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Introduction

GC-on-chip: integrated column and
photoionization detector

M. Akbar, H. Shakeel and M. Agah

This paper reports a unique GC-on-chip module comprising a monolithically integrated semi-packed
micro separation column (uSC) and a highly sensitive micro helium discharge photoionization detector
(uDPID). While semi-packed uSC with atomic layer deposited (ALD) alumina as a stationary phase provides
high separation performance, the uDPID implemented for the first time in a silicon-glass architecture
inherits the desirable features of being universal, non-destructive, low power consumption (1.4 mW), and
responsive. The integrated chip is 1.5 cm x 3 cm in size and requires a two-mask fabrication process.
Monolithic integration alleviates the need for transfer lines between the column and the detector which
improves the performance of the individual components with overall reduced fabrication and implementa-
tion costs. The chip is capable of operating under the isothermal as well as temperature and flow program-
ming conditions to achieve rapid chromatographic analysis. The chip performance was investigated with
two samples: 1) a multi-analyte gas mixture consisting of eight compounds ranging from 98 °C to 174 °C
in boiling point and 2) a mixture containing higher alkanes (Co-Cj,). Our experiments indicate that the chip
is capable of providing rapid chromatographic separation and detection of these compounds (<1 min)
through the optimization of flow and temperature programming conditions. The GC-on-chip demon-
strated a minimum detection limit of ~10 pg which is on a par with the widely used destructive flame ioni-
zation detector (FID).

consuming, prone to error and incompatible with future
mass production. Furthermore, each MEMS component in

Analysis of volatile organic compounds (VOCs) using gas
chromatography (GC) is required for applications in environ-
mental monitoring, homeland security, biomedical diagnos-
tics, and food processing.”™ The increasing demand for on-
site monitoring of VOCs has led to the development of micro
gas chromatography (uGC) systems providing the desirable
features of smaller size and higher portability, lower power
consumption, and minimal production and maintenance
costs. uGCs are realized by employing the micro-
electromechanical systems (MEMS) technology which enables
the miniaturization of key GC components, namely,
preconcentrators,”® separation columns,”*® and
detectors.'*®

Since its first conceptual demonstration by Terry et al.,"
the trend followed by the research community to realize a
complete pGC has been the fabrication of individual pGC
components and their hybrid integration.>*”>® This implies
that the pGC components are assembled manually using
fluidic interconnection which is labor intensive, time
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the hybrid approach is designed and developed separately,
thereby significantly increasing the fabrication costs. In addi-
tion, the presence of cold spots in the fluidic connection
between the pGC components mainly ”uSC and the detector
can adversely affect the column performance. The VOCs after
eluting from the pSC may experience extensive band broaden-
ing or sample condensation when passing through these cold
spots. Thus, there is a critical demand for the development
of a monolithic integrated module which includes separation
and detection stages on a single chip. Few research mile-
stones accomplished in this regard have been summarized in
Table 1.>°7° The table also describes the features, pros and
cons of the monolithic integrated modules. As seen, our
group has implemented monolithic integration of polymer-
coated open rectangular micro-columns with pTCDs in sili-
con-glass architectures.””*® While being universal and sim-
ple to operate, nTCD could not provide very sensitive detec-
tion and was sensitive to flow and temperature variations.*!
This restricted the integrated module to operate under flow
and temperature programming conditions, and therefore
rapid screening of complex mixtures spanning over a wide
range of boiling points was not possible. Meanwhile, our
group invented the first generation of uDPID in an all-glass

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summary and comparison of the efforts for the monolithic integration of the uSC and detector

References  pSC geometry Detector type Pros Cons
Kaanta Microfabricated columns packed with Thermal conductivity detector Simple to Poor separation efficiency
(2010)*° Carbopack/Hayesep A fabricate, Poor detection limit
universal Sensitive to flow and
temperature
Reddy Multiple stage microfabricated columns Fabry-Perot (FP) cavity sensor Sub-ng Selective
(2012)*° coated with PDMS, Carbowax detection limit ~ Requires laser,
photodetector and
collimator
Bulky and power hungry
Yuz Sun 1.8 m long regular GC column followed by 10 Optofluidic ring resonator (OFRR)  Sub-ng Selective
(2010)*° cm long capillary column detection limit  Fragile, difficult to operate
for field-application
Narayanan Microfabricated columns coated with PDMS  Thermal conductivity detector Simple to Poor detection limit (1 ng)
(2012)%® (anchored to the substrate) fabricate, High power consumption
universal (50 mWw)
Sensitive to flow and
temperature
Narayanan Microfabricated columns coated with PDMS  Thermal conductivity detector Good detection ~ Complex fabrication
(2013)*” (released in the fluidic channel) limit (100 pg) procedure
Sensitive to flow and
temperature

