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a b s t r a c t
Semipacked columns (SPCs) with integrated micropillars have been characterized for high chromatographic efﬁciencies and fast separations. In this article, high-yield and stable alkane thiol based stationary
phase coating methods are presented for SPCs. Brieﬂy, a new three step (anisotropic, O2 plasma,
and isotropic) etching method is ﬁrst developed in order to improve metal lift-off by producing a 3dimensional undercutting proﬁle inside deep etched SPCs. This innovative fabrication scheme is used for
1 m-long, 220 m-deep, 190 m-wide SPCs with circular micropillars of 20 m-diameters and 42 mpost spacing. Two different thin gold ﬁlm deposition techniques are utilized for microcolumns (1) a
wafer-level physical vapor deposition, and (2) a device level layer-by-layer (LbL) self-assembly of gold
nanoparticles (3.2 nm diameter). After gold ﬁlm deposition and metal lift-off, the surface of the patterned
gold layer is functionalized with a 2 mM octadecanethiol (C18 H37 SH) solution for chromatographic separations. Both kinetic (Golay plots) and thermodynamic (Van’t Hoff plot) properties of thiol-functionalized
gold phases are studied. The signiﬁcance of SPCs, for faster analysis, is also validated by achieving baseline
separation of a straight chain alkane mixture, containing high boilers (174 ◦ C to 287 ◦ C), within 45 s.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The miniaturization of different gas chromatography (GC) components, such as pre-concentrators/injectors [1–7], separation
columns [8–13], and detectors [14–19], enables the realization
of a ﬁeld portable system [20–28] for real-time sample analysis. Chip-based GC separation columns, realized through planar
microfabrication of silicon–glass substrates, have been the main
subject of several recent research studies. Apart from separation
capabilities, certain critical GC functionalities such as temperature programming [29,30] and ﬂow rate sensing [13] have also
been integrated on the same silicon–glass chip. The high thermal conductivity of silicon (149 W/m K) [31], shorter column
lengths (0.25 m to 3 m) [32–34], and smaller chip sizes (typically
2 cm × 2 cm) [12,35] along with new stationary phase coating materials result in low-power consumption (<100 mW) [12] and rapid
temperature programming rates (60 ◦ C/s) [32] enabling faster (less
than a minute) as well as efﬁcient (>10,000 plates/m) separations
[35,36]. Moreover, the use of standard cleanroom fabrication processes, mainly lithography and plasma based dry etching, has also
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enabled the realization of producing separation channels with
arbitrary shapes and geometrical patterns. This is not possible
with the conventional manufacturing techniques employed for
glass capillary columns. These innovative designs include partially
buried micro-columns [37], low-mass oxy-nitride semi-circular
suspended columns [38], width-modulated rectangular columns
[39], and SPCs with embedded micron-sized pillars [30,35,40–45].
Among these designs SPCs, invented at Virginia Tech MEMS lab [40],
have attracted considerable attention due to their improved separation efﬁciency, sample capacity, and speed of analysis compared
to regular open channel columns.
Both static and dynamic gas–liquid phase coating methods [34,35,46], speciﬁcally tailored for microchip coating, have
been successfully employed for silicon–glass microchannels. The
work on micro-electro-mechanical-systems (MEMS) compatible
gas–solid stationary phase coating methods has been the focus
of continuous research during the last decade. Different research
studies have demonstrated the separation capabilities of carbon
nanotubes (CNTs) [32], sputtered oxides [29,42,43], atomic layer
deposited alumina [41,47], silica nanoparticles (SNPs) [48,49], and
monolayer-protected-gold (MPG) [33,36] based solid adsorbent
ﬁlms for silicon microcolumns. Brieﬂy, Stadermann et al. [32], using
chemical vapor deposition, integrated single-walled CNTs into a
100 m × 100 m channel to achieve ultrafast separation of four
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Fig. 1. Layout (top view) of a 1 m-long semipacked column showing critical dimensions.

