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Sputter deposition of B4C films with tailored physical properties remains a challenge. Here,
we systematically study how substrate temperature influences properties of B4C films deposited by
direct current magnetron sputtering onto planar substrates held at temperatures in the range of 100−
510 ◦C. Results show that all films are amorphous stoichiometric B4C, with O content of ∼ 1 at.%.
Films deposited onto substrates at 100 ◦C exhibit high compressive residual stress and decreased
mechanical properties. For elevated substrate temperatures in the range of 180 − 510 ◦C, film
mass density, surface roughness, Young’s modulus, and hardness are weakly dependent on substrate
temperature. However, in this temperature range, an increase in substrate temperature leads to
larger residual compressive stress, accompanied by a corresponding reduction in the concentration
of nanoscale inhomogeneities. The overall weak substrate temperature dependence of film properties
revealed in this work is favorable for the development of a robust deposition process, particularly for
the case of deposition onto non-planar substrates where temperature control is often challenging.

I. INTRODUCTION

Boron carbide (B4C) is a unique material with an out-
standing combination of low mass density, high chemi-
cal resistance, excellent tribo-mechanical properties, and
large neutron absorption cross-sections.1 As a result, B4C
films are attractive for several applications, including a
wide range of tribological coatings,1–5 x-ray optics,6–8

neutron detectors,9,10 the plasma-facing first wall in
magneto-fusion reactors,11 chemically-resistant compo-
nents in semiconductor processing tools,12 and hydro-
gen fuel ablator capsules for inertial confinement fusion
(ICF).13–18 This latter, ICF-related application, which
is the driving force of the present study, calls for ul-
trathick B4C films (& 10 µm) with uniform density at
length scales of & 100 nm. Growth of such thick films is
typically limited by residual stresses causing undesirable
delamination, deformation, and/or fracture.

A number of previous reports have demonstrated the
fabrication of B4C films by direct current magnetron
sputtering (DCMS).2–4,6–10,14,17–24 These reports have
clearly identified large residual compressive stress, typ-
ically exceeding 1 GPa, as the main challenge limiting
applications of B4C. Recently,17 we have systematically
studied the Ar working gas pressure dependence, reveal-
ing a deposition parameter space resulting in smooth,
high-purity, amorphous B4C films with near-zero total
residual stress. As a result, the deposition of ∼ 10-µm-
thick B4C films has been demonstrated.17 These favor-
able deposition conditions of films with low residual stress
involve the substrate holder held at 450 ◦C and a rel-
atively high Ar working gas pressure range of 18 − 22
mTorr with a target-to-substrate distance (TSD) of 50
mm, leading to low energetics and a broad angular dis-
tribution of landing atoms.17 However, despite having
low residual stress, resultant films have featured reduced
densities and mechanical properties compared to those
for films made at lower Ar gas pressures.17 Hence, fur-

ther studies are required to explore the process parameter
space and to better understand the physics of B4C film
growth.

In addition to working gas pressure and the TSD,
which determine the ballistics of depositing species flux,
substrate temperature (Ts) is another major process
parameter that controls film growth and, therefore,
film properties.25–28 Substrate temperature determines
thermally-activated diffusional and reaction processes
of adatoms and point defects that influence intrinsic
stress in films, adsorption and desorption of residual gas
molecules and their byproducts, the evolution of the sys-
tem toward thermodynamic equilibrium, and the thermal
component of residual stresses in films.

The effect of Ts on properties of sputter deposited B4C
films has been reported for both DCMS3,9,21,22 and radio-
frequency magnetron sputtering (RFMS)29–34 cases al-
beit with inconsistent results of the effect of Ts on film
stoichiometry, density, residual stress, and mechanical
properties. In some cases, this discrepancy, described
in more detail below, could be related to the uncer-
tainty in actual Ts values since the temperature typi-
cally reported is the temperature of the substrate holder
(Tholder) rather than Ts. As we demonstrate below, the
difference between Ts and Tholder could be appreciable
for the case of B4C deposition, particularly at elevated
temperatures when radiative heat transport dominates
because the B4C surface has high emissivity.35

