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Abstract-Half-circular channels, to be used for gas chromatography, were etched isotropically using a 
mixture of HF, HN09 and HzO. Two wafers with half-circular channels were bonded on top of each other 
to yield channels with a circular cross-section. During etching the so-called “loading effect” was encoun- 
tered: the etch rate depends on the local structure density. To solve this, extra structures were placed 
around the channels to create an equal structure density over the wafer and so prevent irregularities in 
channel width. To eliminate the alignment problems that arise when bonding two wafers with isotropically 
etched channels together, a method which combines deep trench etching, passivation and isotropic etching 
was developed to construct channels under the surface of a wafer. 0 1997 Published by Elsevier Science Ltd 
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1. INTRODUCTION 

1.1 Gas chromatography 
Gas chromatography is a routinely used technique 
in many analytical laboratories, because of the high 
resolution, selectivity and sensitivity that can be 
achieved. In fact, from the 1950 s until the inven- 
tion of High Performance Liquid Chromatography 
(HPLC) in the 1980 s, it was the main used separ- 
ation technique [ 11. 

A gas chromatograph, like many other chroma- 
tography systems, consists basically of the com- 
ponents shown in Fig. 1. In a continuously moving 
gas stream called the mobile phase, a mixture of 
components is injected. This mixture is heated to a 
temperature above the boiling points of its com- 
ponents, and then transported to the separation col- 
umn. The column is a tube that contains the so- 
called stationary phase. This stationary phase is re- 
sponsible for the separation of the components in 
the mixture. It can be a solid or a liquid, which 
covers either the column wall (open tubular col- 
umn) or the surface of tiny particles with which the 
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column is filled (packed column). In the column, 
the gaseous mixture is separated because the differ- 
ent components have a different affinity for the 
stationary phase. When a component of the sample 
mixture has a great affinity for the stationary phase, 
it will most of the time be adsorbed to it. If a com- 
ponent is not adsorbed to the stationary phase, it 
will flow through the column due to the movement 
of the mobile phase. So components with a high 
affinity for the stationary phase will travel more 
slowly through the column than components with a 
low affinity for the stationary phase. Eventually, the 
components leave the column and are detected by 
the detector. 

The output of the detector is converted to a chro- 
matogram, where the response of the detector is 
shown as a function of the time. The components 
with the least affinity for the stationary phase will 
reach the detector first. Ideally, the peaks have zero 
width, but because of, among others, the volume of 
the injected sample and diffusion, this cannot be 
achieved in practice. The gas chromatographs most 
commonly used today are equipped with open tubu- 
lar capillary columns. These are mostly made of 
fused silica, with diameters of around 100-1000 pm, 
and lengths of up to 50 m. 
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Fig. 1. Schematic drawing of the main components of a gas chromatograph. 

1.2 Micromachined gas chromatographs 

Micromachined gas chromatographs theoretically 
have many advantages compared to their bigger, 
normal counterparts. They use less energy and their 
size can in principle be reduced that of eg a large 
pocket calculator, so they can be used directly at 
the place where the sample is taken. This is of great 
importance for environmental analysis. 

The first integrated micromachined gas chromato- 
graph was constructed by Terry in 1979 [2]. It con- 
sisted of an injector, a 1.5 m long column, and a 
thermal conductivity resistor as a detector, all inte- 
grated on a 2” silicon wafer. No other microma- 
chined gas chromatography system was reported 
until 1994 [3]. This system was specifically con- 
structed to detect mixtures of ammonia and NOz. It 
consisted of a 0.9 m long column, an injector and 
two detectors (a thermal conductivity detector and 
a selective chemiresistor for the detection of NO* 
and NH3). 