compounds in 1 s using fast temperature ramp rates. Haudebourg
et al. [29] employed a wafer-level sputtering mechanism to coat
thin ﬁlms of different adsorbent materials (silica and graphite) into
SPCs (100 m-deep channel and 10 m × 10 m square micropillars) for oilﬁeld applications. Similarly, our research group has
previously shown the separation capabilities of SNPs (coated using
layer-by-layer self-assembly) [48] and wafer-level atomic layer
deposited/silane functionalized alumina thin ﬁlms [43] for different channel geometries. Furthermore, we have shown different
microfabrication methodologies for depositing thin layers of gold
inside high-aspect-ratio (HAR) microcolumns followed by a thiol
functionalization step. In this article, we introduce a new highyield metal patterning process for HAR structures, using a single
layer positive photoresist (PR) and a three stage (anisotropic,
plasma clean and isotropic) etching process to generate an undercut
proﬁle. Therefore, when metal is deposited, the ﬁlm is discontinuous over the deep etched (>200 m) micron-sized features
enabling easy removal of PR and leaving behind a well-deﬁned
metal thin ﬁlm. Two different gold deposition techniques are successfully demonstrated for 220 m-deep SPCs, (1) a wafer-level
electron-beam evaporation (physical vapor deposition), and (2)
a LbL self-assembly of gold nanoparticles (GNPs). Compared to
our previous effort for coating functionalized GNPs [50], this new
LbL coating scheme was found to be highly stable under GC testing conditions mainly due to shorter coating steps (∼3 min) and
calcination at higher temperature. Moreover, comparatively our
earlier work on self-patterned gold-electroplated columns with
MPG phases required very high processing temperature (950 ◦ C)
and also afforded high fabrication complexity [33,51]. The separation capabilities of the proposed gold coated/thiol functionalized
SPCs are demonstrated with high-speed separation of an alkane
mixture. Fig. 1 shows the detailed column and microchannel layout
proﬁle of 1 m-long SPCs utilized for validating our newly proposed
fabrication method.
2. Experimental
2.1. Materials and reagents
Microcolumn fabrication took place on 4 silicon (500 m
thick, p-type, 1 0 0, 0–100  cm) and Boroﬂoat® glass (700 m
thick ± 7 m) wafers purchased from University Wafers and Corsix
Precision Glass, respectively. Deactivated fuse silica glass capillary
tubing (outer diameter 200 m and internal diameter 100 m),
was obtained from Polymicro Technologies. A two part epoxy
adhesive (MS-907) was purchased from Miller Stephson. All the

chemicals used for GC testing (analytical standard with ≥99.8%
purity), LbL coating (polycation polyallylamine hydrochloride
(PAH)), self-assembly (octadecanethiol) and glass surface deactivation (octadecyltrichlorosilane (ODTS)) were obtained directly
from Sigma-Aldrich. Ultrahigh pure helium (>99.99%) was used
as the carrier gas for all GC experiments and purchased from
Air Gas Ltd, USA. Methane gas (99% grade) used for calculating column dead time, linear velocity, and capacity factors (k )
was acquired from Matheson Trigas, Ohio. Gold nanoparticle
suspension (MesoGoldTM , 3.2 nm average diameter and 20 ppm
concentration in pure water) was purchased from Purest Colloid
Inc.
2.2. Instrumentation and testing
A bench-top Agilent GC system (7890) equipped with an
autosampler (7359A), an electronic pressure controller, and a ﬂame
ionization detector (FID) was used for performing all the chromatographic tests. Both inlet and detector temperatures were
maintained at 280 ◦ C for all the tests.
2.3. Fabrication
The fabrication of a modiﬁed lift-off process for metal deposition and surface functionalization requires multiple stages and is
illustrated step-by-step in Fig. 2. This process can be broadly categorized into column fabrication, thin gold ﬁlm deposition (either
e-beam or LbL), anodic bonding, and column functionalization.
2.3.1. Column fabrication
The fabrication of microcolumns starts with a silicon wafer
priming step using hexamethyldisilazane (HMDS); an adhesion
promoter for the photoresist (PR), followed by substrate heating
at 110 ◦ C for 5 min. After which the HMDS-primed wafer is spin
coated with a positive AZ® 9260 PR (i-line broadband PR by AZ
Electronic Materials) at 500 rpm for 15 s and 2000 rpm for 1 mi.
Following this, the PR-coated wafer is soft-baked at 110 ◦ C for 90 s.
This process is conducted to reduce the solvent content in the PR
and further improve wafer adhesion with PR. Next the soft-baked
wafer is exposed for 55 s using an ultra-violet light source with a
mask aligner (Karl Suss, MA-6) system followed by development
in an aqueous AZ400 K (3:1) developer solution. In the proceeding
step, the thickness of PR (∼8.8 m) is characterized with a surface
proﬁlometer (DekTak) and further veriﬁed through SEM imaging
(Fig. 3a). It is important to note that the wafer is not hard-baked
after PR development; this is found to further improve the metal
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Fig. 2. Process ﬂow for the fabrication of semipacked columns with a three-step etching technique to produce undercut proﬁle.