Here, we systematically study B4C films deposited un-
der Ar pressure and TSD conditions identified in our
recent study,17 reporting a close-to-zero residual stress
state, with Ts varied in the range of 100 − 510 ◦C (cor-
responding to the Tholder range of 20 − 700 ◦C). Our
results confirm previously reported challenges of high
residual stress for B4C films deposited at Ts values close
to room temperature.6–8,10,19,20,23 They also reveal that
all the key film properties, including density, microstruc-
ture, residual stress, and mechanical properties are only
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TABLE I. Conditions used to deposit B4C films in the present
study by DCMS with a 76-mm-diameter magnetron source.
The gas flow rate is given in standard cubic centimeters per
minute (sccm).

Power 300 W
Target-to-substrate distance 5 cm
Ar pressure 18 mTorr
Ar gas flow 25 sccm
Ar purity 99.998%
Substrate temperature 100 − 510 ◦C
Film thickness 0.9 − 1.3 µm
Deposition time 100 − 120 min
Deposition rate 0.45 − 0.55 µm/hour
Target voltage 435 − 538 V
Target current 583 − 701 mA

weakly dependent on Ts in a wide range of moderately
elevated temperatures from 180 to 510 ◦C.
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FIG. 1. Relationship between temperatures of the heater
(Theater), the substrate holder (Tholder), and substrates (Ts).
Error bars of the temperature measurement are ± 5 ◦C.

II. EXPERIMENT

A. Sputter deposition

Films were made by DCMS in a cylindrical high-
vacuum chamber with a diameter of 44 cm and a height
of 36 cm and a base pressure of ∼ 5 × 10−7 Torr, with
the substrate and chamber walls kept at ∼ 30 ◦C. The
chamber was equipped with a 76-mm-diameter planar
magnetron gun (MAK model from MeiVac Inc.). The
B4C deposition target was 63.5 mm in diameter with an
initial thickness of 9.3 mm, bonded to a 76-mm-diameter,
3.2-mm-thick Cu backing plate. All depositions were per-
formed in the so-called sputter-down configuration in a
constant power mode under conditions summarized in
Table I. Slight variations in target voltage and current
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FIG. 2. Substrate temperature dependencies of (a) total
and intrinsic (with the thermal stress component subtracted)
residual stress (σ), (b) mass density (ρ, where ρo = 2.52
g/cm3 is the theoretical maximum density of crystalline B4C),
(c) surface roughness (Rq) measured over an area of ∼ 20×20
µm2, (d) Young’s modulus (E), and Meyer’s hardness (H).
Open symbols in (c) are for a 16-µm-thick film. Solid lines
through data points in (b) and (d) are to guide the reader’s
eye.

and the deposition rate between different runs were due
to target wear (erosion) during the course of these exper-
iments.

Several types of substrates were used, including 50-
mm-diameter Si (100) and c-plane Al2O3 wafers, 10× 10
mm2 Si (100) chips, and 12× 12 mm2 polycrystalline Cu
coupons. Prior to deposition, all substrates were cleaned
with ethanol followed by an exposure of Si and sapphire
substrates to air plasma to remove residual carbon con-
taminants. Substrates were positioned under the mag-
netron target on an electrically grounded disk-shaped Mo
holder, with a diameter and thickness of 89 and 4 mm,
respectively. This Mo holder was rested on a 76-mm-
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FIG. 3. Residual stress of B4C films on Si (100) and c-plane
Al2O3 substrates as a function of temperature during CTE
measurements performed after film deposition. Heating and
cooling curves are shown by closed and open symbols, respec-
tively.

diameter Mo-body resistive heater (model 102193 from
HeatWave Labs Inc.).

