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(57) ABSTRACT 
A droplet/electrospray device and a liquid chromatography 
electrospray System are disclosed. The droplet/electrospray 
device comprises a Substrate defining a channel between an 
entrance orifice on an injection Surface and an exit orifice on 
an ejection Surface, a nozzle defined by a portion recessed 
from the ejection Surface Surrounding the exit orifice, and an 
electrode for application of an electric potential to the 
Substrate to optimize and generate droplets or an electro 
Spray. A plurality of these electrospray devices can be used 
in the form of an array of miniaturized nozzles. The liquid 
chromatography-electrospray device comprises a separation 
Substrate defining an introduction channel between an 
entrance orifice and a reservoir and a separation channel 
between the reservoir and an exit orifice, the Separation 
channel being populated with Separation posts perpendicular 
to the fluid flow. A cover substrate is bonded to the separa 
tion Substrate to enclose the reservoir and the Separation 
channel adjacent the cover Substrate. The exit orifice of the 
liquid chromatography device is homogeneously interfaced 
with the entrance orifice of the electrospray device to form 
an integrated Single System. Procedures for fabrication of the 
electrospray devices of the present invention are also dis 
closed. 
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INTEGRATED MONOLITHIC 
MICROFABRICATED DISPENSING NOZZLE AND 
LIQUID CHROMATOGRAPHY-ELECTROSPRAY 

SYSTEMAND METHOD 

0001) This application claims the benefit of U.S. Provi 
sional Patent Application Ser. No. 60/122,972, filed Mar. 2, 
1999. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to an inte 
grated miniaturized fluidic System fabricated using micro 
electromechanical Systems (MEMS) technology, particu 
larly to an integrated monolithic microfabricated dispensing 
nozzle capable of dispensing fluids in the form of droplets or 
as an electrospray of the fluid. 

BACKGROUND OF THE INVENTION 

0.003 New trends in drug discovery and development are 
creating new demands on analytical techniques. For 
example, combinatorial chemistry is often employed to 
discover new lead compounds, or to create variations of a 
lead compound. Combinatorial chemistry techniques can 
generate thousands of compounds (combinatorial libraries) 
in a relatively short time (on the order of days to weeks). 
Testing Such a large number of compounds for biological 
activity in a timely and efficient manner requires high 
throughput Screening methods which allow rapid evaluation 
of the characteristics of each candidate compound. 
0004. The compounds in combinatorial libraries are often 
tested Simultaneously against a molecular target. For 
example, an enzyme assay employing a colorimetric mea 
Surement may be run in a 96-well plate. An aliquot of 
enzyme in each well is combined with tens of compounds. 
An effective enzyme inhibitor will prevent development of 
color due to the normal enzyme reaction, allowing for rapid 
spectroscopic (or visual) evaluation of assay results. If ten 
compounds are present in each well, 960 compounds can be 
Screened in the entire plate, and one hundred thousand 
compounds can be Screened in 105 plates, allowing for rapid 
and automated biological Screening of the compounds. 
0005 The quality of the combinatorial library and the 
compounds contained therein is used to assess the validity of 
the biological Screening data. Confirmation that the correct 
molecular weight is identified for each compound or a 
Statistically relevant number of compounds along with a 
measure of compound purity are two important measures of 
the quality of a combinatorial library. Compounds can be 
analytically characterized by removing a portion of Solution 
from each well and injecting the contents into a separation 
device Such as liquid chromatography or capillary electro 
phoresis instrument coupled to a mass Spectrometer. ASSum 
ing that Such a method would take approximately 5 minutes 
per analysis, it would require over a month to analyze the 
contents of 10596-well plates, assuming the method was 
fully automated and operating 24 hours a day. Even larger 
well-plates containing 384 and 1536 wells are being inte 
grated into the Screening of new chemical entities imposing 
even greater time constraints on the analytical characteriza 
tion of these libraries. 