lift-off process. The three-step dry etching of SPCs is explained in
detail below.

etching results in a ∼3 m lateral etching eventually producing
∼17 m -pillars (Fig. 3b).

2.3.1.1. Anisotropic etching. First, the PR-patterned wafer is
anisotropically etched for 48 min at 0 ◦ C in a deep reactive ion etching (DRIE) system (Alcatel AMS-100). This is conducted using a
sequential ﬂow of etch (SF6 ) and passivation (C4 F8 ) gases; known
as a standard BoschTM process [52] (etching conditions mentioned
in supplementary material Table 1). Although the micropillars (pillars) are designed with 20 m-diameters (Fig. 1), anisotropic

2.3.1.2. Oxygen plasma etch. In the second step, the anisotropically
etched silicon wafer is etched for 2 min (O2 plasma, supplementary
material Table 2) using a Trion reactive ion etching (RIE) system to
remove the passivation layer deposited on the etched surfaces during BoschTM process. It is important to note that without this step,
undercutting of silicon is not possible since all the vertical surfaces
are covered with passivated polymer from the ﬁrst step. Similarly, a
low-powered RIE system is found to be more suitable compared to

Fig. 3. SEM micrographs of a device during different fabrication steps: (a) after lithography, (b) after anisotropic etching using DRIE, (c) O2 plasma etch of passivation polymer
in Trion RIE, and (d) under-etching of high-aspect ratio micropillars in DRIE using isotropic etching. Insets show the images at magniﬁed scale.
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DRIE system for this step. Moreover, it has also been found during
SEM imaging that the interface between PR and the top silicon surface is also cleared from residual PR/passivation polymer as shown
in Fig. 3c. This helps in achieving the required undercut. It is important to mention here that a single wafer was also fabricated by
terminating the process at this point but no improvement in metal
lift-off was observed.

in an oven at 500 ◦ C for 4 h to burn the PAH, leaving behind only
the evenly distributed GNPs coating with nanoscale roughness on
the desired microsurfaces.
The robustness of the newly developed scheme is validated by
fabricating 12 gold-coated columns across different wafers producing a fabrication yield of ∼91%.
2.5. Anodic bonding and functionalization

2.3.1.3. Isotropic etching. In the last step, the undercutting of HAR
microstructures is carried out using an isotropic etch [52] recipe
with a ﬂuorine based chemistry (SF6 ) at 0 ◦ C inside a DRIE chamber for 2 minutes (Table 3, supplementary material, shows etch
conditions utilized for achieving the desired undercut). The overall thickness of the -pillar is further reduced by ∼3 m due to
isotropic etching. The detailed etch proﬁle after 3-dimensional
undercutting is shown in the Fig. 3d. Keeping the PR intact, thin
gold ﬁlm deposition is carried out in the next steps.
2.4. Gold ﬁlm deposition
The self-patterning of thin gold layers inside the etched SPCs is
achieved by two methods, (1) a wafer-level physical vapor deposition (PVD) using an e-beam evaporation source, and (2) a device
level LbL method using GNPs suspension (Fig. 4). The details of each
gold deposition method are provided below

Following thin gold ﬁlm deposition, each micro column is sealed
with a Boroﬂoat® glass substrate (400 ◦ C, 1250 V, 45 min) using a
custom made anodic bonding station. Approximately 30 cm-long
glass capillary tubing is glued using Epoxy-907 to each port of the
silicon-glass chip, providing a ﬂuidic interface between the chip
and GC oven.
Surface deactivation using silylating agents improves the inertness of the glass substrate and limits the residual activity of surface
silanol (hydroxyl) groups to reduce the peak deformation/tailing
during chromatographic separation. Similar to our previous ﬁndings to improve the peak symmetry, each microcolumn is ﬁrst
treated with a 10 mM octadecyltrichlorosilane (diluted in toluene)
for 12 h at room temperature [53]. Following glass deactivation, the
self-assembly of octadecanethiol thiol on a gold surface is exploited
to create a gas–solid stationary phase [54].
SAM

