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Figure 1. (a) Individual die schematic diagram (not to scale), (b) Backside mask dimensions, (c)
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Figure 2. Close-up view of one end of a free-standing oxide beam fabricated by plasma etching.
Under-etching of the substrate is visible. Image produced by Environmental Scanning
Electron Microscopy (ESEM).

Figure 3. Close-up view of the underside of a free-standing oxide beam fabricated by TMAH
etching. Incomplete silicon removal is visible.  Image produced by ESEM.

Figure 4. Top view of free-standing oxide beam fabricated by TMAH etching (crack produced
during processing).  Image produced by Light Optical Microscopy (LOM).

Figure 5. Close-up view of one end of a free-standing oxide beam fabricated by TMAH etching
(crack produced during processing).  Image produced by LOM.

Figure 6. Stress-Strain data from a room temperature microtensile test of a free-standing oxide
beam fabricated by TMAH etching. Excellent linear-elastic behavior is observed.

Figure 7. High temperature furnace showing heating coils (center) surrounding pull-rods and
grips. A piezoelectric actuator is above the furnace, a capacitance-based load cell
below.



Statement of Problem

Silicon oxidation is the most important single process in semiconductor technology and
hence, one could argue, the most important industrial process in the world.  It is widely used to
isolate adjacent active devices in VLSI and ULSI structures by forming so-called field oxides
between devices.  More importantly, it is used to form the gate regions in transistor devices, the
so-called gate oxides.  Because the oxidation of an atom of silicon to form a molecule of SiO2

involves a substantial and highly nonuniform expansion in volume, very large mechanical
stresses, on the order of 500 MPa, are induced in oxide regions.  These stresses are widely
thought to play a very important, and often deleterious, role in various aspects of the oxidation
process.

The goal of this STIR project was to develop and demonstrate the capability to carry out the
first direct determination of the mechanical properties of SiO2 thin films at typical oxidation
temperatures and stresses.  From the known properties of bulk vitreous silica, there is little doubt
that time-dependent inelastic deformation plays a significant role in SiO2 films. There are various
ways of obtaining mechanical properties data, but the most direct and the least subject to
ambiguities in interpretation is testing under uniaxial stress.  Unfortunately testing standard
tensile specimens of bulk vitreous SiO2 is an unattractive prospect, because this material is
believed to have mechanical properties that differ from those of thermally grown SiO2.

Our approach was to conduct tensile tests on microscopic specimens of thermally grown SiO2

film from which the silicon substrate has been chemically removed.  The four stages of the
project were to fabricate thin SiO2 specimens, to test the specimens at room temperature in a
custom-built microtensile system, to demonstrate a high temperature furnace compatible with the
tensile tester, and to acquire a demonstration measurement of the high temperature mechanical
behavior of SiO2. The first three stages of the project were successfully completed. The fourth
stage, demonstration of high temperature measurement, in ongoing.

Summary of Results

Stage 1: Sample Fabrication

The sample design is shown in Figures 1a and 1b. Eighteen individual specimens are
fabricated on each 3-inch wafer. Three different process methods were attempted. The first and
second processes, based on KOH and ion plasma etching, had reproducibility problems due to
the low selectivity between SiO2 and silicon. In particular, under-etching of the silicon left poor
conditions at the ends of the beams and residual silicon on the backside. Examples of the
specimens formed by these processes are shown in Figures 2 and 3.

Ultimately, the dry-etch methods were replaced by a TMAH-based wet-etch technique,
necessitating a new backside mask design. This approach proved to be efficient and cost
effective, producing high quality beams. The beams that resulted are represented in Figures 4 and
5. Typical yield on a single wafer was approximately six beams out of eighteen due to failures
during final rinse.
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Figure 1. (a) Individual die schematic diagram (not to scale), (b) Backside mask dimensions,
(c) Die layout on 3 inch wafer.



Figure 2. Close-up view of one end of a free-standing oxide beam fabricated by KOH and
plasma etching.  Under-etching of the substrate is visible. Image produced by Environmental

Scanning Electron Microscopy (ESEM).

Figure 3. Close-up view of the underside of a free-standing oxide beam fabricated by KOH and
plasma etching. Incomplete silicon removal is visible.  Image produced by ESEM.



Figure 4. Top view of free-standing oxide beam fabricated by TMAH etching (crack produced
during processing).  Image produced by Light Optical Microscopy (LOM).

Figure 5. Close-up view of one end of a free-standing oxide beam fabricated by TMAH etching
(crack produced during processing).  Image produced by LOM.



Stage 2: Room Temperature Testing

Room temperature testing was carried out in a custom-built microtensile system. The results
from one such test are shown in Figure 6. The stress-strain curve shows elastic behavior followed
by brittle fracture at approximately 500 MPa. Excellent linearity was observed in the elastic
region, demonstrating the quality of the specimen and the effectiveness of the test instrument for
this purpose. The slope of the elastic portion of the curve yielded an average elastic modulus of
approximately 64 GPa. This compares well with the expected range of 70-71 GPa for bulk SiO2.
The discrepancy between the expected and measured values may be due to compliance in the
load train or may be related to imperfections in the thin oxide.
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Figure 6. Stress-Strain data from a room temperature microtensile test of a free-standing oxide
beam fabricated by TMAH etching. Excellent linear-elastic behavior is observed.

Stage 3: Furnace Demonstration

A high temperature furnace and corresponding pull-rod extensions were designed and
fabricated. The system was integrated with the microtensile apparatus after the room temperature
testing was complete. The complete system can be seen in Figure 7. The furnace is heated using
a current source controlled by a solid state relay and LabVIEW code for closed loop feedback.
Temperature is measured with a standard thermocouple. The furnace was tested to 800 °C;
heating took approximately 5 minutes to reach the target temperature. Minimal overshoot was
observed. After a brief period of settling the temperature was controlled to within a range of
approximately 1 °C.



Figure 7. High temperature furnace showing heating coils (center) surrounding pull-rods and
grips. A piezoelectric actuator is above the furnace, a capacitance-based load beam below.

Stage 4: High Temperature Testing

Following the room temperature tests only five specimens remained. High temperature tests
were attempted but were unsuccessful due to fracture during specimen loading. Alignment of the
pull-rod system is more difficult than that of the room temperature system. Furthermore, the
highly compliant load beam allows too much vibration when a long pull-rod is attached. These
factors greatly increase the likelihood of premature specimen failure.

A stiffer load beam has been designed but has not been fabricated. Stiffer pull-rods and grips
have been acquired. Additional specimens are nearing completion. We will make another attempt
at high temperature testing before the end of February, after the formal completion date of this
project. If successful, as we anticipate, a publishable manuscript will be written and supplied to
the ARO.
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Appendix: Flow diagram for the TMAH fabrication process.




