columnar grain with the increase of sputtering pres-
sure. The Ga decreases from 189 nm to 148 nm in the pressure
range 0.4 Pa–1.0 Pa, and the Ga slightly increases to 161 nm
at 1.2 Pa. The film surface roughness is almost constant be-
low 0.8 Pa, while it increases sharply beyond 0.8 Pa. The
surface roughness is dominated by the atomic diffusion ability
and plasma etching effect. The electrical resistivity of Be films
increases gradually from 1.7 µΩ·m to 2.7 µΩ·m below 0.8 Pa,
and descends to 2.1 µΩ·m at 1.2 Pa. The electrical resistivity
decreases as Ga increases, owing to the fewer collisions of free
electrons with the crystal boundary.
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[19] Lutišan J and Cvengroš J 1995 Chem. Eng. J. 56 39
[20] Xie H B 1999 Vacuum 3 37

066804-5

http://dx.doi.org/10.1063/1.1790054
http://dx.doi.org/10.1063/1.1790054
http://dx.doi.org/10.1063/1.2179054
http://dx.doi.org/10.1103/PhysRevB.59.15966
http://dx.doi.org/10.1103/PhysRevB.59.15966
http://dx.doi.org/10.1088/0022-3727/40/20/S15
http://dx.doi.org/10.1088/0022-3727/40/20/S15
http://dx.doi.org/10.1016/j.jmmm.2006.01.192
http://dx.doi.org/10.1016/j.jmmm.2006.01.192
http://dx.doi.org/10.1063/1.3187793
http://dx.doi.org/10.1063/1.4820452
http://dx.doi.org/10.1063/1.4820452
http://dx.doi.org/10.1088/1674-1056/21/8/087304

	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. Deposition rate
	3.2. Phase composition
	3.3. Growth morphology
	3.4. Surface roughness
	3.5. Electrical resistivity

	4.  Conclusions
	References