2.4.1. e-Beam evaporation
The PVD deposition of the thin ﬁlm starts with placing an etched
silicon wafer on a rotating platen inside the PVD-250 (Kurt Lesker)
chamber as shown in Fig. 4a. In short, the chamber is pumped down
to a base pressure of 3 × 10−6 torr. Then, an e-beam power source
is turned-on and is directed towards the target (anode) with the
help of magnetic deﬂectors. The high energy e-beam bombards the
surface of the target material causing it to transform into a gaseous
phase. This gaseous anode material nucleates on the surface of the
wafer forming a thin ﬁlm with the desired thickness. Since the
adhesion of the gold layer to silicon is poor, a thin layer (∼25 nm)
of chrome is ﬁrst deposited on the surface followed by 240 nm thin
gold ﬁlm deposition (1 Å/s rate). After gold deposition, the metal
lift-off process is accomplished by immersing the wafer into acetone followed by a short agitation (5 min) in a sonication bath. The
average ﬁlm thickness of the gold layer was found to be 239 nm
(Fig. 5).
2.4.2. LbL self-assembly of GNPs
For LbL deposition, the etched silicon wafer, with PR intact,
is ﬁrst diced into the individual devices. The GNP thin ﬁlm is
deposited via the LbL ionic self-assembly method recently demonstrated/optimized for GC by our group with SNPs [48]. Each device
is ﬁrst attached to a glass microscope slide with a double-sided
scotch tape and placed in an automatic dipping system (StratoSequence VI Robot, nanoStrata, Inc.). In the current scheme, the LbL
coating starts by alternately immersing each device into an aqueous 10 mM PAH (pH = 4.0 ± 0.1, stirred overnight) and GNPs colloid
(used as received) solution for 3 min. Each coating cycle results in a
single bilayer (BL) and is formed by an attractive electrostatic bonding of a positively-charged PAH layer and a negatively-charged GNP
(−40 mV zeta potential) layer. A single 3 min coating cycle of PAH
or GNPs is followed by three 45 s rinsing steps in between using
deionized (DI) water to remove any excess material coated during
the prior step (Fig. 4b). The process is terminated after the desired
number of BLs are deposited inside the microchannel. In the current work, SPCs are coated with 30, 50 and 100 bilayers. After LbL
coating, each device is ﬁrst dried with a low ﬂux nitrogen gas and
dipped in acetone followed by sonication for 5 min to achieve the
metal lift-off. Similar to our earlier studies, the devices were placed

C18 H37 SH + Au0 −→[C18 H37 S− + Au+ ] + 1/2H2
For thiol self-assembly, each column is ﬁlled with a 2 mM
octadecanethiol (C18 H37 SH) in hexane, sealed at both ends using
septa (made of high grade silicone) and kept at room temperature
for 6 h. Fig. 2 shows the chemical structure of both self-assembled
C18 thiol on gold and ODTS on glass surfaces.
3. Results and discussion
The contribution of the gold ﬁlms deposited using methods
described in the last section is ﬁrst tested before any functionalization steps. Fig. 6 clearly demonstrates that GNP layer alone
(evaporated gold ﬁlm shows similar behavior but not shown) is
inadequate for GC separations. Before performing any chromatographic separations on functionalized columns, each device is ﬁrst
purged with a constant ﬂow of dry nitrogen for 30 min. Each chip
is then connected to a conventional GC oven and slowly heated
from room temperature to 150 ◦ C (2 ◦ C/min) with a constant inlet
pressure of 7.5 psi until a stable signal baseline is observed. Fig. 6
also shows that SPCs with thiol functionalized GNPs (100 BLs) are
able to separate a simple alkane mixture. It is important to note
that 30 and 50 BL GNP columns performed poorly in comparison
to those having 100 BLs due to incomplete coverage of the etched
channels with nanoparticles. Therefore, only columns coated with
100 BL GNP were used for further GC analysis in addition to evaporated gold columns. The thickness of 100 BLs was measured to be
∼300 nm using SEM (not shown).
3.1. Column performance
In this work, both kinetic and thermodynamic properties of
microfabricated columns with thiol phases are evaluated using
Golay and Van’t Hoff plots. The kinetic performance of the separation columns is typically evaluated using a metric known as a
height-equivalent-to-a-theoretical-plate (HETP). The Van Deemeter equation (1) theoretically relates different sources of column
peak band broadening to HETP (cm) [55].
HETP = A +