The aforementioned gas chromatographs did not 
perform very well [4]. One of the reasons for this 
lies in the shape of their columns. Open tubular col- 
umns that were very wide compared to their heights 
were used. In such a column a particle that diffuses 
upwards or downwards from the middle of the 
column reaches the wall after a very short time, 
compared to a particle that starts at the same place, 
but moves in a horizontal direction. This causes the 
appearance of peak broadening. Also, in the cor- 
ners of the channels dead volumes appear, causing 
a memory-effect that also manifests itself in peak 
broadening. In our opinion, columns with a circular 
cross section will perform much better because of 
the absence of corners and the equd diffusion times 
in lateral and vertical directions. In this article we 
show how circular micromachined columns can be 
made by two different methods: the etching of half- 
circular channels in two wafers that are then 
bonded on top of each other, and another method 
that uses deep trench etching and wet chemical iso- 
tropic etching to construct columns buried inside 
the wafer. 

1.3 Silicon micromachining techniques 

Silicon has material properties that make it very 
useful for the fabrication of micromachined struc- 
tures [5]. Many of the techniques used for the con- 
struction of integrated circuits in microelectrics are 
applicable to silicon micromachining. Therefore sili- 
con is the most commonly used material in micro- 
machining. 

In order to be able to etch structures in silicon, 
the material has to be covered with a “mask” ma- 
terial that etches much slower than silicon. Mostly 
silicon oxide or nitride is used for this purpose. 
After covering the silicon with the mask material, 
holes are etched into it, so the silicon can be etched 
locally. Silicon can be etched in various ways, for 
example by reactive ion etching (RIE) [6], electro- 
chemical etching [7], and wet chemical etching. The 
various techniques used for the production of the 
silicon microchannels are discussed briefly. 

1.3(a) RZE etching. In RIE etching a plasma is 
used to create reactive species (radicals and ions) 
that etch the silicon, Usually during etching the sili- 
con surface is covered with a passivating layer of eg 
silicon oxide or silicon fluoride. This layer is partly 
removed by the incoming ions, creating “active 
sites” on impact. The radicals adsorb on these sites 
and react with the silicon, which is etched. The 
resulting products diffuse away from the surface 
and are removed. 

With RIE etching, many channel shapes are poss- 
ible, depending on the etching conditions: half-cir- 
cular, rectangular, or with positive or negative 
tapering. Because of this versatility RIE is becom- 
ing more and more popular. 

1.3(b) Chemical etching. Most of the chemical 
etching of silicon nowadays is one using solutions 
of KOH. However, silicon etches anisotropically in 
KOH solutions. The design of the structures is 
therefore restricted by the place and orientation of 
the slowest etching crystal planes. This chemical 
can therefore not be used to etch tubular channels. 
Schwartz and Robbins have investigated the etching 
of silicon with mixtures of HF, HN03 and Hz0 [8]. 
Their article reveals that the etching reaction in 
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Fig. 2. Isotropically etched channels in silicon. 

these solutions is primarily diffusion-controlled 
when the HN03 concentration is high, and the HF 
concentration is low. A solution that meets these 
criteria etches isotropically. We used a solution con- 
taining HF, water and HNOx in the relation 5 : 15 : 
80 ~01%. A 50% HF solution and a 69% HN03 
solution were used. The mixture etches silicon iso- 
tropically, leaving half-circular channels with very 
smooth surfaces (Fig. 2). The surface roughness, as 
estimated from SEM pictures, is about 3 nm. The 
etch rate at 20°C is about 0.8-l pm/min, depending 
on the structure density and mask opening size. 

2. EXPERIMENTAL 

2.1 Route I: isotropic etching and wafer bonding 

The procedure for the construction of the chan- 
nels is outlined in Fig. 3. Because two wafers are 
used to produce one column, the procedure is not 
the same for both wafers. 

First, alignment marks are etched in the wafers 
using RIE etching. Because of limitations of the 
equipment used, one wafer has to have alignment 
marks on the back as well as on the front. The 
wafers we used for this were polished on both sides. 
After etching the alignment marks, the wafers are 
cleaned and a 500 nm thick LPCVD silicon nitride 
layer is grown on them. This nitride layer is then 

patterned using RIE etching, after which the isotro- 
pic etching of the silicon can take place. Spiral- 
formed columns of around 10 m length were etched 
on 3” wafers. The mask opening was 10 pm wide. 
The final diameter of the channels depends on the 
etching time. The wafers were etched two at a time 
in separate beakers using the same, fresh etching 
solution for both wafers. After etching the channels 
the nitride is removed by immersing the wafers in a 
50% HF solution for about two hours. The bond- 
ing process is described in Section 2.1(b). 

