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ABSTRACT 
We report here a detailed study of sacrificial layer dissolution 

of photoresist by acetone in microchannels. The effects of channel 
geometry as well as photoresist characteristics such as thermal 
cycles and UV exposure are considered and tested. Test channels 
were designed and fabricated ranging in height from 2 pm to 6 pm, 
widths from 10 pm to 80 pm, and lengths up to 2 mm. Channels 
were formed by encapsulating a sacrificial photoresist layer 
between two layers of parylene. Sacrificial layer dissolution in 
acetone was monitored using time lapse digital photography 
through a microscope and the captured data plotted and analyzed. 
The data support a diffusion limited model for photoresist 
dissolution in acetone. Individual parameters in the diffusion 
limited model are tested and validated through a number of 
controlled experiments. These results and the final model are 
important for the design and fabrication of micro-fluidic systems 
based on the parylene-photoresist sacrificial system. 

INTRODUCTION 
In recent years the field of microfluidics has grown rapidly 

holding great promise for the development of microfluidic systems 
on a chip. One of the enabling technologies in this field is the 
parylene-photoresist surface micromachining process [l]. In this 
process parylene (poly-p-xylylene) is used as a structural material 
that can be patterned in an oxygen plasma. Photoresist is used as a 
sacrificial layer to define internal structures such as channels. 
Structures are released by removing the sacrificial photoresist 
using a solvent, most often acetone. A wide range of structures can 
be fabricated using this system including valves, channels and 
pumps P I .  

The most basic and fundamental structure commonly 
fabricated is a channel. During the release process the solvent and 
solute are restricted to transport through these microchannels. A 
thorough understanding of factors affecting the release process is 
necessary for the proper design of a manufacturable microfluidic 
system 

In the past, careful studies of PSG and LTO sacrificial layer 
systems etched by HF have been made [3]. In this case both 
chemical reactions at the etching interface as well as diffusion of 
reactants and products to and from the interface play an important 
role. In the case of photoresist in acetone, only the diffusion of 
solute away from the dissolution interface is important. Previous 
studies of photoresist dissolution have focused on 
photolithographic development of photoresist films using aqueous 
base solutions [4]. To date little has been reported on the 
dissolution properties of encapsulated photoresist in organic 
solvents. Organic solvents, such as acetone, are the preferred 
means of dissolving sacrificial photoresist because of their 
excellent selectivity over other structural materials. Aqueous 
bases, such as photoresist developers, work very slowly and often 
attack metals and silicon or their interfaces to other materials 
during the prolonged exposure required for channel release. In 
order to study and model the photoresist-acetone system test 
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structures were made with varying geometeries and photoresist 
characteristics and released in different solvent environments 

FABRICATION AND TESTING 
The test structure process flow follows steps common to the 

fabrication of microfludic systems using the parylene-photoresist 
surface micromachining process (Figure 1). Bulk silicon is first 
patterned with rulers for recording the position of the dissolution 
front during testing. Next a micron of parylene C is deposited over 
the entire wafer. The sacrificial photoresist layer is then spun on 
and pattemed. Positive photoresists (novolak-diazoquinone types) 
are used exclusively. This step includes a number of variations 
including different photoresists, photoresist spin rates, bake cycles, 
and UV flashing. The pattemed photoresist and exposed parylene 
is then descumed and roughened in oxygen plasma. This step is 
critical to prevent side leaks in the structures. A thick (-6 pm) 
layer of parylene C is then deposited to encapsulate the sacrificial 
photoresist and form the channels. Finally, a thick photoresist layer 
is spun and patterned to define “islands”, of test structures. Oxygen 
plasma etching removes all the parylene outside the islands. This 
creates the channel openings in the sides of the islands. The wafer 
is then diced and the individual dies released under a microscope 
fitted with a digital camera. 

