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An integrated vapor source with a porous silicon wick
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A micro vapor source has been developed for calibrating micro gas chromatograph (WGC) systems. By
utilizing a porous silicon wick in a micro diffusion system, vapor generation with excellent stability has
been achieved. The source has shown uniform and repeatable vapor generation for n-decane with less than
a 0.1% variation in 9 hours, and less than a 0.5% variation in rate over 7 days. The evolution rate follows
the diffusion model as expected, although the room temperature rate is higher than theoretically predicted.
Equipped with a refillable reservoir, this vapor source is suitable for extended pGC field deployment.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Gas chromatography (GC) is the most widely used method for analyzing mixtures of volatile and semi-
volatile organic compounds. However, the bulkiness of the typical laboratory GC system hinders its
application in fields that require low cost on-site analysis, such as environmental monitoring. In a
worldwide effort to miniaturize GC system for the sake of better portability, faster response time, poten-
tially higher performance, lower dead volume, lower power consumption and lower cost, MEMS based
puGC instruments are being developed at several national laboratories and universities [1—5].

Although it is possible to do on-site analysis of air samples for environmental monitoring with the
emerging HGC systems, the accuracy of pGC measurement still relies on the frequent calibration with
gaseous standards, which involves the generation of standard atmospheres and injection of a standard
atmosphere into the pGC. In order to simplify the calibration procedure, micro calibration vapor sources
have been developed for the pGC system. By automatically adding vapors with known concentration
(internal standard) into air samples, the integrated calibration source provides a means for collecting real-
time diagnostic information to compensate quantitative and qualitative errors caused by sampling and
instrument drift.

In our previous work, controllable vapor generation has been achieved by a three-layer diffusion de-
vice consisting of a porous silicon (PS) reservoir, a spacer, and a cap with a micromachined diffusion
channel and an outlet port [6]. However, that design has two drawbacks. Because the porous silicon
reservoir has to be filled before the device is put together, room temperature polymer-based bonding is
the only choice for device assembly. Unfortunately, those polymer-based bonds not only introduce con-
taminative vapors, but also suffer deterioration in the presence of the calibrant liquid, such as n-decane.
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Secondly, since the porous silicon reservoir cannot be refilled after assembly, the vapor source’s lifetime
is limited by the depth of the porous silicon layer and the storage time before utilization. In this paper,
we present a new design of the integrated calibration source using a PS wick and an external reservoir to
improve its manufacturability, system integration, and to extend its lifetime.

2 Theory

The new design of the integrated calibration source is shown in Fig. 1. It consists of three layers. The top
layer has a deep recess and a through hole, which serves as the reservoir and the filling port of the cali-
bration source. The middle layer is a macro porous silicon membrane, which serves as a wick for the
reservoir. The bottom layer has a shallow recess of the same size of the PS wick, a groove and a small
hole in it. When the device is assembled, the shallow recess will form a headspace over the PS wick; the
groove will form a diffusion channel; and the small hole becomes an outlet port for the diffusion chan-
nel. In operation, the reservoir will be filled with calibrant liquid through the filling port. The PS wick
holds the calibrant liquid by capillary forces while allowing the calibrant vapor to enter into the head-
space. The calibrant vapor then transports through the attached diffusion channel and the outlet port into
the sample inlet of the nGC, where the calibrant vapor will mix with the carrier gas stream. Two equa-
tions describe the whole process. The first one is the Kelvin equation, which gives the vapor pressure
(P,) of the calibrant liquid held by porous media:

m( P22 (1)
P RTr

sat

where P, is the saturation vapor pressure, y is the surface tension of the liquid, V] is the molar volume of
the liquid, R is the molar gas constant, 7 is the absolute temperature and r is the liquid radius of curva-
ture. For the liquid held by capillary force, » approximates to the radius of the pore size. The second
equation is the diffusion equation, which describes the transportation of the calibrant vapor from the
headspace cavity into the sample inlet of the pGC through the diffusion channel. The calibration source’s
generation rate g, can be calculated according to the diffusion equation:

