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H
igh-temperature processing is often
required to fabricate crystalline oxide
thin films, which may hinder appli-

cation in a variety of heterogeneously inte-
grated devices, such as on low melting tem-
perature polymeric substrates. Concerns such
as material degradation, interfacial reactions,
or interdiffusion limit the choice of compati-
ble substrates for oxide film growth or device
integration. There has been a significant
effort to utilize low-temperature processing
for thin film electronics including combus-
tion and sol�gel processes.1,2 However,
only partial crystallization is exhibited at low
temperature,1 and amorphous films require
high-temperature annealing.2 Postprocessing
crystallization and subsequent volumechange
can catastrophically affect the mechanical in-
tegrity of free-standingmembrane structures.3

Ultrathin oxide membranes with low ionic
resistance are of great interest for reduced
temperature solid oxide fuel cells (SOFCs)
for mobile energy,4,5 gas separation,6 elucidat-
ingmechanical�chemical interplay,7 and low-
power sensors where functionality can be

realized at sub-400 �C. Understanding the
interplay between materials synthesis, me-
chanics, and functionality of ultrathin oxide
membranes is a substantial challenge. Inter-
nal stress (σ0) in the oxide film is a crucial
component for the design of self-supported
membranes.8�10 In polycrystalline thin films,
σ0 is related to many factors including film
thickness, deposition technique, and post-
processing parameters.
Kapton, a versatile polymer often used

in aerospace applications due to its thermal
stability and dielectric properties, is currently
of interest as a resilient mechanical material
for miniaturized autonomous robotics.11 In-
tegrating nanoscale oxide membranes on
such a platform could enable ultra-light-
weight sensing and energy conversion de-
vices. However, Kapton and comparable
polymer systems have drastically different
physical properties thanoxides. For example,
Kapton has a glass transition temperature
of ∼360 �C, whereas YDZ has a melting
temperature of over 2000 �C; similarly, the
thermal expansion coefficient of Kapton is
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ABSTRACT Ultrathin fast-ion conducting oxide membranes are of broad interest

to a range of energy conversion technologies. We demonstrate a low-temperature

(<30 �C) process for controlling internal stress in an archetypal fast-ion conductor,
crystalline Y2O3-doped ZrO2 (YDZ), which allows us to form stable suspended

nanomembranes akin to those fabricated at high temperature (>550 �C). Such a
low-temperature synthesis method then enables us to monolithically integrate the

suspended oxide-ion conducting membranes onto polyimide (Kapton by DuPont), a polymer with vastly different physical properties than that of a ceramic.

Integrated functional heterostructure solid oxide fuel cells operable below the glass transition temperature of the polymer are demonstrated. Our results

describe a mechanistic low-temperature processing route for forming stable multifunctional membrane structures, applicable to the realization of various

energy conversion and sensing devices and structural skins for miniature autonomous systems.

KEYWORDS: thin film solid oxide fuel cells . membranes . structural power source . room temperature processing . thin film stress .
quasi-two-dimensional
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5 times larger than that of YDZ in the 25�300 �C
range.12 Creating a stable self-supported oxide mem-
brane on a polymer platform with significantly dif-
ferent physical properties requires crystalline films
with tunable internal stress. In this work, we present
a low-temperature thin film processing technique that
results in crystalline films and can be used to indepen-
dently control the stress state. Ultra-light-weightmem-
branes can subsequently be integrated as symbiotic
“skins” onminiaturized robotic systems, functioning as
power sources or sensors. We demonstrate integration
of YDZ onto a Kapton support to form a functional thin
film solid oxide fuel cell (TF-SOFC) operable below the
polymer glass transition temperature. Our approach
demonstrates new routes of integrating structural
power sources on autonomous systems of growing
interest in diverse engineering disciplines.