0006 Recent technological developments in combinato 
rial chemistry, molecular biology, and new microchip 

Jan. 13, 2005 

chemical devices have created the need for new types of 
dispensing devices. Applications in combinatorial chemistry 
require robust Sample delivery Systems that are chemically 
inert and distribute less than microliter amounts of liquid in 
high-density formats. The Systems need to be highly repro 
ducible and have overall quick dispensing times. Current 
dispensing technology utilizes Serial injection Schemes. The 
use of serial dispensers will be inherently limited due to their 
slow overall distribution times as the move to high-density 
formats progresses. For example, for combinatorial chem 
istry applications, to Synthesize a library of 1 million dis 
crete compounds, each composed of 4 monomers, a total of 
4x106 dispensing StepS would be required. If each dispens 
ing step required 3 seconds (considering dispense time, 
rinsing, and, location positioning), the total time to dispense 
all of the reagents would be 12x106 seconds, or 3333 hours, 
or 139 days. Thus, for high-density formats, dispensing must 
be conducted in parallel. In order for parallel dispensing to 
work in high-density formats, the dispensing device must be 
Small enough to allow all dispensing units to be Simulta 
neously positioned within a corresponding receiving well. 
This requires the dispenser to be relatively Small. AS high 
density formats reach greater than 10,000 wells, dispensing 
devices will need to be spaced within 100 um or less. In 
addition, in order for the dispenser to be practical, the device 
must dispense small quantities of liquid (10 to 10' L), 
and only require Small volumes to operate. 
0007 Piezoelectric dispensing units have also been used 
for dispensing Small amounts of liquid for microdevices. 
However, piezoelectric dispenserS Suffer from Several prob 
lems. Currently, the closest spacing of individual dispensers 
is 330 um in an array of four. Due to the current piezoelectric 
design and fabrication, the number of dispensers that can be 
positioned adjacent to one another is limited because of 
downstream device features. Additionally, Sample require 
ments may be quite high even though the dispensing Volume 
is Small. 

0008 Enormous amounts of genetic sequence data are 
being generated through new DNA sequencing methods. 
This wealth of new information is generating new insights 
into the mechanism of disease processes. In particular, the 
burgeoning field of genomics has allowed rapid identifica 
tion of new targets for drug discovery. Determination of 
genetic variations between individuals has opened up the 
possibility of targeting drugs to individuals based on the 
individual's particular genetic profile. Testing for cytotox 
icity, Specificity, and other pharmaceutical characteristics 
could be carried out in high-throughput assays instead of 
expensive animal testing and clinical trials. Detailed char 
acterization of a potential drug or lead compound early in the 
drug development process thus has the potential for Signifi 
cant Savings both in time and expense. 
0009. Development of viable screening methods for these 
new targets will often depend on the availability of rapid 
Separation and analysis techniques for analyzing the results 
of assayS. For example, an assay for potential toxic metabo 
lites of a candidate drug would need to identify both the 
candidate drug and the metabolites of that candidate. An 
assay for Specificity would need to identify compounds that 
bind differentially to two molecular targets Such as a viral 
protease and a mammalian protease. 
0010. It would, therefore, be advantageous to provide a 
method for efficient proteomic Screening in order to obtain 
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the pharmacokinetic profile of a drug early in the evaluation 
process. An understanding of how a new compound is 
absorbed in the body and how it is metabolized can enable 
prediction of the likelihood for an increased therapeutic 
effect or lack thereof. 

0.011) Given the enormous number of new compounds 
that are being generated daily, an improved System for 
identifying molecules of potential therapeutic value for drug 
discovery is also critically needed. Accordingly, there is a 
critical need for high-throughput Screening and identifica 
tion of compound-target reactions in order to identify poten 
tial drug candidates. 