format."® In this paper the fabrication of uDPID in a silicon-
glass format has been demonstrated which led to the devel-
opment of a new GC-on-chip module addressing the deficien-
cies listed in Table 1. The chip comprises a high performance
semi-packed pSC with novel stationary phases based on
atomic layer deposition and a uDPID. The chip requires only
two masks for fabrication. Our comprehensive characteriza-
tion of the integrated chip indicates that it provides highly
efficient separations, reduced analysis times using tempera-
ture and flow programming, very sensitive detection equiva-
lent to the current state-of-the-art commercial FIDs, and fast
detector response times suitable for high speed gas
chromatography.

Chip operation

Fig. 1 shows the conceptual image elaborating the working
principle of the chip. The dimensions chosen for the uSC
and pDPID in the module are based on our previous
work."*! A mixture of VOCs is introduced through the inlet
port of the chip which travels through the semi-packed puSC
with an inert carrier gas called the mobile phase. The inner
surface of the pSC is covered with a finely controllable sta-
tionary phase which is a silane-treated alumina layer as
established in our previous work.'' The compounds spend
different amounts of time in the stationary phase coating
depending on their relative solubility and vapor pressure in
the stationary phase, and hence, they emerge from the uSC at
different times. This results in their separation into individ-
ual compounds. The operation of the new silicon-glass
uDPID is similar to that implemented in the glass-glass
architecture as described previously.’® Briefly, a high voltage
DC discharge in helium is generated across a pair of

This journal is © The Royal Society of Chemistry 2015

excitation electrodes separated by a 20 um gap. The discharge
is sustained by the continuous supply of helium from the
auxiliary channel. The discharge is a complex mix of posi-
tively and negatively charged ions, metastable He atoms,
electrons, and photons (ionizing flux). The photons (energy
>10 eV) and metastable He atoms (energy >19.8 eV) are
responsible for the ionization of VOCs emerging from the
outlet of uSC. The distance of the micro-plasma from the
puSC outlet is 1 mm. The outlet of the puSC bypasses the
micro-plasma for two purposes: 1) it enables non-destructive
analysis and 2) it allows the flow programming of the pSC
without significant noise generation in the detector baseline
as will be seen later. In addition to the pair of excitation
electrodes, the detector is also equipped with a bias and a
collector electrode. The bias and the collector electrodes are
1.5 mm apart. The space between the puSC outlet and the col-
lector is called the collector volume. The ionized compound
induces a current in the collector electrode. This current is
measured by a picoammeter connected to the collector
electrode. The purpose of the bias electrode is to collect the
negatively charged species from the ionizing flux. This
reduces the possibility of their recombination with the ion-
ized compound inside the collector volume which can lead to
the reduction in the collector current.

Experimental section
Materials

All test compounds used in this work were purchased from
Sigma-Aldrich (St. Louis, MO) in >99% purity. AZ9260 photo-
resist was purchased from MicroChemicals (Germany) while
titanium and gold were purchased from Kurt J. Lesker.
Silicon wafers (4 in. diameter, 500 um thick, n-type, single
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Fig. 1 Conceptual image showing the operation of the monolithic integrated chip (GC-on-chip). The top right image shows the stationary phase
coating procedure while the top left image shows the channel dimensions of the micro separation column.

side polished) and borosilicate glass wafers (Borofloat, 4 in.
diameter, 700 pm thick, double side polished) were pur-
chased from University Wafers and Coresix Precision Glass
(Williamsburg, VA), respectively. Fused capillary tubes (200 pm
outer diameter, 100 um inner diameter,) and Epoxy 907 were
purchased from Polymicro Technologies (Phoenix, AZ) and
Miller Stephenson (Danbury, CT), respectively. Ultra high
purity helium (UHP 300) and industrial grade air (AIB 300)
were purchased from Airgas (Christiansburg, VA).

A multicomponent mixture including eight compounds
(n-heptane, toluene, tetrachloroethylene, chlorobenzene, eth-
ylbenzene, p-xylene, n-nonane and n-decane) was prepared.
Equal volumes of 200 pl were pipetted into an autosampler
vial for each compound except for n-heptane and toluene.