RESULTS AND DISCUSSION

Complexity in Fabrication of an Oxide Film onto a Polymer.
Monolithic integration of brittle oxide membranes,
such as YDZ, onto a polymer (Kapton in this study)
requires significant experimental effort, briefly out-
lined in Figure 1. A thin polymer support is generally
not suitable as a substrate on its own due to a lack
of rigidity. As shown in Figure 1a, an as-grown YDZ film
on bare Kapton creates a nonplanar structure, which
leads to macroscopic cracks unsuitable for gas-tight,
dense, and mechanically robust membrane structures.
Substrate curling is a direct result of the internal stress
of the oxide film, which will be discussed in detail
below. To overcome this inherent difficulty, a polymer
adhesive was used to bond Kapton onto a carbon fiber
scaffold. This particular support was selected due to
its mechanical resilience and current use as a structural
material in the development of bioinspired insect-like
robots.11 The structure cannot be cleaned by tradi-
tional substratemethods (i.e., organic solvent rinse and
N2 dry) as this may decompose the polymeric compo-
nents or reduce the effectiveness of the adhesive.
Therefore, we utilized an in situ Ar plasma treatment
to remove adsorbed contaminants on the structure
immediately preceding YDZ growth. Atomic force
microscopy images of the bare Kapton surface before
and after Ar plasma treatment indicated negligible
surface morphology changes. Etching of Kapton to
release the free-standing oxide membrane is recom-
mended by DuPont using amixture of potassium hydro-
xide, ethanol, and water. However, upon using this
formulation, we encountered a severe reaction shown
in Figure 1b. Therefore, a dry etching procedure was
devised to remove the support without damaging the
structure andmaintaining themechanical integrity of the
YDZ membrane (see Experimental Methods). Based on
the results of the study described herein, some repre-
sentative successful examples of self-supported oxide
nanomembranes on Kapton are shown in Figure 1d,e.

Yttria-Doped Zirconia (YDZ) Film Characteristics. Films
were grown at 550 or 30 �C by radio frequency
sputtering from an 8 mol % YDZ target in an Ar
environment. Details of film growth and characteriza-
tion methods are provided in the Experimental Meth-
ods section. In order to fabricate a robust ultrathin
membrane structure, crystalline films with controlla-
ble internal stress (σ0) are necessary. This is to ensure
that a structurally induced lattice distortion does not
rupture the membrane,3 and that the released struc-
ture will be elastically stable under self-supporting
conditions.13

Internal Stress. Prior work on the effects of various
parameters on sputtered film stress for elemental
metal systems shows that the origin of σ0 can be
either extrinsic or intrinsic.14,15 The former is thermally
induced by virtue of substrate and film having different
expansion coefficients, while the latter is either impur-
ity or atomic peening induced.15 Figure 2 summarizes
the effect of deposition pressure (P) on σ0 for a

Figure 1. (a) Curling of a piece of Kapton after YDZ deposi-
tion with an inset showing a SEM image of YDZ microstruc-
ture showing a planar crack on the surface. The white scale
bar is 200 nm; (b) 10� 10 cm test structure of YDZ/Kapton/
adhesive/carbon fiber depicting the catastrophic nature
of wet etching and (c) successful dry etching protocol;
(d) circular and (e) square YDZ membranes on a Kapton
test structure after release. The arrow scales are 300 μm,
the side length and diameter of the largest membranes
made. Note that arbitrary membrane geometries are pos-
sible with this technique, whereas on Si different micro-
machining processes must be used to obtain alternative
membrane geometry due to constraints of anisotropic wet
etching.
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constant YDZ film thickness of∼100 nm. Compressive
stress indicates that the thermally induced extrinsic
component is small, as one would expect a tensile
contributed based on the differences in coefficient of
thermal expansion between Si and YDZ. The small
extrinsic component is also supported by the compar-
able σ0 for films processed at 550 and 30 �C. For the
latter, there is crossover in stress from compressive to
tensile at P ∼ 0.55 Pa. This is a result of the increasing

scattering events at high pressure, leading to multi-
directional velocity components of ions reaching
the film surface.15 Films grown at 550 �C appear to
approach this crossover at a slightly higher deposition
pressure, likely related to elevated surface tempera-
ture. The ability to produce a compressive internal
stress in the oxide film is a desirable condition
to fabricate robust self-supported membranes that
do not rupture from tensile fracture upon external
perturbations.