B
+ (CS + CM ) × ū
u

(1)
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Fig. 4. Schematics of (a) an e-beam evaporation system during wafer coating and (b) a LbL coating scheme for thin-gold ﬁlm deposition using GNPs and PAH.

Fig. 5. SEM micrographs of a microchannel after photoresist removal in acetone (a) top view and (b) channel cross-section. Inset (b1 ) shows pillar-top at magniﬁed scale,
(b2 ) shows gold thickness on sidewall and (b3 ) shows slight undercut at the bottom of microchannel.

here ū (cm/s) is the average linear carrier gas velocity. The A (cm)
term, arising due to eddy diffusion or multiple paths, is only significant in packed columns and has minimal effect for SPCs properly
designed with uniform gas ﬂow paths [40]. The B (cm2 s−1 ) term
reﬂects the molecular diffusion of solute molecules in the carrier
gas. The CS and CM (s) terms represent the resistance due to mass
transfer in stationary and mobile phases, respectively. The HETP
is typically calculated experimentally from a chromatogram using
relationships (2) and (3) [55]
HETPeff =

L
Neff

(2)

where L is the length of the column and Neff is the effective plate
number, taking into account dead volume in the column and evaluated using [55]


Neff =

tr − tM
w1/2

2
(3)

where tM is known as the dead or hold-up time calculated from
an unretained methane peak, tr is the retention time and w1/2 is
the peak width at half the height of a selected solute probe, typically a straight chain alkane. It is necessary to account for the dead
time in calculating efﬁciency (plate number) for microcolumns,

Fig. 6. Separation performance of an uncoated and a thiol-coated GNPs column using n-nonane and n-decane (diluted in dichloromethane) as probes. Column tested at 50 ◦ C,
5 psi head pressure, 200:1 split ratio, and 0.1 L sample injection.
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Fig. 7. Golay plots of evaporated gold (blue) and GNPs (red) based SPCs using n-decane (3300 ppm) as a marker at isothermal condition (50 ◦ C) with 0.1 L sample injection
and 200:1 split ratio (head pressure varied from 2.5 psi to 30 psi). Triangular markers represent HETP (solid lines) values, while square markers represent pressure (dotted
lines).

Fig. 8. Thermodynamic properties of thiol functionalized evaporated gold and GNPs coated SPCs using Van’t Hoff plots. n-Decane is used as a probe with each column
tested from 35 ◦ C to 80 ◦ C at 7.5 psi head pressure. Methane vapor is used to calculate the dead times/capacity factors (k ) corresponding to different temperatures with
R = 8.314 J/K mol.

especially with very narrow widths and comparable lengths of
interfacing capillary tubing resulting in a large dead volume. Fig. 7
shows Golay plots of both GNPs and evaporated gold SPCs, generated using n-decane as a probe under isothermal conditions
(35 ◦ C, 0.1 L injection volume, split ratio 200:1). The optimum
linear carrier gas velocity of 37 cm/s is calculated providing a minimum HETPeff value of 0.0376 cm (evaporated gold). It is desirable
to operate columns above linear velocities in order to reduce the
analysis time. The ﬂatness of the HETP curve above optimum linear velocities, a characteristic of SPCs, shows that there is small

loss in separation efﬁciencies when operating the columns at high
velocities. Moreover, the ﬂatness of the curve at higher velocities
demonstrates that the effect of mass transfer terms (CS and CM ) is
smaller than the B term, which is desirable for high speed operations. Fig. 7 also shows a linear correlation between the inlet/head
pressure and the corresponding calculated linear carrier gas velocity. Both gold-thiol coatings were found to be highly stable for
six months under GC testing conditions (maximum pressure of
30 psi and temperature up to 175 ◦ C) and after multiple sample
injections (2 0 0).
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Fig. 9. Separation performance of an evaporated gold coated/thiol functionalized column at three different linear velocities, 37 cm/s (optimum), 17 cm/s (below optimum)
and 70 cm/s (above optimum). Compound indentiﬁcation (in order of elution), dicholoromethane, n-decane, n-undecane, n-dodecane, n-tridecane, n-tetradecane and npentadecane. Temperature programming curves are superimposed on each chromatogram. GC testing performed under a constant ﬂow mode.

