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iGC1: An Integrated Fluidic System for Gas
Chromatography Including Knudsen Pump,

Preconcentrator, Column, and Detector
Microfabricated by a Three-Mask Process

Yutao Qin and Yogesh B. Gianchandani, Fellow, IEEE

Abstract— This paper reports an integrated microscale gas
chromatography (µGC) system, the iGC1, which contains four
components: 1) a Knudsen pump (KP); 2) a preconcentrator-
focuser (PCF); 3) a separation column; and 4) a gas detector.
All four components are fabricated from glass wafers using a
three-mask process with minimal postprocessing. In a stackable
architecture, the components are finally assembled into a 4-cm3

system. The stacked iGC1 system demonstrates the successful
separation and detection of an alkane mixture in the range of
C5–C8 in less than 60 s. [2013-0230]

Index Terms— Nanoporous, thermal transpiration, microdis-
charge, emission spectrum, gas sensors.

I. INTRODUCTION

AGAS CHROMATOGRAPH (GC) is an instrument used
to spatiotemporally separate and detect vapors by passing

sample plugs through a channel (i.e., the column) coated
with a functional material (i.e., the stationary phase). The
constituents can be identified by the time taken to elute from
the column and quantified by the strength of the signal from a
detector located downstream of the column. In general, many
other components are also integral to the operation, such as
the preconcentrator that provides sample injection, and the
pump that generates the flow. In some systems valves are
used to control the timing and direction of the flow. The
separation of complex mixtures is sometimes performed using
comprehensive two-dimensional GC (2DGC or GC × GC).

Since the widespread adoption of the GC by the petroleum
industry in the 1950s, its use has been extended to a number of
other fields. For example, it is used to examine pollutants, such
as polycyclic aromatic hydrocarbons, pesticides, halogenated
compounds, etc. [1]. Another application is food analysis:
coupled with the solid-phase microextraction technique, it is
used for the identification and quantification of lipids, drugs,
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pesticides and carbohydrates [2]. In recent years biomedical
screening has also been performed by this instrument.
The analysis of human exhaled biomarkers by the GC provides
a non-invasive approach for diagnosis and monitoring of
potential diseases. Examples of such biomarkers include nitric
oxide related to pulmonary inflammation, and ethane and
pentane related to lipid peroxidation [3].

The miniaturization of the GC has been an ongoing effort
for over 30 years, with early work dating back to 1979, when
Terry et al. reported a silicon micromachined GC system
[4]. As the core component of a micro gas chromatogra-
phy (μGC) system, the separation column has been widely
investigated and various column structures have been reported,
such as the nickel column [5], the silicon-glass column [6],
the ParyleneTM column [7] and the plasma-enhanced chem-
ical vapor deposition (PECVD) oxynitride column [8]. The
stationary phase coating methods for these columns include
the static coating method [9] as well as the dynamic coating
method [10]. A self-assembly process has also been reported
[11]. The gas injection device for a μGC system can be
mainly classified into two categories: the preconcentrator
and the valve injector. The preconcentrator uses sorbents to
collect analytes at low temperatures and inject a plug with
a thermal pulse [12]–[14]. Certain preconcentrators collect
analytes without the need for gas flow [15]. Conversely, the
valve injector utilizes valves to sample and inject a plug
of gas [16]. A variety of gas detectors have been reported,
including the chemiresistor [17], the chemicapacitor [18], the
thermal conductivity detector [19], the Fabry-Pérot detec-
tor [20], and the discharge-based detector [21], [22]. A micro-
fabricated thermal modulator has been reported [23] and its
application in a GC × GC has also been reported [24].

The integration of the microfabricated components into
a μGC system has also made remarkable progress. The
μChemLab [25] is a hand-held μGC system reported by
Lewis et al. that consists of a preconcentrator, a column, and
surface acoustic wave sensors. Researchers at the University
of Michigan have reported several prototypes of μGC over the
past decade, including the Intrepid [26], the Spiron [27] and
the palm-size Mercury system [28].

Most μGC research efforts have not incorporated the use
of micropumps. Only two cases have been reported: one
with a microfabricated, electrostatically-actuated peristaltic
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pump [29], and another with an array of motionless Knudsen
pumps [30]. The former required high frequency, large
amplitude, drive voltages, but was power-efficient. The latter
was not power-efficient, but required only a low-voltage DC
source; it provided high reliability, with continuous operation
for over 6000 hours [31].