B. Thermometry

Temperatures of the heater (Theater), the disk-shaped
substrate holder (Tholder), and substrates (Ts) were mon-
itored separately. Thermocouples (K-type) were used to
measure Theater and Tholder, while Ts was measured by
imaging pyrometry (model PI 640 from Optris GmbH)
through a ZnSe port. Values of effective emissivity and
transmissivity were obtained from calibration runs in-
volving imaging a B4C coated Mo substrate holder whose
temperature was monitored with thermocouples. Figure
1 shows the relationship between Theater, Tholder, and
Ts, illustrating that the difference between Tholder and
Ts increases at higher temperatures. In order to reach
higher Ts values with the resistive heater rated up to
1200 ◦C, a better thermal coupling between the holder
and heater was required. Hence, both top and bottom
surfaces of the Mo disk holder and the top surface of the
Mo-body heater were pre-coated with B4C to increase
their emissivity. Note that, in our recent work,17 the
quoted temperature of 450 ◦C referred to Tholder (mea-
sured with thermocouples in both studies) rather than
to Ts (measured by imaging pyrometry in the present
study). With the aid of this additional pyrometry, we
can estimate that this corresponds to a Ts of ∼ 330 ◦C
in our previous study.17

The low limit of Ts (100 ◦C) in the data set presented
here was determined by native plasma heating. With no
additional substrate heating, Ts sharply increased from
30 to 95 ◦C in the first 10 min of the deposition run. The

FIG. 4. (Left column) plan-view and (right column) cross-
sectional SEM micrographs of B4C films deposited at sub-
strate temperatures of (a) 100, (b) 240, (c) 250, and (d) 510
◦C. All panels are of the same magnification.

Ts increased from 95 to 105 ◦C for the remaining 90 min
of the deposition run.

C. Film characterization

Rutherford backscattering spectrometry (RBS) was
employed to measure the compositional depth profile in
all the films. Samples were bombarded with a 2 MeV
4He+ ion beam incident normal to the film surface and
scattered into a detector at 165◦ from the incident beam
direction. The analysis of RBS spectra was performed
with the RUMP code.36 Measurements of areal density,
possible in this scattering geometry for films with thick-
nesses of . 1.3 µm, were performed based on the fact
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FIG. 5. (a) Plan-view and (b) cross-sectional SEM micro-
graphs of a 16-µm-thick B4C film deposited at a substrate
temperature of 200 ◦C.

that the probing He ion beam experienced energy loss
while passing through the B4C layer. Areal density is,
therefore, proportional to the energy shift of the scatter-
ing signal from the Si substrate.

Physical thickness of films was first measured by con-
ventional stylus profilometry (model D-100 from KLA-
Tencor). More accurate thickness measurements, re-
quired for mass density analysis, were done by cross-
sectional scanning electron microscopy (SEM) in a Ther-
mofisher Apreo instrument operating at 2 kV. For all
films, cross-sections were prepared by mechanical frac-
ture at room temperature. Mass density was calculated
by dividing the areal density measured with RBS by the
physical thickness measured by SEM. A Keyence VK-
X1000 laser confocal microscope was used for root mean
square surface roughness (Rq) measurements over an area

FIG. 6. GISAXS results for B4C films deposited at substrate
temperatures of (a) 185, (b) 240, (c) 510 ◦C. The intensity
scale in (c) refers to panels (a)–(c). (d) Substrate temperature
dependence of the GISAXS-derived scattering scaling factor
(ϕ), which is a measure of the degree of density heterogeneity
in films.

of ∼ 20×20 µm2. The crystallographic structure of films
was probed by X-ray diffraction (XRD) with a Bruker-
AXS Discover D8 diffractometer equipped with a Cu K-α
source.

A Tohu Technology FLX-2320-S tool was used to mea-
sure average residual stress (σ) of all the films deposited
on 50-mm-diameter wafers. This system uses lasers of
two different visible wavelengths to measure the curva-
ture (κ) of the substrate prior to and after film deposi-
tion. The measured κ was related to σ by the Stoney
equation:37,38

κ =
6σhf
Msh2s

, (1)

where hf and hs are thicknesses of the film and substrate,
respectively, and Ms is the biaxial modulus of the sub-
strate. In these calculations, we used a Ms of 180.3 GPa
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for Si taken from the literature.37 The Stoney equation
relies on the assumption that the deposited film itself
has a negligible contribution to the bending resistance,
which is a reasonable approximation for this case when
film thickness (∼ 1 µm) is insignificant compared to that
of the substrate (280 µm).