1750 | Lab Chip, 2015, 15, 1748-1758

Based on the response of both FID and uDPID, a 20 pl vol-
ume of each of n-heptane and toluene was deemed sufficient
to produce peak heights comparable to the other com-
pounds. Another mixture of high-boiling hydrocarbons
including n-nonane, n-decane, n-undecane and n-dodecane
was prepared by pipetting 50 pl, 100 pl, 300 pl and 500 pl vol-
umes of each compound, respectively.

A 5 parts-per-million (ppm) solution of n-octane was pre-
pared by pipetting 5 ul of n-octane in a custom-made 1 L vol-
umetric flask. The mouth of the flask was sealed with a 24/40
septa and left overnight to allow n-octane to volatilize. To pre-
pare a fresh sample again, the n-octane in the flask was
cleared by heating the flask in an oven set to 80 °C for approx-
imately half an hour followed by purging with nitrogen.

This journal is © The Royal Society of Chemistry 2015
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Chip fabrication

The fabrication process for the monolithic chip required two
masks: one for the bulk micro-machining of the silicon wafer
to create the separation stage, fluidic interconnections and
cavities for the detector and the other for the metallization of
the Borofloat substrate which served as the detection stage.
The silicon wafer processing started with spin coating of the
AZ9260 photoresist at 2000 rpm to achieve an ~8 um thick
photoresist layer (Fig. 2a). The wafer was then patterned
using a mask aligner (Karl Suss) and developed in AZ400K.
The wafer was subjected to a deep reactive ion etcher (DRIE,
Alcatel) which resulted in the creation of 190 um wide and
240 um deep channels with 20 pym embedded circular micro-
pillars and a cavity (Fig. 2b). The photoresist was then
stripped off using acetone. Finally, the chip was coated with
a thin layer (~10 nm) of alumina deposited at 250 °C using
the atomic layer deposition (ALD) technique (Fig. 2c). The
lithography step for the fabrication of the detector electrodes
on the Borofloat wafer followed the same procedure as
described earlier. However, after the development of photore-
sist the hard-bake time was reduced to 1 min at 110 °C to
facilitate the subsequent lift-off process. A 700 nm/40 nm
thick Ti/Au metal stack was evaporated using an e-beam
evaporator (PVD-250, Kurt J. Lesker) to serve as the detector
electrodes. The wafer was left in acetone for 10 min and then
placed in a sonic bath for 15 s to ensure complete lift-off
(Fig. 2d). Before anodic bonding, both silicon and Borofloat
wafers were diced into individual devices. The substrates
were aligned and bonded at 1000 V and 370 °C for 45 min
(Fig. 2e). After bonding, the edge of the detector cavity was

(b)
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sealed with epoxy and the electrical wires were soldered to
the bond pads. Next, the capillary tubes were inserted into
the three ports of the chip. Finally, the functionalization of
the alumina film and Borofloat cover was accomplished by
filling the pSC with 10 mM chlorodimethyloctadecylsilane
(CDOS) in toluene for 24 h at room temperature (Fig. 2f). The
inlet and outlet of the chip were attached to the injector and
the FID of a conventional GC system. The uSC temperature
conditioning was performed in the GC oven for approxi-
mately 1 h (35 °C ramped at 2 °C min™" to 150 °C) at a con-
stant inlet pressure of 10 psi.

Testing setup

The testing setup for the chromatographic evaluation of the
fabricated chip is shown in Fig. 3. A bench-top 7890 series
Agilent GC system equipped with two electronic pressure con-
trol (ECP) inlets, an FID and an autosampler (7359A) module
was used for this purpose. Helium was used as the carrier gas
while the injectors and the FID were maintained at 280 °C.
The inlet of the chip was connected to injector A while the
outlet was fed to the FID for cross-examination purposes.
The auxiliary channel of the chip was connected to injector
B to provide helium for the micro-plasma generation. The
micro-plasma was initiated across a 20 um gap by applying a
550 V DC voltage using a high voltage power supply (PS-310,
Stanford Research Systems) to the excitation electrode pair
establishing the baseline current which was recorded on a
picoammeter (Model 480, Keithley) connected to the collector
electrode. A 100 MQ resistor (not shown in the Fig. 3) was
connected in series with the excitation electrodes to avoid an

(d)

(f)

Ti/Au

{ Silane

Fig. 2 Standard MEMS processes for the fabrication of the integrated chip. (a) Photolithography, (b) deep reactive ion etching, (c) atomic layer
deposition, (d) physical vapor deposition, (e) anodic bonding and (f) surface functionalization.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Testing setup of the integrated chip inside the HP7890 bench-
top GC system.

excessive amount of current flow which could damage the
electrodes. A DC voltage was also applied to the bias
electrode while a LABVIEW program recorded the measure-
ment from the rear-terminal output using a Keithley 2700
multimeter.

