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Abstract:

In nature, water is manipulated and used at negative pressures 
through transpiration, as shown in Figure 1. With transpiration, 
the roots extract, from sub-saturated soil, liquid water that 
then travels up the xylem and evaporates from the leaf. The 
evaporation creates negative pressure in the water in the xylem. 
The plant thereby maintains a stabilized flow of liquid water 
at large negative pressures. With a root membrane connected 
by a channel to a leaf membrane, the synthetic tree replicates 
this system in the simplest way. The water evaporates through 
capillaries in the leaves, and to imitate this system effectively 
requires many capillaries in the leaf membrane. The equation 
for the pressure of a liquid in a capillary is

 
(Pl = liquid pressure, Pv = vapor pressure, g = surface tension, 
r = capillary radius, q = angle of meniscus from side wall), 
which implies that to increase the magnitude of the achievable 
negative pressures, one must make the radius of the pores as 
small as possible [2]. This constraint necessitates a nanoporous 
material.
The previous model of the synthetic tree used hydrogel, 
a nanoporous organic material, to create the leaf and root 
membranes. In the new model, spin-on-glass (SOG) serves 

as the nanoporous membrane. Typically used in electronics 
and not as a membrane, it was uncertain how SOG would 
work for this purpose. Two types of SOG were tested, silicate-
based and organosilicate. Silicate-based has the advantage of 
being more hydrophilic, however it is more prone to cracking 
during curing due to large amounts of stress. Although more 
hydrophobic, organosilicate SOG has less stress and was 
therefore better to work with.
SOG acted as the membrane in both the root and leaf structures 
of the synthetic tree, and a silicon structure, as pictured in 
Figure 2, provided support necessary for mechanically 
stability. In addition, the silicon structure allowed for the 
future integration of pressure sensors.

Figure 1: California redwood 
using negative pressures up to 

-10 atm for transpiration.

Water is one of the most well-researched materials on earth, however, its 
properties at large negative pressures have been relatively unexplored. The 
current methods for studying water at negative pressures do not allow the 
manipulation needed to explore the thermodynamic, dynamic, and structural 
properties of water. Trees have an elegant mechanism to transport water from root 
to leaf through transpiration using water at negative pressures of up to -100 atms 
[1]. The Stroock group successfully imitated this mechanism using a hydrogel 
membrane to create negative pressures in water. Recreating this mechanism 
with a solid-state platform rather than a gel would allow direct pressure sensing, 
avoid deformation and collapse due to stress, and, potentially, further possibly 
increase achievable tensions by exposure to highly hydrophilic surfaces. This 
study describes a new strategy for forming a “Synthetic Tree” in which the key 
element is a silicon-supported, nanoporous membrane: through-etched holes in 
a silicon wafer provide the mechanical support for the nanoporous glass; anodic 
bonding of this membrane to a Borofloat glass wafer containing wells will allow 
macroscopic volumes water to be put under tension.

Introduction:
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The first step in creating the leaf/root membrane was fabricating 
the silicon support structure, which provided the foundation 
for the SOG. Starting with a double-sided polished 400 µm 
thick silicon wafer, an array of 1 mm squares were etched 
350 µm dee using standard photolithography followed by the 
Bosch process in a deep reactive ion etcher. Silicon dioxide 
(SiO2) was then deposited as an etch block, enabling a later 
through-wafer etch. Next, a layer of aluminum was evaporated 
onto the unetched side, protecting the silicon surface for later 
anodic bonding. An array of 5 µm diameter holes were then 
etched through in each of the previously opened squares, using 
standard photolithography, then an aluminum etch, followed 
by a descuming oxygen plasma, leading to the through-etch 
using the Bosch process.
Without any previous research on using SOG for this purpose, 
we had to find a way to fill the through-etched holes. Our 
first method was applying the SOG to the flat underside of 
the wafer using a synthetic paintbrush and using capillary 
action to wick the SOG into the holes. Our second method 
was to first partially dry the SOG, making it more viscous, 
then spread it over the wafer with the flat side up, using a 
PDMS squeegee to push the SOG into the holes and wipe 
off the excess. After filling and drying, the SOG was cured at 
400°C for an hour. SEM images in Figures 2 and 3 show the 
tops of the 5 µm diameter holes in a sample with painted SOG 
and squeegeed SOG. The visible menisci indicates that most 
if not all holes are well filled and few cracked, making both of 
these methods viable.
We proposed to bond the SOG-filled membrane to a glass 
wafer with small wells by anodic bonding. These wells would 
later be used to hold the water under tension. To prepare the 
membranes for bonding, first, the excess spin on glass had 
to be removed. We found chemical mechanical polishing 
(using SS12 slurry) to be the best method to remove the 
SOG, leaving a clean silicon surface ready for bonding. Time 
constraints permitted only one trial of anodic bonding. This 
test was unsuccessful, however, numerous scratches from 
aligning by hand, the possibility of the polarity being reversed 
and numerous other factors, indicate that anodic bonding may 
still possible.

Future Work:
Although the device has not yet been finished and tested, we 

know of some changes to the process that would be beneficial. 
First, removing excess SOG by chemical mechanical polishing 
rather than etching eliminates the need for the aluminum layer. 
Second, adding a protective layer to the front side would help 
prevent scratches while opening up the backside windows.
The next step would be more precise anodic bonding tests to 
obtain a successful seal. After that, the device can be tested 
using Raman Spectroscopy to investigate properties of water 
at negative pressures. If successful at putting water at high 
negative pressures, this device can then be incorporated with 
a pressure sensor and eventually connected to create the 
synthetic tree.
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Figure 2: Silicon support structure.

Figure 3: SEM image of 5 µm holes with painted on SOG.
Figure 4: SEM image of 5 µm holes with squeegeed on SOG.