Since B4C deposition involves elevated Ts, residual
stress contains a contribution originating due to the dif-
ference in coefficients of thermal expansion (CTE) of the
film and substrate. Because we are not aware of any pre-
vious reports of CTE values for amorphous B4C films,
we have performed such measurements. For two films
deposited on Si and c-plane Al2O3 wafers, σ was mea-
sured as a function of temperature (T ), and the CTE
was estimated based on the following equation:

dσ

dT
= Mf (αf − αs), (2)

where Mf =
Ef

(1−νf ) is the biaxial modulus of the film; αs
and αf are CTEs of the substrate and film, respectively;
and Ef and νf are the Young’s modulus and Poisson’s
ratio of the film, respectively. Two temperature cycles
were performed with each substrate. We used the sec-
ond temperature cycles to reduce the potential impact of
intrinsic stress relaxation on the measurements.

Mechanical properties were evaluated by indentation
in the load-controlled mode with an MTS XP nanoin-
denter with a Berkovich diamond tip. Meyer’s hardness
(H) was defined as average contact pressure, and Young’s
modulus of the film (Ef ) was calculated based on the
Oliver-Pharr method.39 In Oliver-Pharr calculations, we
assumed Poisson’s ratios of diamond and B4C films of
0.07 and 0.17, respectively, and a Young’s modulus of dia-
mond of 1141 GPa.1,40 Values of H and Ef were averaged
over the indenter penetration depth range of ∼ 10− 20%
of film thickness.

The refractive index of the films was measured by spec-
troscopic ellipsometry (model M-2000 from J.A. Woollam
Co.) at several different locations on each sample with
an incident beam diameter and angle of 125 µm and 70◦,
respectively. Optical constants were obtained by fitting
the amplitude (Ψ) and phase difference (∆) components
to a mathematical spline model under Kramers-Kroning
conditions to ensure physical consistency.

Grazing-incidence small-angle X-ray scattering
(GISAXS) was employed to resolve nanoscale hetero-
geneity of electron density within films. A Xeuss 3.0
instrument with an X-ray beam from a Cu-α source
was used. Samples were positioned on the holder in
such a way that the film surface was close to parallel
to the X-ray beam propagation direction (y-direction),
with the film surface defining the xy plane and the
surface normal in the z-direction. An X-ray beam size
of 1.0× 0.5 mm2 illuminated the samples at glancing tilt
angles of 0.0−0.2◦ between the beam and the film plane.
A Pilatus3 300k detector was used in “line-erasure”
mode whereby two images were obtained to remove the

dead zones on the detector. The sample to detector
distance was calibrated with silver behenate. The 2D
images were analyzed with FitGISAXS module for Igor
Pro41 and shown in reciprocal space units (qx, qy, qz).
Here, qx and qy are parallel to the X-ray beam, and
qz is perpendicular to it. More details of the GISAXS
modeling and fitting analysis can be found in the
supporting information.

III. RESULTS AND DISCUSSION

1. Crystallography

The deposited films are amorphous for the entire Ts
range studied here (100 − 510 ◦C), as indicated by the
absence of B4C related Bragg peaks in XRD scans (not
shown). This observation is in agreement with negligible
changes to the short range order and bonding, studied
by electron diffraction and infrared spectroscopy, respec-
tively, reported by Bao and Chrisey29 for thin films de-
posited by RFMS at Tholder in the range of 20−650 ◦C. It
is also consistent with previous reports21,30 that Tholder
above ∼ 900 ◦C is needed to grow crystalline B4C by
sputter deposition from B4C targets as Tholder was lim-
ited to ∼ 700 ◦C in the present study (Fig. 1). Since
the correlation between Ts and Tholder depends on the
details of the specific experimental setup and substrate
properties, it is possible that the growth of crystalline
B4C could be observed at Tholder lower or higher than 900
◦C. Future studies with better controlled Ts are needed
to clarify how the transition between growth modes of
amorphous and crystalline B4C depends on Ts as well as
on landing particle ballistics and the growth rate.