0012 Liquid chromatography (LC) is a well-established 
analytical method for Separating components of a fluid for 
Subsequent analysis and/or identification. Traditionally, liq 
uid chromatography utilizes a separation column, Such as a 
cylindrical tube with dimensions 4.6 mm inner diameter by 
25 cm length, filled with tightly packed particles of 5 um 
diameter. More recently, particles of 3 um diameter are being 
used in Shorter length columns. The Small particle size 
provides a large Surface area that can be modified with 
various chemistries creating a Stationary phase. A liquid 
eluent is pumped through the LC column at an optimized 
flow rate based on the column dimensions and particle size. 
This liquid eluent is referred to as the mobile phase. A 
Volume of Sample is injected into the mobile phase prior to 
the LC column. The analytes in the sample interact with the 
Stationary phase based on the partition coefficients for each 
of the analytes. The partition coefficient is defined as the 
ratio of the time an analyte Spends interacting with the 
Stationary phase to the time spent interacting with the mobile 
phase. The longer an analyte interacts with the Stationary 
phase, the higher the partition coefficient and the longer the 
analyte is retained on the LC column. The diffusion rate for 
an analyte through a mobile phase (mobile-phase mass 
transfer) also affects the partition coefficient. The mobile 
phase mass transfer can be rate limiting in the performance 
of the separation column when it is greater than 2 um (Knox, 
J. H. J. J. Chromatogr.Sci. 18:453-461 (1980)). Increases in 
chromatographic Separation are achieved when using a 
Smaller particle size as the Stationary phase Support. 

0013 The purpose of the LC column is to separate 
analytes Such that a unique response for each analyte from 
a chosen detector can be acquired for a quantitative or 
qualitative measurement. The ability of a LC column to 
generate a separation is determined by the dimensions of the 
column and the particle Size Supporting the Stationary phase. 
A measure of the ability of LC columns to Separate a given 
analyte is referred to as the theoretical plate number N. The 
retention time of an analyte can be adjusted by varying the 
mobile phase composition and the partition coefficient for an 
analyte. Experimentation and a fundamental understanding 
of the partition coefficient for a given analyte determine 
which Stationary phase is chosen. 

0.014) To increase the throughput of LC analyses requires 
a reduction in the dimensions of the LC column and the 
Stationary phase particle dimensions. Reducing the length of 
the LC column from 25 cm to 5 cm will result in a factor of 
5 decrease in the retention time for an analyte. At the same 
time, the theoretical plates are reduced 5-fold. To maintain 
the theoretical plates of a 25 cm length column packed with 
5 um particles, a 5 cm column would need to be packed with 
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1 um particles. However, the use of Such Small particles 
results in many technical challenges. 

0015. One of these technical challenges is the backpres 
Sure resulting from pushing the mobile phase through each 
of these columns. The backpressure is a measure of the 
preSSure generated in a separation column due to pumping a 
mobile phase at a given flow rate through the LC column. 
For example, the typical backpressure of a 4.6 mm inner 
diameter by 25 cm length column packed with 5 um particles 
generates a backpressure of 100 bar at a flow rate of 1.0 
mL/min. A 5 cm column packed with 1 um particles gen 
erates a back pressure 5 times greater than a 25 cm column 
packed with 5 um particles. Most commercially available 
LC pumps are limited to operating preSSures less than 400 
bar and thus using an LC column with these Small particles 
is not feasible. 

0016 Detection of analytes separated on an LC column 
has traditionally been accomplished by use of Spectroscopic 
detectors. Spectroscopic detectors rely on a change in refrac 
tive index, ultraViolet and/or visible light absorption, or 
fluorescence after excitation with a Suitable wavelength to 
detect the Separated components. Additionally, the effluent 
from an LC column may be nebulized to generate an aeroSol 
which is sprayed into a chamber to measure the light 
Scattering properties of the analytes eluting from the col 
umn. Alternatively, the Separated components may be passed 
from the liquid chromatography column into other types of 
analytical instruments for analysis. The volume from the LC 
column to the detector is minimized in order to maintain the 
Separation efficiency and analysis Sensitivity. All System 
Volume not directly resulting from the Separation column is 
referred to as the dead volume or extra-column Volume. 

0017. The miniaturization of liquid separation techniques 
to the nano-Scale involves Small column internal diameters 
(<100 um i.d.) and low mobile phase flow rates (<300 
nL/min). Currently, techniques Such as capillary Zone elec 
trophoresis (CZE), nano-LC, open tubular liquid chroma 
tography (OTLC), and capillary electrochromatography 
(CEC) offer numerous advantages over conventional Scale 
high performance liquid chromatography (HPLC). These 
advantages include higher Separation efficiencies, high 
Speed Separations, analysis of low volume Samples, and the 
coupling of 2-dimensional techniques. One challenge to 
using miniaturized Separation techniques is detection of the 
Small peak volumes and a limited number of detectors that 
can accommodate these Small Volumes. However, coupling 
of low flow rate liquid Separation techniques to electrospray 
mass Spectrometry results in a combination of techniques 
that are well Suited as demonstrated in J. N. Alexander IV, 
et al., Rapid Commun. Mass Spectrom. 12:1187-91 (1998). 
The process of electrospray at flow rates on the order of 
nanoliters per minute has been referred to as "nanoelectro 
Spray”. 