Results and discussion

The optical images of the semi-packed uSC and the pDPID
are shown in Fig. 4a and b, respectively. Fig. 4C shows the
photograph of the entire chip with the external capillaries
attached and the electrical connections affixed to the bond-

Fig. 4 Optical images of the actual fabricated devices. (a) uSC with
the embedded pillars to serve as the separation stage, (b) metal
electrodes on the Borofloat to serve as the detection stage and (c)
complete chip after packaging.

1752 | Lab Chip, 2015, 15, 1748-1758
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pads. The inset shows the close-up of the micro-plasma
across the 20 um gap. Here we discuss the results of charac-
terizing the pDPID first and then demonstrate the chromato-
graphic analysis performed with the GC-on-chip.

Performance evaluation of the pDPID

Plasma characteristics. The circuit used for studying the
electrical characteristics of the plasma is shown in the inset
in Fig. 5. A 100 MQ resistor and a 3.3 MQ resistor were
connected in series with the excitation electrodes of the pack-
aged device. A helium flow rate of 1 mL min™ was
maintained through the device. The current through the
plasma was calculated by measuring the voltage across the
3.3 MQ resistor using a Keithley 2700 DMM. Fig. 5 shows the
current-voltage plot of the plasma. For the discharge voltage
less than 480 V, the current measured was on the order of
tens of nanoamperes. At 500 V an unstable plasma was
observed with the current changing anywhere between tens
of nanoamperes and a few microamperes. A stable plasma
was initiated when the discharge voltage was raised to 550 V
with the current value measured around 2.5 pA. After 550 V,
the plasma current was observed to increase linearly with the
discharge voltage. The discharge voltage of 550 V was
selected due to two reasons: 1) the photon energy from the
plasma generated at 550 V was sufficient to ionize the com-
pounds eluting from the uSC and 2) the operation of the
detector under the stable plasma can be ensured with mini-
mum power consumption. The power consumption at 550 V
was determined to be 1.4 mW.

Mass flow rate sensitivity of the detector. In addition, the
classification of uDPID as a mass flow rate sensitive detector
(MSD) was demonstrated. The detectors typically employed
for nGC can be categorized as either a concentration sensitive
detector (CSD) or an MSD. The CSD measures the concentra-
tion of the compound in the carrier gas compared to the
MSD which measures the absolute amount of the compound
regardless of the volume of the carrier gas. The effect of the
flow rate on the peak parameters for the same amount of

100 MQ
35
36 1 High Discharge gap *
voltage
41 power ) Voltage ) 2
suppl
L5 | SUPPY 3IMAL oadout * . L2 E
3 E
R 2
5 = - 2 £
:2.8 1 No plasma, Visible plasma 7]
£ observed | observed L s
#26 e 1592
2 P + Plasma current E;':
244 . = Power consumption s

-

~ Plasma observed but unstable
450 500 550 600 650 700
Applied voltage,V

0.5

Fig. 5 Graph showing the current through the micro-plasma and
power consumption of the uDPID as a function of the applied voltage.
The electrical circuit used for measurement is shown in the inset.