¢y = DMPAn (pr )/LRT, 2)

v

where D is the vapor diffusion coefficient, M is the vapor molecular weight, 4 is the diffusion channel
cross section, P is the atmospheric pressure, and L is the diffusion channel length. At constant atmos-
pheric pressure, the generation rate of the calibration source can be adjusted by changing the diffusion
channel’s dimension or the device’s operation temperature.
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Fig. 1 Schematic of the integrated calibration source with a macro
porous silicon wick.
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3 Experimental results and discussion

MEMS technology has been used to fabricate the calibration vapor source. Both the reservoir layer and
the diffusion channel layer are made from #7740 Pyrex glass using micromilling [7]. The reservoir has a
capacity of 6.7 uL. Diffusion channels of three different lengths (7.5, 13 and 20.5 mm) and a cross-
section of 200 x 200 um? have been fabricated. The porous silicon wick is made from p-type (100) sub-
strates with resistivity of 17—23 Q cm. The PS region has a diameter of 3.5 mm, defined by a SiO,/Si
double layer mask fabricated by RF sputter deposition. Standard photolithography and subsequent KOH
etching were used to form arrays of inverted pyramid pits as initial pores. An aqueous electrolyte with
107 M cetyltrimethylammonium chloride (CTAC) and HF (49%), ethanol, H,O at volume ratio 1:2:3
was used for the PS formation. Anodization was performed at a current density of 27 mA/cm?. Through-
wafer pores (>500 um long) were obtained by simply stacking a sacrificial sample at the backside of the
macroporous sample during the anodization. Details for the through-wafer pore formation have been
reported previously [8]. The surface and the cross section of the macro porous membrane are shown in
Fig. 2. The device was then assembled by In—Au bonding, which provides a uniform hermetic seal,
unlike polymer bonding, without introducing organic contamination. The final devices are shown in
Fig. 3.

For testing, the source was loaded with n-decane and connected to a standard GC-FID (Flame Ioniza-
tion Detector) through a custom-built polyetheretherketone (PEEK™) fixture. The experimental setup is
shown in Fig. 4. Reproducibility of the vapor generation rate has been tested over several weeks at con-
stant temperatures. Small variations of 0.1% over a 9 hour period and 0.5% over a week have been ob-
served, as shown in Fig. 5(a). Repeatable results were obtained between refills of the reservoir.

The excellent stability of the vapor generation rate owes much to the macro porous silicon wick. Ac-
cording to Eq. (1), the calibrant vapor pressure in the headspace is related with the pore size of the po-
rous wick. The impact of pore sizes on the vapor pressure is shown in Fig. 6. When the pore diameter is
less than 0.5 pm, a small variation in pore size will result in a significant variation in the vapor pressure.
As the pore size increases, the impact of pore size on the vapor pressure reduces. In our experiment, the
macro porous silicon wick has a pore size of 3.5 um, which can provide sufficient capillary force without
having a huge impact on the vapor pressure. In addition, the pore size is very uniform along the full
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Fig. 2 (a) Top view of the macro porous silicon wick; (b) cross sectional view of the macro porous sili-

con wick.
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Fig.3 Picture of two assembled calibration sources, showing the reservoir, the filling port, the head-
space, the diffusion channel, and the outlet port.
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Fig. 4 (online colour at: www.pss-a.com) Experimental setup for testing the vapor calibration source.
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Fig. 5 (online colour at: www.pss-a.com) (a) Steady-state generation rate at 30 °C; (b) temperature dependence of
generation rate for 30—70 °C.
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Fig. 6 (online colour at: www.pss-a.com) Impact of pore size on the vapor pressure with (a) convex liquid surface;
(b) concave liquid surface.

thickness of the PS wick. Therefore, a constant vapor pressure can be obtained in the headspace, in spite
of the liquid-gas interface moving in the wick during the operation of the calibration source.

Temperature dependence of the generation rate has been measured as well. The result is shown in
Fig. 5(b). The experimental data follow the trend predicted by the classic diffusion model. However, the
measured generation rates are much higher than the theoretically predicted ones. Since the difference
between the two sets of data is almost temperature independent, it is most likely caused by a calibration
shift of the FID, but has not yet been experimentally corroborated.

4 Conclusions

A new vapor calibration source has been fabricated and tested to provide longer lifetime. Macro PS with
straight pores was used as a wick for a liquid reservoir to provide stable vapor generation over an ex-
tended time. This vapor source can be easily integrated into a pGC system and is suitable for on-board
calibration.
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