Prior work on reactively sputtered YDZ reported
deposition pressure dependence of internal stress
for ∼250 nm thick films.16 We point out some key dif-
ferences between our observations and that of ref 16.
As previously shown,13,16 the internal stress of YDZ is a
function of thickness at constant pressure. Therefore,
for a given thickness, the functional dependence of
internal stress on deposition pressure may not neces-
sarily be compared. In ref 16, there is a sharp crossover
pressure at P ∼ 1.33 Pa, and the lowest deposition
pressure studied is P ∼ 0.66 Pa. In our work, we
demonstrate for the first time the ability to control
the internal stress in the very narrow deposition
pressure range of 0.13 < P < 0.7 Pa. Finally, there are
variations in reported values of internal stress for YDZ,
likely due to the subtle differences of specific deposi-
tion conditions. This subtlety can be of extraordinary

Figure 2. Internal stress measured by wafer curvature
changes for YDZ films on Si3N4/Si substrates with error bars
corresponding to(3 standard deviations obtained from 12
measurements on each wafer.

Figure 3. (a) GIXRD on as-grown films on Si3N4/Si indexed to cubic YDZ using ICDD 00-030-1468; (b) fwhm of (111) as a
function of deposition pressure for YDZ films on Si3N4/Si substrates showingminute deposition pressure dependence within
error limits; (c) (111) d-spacing with cubic YDZ referenced, verifying an accompanying local lattice distortion as a function of
deposition pressure.
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importance when it comes to fabricating free-standing
membrane structures since regions of elastic stability
for buckled self-supported membranes are directly
proportional to σ0, which as we show here can be
quite sensitive to deposition pressure, among other
important parameters.13,17

Crystallinity and Phase. Figure 3 shows the physical
characterization of films grown at 550 and 30 �C.

Grazing incidence X-ray diffraction (GIXRD) patterns
in Figure 3a indicate that all films are crystalline and
can be indexed to a cubic phase. We do not observe
any clear amorphous signatures in raw GIXRD patterns.
As discussed above, the ability to grow crystalline oxide
filmswith controllable stress is a crucial step that allows
us to build devices with suspended membranes.
Figure 3b plots the fwhm from (111) GIXRD peaks for

Figure 4. SEM micrographs of YDZ films grown on Si3N4/Si substrates at various pressures showing a similar nanogranular
structure, independent of temperature. The central scale bar is 200 nm.

Figure 5. AFM images of YDZ films grown on Si3N4/Si substrates at various pressures showing similar microstructures.
The AFM scale bar shows range in nanometers, while the central lateral scale is 1 μm, the side length of each scan.
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both sets of films showing similar results within error
limits, indicating that crystallite size and possibly

microstrain within grains are comparable. Figure 3c
shows the out-of-plane (111) spacing, indicating an
increase in out-of-plane spacing as deposition pressure
is reduced, which implies a contracted in-plane lattice
spacing confirming the increase of compressive biaxial
internal stress. Variation of interplanar spacings for
other orientations and additional discussion can be
found in the Supporting Information.

Crystallinity of a YDZ film grown on Kapton is
demonstrated in the bottom portion of Figure 3a,
where GIXRD data appear similar to that of films grown
on Si3N4/Si. Since GIXRD experiments were performed
under congruent conditions, the slightly different be-
havior of the fwhm of YDZ films on Kapton may imply
a larger grain size or smaller microstrain compared
to YDZon Si3N4/Si substrates, which are both discussed
further in the following section and the Supporting
Information, respectively.

Microstructure. Scanning electronmicroscopy (SEM)
and atomic force microscopy (AFM) were used to in-
vestigate the surface morphology and microstructure
of YDZ films on Si3N4/Si and Kapton. Figure 4 and
Figure 5 show SEM and AFM images of YDZ films grown

Figure 6. SEM and AFM images of YDZ films grown at 30 �C
on Si3N4/Si (a,b) and Kapton (c,d) substrates at 0.373 Pa.
AFM images highlight the larger grain size of YDZ on
Kapton. The central scale below SEM images is 200 nm,
while that below AFM images is 1 μm.

Figure 7. (a) Optical and confocal images of self-supported YDZ membranes having fixed L/h (160 μm/100 nm) and
corresponding deposition pressures. The buckling patterns are consistent with previous work in a similar σ~0 range.