Many micropump-operated μGC systems reported to date
have used components fabricated by disparate microfabrication
processes. Some systems connect the components by tubing
(e.g., [26]–[30]), whereas some use manifolds for fluidic
interconnect (e.g., [32]–[35]). The benefit of this approach
is that each component can be optimally designed and
fabricated. Unfortunately, the increased complexity and cost
of the fabrication of the whole system pose a challenge for
integration. As in other fluidic systems, a stackable archi-
tecture (e.g., [36]) or a monolithic integration scheme
(e.g., [37]) can alleviate this problem. Additionally, using a
simple and easily available microfabrication process for all of
the components would greatly benefit the manufacturability
and integration of the system.

This paper reports the use of a simple 3-mask fabrication
process for simultaneously manufacturing a preconcentra-
tor, a separation column, a discharge-based detector, and a
Knudsen pump. Design innovations at the device level are
used to accommodate this facile process, followed by system
assembly.1 A stackable architecture is used for the system
integration scheme, eliminating the use of tubing for gas flow
interconnects and providing a path for further miniaturization.

As opposed to the pump array [30] that included six KPs
fabricated by drill machining, the iGC1 system uses a single
KP that is for the first time designed for integration within
a μGC and micromachined lithographically. It also provides
at least an order of magnitude improvement in footprint and
power.

The design and modeling of the iGC1 system are described
in Section II, the fabrication process is described in Section III,
experimental results are presented in Section IV, followed by
the discussion and conclusions in Section V.

II. DESIGN AND MODELING

A. Knudsen Pump

Knudsen pumps are driven by thermal transpiration in
narrow channels that constrain flow to the free-molecular
or transition flow regimes. Gas molecules move against a
temperature gradient, i.e., from the cold end to the hot end
of the channels; the pump itself has no moving parts. In
this effort, the Knudsen pump (Fig. 1) consists of three glass
dice (Die 1–3, thickness = 500 μm) sandwiching a stack of
nanoporous mixed cellulose ester (MCE) membranes (thick-
ness ≈ 105 μm, pore diameter ≈ 25 nm, porosity ≈ 70%,
Millipore, MA). The membranes are cut to 1.2 × 1.2 cm2

squares, which form the active pumping areas. The pore
diameter is on the same order of magnitude as the mean free
path of air near atmospheric pressure. Multiple grooves on
Die 1 and multiple through-holes on Die 2 facilitate the gas

1Portions of this paper have appeared in conference abstract form in [38].

Fig. 1. Structural concept of the iGC1 system.

flow through the MCE membrane, while the grooves on Die 3
guide the gas flow into the upper components. The temperature
gradient is applied by a thin-film heater on Die 2 and an
external heat sink attached to the bottom of Die 1. In this work
the heat sink is a simple aluminum plate with a perforation at
the gas inlet. Its footprint is slightly larger than the Knudsen
pump.

Because of its computational ease and relative accuracy,
Sharipov’s model is often used for estimating the thermal
transpiration phenomenon in microfabricated Knudsen pumps,
which typically have long and convoluted channels [31], [39].
The thermal transpiration driven mass flow in a channel of
circular cross section is provided by:
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[
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where �TKP , �PKP , Tavg and Pavg are the temperature
difference, pressure difference, average temperature and aver-
age pressure between the hot end and the cold end of the
channel, respectively, a is the channel radius, l is the channel
length, m is the mass of the gas molecule, and kB is the
Boltzmann constant. The parameters QT and Q P are, respec-
tively, the temperature and pressure flow coefficients, which
were tabulated by Sharipov [39]. The values of these coef-
ficients depend on the rarefaction parameter, δavg, which is
given by:

δavg =
√

π

2

a
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(2)

where λavg is the mean free path of the gas molecule.
The volumetric flow rate of a Knudsen pump with numerous

parallel channels can be calculated as:

QKP = Mavg · Nchannel

ρgas
(3)

where Nchannel is the total number of channels for thermal
transpiration and ρgas is the density of the gas.

Based on equations (1)–(3), the Knudsen pump described
for this effort is estimated to provide 6.7 sccm unloaded
air flow rate with �TKP = 60 °C. Its blocking pressure,
the maximum �PKP , is estimated to be 6.7 kPa [by letting
Mavg = 0 in equation (1)].
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B. Preconcentrator

The preconcentrator adsorbs the analyte molecules onto
a porous surface at room temperature. To initiate analysis,
sample is desorbed with a thermal pulse and injected into the
fluidic path. This work utilizes a single bed preconcentrator,
designed as an 11 mm3 chamber formed by Die 5 and
Die 6 (Fig. 1). Granules of CarbographTM 2 (Grace Davison
Discovery Sciences, IL), a graphitized carbon with a surface
area of 10 m2/g, are packed in the chamber as the sorbent
material. In addition to the gas inlet and outlet features, the
preconcentrator contains a sorbent loading port from which
the sorbent granules can be loaded. The arrays of pillars are
designed to confine the sorbent granules in the chamber.