2. Elemental composition

The ratio of B to C atomic concentrations, the pres-
ence of impurities, and the areal density of films were
measured with RBS. For all values of Ts studied, films
were stoichiometric B4C, reflecting the stoichiometry of
the sputter target (also analyzed by RBS), with ∼ 1 at.%
of O, and Ar content below the detection limit of these
RBS measurements (. 0.2 at.%). Such a low concentra-
tion of Ar is expected from the favorable ballistics and
the low plasma potential typical for DCMS plasmas (. 5
eV).42 Low O content is in agreement with results of our
previous study with a Tholder of 450 ◦C.17

The observation that the B/C stoichiometric ratio is
independent of Ts is in agreement with the report by
Kulikovsky et al.,21 who studied the Tholder-dependence
of B4C film properties deposited by DCMS at a Tholder
of . 970 ◦C with a 75-mm-diameter target run at 300 W,
with a TSD of 50 mm, an Ar pressure of 4 mTorr, and
a grounded substrate holder. In contrast, Han et al.31

have reported that the B/C atomic ratio of B4C films
deposited by RFMS decreases with increasing Tholder and
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reaches ∼ 3 for a Tholder of 450 ◦C. It is not clear if
this stoichiometric imbalance is related to peculiarities of
RF plasma excitation and gas phase transport of atoms
between the target and the substrate or limitations of
compositional analysis. Further work is currently needed
to better understand effects of plasma parameters on the
stoichiometry of B4C films.

A remarkable observation of the present study is that
O content in films (∼ 1 at.%) is below that in the start-
ing B4C target (∼ 2.5 at.%) and is independent of Ts
despite the fact that the base pressure of the chamber
(and, hence, the partial pressure of water during depo-
sition) with the heater turned on was varying in a wide
range of (5−200)×10−7 Torr in these experiments. The
base pressure was higher for larger Theater. These obser-
vations suggest that the growing B4C film is not efficient
at gettering O-containing species in vacuum, likely due
to volatility of resultant O-containing molecules as sug-
gested previously.17 This observation of low O content
being insensitive to the chamber base pressure is favor-
able for the development of a robust and economical pro-
cess of the deposition of high-purity B4C films without
resorting to more demanding ultra-high vacuum condi-
tions.

3. Residual stress

The evolution of total residual stress in films deposited
at different Ts is shown in Fig. 2(a). It is seen that films
deposited at the lowest Ts studied (100 ◦C) are under
compressive stress of 0.33 GPa. This is consistent with
numerous previous observations (including our own un-
published results for deposition with a 33-mm-diameter
sputter source) of residual-stress-related challenges with
the deposition of thick B4C films on unheated substrates.
For the Ts range of 185 − 250 ◦C, films are under slight
tensile total residual stress. The total residual stress
changes again from tensile to compressive for Ts & 250
◦C.

Also plotted in Fig. 2(a) is intrinsic residual stress,
which is the total stress without the thermal stress com-
ponent originating from the difference in the CTE of the
film and the substrate. Such a thermal stress component
is important to consider for deposition onto substrates
at elevated temperatures. The thermal stress compo-
nent was calculated with Eq. 2 with a usual assumption
that Mf , αf , and αs are temperature independent. In
the calculations, we used the following parameters: Ts
measured by pyrometry, νf = 0.17,1 αs = 3.63 × 10−6

K−1,43 Ef measured by indentation [Fig. 2(d)], and
αf = (4.7±0.3)×10−6 K−1 calculated based on measure-
ments of the evolution of σ as a function of temperature
for two films deposited on Si and c-plane Al2O3 wafers
(Fig. 3). This CTE value for amorphous B4C films is
comparable to an average value of 5.7 × 10−6 K−1 re-
ported for bulk polycrystalline B4C ceramics in a very
wide temperature range of 20–2240 ◦C.1,44