2.1(a) The loading efSect. After etching some 
wafers we discovered that the channels on the rim 
of the spiral had a larger diameter than the chan- 
nels in the middle of the spiral. This is because on 
one side of the channel there is no silicon that 
etches and takes away fluoride ions. The ions above 
the mask material next to the outermost channels 
can diffuse to these channels (Fig. 4). This leads not 
only to differences in the channel diameters, but 
also the uniformity in the widths of the channels is 
worse on the rim of the spiral. This means channels 
of different widths may be bonded on top of each 
other, causing inhomogeneous coverage of the side 
wall and the appearance of dead volumes. Stirring 
the solution during etching proved to enhance the 
etching in the direction of fluid flows, yielding 
badly shaped channels. In an attempt to solve the 
loading effect problem, we surrounded the column 
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Fig. 3. Outline of the etching procedure for the chromatography columns. 

with extra channels with the same width and the 
same distance from each other as the channels in 
the spiral. These extra channels take away the extra 
HF that otherwise causes the broadening of the 
outer channels. In order to determine the distance 
to which the extra structures have to stretch out, we 
used the article of Kuiken et al. 191, who investi- 
gated the theoretical aspects of mass transport 
during isotropic etching. The concentration of the 
dissolved chemicals as a function of the distance to 
the etching surface depends on the etch time. The 
bulk concentration is reached at a distance of 

around 3 (Dt) I”, in which D is the diffusion coeffi- 
cient, and t the time. With an etch rate of around 
1 pm/min, it takes about an hour to reach the 
desired depth of the channels of 50 pm. With 
D(F) = 1.5 x 10e5 cm2/s [lo] and t = 3600 s, we 
come to a distance 3 (Dt)“’ of 6900 pm. So the 
channel was surrounded with extra structures up to 
a distance of about 7 mm. The extra structures were 
also placed on the spaces inside the spiral. 

2.1 (b) Bonding of the wafers. For wafer bonding, 
various techniques are available [ll]. Here we use 
silicon fusion bonding [12, 131. For this method the 
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Fig. 4. Side view of the etched channels, showing the loading effect. In (A), the HF molecules that find themselves in the 
area next to the etching spiral can diffuse to the outer channels. These channels etch faster than the other channels due 
to the extra supply of HF. To reduce this effect, in (B) extra structures are placed around the spiral, that take away the 
extra supply of HF molecules. This results in an equal channel width in the spiral. 

wafers are made very clean, using the following aligner, pressed together, and then annealed at 
method: 1100°C for two hours. 

Immersion into a solution of 75 ~01% concen- 
trated H$04 and 25 ~01% Hz02 for 35 min- 
utes. 
Immersion into a solution of 1 vol% of a 50% 
HF solution in Hz0 for 5 minutes. 
Immersion into fuming nitric acid for 15 min- 
utes. 
Immersion into a 70% HNOs solution, tempera- 
ture 95°C for 30 minutes. 

2.2 Route II: by RIE deep trench etching and 
isotropic wet etching 

2.2(a) Problems with the former procedure. The 
proposed method for making chromatography 
channels is very simple and promising. It can be 
done in any clean room with moderate equipment. 
It contains some difficulties, however, rising from 
the fact that two wafers with half-circular channels 
on them, have to be bonded on top of each other. 

After every step the wafers were thoroughly rinsed Dead volumes in practice always appear in the 
with de-ionised water. After cleaning, the bonding channels, caused by differences in the width of the 
has to be performed immediately. The wafers were half-circular channels, or shifts of the wafers during 
aligned with respect to each other using a mask alignment for bonding. The only way to eliminate 
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Fig. 5. Outline of the procedure for the etching of buried channels. 
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Fig. 6. A tubular channel, constructed by bonding two half-tubular isotropically etched channels on top of each 
The channels were etched for half an hour using the solution described in Section 1.3(b). 

these problems is to use only one wafer, so that 
bonding is not necessary. This can be achieved by 
etching channels beneath the surface of the wafer. 