The theoretical modeling of the sorbent-packed preconcen-
trators is often described using the Wheeler-Jonas model [40].
The breakthrough time tb (min.) is a metric for characterizing
the adsorption capability. Specifically, it is the time required
for vapor that enters the preconcentrator to saturate and reach
a certain concentration at outlet (expressed as a fraction of
that at inlet):

tb = We

Q · cin

[
W − Q · ρb

kv
ln

(
cin

cout

)]
(4)

where We is the adsorption capacity that can be theoretically
derived [40], W is the total sorbent mass (g), Q is the
volumetric flow rate (cm3/min.), cin is the inlet chemical con-
centration (g/cm3), ρb is the bulk density of the packed sorbent
(g/cm3), kv is the overall mass transfer coefficient (min.−1)
that can be estimated from semi-empirical equations [41], and
cout is the outlet chemical concentration chosen to denote
breakthrough (g/cm3).

The preconcentrator is designed to have the largest achiev-
able sorbent chamber without compromising the thermal
isolation and form factor of the system (Fig. 1). As described
in Section IV, tb is experimentally measured by setting
cin = 80 ppm (determined by mole fraction of the sample
vapor in the carrier gas used in this effort) and Q = 1 sccm,
while using a breakthrough criterion cout/cin = 10%.

C. Column

The column separates analyte species as they pass along,
based on the partition that each analyte establishes between
the mobile phase (carrier gas) and the stationary phase. In this
effort, the column is designed as a channel (length ≈ 25 cm)
laid out in a double-spiral pattern and formed by the
bonding of Die 7 and Die 8 (Fig. 1). The manufactur-
ing process creates an approximately semi-elliptical cross
section (width ≈ 300 μm, depth ≈ 200 μm), which has a
hydraulic diameter ≈ 230 μm (defined as 4 × area/perimeter).
A ≈0.2 μm thick non-polar polydimethylsiloxane (OV-1, Ohio
Valley Specialty, OH) layer is coated on the inner walls as the
stationary phase.

The separation efficiency of a chromatography column can
be evaluated from experimentally obtained chromatograms.
Higher separation efficiency is denoted by higher number of
plates, N , as well as smaller dimension of a theoretical plate,
termed the “height equivalent to a theoretical plate (HETP).”

The HETP can be theoretically estimated from the structural
dimensions and physical properties of the column, although
these are not always well known [42]. The HETP of the
column can be calculated accordingly, which facilitates the
evaluation and comparison of columns with various lengths.

N = 5.54

(
tR

W1/2

)2

(5)

HETP = lcolumn

N
(6)

where tR is the retention time, W1/2 is the width of the
retention peak measured at half height, and lcolumn is the
length of the separation column. For this work, lcolumn is
≈ 25 cm. The experimentally-determined values of tR and
W1/2 are described in Section IV, along with the resulting
HETP.

D. Detector

The discharge-based gas detector uses two metal electrodes
to create localized microdischarges, which generate optical
spectra indicating the presence of carbon atoms. Although
RF-powered microdischarges and DC microdischarges are
options as summarized in [43], pulsed DC microdischarges
are used because they consume low power, require a simple
interface circuit, and offer an extended lifetime [43], [44].
As shown in Fig. 1, the electrodes for creating microdis-
charges, spaced 50 μm apart, are located on Die 8, while
the groove structure of Die 9 guides the gas to pass over
the detector. The optical signal is detected by a hand-held
spectrometer (Model # USB 2000, Ocean Optics, FL), which
is controlled by a laptop computer.

E. Stacked iGC1 Assembly

The four components are arranged in a stack, forming
a serially connected gas flow path (Fig. 1). Driven by the
Knudsen pump located upstream, the preconcentrator accu-
mulates analytes and desorbs them along the same gas flow
direction. The desorbed gas analytes pass through the column
with characteristic retention times that are temporally resolved
by the detector. Thermal crosstalk between the pump, precon-
centrator, and separation column is inhibited by glass spacers
(Dice 4a and Dice 4b) and the cut-outs (voids) in each layer.
Depending on the system requirements, more spacers can be
added to the system to achieve superior thermal isolation.