Since the CTE of B4C is larger than that of the Si sub-
strate, the thermal stress component is tensile, increasing
linearly from 0.1 to 0.3 GPa with increasing Ts from 100
to 510 ◦C, according to Eq. 2. Figure 2(a) shows that,
with the thermal component subtracted, intrinsic resid-
ual stress is compressive and relatively low (|σ| . 0.5
GPa) in the entire Ts range studied, and the dependence
of intrinsic residual stress on Ts remains non-monotonic.
Based on these results, the favorable Ts range resulting
in low intrinsic residual stress is between 185 and 250
◦C. We then deposited a 16-µm-thick film on a Si sub-
strate at Ts of 200 ◦C. This thick film had a total resid-
ual stress of ∼ 0.2 GPa (tensile) with near-zero intrinsic
residual stress [open symbols in Fig. 2(a)]. Such a reduc-
tion in the intrinsic residual stress for the 16-µm-thick
film indicates a (weak) dependence of residual stress on
film thickness and could be attributed to the evolution
of film microstructure.

The total residual stress could be controlled with thre-
mal stress by the choice of the substrate with a CTE
resulting in the desired total stress. For most applica-
tions, small compressive stress (|σ| ∼ 0.1 − 0.3 GPa) is
desired given lower mechanical strength of most brittle
materials (such as B4C) under tension compared to com-
pression. This calls for substrates with the CTE close to
that of B4C, such as Ti, Cr, Ge, GeO2, or Ta.45

Jacobsohn et al.23 has considered effects of Ar impuri-
ties in the explanation of residual stress behavior of B4C
films. Such impurity effects, also often invoked to ex-
plain residual stress evolution in metallic films,46 could
be ruled out for the B4C films reported here as their com-
position is independent of Ts, as discussed in Sec. III 2.
The main effect of Ts on film growth is an increase in
the rate of thermally activated diffusional processes in-
cluding adatoms and subsurface point defects. The non-
monotonic behavior of stress revealed by Fig. 2(a) could
be attributed to a combination of the evolution of film
homogeneities, described below, and the kinetics of the
clustering and annihilation of point defects, particularly
at higher Ts values.

The general trend of an increase in intrinsic compres-
sive stress with increasing Ts is in qualitative agreement
with observations by Pascual et al.,32 who reported a
slight increase in compressive stress from 4.5 to 5.5 GPa
with increasing Tholder from 300 to 500 ◦C in a study of
(0.5−1.1)-µm-thick B4C films deposited by RFMS. How-
ever, such a comparison with the present work has limita-
tions because of the RF plasma excitation and very high
intrinsic compressive stress values of ∼ 5 GPa in the work
by Pascual et al.32 indicate a very different deposition
regime from the close-to-zero total stress regime investi-
gated here. The importance of other deposition parame-
ters on stress behavior can be illustrated by a comparison
with results of a more recent report by Schmidt et al.,22

who studied . 2-µm-thick B4C films deposited by DCMS
with a large square target with an area of 210×210 mm2

powered at 3.5 kW with the Ar gas pressure varied in the
range of 2− 6 mTorr (with the TSD value not specified)
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and Tholder of 100 and 400 ◦C. That study22 reported a
reduction in total compressive stress from ∼ 0.3 to ∼ 0.2
GPa on increasing Tholder from 100 to 400 ◦C at 2 mTorr.
However, at 4.5 and 6 mTorr, Ts effect on total residual
stress was negligible. These observations call for further
studies to better understand the effect of the deposition
parameters on residual stress of B4C films.

4. Density

The Ts dependence of film mass density (ρ) is summa-
rized in Fig. 2(b), showing that ρ values are similar for
all the films studied, exhibiting only a slight and mono-
tonic increase from 2.41 to 2.43 g/cm3 with increasing Ts.
This corresponds to the range of ∼ 94.7− 95.5 % of the
full density crystalline B4C with 2.52 g/cm3.45 Impor-
tantly, a comparison of Figs. 2(b) and 2(a) reveals lack
of correlation between Ts dependencies of film density
and residual stress, indicating that these two properties
can be controlled independently in this range.

5. Microstructure and surface morphology

Figure 4 shows a collage of (left column) plan-view and
(right column) fracture-prepared cross-sectional SEM mi-
crographs for films deposited at Ts between 100 and 510
◦C. For all Ts values, plan-view micrographs show smooth
surfaces. The Ts dependence of surface roughness (Rq)
is plotted in Fig. 2(c), showing that Rq is in the range
of 2− 4 nm and, within the error bars of these measure-
ments, is independent of Ts. This is in agreement with
qualitative observations based on plan-view SEM micro-
graphs from Fig. 4.