15,18 Of note
is that even samples grownat∼0.7 Pa are buckled thoughσ0 is small. This is a result of controllingσ0 independent ofh, allowing L/h
to remain large enough to observe buckled configurations. (b) Two test chips with self-supported YDZ films grown at 30 �C using
different deposition pressure spanning side lengths of 0.15�2.5 mm, demonstrating stress-controlled scalability. (c) Maximum
deflection of membranes shown in (a) as a function of deposition pressure as measured by confocal microscopy. A monotonic
decrease in deflection of the buckled membranes corroborates the decrease in compressive stress with increasing pressure.
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on Si3N4/Si at varying deposition pressures. All films
exhibited a granular texture having nanoscale grains
and comparablemicrostructures. The surface roughness
of YDZ films was found to monotonically increase
with increasing deposition pressure. The dependence
is shown in the Supporting Information; it appears
independent of deposition temperature and nearly
linear. Figure 6 exhibits the microstructure of YDZ films
on Si3N4/Si and Kapton substrates grown at 30 �C and
P ∼ 0.373 Pa, indicating similar behavior. YDZ films on
Kapton appear to show a larger average grain size based
on AFM images, which supports the narrower fwhm
observed in GIXRD.

YDZ Membrane Characteristics. Upon release from a
substrate support, thin films form clamped mem-
branes that buckle as a result of the internal stress in
the released film. For high orders of buckling, that is,
beyond a single buckled wavelength along boundary
layers, the periodicity and amplitude of deformations
along the clamped boundary are closely related to
the internal stress. For buckled square membranes
with small changes in the out-of-plane displacement,
the scaled stress, σ~0 = (σ0/E)(L/h)

2, has been shown
to accurately describe elastic configurations.13 In this
expression, E, L, and h represent elastic modulus,
membrane side length, and film thickness, respec-
tively. Stable configurations for a given set of boundary
conditions, for example, fixed L, can be described
by a range of σ~0 values. During deposition, h can be
controlled, however, as discussed previously, σ0 is
known to be a function of h in metals and YDZ.13,16,18

Therefore, exclusive control of σ0 is vital for forming
robust nanoscale membranes for any L or h. Further,
control of σ0 independent of temperature enables

the formation of stable membranes processed at low
temperature and the ability to counteract any ther-
mally generated stresses that may cause rupture as it is
favorable for membranes to remain in a compressive
regime throughout operation to prevent tensile stress
induced failure. However, it should be noted that
buckling induced by compressive internal stress inevi-
tably causes tensile stresses along the periodic ripples.
For square membranes having L ∼ 160 μm, it has
been shown that the maximum tensile stress gen-
erated from buckling is comparable to σ0,

13 though
care should be taken when considering nonlinear
design of such membranes.8 We fabricated self-
supported YDZ membranes on Si platforms at con-
stant L/h (160 μm/100 nm) grown at various deposi-
tion pressures.

YDZ Membrane Buckling. Confocal and optical mi-
crographs of the membranes as a function of deposi-
tion pressure are presented in Figure 7. The buckling
configurations are strikingly similar for both deposition
temperatures, confirming the ability to independently
control stress and form stable membrane structures
for a given aspect ratio at temperatures as low as
30 �C. Interestingly, even in the case when |σ0| is small,
stable buckling configurations are observed. This
is a key result of this study that allows the realization
of suspended membranes on Kapton since scaling
σ0 using h at constant pressure requires unreasonable
thicknesses or leads to unstable flat membranes.13,17

Figure 7b exhibits the utility of this process by compar-
ing two samples grown at low temperature and differ-
ent pressure having eight different side lengths, hence
changing L/h at constant h, and independently con-
trolling σ0. As shown, if σ0 is adequately compressive,

Figure 8. (a) OCV and membrane mechanical survival statistics (minimum of 18 samples) of TF-SOFCs fabricated on Si
platforms for several deposition pressures, as a function of temperature. Current�voltage (closed symbols) and current�
power (open symbols) curves are shown for TF-SOFCs using YDZ fabricated at varying deposition pressures; (b) 0.213 Pa,
(c) 0.373 Pa, (d) 0.493 Pa, (e) 0.733 Pa.
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scalable self-supported YDZ membranes grown at
30 �C can be fabricated without any additional support
layers. Figure 7c shows out-of-plane deflection data
for the membranes, which can potentially be used
for calculating local stress on the membrane and
possibly predicting failure. Although values of σ0 for
YDZ films on Kapton may not be exactly the same as
YDZ grown on Si3N4/Si control samples, the functional
dependence on deposition pressure likely remains. As
shown in Figure 1, this information enables the ability
to integrate stable oxide membranes onto a polymer
scaffold, much like a lightweight skin.