F. Thermal Modeling of the Stacked iGC1 Assembly

The thermal behavior of the stacked iGC1 assembly was
modeled using finite element analysis (FEA) in COMSOL
Multiphysics 4.2. The simulations were directed at modeling
the temperature distributions of the system while the
Knudsen pump or the preconcentrator is heated. In both
cases, the simulated structure included 7 spacers both between
the preconcentrator and the column as well as between the
preconcentrator and the Knudsen pump, mimicking the actual
system used for experimental tests. The thermal conductance
of the MCE membrane stack in the Knudsen pump was derived
from an experimentally fitted equivalent value. The bottom of
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Fig. 2. The FEA simulation result of the thermal response of the iGC1
system. (a) The temperature profile of the system after heating the precon-
centrator with 12 W for 2 sec. (b) The transient thermal response of the
system during a thermal cycle of the preconcentrator. (c) The temperature
profile of the system after heating the Knudsen pump with 1 W for 700 sec.
(d) The transient thermal response of the system during a thermal cycle of
the Knudsen pump.

the Knudsen pump was assumed to be maintained at room
temperature by an ideal heat sink. The system was surrounded
by an air box with natural convective heat transfer to the
ambient.

In the case where the preconcentrator is heated, it is
subject to a thermal pulse (12 W, 2 sec.) and reaches 170 °C
[Fig. 2(a) and (b)]. Because of the thermal isolation offered by
the spacers and the pulsed nature of the heating, the column
and the Knudsen pump are only minimally affected.

Fig. 3. (a) Deposition and patterning of a Ti/Pt metal layer on a glass wafer.
(b) Two-step sandblasting to create the groove structures and through-wafer
vias and cutouts. (c) Epoxy bonding of two glass dice.

In the case where the Knudsen pump is actuated, there
is a 50 °C temperature difference across the MCE mem-
brane stack with 1 W input power [Fig. 2(c) and (d)]. The
simulation shows that the maximum parasitic temperature
rises, after reaching steady state in ≈400 sec., are ≈18 °C
in the preconcentrator and ≈14 °C in the separation col-
umn. This thermal crosstalk, which exists during both vapor
sampling and analytical separation, is small enough that the
preconcentrator and the column remain functional. The exact
thermal crosstalk depends on how the system is operated. For
vapor sampling and separation times shorter than 400 sec., the
thermal crosstalk is smaller.

III. FABRICATION PROCESS

The fabrication process can be divided into two major
steps. The first is the lithographic microfabrication: a common
3-mask sequence is used for all the four iGC1 components.
The second is the assembly of the system.

A. Lithographic Process

The lithographic microfabrication utilizes one mask for
metallization and two masks for micromachining. Borosilicate
glass is selected as the substrate material in this effort.
However, any other kind of glass, including the low-cost
sodalime glass can be used. To start with, a metal layer (Ti/Pt
25/100 nm) is deposited by e-beam evaporation and patterned
by liftoff on a 500 μm thick glass wafer [Fig. 3(a)], forming
heaters, temperature sensors and microdischarge electrodes.
The metallized wafer is subject to a two-step machining
process that grooves the non-metallized side of the wafer and
creates through-wafer vias and cutouts [Fig. 3(b)]. Each of
the micromachining steps requires a mask. In this effort, a
micro abrasive jet machining (sandblasting) was used (Bullen
Ultrasonics, OH). The grooved structures form in-plane gas
flow paths; the through-wafer vias form the inter-layer gas
flow paths; and the through-wafer cutouts provide in-plane
thermal isolation and stackable spacers. The sandblasted
features typically have a 22° taper angle and a corner radius of
125 μm. The depth and feature sizes of the groove structures
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Fig. 4. The illustrated cross section of the iGC1 system after the final
stacking.

are in the range of 150–300 μm. In addition to sandblasting,
many other approaches are available for micromachining glass
wafers, such as plasma etching, wet etching and ultrasonic
machining.

B. Assembly Process

If each component is fabricated on a separate wafer, system
assembly can be performed at the wafer level. In this work,
however, all the components are on the same wafer, so the dice
are singulated prior to assembly. Each of the components is
then epoxy bonded to its upper layer [Fig. 3(c)] before being
added to the system stack (Fig. 4).