This journal is © The Royal Society of Chemistry 2015
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sample can be used to distinguish between the two types of
detectors.** For CSD with an increasing flow rate, the peak
area decreases and the height is unchanged, whereas for the
MSD the peak height is increased and the area is unchanged.
The classification of uDPID as either CSD or MSD was deter-
mined by injecting the same amount of n-octane under dif-
ferent flow rates (by maintaining a constant split ratio of
100:1) and measuring effect on the peak properties of the
compound. For that purpose, five runs were performed with
injector A pressure set to the discrete values of 10, 12, 15, 20
and 25 psi. The pressure at the auxiliary channel was kept
constant at 10 psi for each injection. The flow rate measured
at the chip outlet corresponding to each pressure value was
0.9, 1.1, 1.4, 1.9 and 2.5 mL min*, respectively. Triplicate
runs were performed for each value and the standard devia-
tion was calculated. A 2 pl headspace volume of n-octane
contained in a vial was sampled using an autosampler mod-
ule to ensure repeatable injections. The peak width, height
and area of the detector response was calculated and plotted
as shown in Fig. 6. The graph shows that by increasing the
flow rate the peak width decreases. It is important to recog-
nize that the increased pressure (flow rate) forces the mole-
cules to exit the volume of the detector cell faster resulting in
a narrower peak width. However, the peak area remained
unchanged (~160 pA s) which is reflected by the increase in
the peak height. Similar relationship between the peak width
and the height vs. the inlet pressure has been reported for
FID.>> These results signify that the uDPID measures the
absolute mass of the compound and is therefore classified as
a mass flow rate sensitive detector. Furthermore, the rise and
fall times of the uDPID response were calculated. It is an
important parameter which indicates the speed with which
the detector can respond to the instantaneous changes of the
input signal. Increasingly longer rise or fall time can vary the
retention time of the compound, distort its peak shapes, and
result in a wider peak width affecting the chromatographic
resolution. The rise and fall times of the uDPID response for
n-octane calculated at the flow rates of 0.9 and 2.5 mL min™"
were remarkably short. For 0.9 mL min™" the rise time was

44 *
3.5 | 4 * 600
3_
| 500 —
z A z
£ 400
= A r £
' 21 @
ae A 300 =
31.5— A :
& 1l EY - * 200 &
05 | I 100
0 T . . : . . . —L 0
9 1 13 15 17 19 21 23 25

Inlet pressure (psi)

Fig. 6 Graph showing the effect of the flow rate on the peak shape
(width and height) for a 2 uL headspace volume injection of n-octane.
The triangle represents the peak width, whereas the diamond corre-
sponds to the peak height. The peak area remained constant
confirming the mass flow rate sensitivity of the uDPID.
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Fig. 7 Graph showing the rise time of the uDPID response for a 2 pL

headspace volume of n-octane. The time required to rise from the
baseline current of 80 pA to a peak value of 680 pA was ~200 ms.

~370 ms and the fall time was ~3 s, whereas for 2.5 mL min™"
these were noted to be ~200 ms (Fig. 7) and 1 s, respectively.
Both these values indicate that the uDPID can respond effec-
tively to the rapid changes of the input signal (~1 s wide
peak).

Reliability assessment of the detector. The reliability of
uDPID was investigated by examining the influence of its
continuous operation on the response of the detector. The
detector was challenged with a 2 pl headspace volume of
n-octane with the pressure maintained at 10 psi at the inlet
and auxiliary channel of the device. The flow rate measured
at the outlet was 0.9 mL min~". The mean and the standard

\

300

250

200 -

-

w

o
1

uDPID response

25 1

Peak Height (pA)  199.3 8.22
Peak Width (s) 3.2 0.22
Peak Area (pA.s) 153.2 8.43

Fig. 8 Chromatogram showing the repeatability of the pDPID
response for three injections performed every hour. The table shows
the means and standard deviations of the peak parameters (height,
width and area) for the injections of n-octane performed every hour
over a continuous operation of 12 hours.
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deviation of the peak area, width and height were calculated
for the injections performed every hour over a time span of
12 hours. The experimental findings shown in Fig. 8 indicate
that the uDPID produces highly repeatable results with less
than 10% variations in the response. Moreover, no deteriora-
tion of the excitation electrodes was observed after the con-
tinuous operation for 12 hours.

Effect of bias voltage. The effect of bias voltage on the
response of the detector was also examined. The bias voltage
was increased from 0 to 60 V in increments of 10 V. The
detector response was measured for a 7 pl headspace volume
of n-octane injected with a split ratio of 100: 1. The pressures
at injectors A and B were maintained at 15 psi and 10 psi,
respectively. Fig. 9 shows the effect of the bias electrode volt-
age on the detector response. Initially, ~10 pA increase in the
n-octane peak height was observed for every 10 V rise in the
bias voltage. This is attributed to the fact that by increasing
the bias voltage, the negatively charged species from the ion-
izing flux are collected more effectively at the bias electrode.
This reduces the probability of their recombination inside
the collector volume with the positive ions produced by the
ionization of the compound. The recombination process can
cause a portion of the generated ions to be neutralized and
hence not detected. Thus, by increasing the bias voltage, an
increase in the collector current is observed. However,
beyond 30 V, the bias voltage is strong enough to repel the
positively charged species in the ionizing flux; as a result a
decrease in the detector response with increasing the bias
voltage beyond 30 V is observed.