The process requires three masks: one mask to define the 
rulers, one mask to define the channels in the sacrificial 
photoresist, and one mask to define the islands which open the 
channels. The layout includes a wide variety of test channels and 
leak check structures. 

Tests are conducted at room temperature, The die under test 
is placed under a microscope in a covered petri dish to prevent 
evaporation of the solvent. A high resolution digital camera is 
attached to the microscope and connected to a computer. The 
computer takes pictures at five minute intervals for the duration of 
the test. The pictures are a high resolution b lxk  and white digitial 
photos (Figure 2). Data from the photos is transcribed into plotting 
software. 

Silicon Substrate Photoresist 
Figure 1: Test structure process flow. 



THEORY 
At the solid- 

solvent interface the solvent i's saturated with solute molecules. 
The dissolved solute molecules diffuse away from the interface 
through the solvent. The rate at which solute is transported away 
from the interface is determined by the diffusion constant and the 
concentration gradient of the solute in the solvent. The rate at 
which the dissolution interface displaces spatially is related to the 
solute transport rate by the density of the solid solute (conservation 
of mass). We can express this as a differential equation: 

Dissolution is a diffusion limited process. 

where 6 is the position of the dissolution interface, t is the 
independent variable of time, D is the diffusion constant of the 
solute in the solvent, C is the concentration of the solute in the 
solvent, x is the independent spatial variable, and p is the density of 
the solute in its solid form. 

In a microchannel with a constant cross-section the above 
equation which has one spatial dimension is valid. Furthermore, if 
we assume there is negligible bulk transport (i.e. dissolution does 
not cause significant volume expansion or contraction) then there 
will be a constant concentration gradient from the dissolution 
interface to the channel entrance. Once outside the channel the 
solute can diffuse rapidly away from the channel entrance into the 
bulk solution. Since the bulk solution contains an appreciable 
volume of solvent compared to the tiny volume of the channel we 
assume the photoresist solute from the channel causes a negligible 
change in the concentration of solute in the bulk solvent. From 
this we conclude that the concentration gradient inside the channel 
is: 

where C, is the saturation concentration of solute in the solvent at 
the dissolution interface and Cb is the concentration of solute in the 
bulk solvent. Substituting Eq. 2 into Eq. 1 and solving the 
differential equation we arrive at: 

where 6(t) is the position of the dissolution front relative to the 

Figure 2. Sample photo from a dissolution test. Note rulers and 
clearly defined dissolution fronts.' 

channel opening at time t (Figure 3) . 
From Eq. 3 it is clear that the position of the dissolution front 

will vary with the square root of time. For this reason all of the 
results will be presented relative to square root time. The model 
assumes that the diffusion constant, solid density, bulk 
concentration and saturation concentration are all constant for a 
given sample and solvent. Any deviation from these assumptions 
will result in the data being non-linear with respect to the square 
root of time. Furthermore, by varying individual parameters in the 
equation we can confirm the square root dependence on density, 
concentration and diffusivity. 

RESULTS 
Data was collected from a wide variety of samples. The 

primary focus was on channels of a length of 2 mm with constant 
cross sections (i.e. a one dimensional problem). Other structures, 
such as tapered channels, were observed to c o n f m  simple 
extensions of the one dimensional model. The primary data 
analyzed consists of channels 2 mm long with widths of 10,20,40 
and 80 pm. Channel heights of 2.5, 3.5, and 6 pm were tested. 
Three types of photoresist were used as well as a variety of bake 
procedures and UV flashing of the sacrificial photoresist. It is 
important to note that all of the data are linear with respect to the 
square root of time. The majority of the samples consisted of 
AZ4400 photoresist. In the following sections we will discuss how 
variations in the dissolution rate are related to the parameters of the 
model. 

EFFECT OF PHOTORESIST BAKING 

. 