The Knudsen pump is assembled into a glass-MCE-glass
stack. Die 2 and Die 3 are first bonded by a low-viscosity
epoxy Epotek 377 (Epoxy Technology, MA), which is applied
from the perimeter of the dice that are arranged in a stack,
and drawn into the seams between the mating surfaces by
capillary force. Curing at 150 °C forms a leak free bond
between the two glass dice. Next, Die 2, Die 3, four MCE
membranes, and Die 1 are stacked (in order from top to bottom
as stated). Finally, a viscous epoxy Stycast2850FT (Henkel,
Düsseldorf, Germany) is applied around the edge of the MCE
membrane stack to achieve a hermetic seal, which is crucial
to the operation of the Knudsen pump.

The preconcentrator is assembled by epoxy bonding and
sorbent packing. Die 5 and Die 6 are bonded by Epotek 377.
Next, sorbent granules are packed into the preconcentrator
using a similar method to that described in [15]. Moderate
vacuum from the inlet/outlet is used to draw the Carbograph
2 granules from the loading port into the preconcentrator. The
pillar structures in the preconcentrator act as sieves to contain
larger particles while letting smaller particles to pass through
and exit the preconcentrator. After sorbent loading, the loading
port is sealed with either thermal tape or epoxy.

The separation column is assembled by a coated layer of
SU-8 5 (MicroChem, MA). Omnicoat (MicroChem, MA) is
spin-coated and baked as the adhesion promoter, followed by
a layer (less than 10 μm) of SU-8 spin-coated on the mating
surfaces – specifically, the metallized side of Die 7 and the
grooved side of Die 8. The grooved die (Die 8) is softbaked at
150 °C in order to prevent the potential problem of fluid SU-8
filling and blocking the channel. Then the dice are aligned and
stacked, followed by a second softbake at 95 °C, which drives
the fluid SU-8 to gradually fill the gaps and voids between
the mating surfaces, providing a leak free bond. The device is
exposed to ultraviolet (UV) radiation and hardbaked at 150 °C
to cure the SU-8 and minimize outgassing. The spin-coating
process described above fully covers the inner walls of the
separation column with SU-8, providing two potential benefits
for obtaining a more uniform coating of stationary phase. First,
the inner surface of the column is a homogeneous material that
provides uniform adhesion strength to the stationary phase.
Second, any surface roughness on the grooves that may result
from the sandblasting is smoothened by the SU-8 layer.

The SU-8 bonded column is then coated with a ≈0.2 μm
thick layer of OV-1 stationary phase using a conventional
static coating method [9]. In this process, a solution of
OV-1 is prepared by dissolving OV-1 and its cross-linking
agent dicumyl peroxide in pentane and filled into the column.
With one end of the column sealed, pentane is evaporated
from the other end of the column by vacuum, leaving OV-1
coated on the inner walls of the column. After that, the column
is heated at 150 °C overnight to fully remove the solvent as
well as to perform cross-linking. This coating process can be
assisted by capillary tubes temporarily attached to both ends
of the column using the epoxy Stycast2850FT; the capillary
connections can be easily detached by localized heat after the
coating process.

The detector is assembled by bonding Die 9 to Die 8 with
Epotek 377 using the process as described for assembling the
Knudsen pump.

The overall system is finally integrated by the assembly of
all four components together with a number of spacers (Fig. 4),
which are micromachined by sandblasting on the same glass
wafer as the other dice. The spacers can be permanently
bonded to the iGC1 components using Epotek 377. However,
a removable bonding layer between the components is also
favored to allow reconfigurability. With low melting points and
easy solubility in common solvents, various kinds of mounting
wax have been widely used as temporary adhesives in the
industry. The mounting wax QuickStickTM 135 (Electron
Microscopy Sciences, PA) is used in this effort to provide the
removable bonding layers. When assembling the system, the
components are placed on a hot plate at 150 °C. The mounting
wax is melted by the elevated temperature and applied to the
mating surfaces. The components are then pressed together,
allowing the mounting wax to form a leak free bond. The
thermal operation of the iGC1 system does not damage this
bond as long as no strong shear force is applied. When
it is necessary to reconfigure the iGC1 system, the stack
can be heated on a hot plate and the bond can be easily
detached.
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Fig. 5. The machining and assembly of the iGC1 system. Photographic
images of (a) the Knudsen pump, (b) the preconcentrator, (c) the separation
column and the discharge-based detector, and (d) the iGC1 stack assembly.

The bottom surface of the iGC1 stack can be attached to an
aluminum plate, which serves as a heat sink for the Knudsen
pump. Capillary tubes can be attached to the inlet and outlet
of the iGC1 system for testing.