Limit of detection. Generally, the smallest signal that can
be safely attributed to the compound is the one with a signal
to noise ratio (S/N) of three or more. Therefore, S/N = 3 was
specified as the criteria for measuring the limit of detection
(LOD) for a particular compound in the characterization of
the uDPID. LOD for n-octane was evaluated by operating the
integrated chip under isothermal conditions at 40 °C with
the pressures at injectors A and B set to 15 psi and 10 psi,
respectively. 0.5, 1 and 1.5 pL volumes of the 5 ppm n-octane
sample prepared as explained in the Materials section were
injected into the chip. The split ratio was maintained at 150:1

3

Octane peak height, pA
8 8 8 8 3

B8

0 10 20 30 40 50 60
Bias voltage, V

Fig. 9 Response of the pDPID for a 7 pL headspace volume of
n-octane versus bias voltage. Each data point is the average of three
replicates.
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and the bias voltage was set to 0 V during the analysis.
These volumes translate to ~10, 20 and 30 pg of n-octane,
respectively.'® The response profiles from the puDPID for
these three injected mass of n-octane with the corresponding
FID results are shown in Fig. 10. The retention time for
n-octane was around 0.35 min. A 10-point moving average fil-
ter was used to make the high-frequency noise smooth. The
S/N values for these three injections were calculated to be
3.6, 16 and 22, respectively, for the pDPID. These results
clearly indicate that the LOD as low as ~10 pg is possible with
the uDPID. The corresponding S/N values for the FID were
found to be 3, 8 and 10, respectively. Afterwards, the bias
voltage was varied to improve the n-octane peak signal. Table 2
shows that the peak height of n-octane was doubled by
increasing the bias voltage to 30 V signifying opportunity for
further improvement in the LOD. It should be noted that the
LOD depends upon the testing compound properties in addi-
tion to the system operating conditions. For instance, the
compound may experience significant band broadening due
to the presence of extra-column volume or with increasing
retention time which could result in wider peaks and higher
LOD. Similarly, the temperature and flow rate play an impor-
tant role in increasing the peak height especially for the late
eluting compounds which can create significant impact on
the LOD.

Performance evaluation of the GC-on-chip

Following the performance evaluation of the pDPID, the
monolithic integrated chip was tested. It should be noted
that ALD-treated/silane-functionalized semi-packed puSCs have
yielded ~4200 plates per meter, using n-decane at 50 °C at
the inlet pressure of 7.5 psi (linear velocity, 8.5 cm s') as
recently demonstrated by our group.'* The chromatographic
performance of individual uSCs, however, was tested in our
previous work only under isothermal conditions."* The
presented work herein evaluates the separation efficiency of
the column under simultaneous flow and temperature pro-
gramming while using the on-chip detection stage. The GC-
on-chip performance was evaluated with an eight-compound
mixture containing alkanes and aromatic hydrocarbons

3

LDPID response, pA
3

Fig. 10 (a) Response profiles from the uDPID for ~10, 20 and 30 pg
injection of n-octane. A 10-point moving average filter was used to
make the high-frequency noise smooth. (b) Response from the FID for
the corresponding injections.
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Table 2 The effect of bias voltage on the peak height of n-octane for
~10 pg injection. The signal to noise ratio (S/N) was doubled by increasing
the bias voltage to 30 V

Bias voltage, V Peak height, pA S/N
0 1.8 3.6
10 3 6
20 3.1 6.2
30 3 6

prepared as explained before. The chip was configured inside
an HP7890 GC system as shown in Fig. 3. Injectors A and B
were set to 15 psi and 10 psi, respectively. A 550 V DC voltage
was applied to create the discharge and the bias voltage was
set to 20 V. The chip was maintained under isothermal condi-
tions at 40 °C. The resulting chromatographic separation was
achieved in 2.5 min (Fig. 11a), providing good resolution and
retention of the compounds. The tested compounds were
eluted in the order of increasing boiling points with the most
volatile compound eluting first. The air peak (not shown
here) precedes the n-heptane compound which shows the
universality of the uDPID. A similar response was observed
on the FID (Fig. 11b) except for the air peak which could not
be detected due to the selectivity of the detector to only
organic compounds. As seen in the chromatogram, the first
six compounds were baseline separated from each other;
however, p-xylene, Cy and C;, peaks were separated well from
each other resulting in an increased analysis time. The reso-
lution (R) is defined as

po () —(t), _ 2
C0n) )y (), +(m), (1)
2

where d is the distance between the peak maxima for the two
compounds, A and B; w, is the peak width at the base. The
resolutions were noted to be 5 between p-xylene and Cy and
18.6 between Cy and C,, while their peak width values were
noted to be 4.2, 3 and 7 s, respectively. Raising the tempera-
ture of the chip or increasing the flow rate was considered to