-- 

The effect of the baking procedure used on the sacrificial 
photoresist is to change the solid density. Two effects can occur, 
one being the removal of casting solvent and the other the reflow 
and consolidation of the photoresist resin molecules. The weight 
of the casting solvent (PGMEA) is not to be included when 
calculating the solid density of the solute in Eq. 3. The PGMEA is 
not the solid solute, but rather a solvent much like acetone. It will 
diffuse through the acetone independently of the photoresist resin 
and will not have a significant impact on the system. For this 
reason photoresist which has received a minimal bake will have 
much of its volume and mass composed of residual casting solvent. 
This will result in a film with a low solid density which will 
dissolve faster. This effect is clear in the data from samples of two 
different solid densities (Figure 4). Measurements the film density 
using an analytic balance and dissolution rate from the collected 
data confirm the etpected inverse square root relationship. 

It is worth noting that not only is residual casting solvent a 
cause of solid density variation, but absorbed developer is as well. 
Notice that the samples which received a post-develop bake (HB) 
show an apparent channel width variation. This variation is in fact 

Figure 3. Illustration of terms in the dissolution model. 
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Figure 4. Dissolution data for 3.5 p m  high channels. Note 
slightly different rate for hard baked resists (HB). 

a solid density variation. The narrow channels (10~3.5 pm) have 
more surface area exposed during the post-develop bake and thus 
more solvent and developer can bake out causing a higher solid 
density and slower dissolution rate. No samples which received 
only pre-develop bakes show this effect. 

In the case of extreme photoresist baking temperatures the 
photoresist resin molecules begin to cross-link. Once cross-linking 
has occurred the solid density is no longer the only factor. The 
saturation concentration in the solvent (C,) is no longer the same 
because the species has changed. When cross-linking occurs the 
molecules become very large and entangled. This causes C, to 
become very small, in some cases almost zero. If the photoresist 
sacrificial layer is to be removed by simple organic solvents it is 
critical that cross-linking not occur. For this reason the thermal 
budget of the entire process must be carefully considered. As an 
example, in fabricating these test structures the final oxygen 
plasma etching was done at a 33% duty cycle ( 5  minutes on, 10 
minutes off) to minimize the effects of RF heating on the substrate. 

EFFECT OF CHANNEL HEIGHT AND WIDTH 
The model predicts that different channel dimensions should 

have no effect on the dissolution rate. The data shows there is no 
effect from channel width (Figure 5) with the notable exception of 
samples in which the sacrificial photoresist was baked post 
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Figure 5. Dissolution data for channels of various widths and 
heights. Note considerable similarity in rates. 

exposure as explained above. Channel height at first appears to 
have a minor influence on the dissolution rate. This variation is 
also related to a solid density variation. The various photoresist 
films received the same bake cycle (15 minutes at 90'C) regardless 
of the film thickness. For this reason thick photoresist films 
defining the tall channels had more residual solvent in them and 
thus a lower density and faster dissolution rat':. 

A notable exception to this rule can occur if the top layer 
parylene is too thin. Unannealed parylene has a compressive 
residual stress. As a result, the channel roof will bend upwards 
upon release. For thin parylene (-2 pm) the ibending across a wide 
channel (80 pm) can be significant (-5 pm). This will result in a 
dissolution profile with two different rates (Figure 6). The first 
rate is that expected. The later rate is faster than anticipated 
because the released channel has a larger cross section than the 
photoresist at the dissolution front. The later rate will thus be 
dependent on the channel width and channel height. One can 
recover the deformation height from the data for different height 
channels (Figure 7). 

EFFECT OF ULTRAVIOLET EXPOSURE 
. Prior to encapsulation, but after lithographic exposure and 

developing, the sacrificial photoresist of some samples was 
exposed to an ultraviolet dose more than three times that required 
for normal exposure. As expected this had no effect on the 
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Figure 6. Initial and final dissolution nztes for 80 p m  wide 
channels with deforming roofs. 
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Figure 7. Plot of fractional change in height vs. channel height. 
The slope of the line indicates the change in height due to roof 
deformation. 
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dissolution rate by organic solvents. Exposure does not actually 
cause any resin cross linking and only effects the sensitizer. 