Figure 5 shows fabrication results of various elements. The
iGC1 system has a footprint of 3.2 cm2 and a height dependent
on the number of spacers in the stack; a typical system tested
in this effort has 14 spacers in total, corresponding to a total
height of ≈1.15 cm and a form factor of 3.7 cm3.

Fig. 6. The steady state performance of the Knudsen pump and the gas flow
load of the system tested in room air.

IV. EXPERIMENTAL RESULTS

Prior to the assembly of the full iGC1 system, each compo-
nent was separately evaluated. The experimental evaluations
focused on alkanes in the range of C5–C8 for simplicity and
benchmarking purposes. These alkanes are also indicative of
the system response to typical indoor pollutants. The results
are presented below.

A. Pump and Gas Flow

In the evaluation of the Knudsen pump, its inlet was
exposed to the ambient at atmospheric pressure, while varying
loads (manifested as capillary tubes with varying length)
were connected to its outlet. The values of the loads were
selected to span over a wide range covering the actual load
provided by the system. A commercial pressure sensor (Model
# MPX5010DP, Freescale Semiconductor, AZ) and a flow
meter (Part # FMA-1603A, Omega Engineering, CT) were
connected between the outlet and the capillaries to monitor
the pressure and flow conditions, respectively. With 1 W
input power, the pump generated a �TKP of ≈60 °C, and
was able to provide a steady state flow rate of 0.41 sccm
against a pressure of 330 Pa; it provided a maximum pres-
sure of 1 kPa. The flow rate declines linearly with load
pressure (Fig. 6). The deviation of experimental data from
the theoretical estimates is likely due to imperfections in
the MCE membranes or in the loss of a portion of the
temperature gradient in the air gap between the heater and the
membrane [31].

The load presented by the iGC1 system was measured using
a similar setup. The only differences were: an external pump
replaced the Knudsen pump and the component stack (includ-
ing preconcentrator, column, and detector) replaced the capil-
lary tubes. With the data points linearly fitted into a load line,
the flow conductance of the stacked preconcentrator, column
and detector can be read from the slope − 0.64 sccm/kPa
(Fig. 6). The system operating point is indicated by the
intersection between the Knudsen pump curve and the system
load line.
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Fig. 7. The evaluation of the performance of the preconcentrator.
(a) A sample breakthrough experiment by challenging the preconcentrator with
heptane and measuring the vapor concentration at its outlet. (b) A heptane
desorption peak provided by the preconcentrator with N2 carrier gas.

B. Preconcentrator

The preconcentrator was characterized for both adsorption
and desorption. The adsorption capability of the preconcen-
trator was experimentally evaluated by measuring the time
taken by the vapor concentration at its outlet to reach a certain
fraction of that at its inlet; this is known as “breakthrough.”
In this effort, the inlet of the preconcentrator was connected to
a 2 L dilution bottle (Sigma Aldrich, WI) containing 80 ppm
heptane in N2; the vapor was drawn by a vacuum pump to
pass through the preconcentrator at 1 sccm flow rate; the
vapor concentration at the outlet was routed through a six-port
valve to a flame ionization detector (FID) within a commercial
Agilent 6890 GC. At two-minute intervals, the valve routed
a fixed volume (100 μL) of the vapor downstream of the
preconcentrator into the FID.

In Fig. 7(a), the heptane concentration at the preconcentrator
outlet is normalized to that at its inlet. The preconcentrator
saturated after 45 minutes of sampling and the heptane con-
centration at its outlet approached the concentration at its inlet.
Conventionally, the breakthrough criterion is defined to be the
outlet concentration that is 10% of that at the inlet [13]. For
this work, this value corresponds to a breakthrough time of
16 minutes and a breakthrough volume of 16 mL for heptane.

The thermal desorption of the preconcentrator was evaluated
by the desorption peak in the chromatogram. The preconcen-
trator was first used to sample the heptane vapor and then
connected to the Agilent 6890 GC where it was positioned
upstream of the FID and downstream of the injection port.
The desorption was performed by applying a pulse using the
integrated thin-film heater, which heated the preconcentrator
to 170 °C in 2 sec. The carrier gas was N2 at a flow rate of
1 sccm; flow direction in the preconcentrator was the same
during both sampling and desorption. As shown in Fig. 7(b),
a 1.4 sec. desorption peak (measured at half height of the
peak) is observed from the FID chromatogram with only
minimal tailing. A second thermal pulse did not provide any
additional desorption peak, verifying full desorption during the
first thermal pulse. This characterization of the preconcentrator
is a representation of its general capability rather than its actual
performance within the iGC1 system. This is because the iGC1
system is operated at a lower flow rate of ≈0.2 sccm. Not
only is this more easily accommodated by the pump, but the
performance of the separation column is better at this flow
rate.