Thermodynamic properties of thiol functionalized gold ﬁlms
were evaluated using Van’t Hoff plots (Fig. 8). The plots, generally
linear (R2 > 0.87 and R2 > 0.96), are generated between 35 ◦ C to 80 ◦ C
using n-decane (diluted in dichloromethane) as a probe and deadtime is yet again calculated from an unretained methane vapor.
From the Van’t Hoff plots, the values of the standard adsorption
heat for evaporated gold (|r H |=28.95 kJ/mol) column is close to
that of a 100 BLs GNPs (|r H |=21.60 kJ/mol) coated SPCs meaning
evaporated gold coated columns retain slightly better than GNPs
and thermodynamically very similar. These values are lower than
that calculated for CNTs (|r H |=46.2 kJ/mol) [32] based coating
also using n-decane as a marker. This means that the retention
of gold-thiol based stationary phases is lower than that of CNTs
based phases. The higher retention of CNTs could be attributed to
the higher surface area of nanotubes due to the height (1.7 m) of
a nanotube mat. The retention of gold-thiol coating could also be

improved further by increasing the thiol coating time from 6 h to
12 h or more.
3.2. Chromatographic separations
The separation capability of both functionalized gold phases
is evaluated using a simple straight chain alkane mixture with
7200 ppm concentration of each compound. Since the separation
behavior of both phases are very similar, only results of evaporated gold coated SPCs, showing better retention than GNPs coated
devices, are presented here. It has earlier been reported that C18 thiol based phases are able to only selectively resolve straight chain
alkane based mixtures [53]. Therefore, only straight-chain alkanes
are used for GC separations. In order to show the signiﬁcance of
using SPCs, the mixture is tested at three different carrier gas velocities (16 cm/s, 37 cm/s and 70 cm/s) as shown in Fig. 9. Moreover,
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Fig. 10. Separation performance of an evaporated gold coated/thiol functionalized column at optimum linear velocity (37 cm/s) at higher initial temperature 80 ◦ C. GC testing
performed under constant ﬂow mode.

the peak-to-peak resolution (RS ) between adjacent analyte peaks
is also evaluated using [55]
RS = 2 ×

 t −t 
ra
rb
wrb + wra

(4)

where, tra and trb correspond to retention times and wra and wrb
represent the peak widths at base of corresponding compounds a
and b. From Fig. 9, it is clear that SPCs operating below optimum
carrier gas velocity take 100 s to complete the separation, while at
higher linear velocity (70 cm/s) the separation is completed within
75 s. Moreover, all the peaks are baseline separated (RS > 1.5) with
loss of resolution between the ﬁrst few peaks being relatively small.
In order to further reduce the analysis time, without signiﬁcantly
effecting peak-to-peak resolution, the initial operating temperature of SPCs is increased from 50 ◦ C to 80 ◦ C. Fig. 10 shows that the
separation of the same mixture could be achieved within 45 s with
baseline resolution, thus signiﬁcantly reducing the total analysis
time.
4. Conclusion
In conclusion, we present improved gold-thiol coating schemes
for SPCs. The proposed fabrication method is validated for
both evaporated gold and thin GNPs ﬁlms (deposited using LbL
self-assembly). The chromatographic performance of thiol functionalized evaporated gold and 100 BLs of GNPs thin ﬁlms is
found to be comparable, with evaporated gold coated columns
demonstrating slightly better separation efﬁciencies. Moreover,
thermodynamically both phases show similar behavior with evaporated gold ﬁlm showing slightly better retention. Fast analysis
(45 s) for high boilers is achieved utilizing the proposed scheme
for evaporated gold SPCs. Evaporated gold thiol based stationary
phases provide a wafer level coating scheme. Similarly the availability of different thiol chemistries could further provide selective
chemical separations. We also envision that this newly developed
method could also be employed for patterning thicker stationary
phase ﬁlms (up to 1 m) inside deep channels (≤250 m).
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