Thermomechanical Stability and Fuel Cells. TF-
SOFCs were fabricated on Si platforms with symmetric
Pt electrodes to evaluate the role of deposition pres-
sure on electrochemical characteristics. Figure 8a
shows the maximum open circuit voltage (OCV) and
membrane mechanical survival statistics obtained
for several deposition pressures as a function of tem-
perature. With the exception of the P= 0.213 Pa sample

set, the YDZ membranes appear to exhibit a nearly
perfect OCV. The behavior of the lowest pressure set
may be related to its large membrane deformations
which could lead to a network of noncritical cracks
for mechanical integrity but leading to reduction
in the open circuit voltage. The survivability of
the nanoscale membranes is also temperature- and
P-dependent. Only samples with adequately com-
pressive σ0 can counteract the additional thermal
stress imparted during heating and cooling under
an electric load. Representative current�voltage
and current�power curves for these TF-SOFCs are
shown in Figure 8b�e. The maximum power density
appears independent of deposition pressure and is
∼125mW cm�2 at 500 �C. This is lower than what has
been previously reported in the TF-SOFC literature;
however, it has been clearly shown that the nano-
porous metallic electrode microstructure plays a
profound role in a wide range of TF-SOFC perfor-
mances reported.19 We do not explore optimization

Figure 9. (a) Schematic process flow for integrating YDZ grown at 30 �C onto bioinspired Kapton structures and forming a
self-supported membrane with optical micrographs. The processing steps are as follows: (I) bonding of Kapton onto a
structural robotic carbon fiber composite; (II) laser cutting of carbon fiber to expose backside of Kapton; (III) deposition of
crystalline YDZ at 30 �C on the frontside followed by porous Pt; (IV) dry etching of the backside to release the bilayer Pt/YDZ
membrane from Kapton support; and (V) deposition of porous Pt on the backside to complete the self-supported trilayer
heterostructure. Final TF-SOFC heterostructures (Pt/YDZ/Pt) are shown in the optical micrograph having side length/
diameters in the 0.15�0.3 mm range. Optical images of thermally cycled (25�300 �C) YDZ membranes grown at different
pressures on Kapton scaffolds are shown in (b), where all membranes are broken and (c) where all membranes have survived.
The YDZ membranes range from 0.05 to 0.3 mm in side length/diameter. Both scale bars shown represent 300 μm in length.
(d) Current�voltage and current�power plot for a representative TF-SOFC on Kapton having a radius of 0.1 mm with self-
supported YDZ electrolytes grown at 30 �C, exhibiting the ability to integrate low-temperature membranes into a working
device.

A
RTIC

LE



KERMAN ET AL. VOL. 7 ’ NO. 12 ’ 10895–10903 ’ 2013

www.acsnano.org

10902

conditions in this study and only note that electrodes
for all samples were grown concurrently, ensuring a
systematic comparison.

YDZ Membrane Integration onto Kapton. With knowl-
edge of the mechanical, material, and electrochemical
implications of deposition pressure, we integrated YDZ
membranes on Kapton through the procedure out-
lined in Figure 9a. Optical micrographs in Figure 1 and
Figure 9b,c illustrate the scalability of nanoscale mem-
branes formed directly on Kapton scaffolds. As shown
in Figure 9c, proper control of the internal stress in
YDZ allows the membranes to be stable and survive
thermal cycling from 25 to 300 �C. As a proof of

concept, TF-SOFC devices were fabricated in a
similar fashion to Si platforms utilizing symmetric Pt
electrodes. Figure 9d shows the current�voltage and
current�power behavior of a representative device at
several temperatures. The maximum OCV is ∼220 mV,
which deviates from the ideal value of ∼1 V under
these testing conditions, possibly indicating electronic
leakage or minute defects in the membranes as
discussed above for the P = 0.213 Pa sample set on
Si3N4/Si. We note that the OCV and power density of
these devices are lower than what has previously been
achieved on Si or glass.4,5,19 While this could be due
to many factors, it is partially attributed to the overall
complexity in the support scaffold. As shown in
Figure 10a, the backside of the structure is far from
ideal. The laser cut side walls of the carbon fiber
scaffoldmake deposition of high-performance electro-
des on the structure challenging. This is shown inmore
detail in the SEM image of the Pt electrodes after
TF-SOFC operation on the carbon fibers in Figure 10b;
optimizing this aspect would be the subject of a future
study. The main feature of this work is establishing
independent control of internal stress in a crystalline
oxygen-ion conducting film grown at 30 �C, directly
enabling the fabrication of robust nanoscale mem-
branes, which leads to the demonstration of a structu-
rally integrated power source having potential applica-
tion as an energy conversion or sensing element for
miniature autonomous robotic systems.