0018 Capillary electrophoresis is a technique that ulti 
lizes the electrophoretic nature of molecules and/or the 
electroosmotic flow of fluids in small capillary tubes to 
Separate components of a fluid. Typically, a fused Silica 
capillary of 100 um inner diameter or less is filled with a 
buffer Solution containing an electrolyte. Each end of the 
capillary is placed in a separate fluidic reservoir containing 
a buffer electrolyte. A potential Voltage is placed in one of 
the buffer reservoirs and a Second potential Voltage is placed 
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in the other buffer reservoir. Positively and negatively 
charged Species will migrate in opposite directions through 
the capillary under the influence of the electric field estab 
lished by the two potential voltages applied to the buffer 
reservoirs. Electroosmotic flow is defined as the fluid flow 
along the walls of a capillary due to the migration of charged 
species from the buffer solution under the influence of the 
applied electric field. Some molecules exist as charged 
Species when in Solution and will migrate through the 
capillary based on the charge-to-mass ratio of the molecular 
Species. This migration is defined as electrophoretic mobil 
ity. The electroosmotic flow and the electrophoretic mobility 
of each component of a fluid determine the overall migration 
for each fluidic component. The fluid flow profile resulting 
from electroosmotic flow is flat due to the reduction in 
frictional drag along the walls of the Separation channel. 
This results in improved Separation efficiency compared to 
liquid chromatography where the flow profile is parabolic 
resulting from pressure driven flow. 
0.019 Capillary electrochromatography is a hybrid tech 
nique that utilizes the electrically driven flow characteristics 
of electrophoretic Separation methods within capillary col 
umns packed with a Solid Stationary phase typical of liquid 
chromatography. It couples the Separation power of 
reversed-phase liquid chromatography with the high effi 
ciencies of capillary electrophoresis. Higher efficiencies are 
obtainable for capillary electrochromatography Separations 
over liquid chromatography, because the flow profile result 
ing from electroosmotic flow is flat due to the reduction in 
frictional drag along the walls of the Separation channel 
when compared to the parabolic flow profile resulting from 
preSSure driven flows. Furthermore, Smaller particle sizes 
can be used in capillary electrochromatography than in 
liquid chromatography, because no backpressure is gener 
ated by electroOSmotic flow. In contrast to electrophoresis, 
capillary electrochromatography is capable of Separating 
neutral molecules due to analyte partitioning between the 
Stationary and mobile phases of the column particles using 
a liquid chromatography Separation mechanism. 
0020 Microchip-based separation devices have been 
developed for rapid analysis of large numbers of Samples. 
Compared to other conventional Separation devices, these 
microchip-based Separation devices have higher Sample 
throughput, reduced Sample and reagent consumption, and 
reduced chemical waste. The liquid flow rates for microchip 
based Separation devices range from approximately 1-300 
nanoliters (nL) per minute for most applications. Examples 
of microchip-based Separation devices include those for 
capillary electrophoresis (“CE), capillary electrochro 
matography (“CEC) and high-performance liquid chroma 
tography (“HPLC) include Harrison et al., Science 
261:859-97 (1993); Jacobson et al., Anal. Chem. 66:1114-18 
(1994), Jacobson et al., Anal. Chem. 66:2369-73 (1994), 
Kutter et al., Anal. Chem. 69:5165-71 (1997) and He et al., 
Anal. Chem. 70:3790-97 (1998). Such separation devices are 
capable of fast analyses and provide improved precision and 
reliability compared to other conventional analytical instru 
mentS. 