C. Column

The separation column was evaluated by an Agilent 6890
GC system by positioning it downstream of an injection port
and upstream of an FID. Sample chromatograms obtained with
the tested column are shown in Fig. 8. At room temperature,
three alkane species (C5, C7, and C8) were separated by the
column in about 52 sec. [Fig. 8(a)]. With a 30 sec.-long linear
ramping of temperature from 25 °C to 75 °C provided by
the on-chip heater, the column separated the same alkane
mixture with the same gas flow rate in 30 sec. [Fig. 8(b)].
Both chromatograms were obtained using N2 as the carrier
gas at 0.17 sccm flow rate.

Golay plots are curves indicating how the column efficiency
is affected by the carrier gas flow rate, which are helpful in
determining the optimal operating point of the column. In this
effort, a Golay plot was obtained by testing the separation
column at room temperature for a number of N2 carrier
gas flow rates. The C8 peak was used for calculating the
number of plates N and the height-equivalent-to-a-plate HETP
based on equations (5) and (6). As shown in Fig. 8(c), the
column has an optimal operating point at the gas velocity
range of 5–10 cm/sec. (corresponding to the flow rate of
0.15–0.3 sccm), which gives HETP ≈0.04 cm and a plate
number (1/HETP) of ≈2600 plates/m. This performance is
comparable to other microfabricated columns that have been
previously reported – 2000 plates/m [10], 3000 plates/m [11],
and 4200 plates/m [9].

D. Detector

The detector uses pulsed discharges that are controlled by
the circuit shown in Fig. 9(a). In this circuit, the discharge
energy is provided by capacitor C , which is charged by a
single 1000-V pulse through R1. Once the anode reaches the
breakdown voltage, which is typically ≈650 V, the discharge
is initiated. Resistors R2 (the ballast resistor) and R3 are used



QIN AND GIANCHANDANI: INTEGRATED FLUIDIC SYSTEM FOR GAS CHROMATOGRAPHY 987

Fig. 8. The testing and evaluation results of the separation column. (a) The
column separating a C5, C7, and C8 alkane mixture at room temperature.
(b) The column separating a C5, C7, and C8 alkane mixture by linearly
ramping the temperature from 25 °C to 75 °C in 30 sec. (c) The Golay
plot of the separation column operating at room temperature; the evaluation
is based on the C8 peak.

to control the discharge current. The resistive dividers formed
by R2/R3 and R4/R5 are connected to oscilloscope channels,
so that the anode and cathode voltages as well as the discharge
current can be observed.

The typical transient voltages observed at the anode and
cathode are shown in Fig. 9(b). The anode took 1.6 ms to reach
the breakdown voltage. The discharge current ran through the
ballast resistor and raised the cathode voltage. Once initiated,

Fig. 9. The experimental testing and evaluation or the discharged-based
detector. (a) The discharge circuitry. (b) The discharge waveform. (c) The
optical spectrum generated by the discharge.

the discharge presented in the circuit as 73 k� resistance.
The high voltage pulse lasted 3.5 ms, during which the actual
discharge took 1.9 ms. During the pulse, the typical energy
consumed by the discharge was 2.9 mJ, while the total energy
consumed by the whole circuit was 13.3 mJ.

Optical emission from the microdischarge is guided by
an optical fiber to a handheld spectrometer (Model # USB
2000, Ocean Optics, FL). The spectrometer uses a grating to
diffract the incoming light. The resulting spatial distribution
is captured by a charge-coupled device (CCD) array. The
emission spectra, in the 300-450 nm window, of pure nitrogen
and a heptane/nitrogen mixture are compared in Fig. 9(c).
The emission associated with the N2 second positive system
contains lines at 314 nm, 316 nm, 337 nm, 353 nm, 357 nm,
371 nm, 375 nm, 380 nm, 399 nm and 405 nm, while that
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Fig. 10. The separation of pentane, heptane and octane by the fully stacked
iGC1 system. (a) The chromatogram provided by the discharge-based detector.
(b) The corresponding chromatogram provided by the FID used as a reference.

associated with N+
2 first negative system contains lines at

391 nm and 426 nm [45]. With an elevated concentration of
heptane, the emission spectrum shows a significant CH line at
387 nm [46]. The intensity ratio of the CH line at 387 nm to the
N2 line at 337 nm was used as a measure of alkane strength
to correct for possible variations in intensity from pulse to
pulse. The data points with sufficient emission intensity (i.e.,
greater than 50 counts at 337 nm line) were used to construct
chromatograms.