CONCLUSIONS

We have presented a general processing route in
which the internal stress of an archetypal crystalline
oxygen-ion conductor can be controlled over a narrow
pressure range independent of temperature. Utilizing this
degree of freedom, we have fabricated self-supported
oxide membranes that are thermomechanically stable.
Low-temperature, stress-controlled growth of thin
films has enabled the capability of integrating a brittle
oxide membrane onto a widely used polymer scaffold
currently of interest as a structural component for
robotic systems. We demonstrated that this membrane
can function as a thin film solid oxide fuel cell operating
below the glass transition of the polymer, thereby
creating a monolithically integrated structural power
generation device. The results may be of relevance
toward future integration of on-board power systems,
requiring monolithic combination of materials with
vastly different physical properties.

EXPERIMENTAL METHODS
All films were grown by radio frequency magnetron sputter-

ing (AJA International) from a 2 in. diameter, 8 mol % YDZ target
(Plasmaterials Inc.) at 100 W in an Ar environment. Growth
pressure was controlled using an adaptive pressure regulator
controlling a throttle valve. Growth rate was approximately

constant with pressure. The growth temperature for films
grown without substrate heating was estimated by using an
interferometer during growth and verified by placing a thermo-
couple on the substrate holder immediately after (less than 5min)
growth. Internal stress in the films was determined by measur-
ing wafer curvature changes (Toho FLX-2320-S) and using

Figure 10. (a) SEM image of the backside of a fabricated
YDZ/Kapton/carbon fiber structure showing the side wall
profile of the carbon fiber scaffold from laser cutting.
The scale bar is 20 μm. (b) Image showing the lack of
connectivity of Pt on carbon fiber supports after fuel cell
testing. The scale bar is 5 μm.

A
RTIC

LE



KERMAN ET AL. VOL. 7 ’ NO. 12 ’ 10895–10903 ’ 2013

www.acsnano.org

10903

Stoney's equation20

σ0 ¼ ES
1� vS

ΔK

6
h2S
hf

where ES/(1� vS),ΔK, hS, and hf are the substrate biaxial modulus,
change in curvature, substrate thickness, and film thickness,
respectively. Film thickness and growth rate were obtained by
lowangle reflectivity usinga coupled scan in the0.4<2θ<3 range
using a step size of 0.002� with parallel beam optics (Bruker D8,
Cu anode). Phase information was gathered by fixingΩ = 1� and
scanning from 20� < 2θ < 70� with a step size of 0.01�. Surface
morphology and roughness for samples on Si3N4/Si were mea-
sured in tapping mode (Asylum) using Al/Si cantilevers (Asylum
AC160TS). YDZ samples on Kaptonwere imaged in contactmode,
with Al/Si cantilevers (Pointprobe FMR-10). Images of film surfaces
were taken (ZeissUltra-Plus) using a charge-compensatingelectric
charge dissipater and the in-lens detector at an accelerating
voltage of 3 kV. Out-of-plane deflection was determined using
a laser confocal microscope (Olympus LEXT OLS4000). Micro-
fabrication methods were used to photolithographically pattern
and etch a Si3N4/Si wafer. KOH (30wt%)was used to etch Si, while
a mixture of CF4 and O2 (15/12) was used to etch Si3N4. Nanopo-
rous Pt for fuel cell testingwas depositedbyDC sputtering at 250W
in 75 mTorr of Ar without substrate heating. Kapton (180 μm) was
bonded to custom-made carbon fiber composites using an acrylic
adhesive (Pyralux by DuPont). The structure was then laser cut
to an assembly of self-supported Kapton. After YDZ growth, this
supportwas etched in amixtureof CF4 andO2 (30/100) to form self-
supported YDZ. A custom-built two-chamber test system with a
gold ring seal was used to test the fuel cells. Standing laboratory air
was theoxidant, andhumidified5%H2 in anAr carrier gaswasused
as fuel, which was fed at a rate of 30 sccm/min.
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