2.2(b) Procedure for making buried channels. The 
procedure for etching buried channels is outlined in 
Fig. 5. First the wafer was covered with a thick 
layer (3 pm) of LPCVD silicon nitride. Then a 
deep, very narrow trench (4 pm wide) was etched in 
the wafer, using RIE etching in a cryogenically 
cooled RIE with a high energy density source of the 
Plasma Technology Company [14], using SFJ02 
chemistry with a low ion energy [15]. Chromium 

was used as the mask material. After etching the 
chromium was stripped and the wafer was covered 
with a 500 nm thick layer of silicon rich, low stress 
LPCVD silicon nitride (200 mTorr, 850°C 70 seem 
dichlorosilane, 18 seem NHs, 60 mm). This nitride 
also covers the walls and the bottom of the trench 
conformally. Then the silicon nitride in the bottom 
of the trench was etched away using a standard 
RIE system and a SF6 plasma with a high ion 
energy and low pressure at 10°C leaving the bare 
silicon. The thick layer of silicon nitride on the 
wafer surface was not etched through. In the 
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Fig. 7. Buried channels, obtained by etching for 20 minutes in the solution described in Section 1.3(b). The trench is 
closed using LPCVD silicon nitride. 

following steps, the wafer was isotropically etched 
for 20 minutes using the etching solution described 
in paragraph 1.3(b). A channel with two strips of 
nitride sticking into it was formed in the wafer. 
After etching the wafer was rinsed in de-ionized 
water to remove the etching solution from the chan- 
nels. The nitride was removed by etching in 50% 
HF for two hours, and the wafer was rinsed and 
dried. In between these steps the wafer was not 
dried. 

3. RESULTS AND DISCUSSION 

3.1 The loading effect 

The last step consists of the growing of a thick 
conformal layer on the wafer, that covers the walls 
of the channel, and also of the trench. The layer is 
grown so thick that it closes the trench. The 
materials that can be used for the layer are silicon 
oxide, silicon nitride, and polysilicon. In our case 
we used the LPCVD silicon nitride described above. 
The layer was grown for six hours. 

In Table 1 the diameters of the channels in the 
middle and on the outside of the spiral are given. 
In Table 1, “outside” means a channel on the outer 
rim of the spiral, and “inside” means the 15th chan- 
nel from the rim of the spiral, measured from the 
outside. The channel is almost in the middle of the 
column spiral. The diameters shown are average 
diameters of two places on the wafer (left and 
right). For each measurement two wafers were 
used. The overall diameter is the average of all the 
measurements on the two wafers. The standard de- 
viation CJ of the various diameters are also given. 

From Table 1 it can be seen that adding extra 
structures decreases the differences in etch width 
between the outer and inner channels considerably. 
Also the standard deviation in the etch widths is 

Table 1. 
Diameters and standard deviations in the diameters of the etched channels (etch time 30 minutes) 

Diameter Diameter inside croutsrde Overall coverall 
outside (pm) (pm) (pm) ginsi& (pm) diameter (pm) (pm) coverall (X) 

Without extra structures 62 55 3.5 1.4 58 4.3 7.4 
With extra structures 44 44 1.9 1.3 44 1.5 3.4 
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reduced. The average diameters of the channels also 
decrease, because of the increased depletion of 
active etching species. The error in the overall etch 
width decreases from 7.4% without the structures 
to 3.4% with the structures. 

Figure 6 shows a channel obtained with the etch- 
ing and bonding procedure. This figure reveals one 
of the problems of this method: when channels with 
different diameters are bonded together, dead 
volumes appear. If a coating is applied to the chan- 
nel wall, it will get thinner in the convex corners 
and thicker in the concave corners. 

As a solution to the problems presented by the 
etching of half-circular channels and then bonding 
them on top of each other, a method was developed 
to etch channels beneath the surface of a silicon 
wafer. This method consists of etching a deep 
trench in the wafer, covering the walls and the bot- 
tom of the trench with silicon nitride, and then 
removing the nitride in the bottom. After that the 
silicon is etched isotropically. Then the nitride is 
removed, and the trench is closed by growing a 
thick layer of silicon oxide, -nitride or polysilicon 
on the wafer. 