E. The Stacked iGC1 System

Typical chromatograms provided by the stacked iGC1
system for alkane mixtures are shown in Fig. 10. Figure 10(a)
shows the data collected by the discharge-based detector. The
three peaks correspond to the separation and detection of
pentane, heptane and octane. Figure 10(b) shows the bench-
mark FID response, verifying the results provides by the
discharge-based detector. The FID signal lags behind that
of the discharge-based detector as the FID is connected
downstream of the iGC1 stack. The relative peak heights
among the three analytes are slightly different between the two
chromatograms, possibly due to the emission characteristics of
various species within the microdischarges. The power/energy

TABLE I

POWER/ENERGY CONSUMPTION DURING THE iGC1 SEPARATION

TABLE II

SUMMARY OF THE SYSTEM CHARACTERISTICS

consumption of the components and the iGC1 system are
summarized in Table I. The iGC1 run as shown in Fig. 10
had an average power consumption of 1.5 W.

The results in Fig. 10(a) were obtained by first sampling
a prepared vapor mixture. Driven by the integrated Knudsen
pump, a mixture of pentane, heptane and octane in N2 was
sampled into the preconcentrator for ≈5 min. When initiating
the separation, the preconcentrator was heated to 170 °C
in 2 sec. to inject the vapor analytes into the column. The
Knudsen pump was supplied with 1.1 W power, providing a
N2 flow rate of 0.2 sccm; the N2 carrier gas was supplied by
a Tedlar bag connected upstream of the system. Temperature
programming of the separation column was not used in this
experiment. The detector was operated at 1 Hz (1 pulse/sec.)
frequency. A customized LabVIEW® program was used to
control the overall operation of the iGC1 system.

V. DISCUSSION AND CONCLUSION

This work demonstrates the feasibility of using a standard-
ized fabrication approach to manufacture a fluidic microsystem
for gas chromatography, including a pump, a preconcentrator,
a separation column and a detector. The fabrication process is
low cost and standardized, showing promise of wider adop-
tion of μGC technology. The assembly procedure described
in this effort mainly focuses on die-to-die assembly after
dicing. However, as noted earlier, wafer-to-wafer assembly
prior to dicing can also be envisioned, enabling batch mode
fabrication.

The 4-cm3 iGC1 system demonstrates that it is possible to
mitigate thermal crosstalk between components to achieve a
small form factor. The properties of the system are summa-
rized in Table II. Discharge-based detectors are stable over
time because the emission spectra are characteristics of the
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chemical species present. The detection rate is mainly limited
by the duration of plasma afterglow, which is typically less
than 20 ms [22], corresponding to a detection rate of over
50 Hz. Nevertheless, the discharge-based detector requires
special considerations because of background noise in an air
ambient, and the need for high voltages. The miniaturization
of spectrometers has previously been demonstrated [47], and
versions as small as 19 cm3 are commercially available
(Model # Qstick, RGB Lasersysteme GmbH, Germany [48]),
indicating the feasibility of a fully integrated system.

The use of epoxies in the system assembly provides a low-
temperature (i.e., less than 200 °C) and low-cost solution.
The epoxies are chosen for low out-gassing properties and
are sufficiently cured, minimizing the out-gassing problem.
In preliminary studies, significant out-gassing was not
observed, but the effects of higher temperatures remain
unclear. As an alternative, spin-on-glass may be used for com-
ponent assembly. It is expected not to contribute interferences
to the chromatography, but its curing temperature is typically
above 400 °C.

The effort of integrating a micro gas pump into the
iGC1 system provides a path for realizing a complete
micro analytical system. The stackable architecture provides
interchangeability, i.e., different component designs can
be readily fitted into the system, tailoring it for various
applications. The analytical capability of the system can be
extended to more complex gas environments by reconfiguring
the system, such as direct stacking of more separation columns
or even implementing a 2DGC system. Beyond the preliminary
experimental results shown in this effort, more options of
the iGC1 operation are possible, such as the combination
of temperature programming and flow programming (readily
provided by the Knudsen pump [30]). Although the Knudsen
pump utilized in this design does not provide optimal flow for
the preconcentrator, future designs are expected to resolve this
matter.
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