Under Isothermal condition with uniform flow

HDPID response, pA

o 0.2 0.4 0.6 08 1 12 14 16 18 2 22 24 26
time, min

(a)
Fig. 11

FID response, pA
2
n
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reduce the analysis time. However, it resulted in poor resolu-
tion among the early eluting peak. Therefore, flow and tem-
perature programming techniques were utilized in these
ALD-coated uSCs for the first time to accelerate the separa-
tion of p-xylene, Cy and C;, with an effort to achieve satisfy-
ing resolution between all the other compounds. This was
achieved by first flow programming the uSC while
maintaining the chip under isothermal conditions at 40 °C.
The injector A pressure was initially maintained at 15 psi
(1.3 mL min™") for 0.7 min (holdup time) and then increased
to 35 psi (2.7 mL min™") at a rate of 30 psi min~". The hold
time of 0.7 min was necessary to achieve baseline separation
between the first six eluting compounds. Reducing the
holdup time causes early eluting peaks to merge together
degrading the overall separation resolution. The chromato-
gram in Fig. 12 reveals that the separation was completed in
1.8 min (28% reduction in the analysis time) with resolutions
of 5.8 between p-xylene and C, and 15 between Co and Cy,. It
should be noted from the chromatogram that the peak width
of Cy was reduced to 2.9 s (3% reduction) while that of C;,
was reduced to 4.5 s (35% reduction). The peak heights of
p-xylene, Cy and C,, also increased due to the increased flow
rate during the flow programmed run providing better detec-
tion of the late eluting compounds. Another effective method
for reducing the analysis time is the temperature program-
ming of the pSC. In this process, the puSC temperature
increases which decreases the partition coefficient of the
compounds still inside the column so they can move faster
yielding a decrease in the retention time. As explained before,
temperature programming (Tinitia1 = 40 °C, ramp = 30 °C
min", Thnal = 65 °C) in conjunction with flow programming
of the chip shortened the analysis time considerably. Fig. 13
indicates that the complete separation was achieved in 0.8
min (68% reduction in the analysis time) while the peak
width values of p-xylene, Cy and C;, were noted to be ~1.8,
2.1 and 3 s, respectively. As expected, a further decrease in
the resolution was also observed. These findings have been
compiled and presented in Table 3. To further shorten the
analysis time for high-boiling hydrocarbons, a series of

Under Isothermal condition with uniform flow

: n-heptane

: toluene

: tetrachloroethylene
: chlorobenzene

: ethylbenzene

: p-xylene

: n-nonane

: n-decane

w
(=]
N NEWN =

3
~

©
o
-]

©

0 0.5 1 15 2 25 3
time, min

(b)

(a) Response of the uDPID to a 10 uL headspace volume of an eight-compound mixture under isothermal conditions at 40 °C and a flow

rate of 1.33 mL min™. (b) Corresponding chromatogram generated by the FID.
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Fig. 12 (a) Response of the uDPID to a 10 uL headspace volume of an eight-compound mixture under the flow programming and isothermal con-
ditions at 40 °C. The initial and final flow rates through the column were 1.3 mL min~* and 2.7 mL min?, respectively. (b) Corresponding chromato-

gram generated by the FID.

30°C/min _ .=~

HDPID response

17.3

16.3

153

=
»
w

FID response
=
@

123

13

10.3

9.3

0 01 0.2 0.3 0.4 05
time, min

(@

0.9 1

R
=0 C‘I“Lnf - _~'—= 30psi
30 psi/min -7
4
5
' 6
3
7
8
03 04 05 08 07 03 09 1
time, min
(b)

Fig. 13 (a) Response of the uDPID to a 10 uL headspace volume of an eight-compound mixture under the flow and temperature programming
conditions. The initial and final flow rates through the column were 1.3 mL min™ and 2.3 mL min™%, respectively. (b) Corresponding chromatogram

generated by the FID.