Cross-sectional micrographs in the right column of
Fig. 4 reveal a columnar structure for films deposited at
240 ◦C and below [Figs. 4(a) and 4(b)] and no evidence
of the columnar structure for films deposited at 250 ◦C
and above [Figs. 4(c) and 4(d)]. A comparison of Figs. 4
and data from our previous studies17,18 of films deposited
at a Ts of 330 ◦C reveals that, at least at this Ts, such
loss of the columnar structure (visualized in SEM micro-
graphs from fracture-prepared cross-sections) is observed
only in the first ∼ 3 µm of the film, while thicker films
exhibit a columnar microstructure.

The columnar structure in vapor deposited films is
commonly observed only in a certain Ts range, which can
be attributed to an interplay between ballistic atomic
shadowing and adatom diffusion.26,47–50 Hence, loss of
the columnar structure with increasing Ts above 240 ◦C
observed in Figs. 4 is in agreement with an expected in-
crease in adatom mobility at higher temperatures. Mech-
anisms of such a mobility increase are, however, not clear.
Indeed, a Ts of 240 ◦C corresponds to only 17% of the
melting point of the B4C (3036 K),45 which is even lower
than homologous temperatures of ∼ 30% (i.e., ∼ 638
◦C for B4C) commonly required for the onset of the for-

mation of a columnar structure (sometimes referred to
as “zone I”) and much lower than homologous tempera-
tures of & 50% (& 1245 ◦C for B4C) when bulk diffusion
is expected to become active (zone II), resulting in loss of
the columnar structure. Alternatively, such temperature
effects on film morphology could be related to the desorp-
tion of residual gas impurities (water and its byproducts
in the present study) on adatom mobilities. Additional
studies are currently needed to better understand these
phenomena.

Figure 5 shows plan-view and cross-sectional SEM mi-
crographs of a 16-µm-thick B4C film deposited at a Ts
200 ◦C. The film exhibits a uniform columnar structure
throughout film thickness. Also clearly seen in both plan-
view and cross-sections in Fig. 5 are so called nodular
defects that have domed tops [Fig. 5(a)] and close-to-
parabolic walls [Fig. 5(b)]. The nodule diameter varies
from 0.5 to 5 µm, suggesting that they seed continuously
during film growth. Such nodular defects have been ob-
served in all previous studies of DCMS-deposited B4C
films with thicknesses above ∼ 5 µm.14,17,51 Although
nodular defects are believed to originate from particu-
lates deposited onto the surface during or before film
growth,52 more work is currently needed to better un-
derstand mechanisms of nodule nucleation and growth
in B4C.

6. Mechanical properties

Figure 2(d) shows dependencies of E and H on Ts. A
significant increase in both E and H occurs when Ts is in-
creased from 100 to 180 ◦C. For Ts > 180 ◦C, E increases
by ∼ 10% from ∼ 300 to 325 GPa, while H remains in
the range of 25 − 32 GPa, following a similar increasing
trend to that of E. This trend is generally consistent with
the Ts dependence of film density [Fig. 2(b)]. Values of E
and H from Fig. 2(d) are comparable with those reported
by Kulikovsky et al.21 for sputter-deposited amorphous
B4C, which exhibited a slight increase in E from ∼ 320
to ∼ 350 GPa and H from 29 to 33 GPa when Tholder was
increased from 500 to 700 ◦C. It is also in agreement with
observations of a negligible change in film micro-hardness
on increasing Tholder from 100 to 300 ◦C for B4C films de-
posited by DCMS onto electrically grounded substrates
reported by Knotek et al.3