EFFECT OF PHOTORESIST COMPOSITION 

Different photoresists will have different film solid densities 
and potentially different diffusion constants and saturation 
concentrations. The later two effects will only occur if a different 
photoresist resin is used. In most cases photoresist resins are very 
similar and variations are primarily in the casting solvent, 
sensitizer, and other additives. In the case of AZ1518, AZ4400, 
and A24620 no effect is seen once the effect of solid density is 
accounted for. 

EFFECT OF BULK SOLUTE CONCENTRATION 

If the solvent is preloaded with a non-zero concentration of 
solute then the dissolution rate will drop (Figure 8). Three 
measurements of the dissolution rate for different bulk solute 
concentrations can be squared and fitted with a line giving both the 
diffusion coefficient from the slope and the saturation 
concentration from the y-intercept. The derived values fit well 
with values from various sources. The three data points being 
linear further validates the model. 

EFFECT OF SOLVENT TYPE 

Different solvents change the diffusion coefficient and 
saturation concentration without effecting the photoresist 
properties. The saturation concentration and diffusion coefficient 
can be measured for any solvent as explained above. 

POST-RELEASE RINSING 
When the dissolution front has reached the end of the channel 

the process of releasing the structure is not yet complete. There is 
still a significant concentration of photoresist resin in solution in 
the channel. If the device is removed and allowed to dry the 
evaporating solvent will leave behind the resin previously 
suspended in solution as a residue. For this reason devices are 
usually left up to 24 hours after the channel has visibly cleared to 
ensure adequate time for the resin to diffuse out of the channel. 
With this model it is possible to calculate how long it will take 
sufficient diffusion to occur. 

One method of accelerating this process has been attempted 
without much success. If a liquid in which neither acetone nor 
photoresist is soluble were introduced to displace the acetone out 
of the channel the residue problem could be solved. In order for 
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Figure 8. Dissolution tests with different bulk solute 
concentrations. 

such a method to be effective the liquid in question should also 
have a much stronger wetting potential. 

Two candidate liquids, water and pefflouro-octane (CxFIx), 
from opposite ends of the solubility spectrum defined by Hansen 
solubility parameters were tried. Acetone is too soluble in water 
for the scheme to work. The acetone dissolves into the water 
leaving the photoresist behind. Acetone is much less soluble in 
C7FI6 ,but there was no wetting advantage over acetone. As a 
result the acetone with its photoresist load remained inside the 
channel and slowly dissolved into the C7FI6 leaving the photoresist 
behind. Both cases demonstrate that whether the acetone 
“evaporates” into air or another liquid is irrelevant, a residue will 
remain. The acetone must be displaced faster than it can dissolve. 

A liquid which can perform this function may not exist. The 
inside of the channel is coated with a few remaining monolayers of 
photoresist when a simple organic solvent is used. The displacing 
liquid must be able to wet the photoresist better than the solvent 
and yet not dissolve the photoresist or the solvent. The molecular 
properties that determine the solubility of liquids and solids are the 
same properties that determine wetting, namely the interfacial 
energy of the molecular species. As a result, a good solvent will 
also have good wetting characteristics. For this reason it is 
unlikely that a liquid in which photoresist and photoresist solvents 
are insoluble would be able to displace the solvent by wetting. 
Perhaps more complicated organic solvents which have sufficient 
energy to remove the last monolayer of photoresist from the 
channel walls could be used in conjunction with an encapsulating 
polymer that had good wetting characteristics with non-solvents. 

CONCLUSION 
A model for the dissolution of sacrificial photoresist in 

microchannels has been developed. The individual parameters of 
the model have been explained and tested. The relationship of 
photoresist characteristics, baking, solvents, and geometry to the 
parameters of the model have been explained. 
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