Table 3 Summary of the results from Fig. 11 to 13 for the late eluting compounds including p-xylene, n-nonane and n-decane. The results are summa-
rized in terms of the peak width, the retention time and the resolution

Resolution

(1), = (%),

(Wb)A +(Wb)s

p-Xylene n-Nonane (Co) n-Decane (Cyp) 2

Retention Retention Retention Peak
Testing conditions time (s) time (s) time (s) width (s) p-Xylene-Cq Co—C1o
Isothermal, 40 °C 30 48 141 7 5 186
Flow programmed run 30 48 104 4.5 5.8 15
Flow and temperature 17 25 47 3 4.3 8.4

programmed run
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exploratory trials were performed with four n-alkanes (Co-
Ci,) to establish the flow and temperature conditions for the
best possible separation in the shortest period. For that pur-
pose, the chip temperature was raised to 100 °C with the
injector A pressure maintained at 25 psi (1.9 mL min™"). A
50 pL headspace volume of a four-compound mixture prepared
as explained in the Materials section was injected into the chip.
The resulting chromatogram (Fig. 14) shows the separation
and detection of these compounds in less than a minute. The
peak width values were 1.3, 1.7, 3 and 5.4 s for Co, Cyg, C11
and C;,, respectively. It can be deduced from the results
shown in Fig. 11-14 that faster analysis of complex samples
with compounds, covering a wide range of boiling point, is
possible through the optimization of flow rate and tempera-
ture settings of the chip. A baseline signal with <5 pA of the
noise level in these chromatograms clearly demonstrates the
simultaneous temperature and flow programming capabili-
ties of our newly developed GC-on-chip module. Such a stable
response was not possible in our previously published work
when the monolithically integrated chip with pTCD was
subjected to temperature and flow programming conditions.
However, small dips (negative peaks) in the baseline signal in
the chromatograms (Fig. 11a-13a) were observed between few
compounds which might be related to the time response of
the detector. The exact origin of these dips is unclear at this
stage and will be ascertained in future investigations. It is
important to note that such variations in the response have
been observed with the chemiresistor (CR) sensors as well.*?
Furthermore, these results (Fig. 11a-14a) present a proof-of-
principle that rapid chromatographic analysis of a mixture
containing low- and high-boiling point compounds can be
achieved through multiple GC-on-chip modules operated in
parallel under different temperature and flow rate conditions.

Conclusions

The pDPID presented in this article has many desired
features that bode well for its use in uGC. The detector is
easy to fabricate and requires silicon and glass substrates
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which are the most commonly used materials for fabrica-
tion of uGC components. This provides the opportunity of
its monolithic integration with other nGC modules such as
the puSC reported in this article. This integration reduces
the disadvantages of hybrid arrangement of uGC compo-
nents including the dead-volume along the flow path, the
overall size and the implementation cost. Furthermore, the
detector resistance to temperature and flow rate variations
allows the programming of the uSC to achieve faster analy-
sis with better performance. We have demonstrated that
through temperature and flow programmed operation of
the pSC, 68% reduction in the analysis time compared to
the isothermal conditions can be achieved. Similarly, oper-
ating the chip under an elevated temperature with a higher
carrier gas flow rate can provide quick separation and
detection of high boilers. Furthermore, a network of these
chips working in parallel can be envisioned with each row
maintained under different temperature and carrier gas
flow rate conditions to enable the rapid separation of low-
and high-boiling point compounds. Rapid response time of
the uDPID enables the detection of sharp peaks (~1 s wide)
which can be beneficial in high speed pGCs. The LOD
(~10 pg) attained with the uDPID is significantly lower than
other detectors typically used within the uGC commu-
nity.”**>3% Additionally, the fact that the bias voltage can
increase the signal level provides excellent opportunity to
improve the LOD which can be realized through the modifi-
cations in the design and location of the bias electrode. In
the future, we will study the influence of the distance
between the discharge and the outlet of the uSC and the
size of the collector volume on the detector performance.
We are pursuing these design alterations along with the
electronic board development for the uDPID. The circuit
board will generate the high voltage (550 V, 2.5 pA)
required for plasma generation. It will also provide the
necessary current limiting protection circuitry to eliminate
the possibility of electrical hazards as well as the interface
for processing the pico-ampere level of the current signal
for uDPID.

1
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Fig. 14 (a) Response of the uDPID to a 50 uL headspace volume of a four-compound mixture of high boilers under isothermal conditions at

100 °C and a flow rate of 1.9 mL min™%. (b) Corresponding chromatogram generated by the FID.
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