7. Optical properties

In spectroscopic ellipsometry measurements, we have
observed a tilting of the interference oscillations for both
Ψ and ∆ as function of wavelength. This suggests the
existence of anisotropy within the films. Hence, we have
used a uniaxial anisotropic model, with different optical
properties across the film thickness (the extraordinary
refractive index, nz) and in the film plane (the ordinary
index, nx = ny). Such an anisotropic model has given a
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slightly better fit to data than an isotropic layer model.
Error bars were computed by fitting optical constants
for layers whose average thickness was varied by 2.5%
from the average value measured. From this analysis,
we have found that nx, nz, and the extinction coefficient
k at 632.8 nm remain constant at 3.2 ± 0.2, 3.4 ± 0.6,
and 0.20 ± 0.04, respectively, for all the films deposited
at different Ts values. This behavior is consistent with
the relatively weak dependence of mass density on Ts
[Fig. 2(b)].

8. Film homogeneity

Figure 6 shows 2D-GISAXS data from three represen-
tative films deposited at Ts of 185, 240, and 510 ◦C.
A comparison of these Figs. 6(a) – 6(c) shows that the
scattering intensity scale in the Yoneda region53 (i.e., the
region of low qx and qz) increases with increasing Ts from
185 to 240 ◦C followed by a scattering intensity decrease
for 510 ◦C. While the scattering intensity changes, the
shape of scattering patterns is essentially independent of
Ts.

In order to extract the degree of heterogeneity as a
function of Ts, one of the 2D-GISAXS pattern was fitted
with a model54 featuring monodispersed cylinders, ori-
ented perpendicular to the film plane and packed in a
2D hexagonal structure, with a Gaussian distribution of
the distance between neighboring cylinders. The best fit
to the data was obtained for cylinders with an aspect ra-
tio of 4.2, and the mean and standard deviation values of
the distance between the centers of adjacent cylinders of
2.9 nm and 2.4 nm, respectively. Fitting of 1D line cuts
of 2D-GISAXS patterns showed that the scattering scal-
ing factor (ϕ) was the model parameter that exhibited
a dependence on Ts. It is plotted in Fig. 6(d). Because
the size of these heterogenities does not change apprecia-
bly with temperature, the parameter ϕ is proportional
to the concentration of the scattering centers (cylinders)
and the square of the difference in the electron density in
the cylinders and the matrix.

Figure 6(d) shows that ϕ slightly increases with Ts,
reaches a maximum at 240 ◦C, followed by a monotonic
decrease for higher Ts values. The initial increase in ϕ
with increasing Ts for Ts . 240 ◦C indicates that, in the
columnar growth regime, a decrease in residual stress and
an increase in E and H are accompanied by an increase

in anisotropic heterogeneity. This observation could be
related to an increase in the stoichiometric imbalance
during columnar growth due to different mobilities of B
and C adatoms, as suggested based on transmission elec-
tron microscopy measurements in our recent study of the
oblique angle deposition of B4C films.18 The decrease in
ϕ with increasing Ts at high temperatures could be at-
tributed to a decrease in porosity and a corresponding
increase in the mass density [Fig. 2(b)].

IV. CONCLUSIONS

In summary, we have studied the effect of substrate
temperature in the range of 100 − 510 ◦C on the struc-
tural, mechanical, and optical properties of B4C thin
films deposited by direct current magnetron sputtering
in the low-residual-stress regime. All deposited films
are amorphous, stoichiometric, and with low impurity
content. The mass density, surface roughness, and me-
chanical properties of the films are weakly and mono-
tonically dependent on Ts. In contrast, residual stress
and film density homogeneity exhibit a non-monotonic
behavior on Ts, with the minimum compressive stress
and the maximum degree of inhomogeneity for a Ts of
240 ◦C. These results indicate that, at least for the de-
position conditions studied here, if the lowest intrinsic
residual stress is desired, an intermediate range of Ts
of 185 − 250 ◦C should be chosen, while, for largest
mechanical properties, highest density, and best density
uniformity, higher substrate temperatures are preferred.
Higher substrate temperatures are particularly attractive
in cases when the total residual stress can be minimized
by the choice of a substrate with a specific CTE. The
overall weak dependence of all the major properties on
Ts is attractive for the development of robust processes
for the deposition onto non-planar substrates for which
accurate control of Ts is often not feasible or economical.
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