3.2 Buried channels 

A channel etched using the deep etching tech- 
nique is shown in Fig. 7. The etch rate depends 
strongly on the depth of the trench. The shape is 
not completely circular; it looks like some anisotro- 
pit etching has taken place. This phenomenon is 
also observed by Hashimoto et al. [16]. A reason 
for this phenomenon is discussed by Elwenspoek et 

al. [17]. Because of the depletion of active etching 
species and/or the accumulation of etching pro- 
ducts, the undersaturation of the solution in the 
channel becomes too low for kinetic roughening 
(which is the fundamental condition for isotropic 
etching) and deviations from the isotropic profile 
appear. 

REFERENCES 

1. K. Robards, P. R. Haddad, P. E. Jackson, Principles 
and Practice of Modern Chromatographic Methods, - 
p. 75, Academic Press, London (1994). 

2. S. C. Terrv, J. J. Jerman and J. B. Anaell, IEEE 
Transactions on Electron Devices ED-26, 188% (i979). 

3. R. R. Reston and E. S. Kolesar Jr, J. Micro- 
eleclromech. Syst. 3, 134 (1994). 

4. E. S. Kolesar Jr and R. R. Reston, .I. Micro- 
electromech. Syst. 3, 147 (1994). 

5. K. E. Petersen, IEEE Tram Electron Devices ED-70, 
420 (1982). 

6. H. V. Jansen, H. Gardeniers, M. de Boer, M. 
Elwenspoek and J. Fluitman, J. Micromech. Microeng. 
6, 14 (1996). 

4. CONCLUSIONS 

7. C. L&y-Clement, A. Lagoubi, R. Tenne and S. 
Neumann-Spallart, Electrochim. Acra 37, 877 (1992). 

8. B. Schwartz and H. Robbins, J. Elecfrochem. Sot. 
123, 1903 (1976). 

Half-circular, spiral-formed channels for use as a 
gas chromatography column were etched using the 
solution described in Section 1.3(b). This solution 
proved to etch silicon isotropically and leave very 
smooth walls. Due to the loading effect, channels 
on the rim of the spiral became larger than the 
channels on the inside of the spiral. To solve this 
problem extra structures were placed around the 
spiral to minimize the local structure density differ- 
ences between the middle and the rim of the spiral. 
These reduced the standard deviation in channel 
width from 7.4% without the structures to 3.4% 
with the extra structures. The differences in channel 
width between the channels in the middle and on 
the rim of the spiral of 7 pm disappeared (etch time 
30 minutes). 

9. H. K. Kuiken, J. J. Kelly and P. H. L. Notten, 
J. Elecrrochem. Sot. 133, 1217 (1986). 

10. D. R. Lide, Handbook of Chemistry and Physics 74th 
edn. CRC Press, Boca Raton, (1993), 5-91. 

Il. U. Gosele. and H. Stenzel, Proceedings of the Third 
International Symposium on Semiconductor Wafer 
Bonding. Electrdch~m. Sot. Proc. 95(7), 33 (1995). ” 

12. J. Haisma, B. A. C. Spierings M., U. K. P. Biermann 
A. A. van Gorkum, Applied Optics 33, 1154 (1994). 

13. M. Shimbo, K. Furukawa; K. Fukuda and K. 
Tanzawa. J. AD& Phvs. 60. 2987 (1986). 

Proc. IEEE MEMS, 223 (1994). 

14. Oxford Instruments Plasma Technology, North End, 
Yatton, Bristol BS19 4AP, England, Telephone 
+44(1934)876444/833851, Fax +44(1934)834918. 

15. H. V. Jansen, M. de Boer, M. Elwenspoek, Proc. 
IEEE MEMS, 250 (1996). 

16. H. Hashimoto, S. Tanaka, K. Sato, S. K. Ishikawa 
N. Chubachi, Jpn J. Appl. Phys. 32, 2543 (1993). 

17. M. Elwenspoek, U. Lindberg, H. Kok, L. Smith, 