0021. The work of He et al., Anal. Chem. 70:3790-97 
(1998) demonstrates some of the types of structures that can 
be fabricated in a glass substrate. This work shows that 
co-located monolithic Support structures (or posts) can be 
etched reproducibly in a glass Substrate using reactive ion 
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etching (RIE) techniques. Currently, anisotropic RIE tech 
niques for glass Substrates are limited to etching features that 
are 20 um or leSS in depth. This work ShowS rectangular 5 
lum by 5 um width by 10 um in depth posts and stated that 
deeper Structures were difficult to achieve. The posts are also 
Separated by 1.5 lim. The posts Supports the Stationary phase 
just as with the particles in LC and CEC columns. An 
advantage to the posts over conventional LC and CEC is that 
the Stationary phase Support Structures are monolithic with 
the Substrate and therefore, immobile. 
0022. He et. al., also describes the importance of main 
taining a constant cross-sectional area across the entire 
length of the Separation channel. Large variations in the 
croSS-Sectional area can create pressure drops in preSSure 
driven flow systems. In electrokinetically driven flow sys 
tems, large variations in the croSS-Sectional area along the 
length of a separation channel can create flow restrictions 
that result in bubble formation in the separation channel. 
Since the fluid flowing through the Separation channel 
functions as the Source and carrier of the mobile Solvated 
ions, formation of a bubble in a separation channel will 
result in the disruption of the electroosmotic flow. 
0023 Electrospray ionization provides for the atmo 
Spheric pressure ionization of a liquid Sample. The electro 
Spray process creates highly-charged droplets that, under 
evaporation, create ions representative of the Species con 
tained in the Solution. An ion-Sampling orifice of a mass 
spectrometer may be used to Sample these gas phase ions for 
mass analysis. A Schematic of an electrospray System 50 is 
shown in FIG. 1A. An electrospray is produced when a 
Sufficient electrical potential difference V is applied 
between a conductive or partly conductive fluid exiting a 
capillary 52 and an extracting electrode 54 to generate a 
concentration of electric field lines emanating from the tip or 
end of a capillary 56. When a positive voltage V is 
applied to the tip of the capillary relative to an extracting 
electrode, Such as one provided at the ion-Sampling orifice 
of a mass Spectrometer, the electric field causes positively 
charged ions in the fluid to migrate to the Surface of the fluid 
at the tip of the capillary. When a negative voltage V is 
applied to the tip of the capillary relative to an extracting 
electrode, Such as one provided at the ion-Sampling orifice 
to the mass spectrometer, the electric field causes nega 
tively-charged ions in the fluid to migrate to the Surface of 
the fluid at the tip of the capillary. 
0024. When the repulsion force of the solvated ions on 
the Surface of the fluid exceeds the Surface tension of the 
fluid being electrosprayed, a Volume of the fluid is pulled 
into the shape of a cone, known as a Taylor cone 58, which 
extends from the tip of the capillary 56. A liquid jet 60 
extends from the tip of the Taylor cone and becomes 
unstable and generates charged-dropletS 62. These Small 
charged droplets are drawn toward the extracting electrode 
54. The small droplets are highly-charged and solvent 
evaporation from the droplets results in the exceSS charge in 
the droplet residing on the analyte molecules in the electro 
Sprayed fluid. The charged molecules or ions are drawn 
through the ion-Sampling orifice of the mass spectrometer 
for mass analysis. This phenomenon has been described, for 
example, by Dole et al., Chem. Phys. 49:2240 (1968) and 
Yamashita et al., J. Phys. Chem. 88:4451 (1984). The 
potential Voltage required to initiate an electrospray is 
dependent on the Surface tension of the Solution as described 
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by, for example, Smith, IEEE Trans. Ind. Appl. 1986, 
IA-22:527-35 (1986). Typically, the electric field is on the 
order of approximately 10° V/m. The physical size of the 
capillary and the fluid Surface tension determines the density 
of electric field lines necessary to initiate electrospray. 

0.025. When the repulsion force of the solvated ions is not 
Sufficient to overcome the Surface tension of the fluid exiting 
the tip of the capillary, large poorly charged droplets are 
formed as shown in FIG. 1B. Fluid droplets 64 are produced 
when the electrical potential difference Vale applied 
between a conductive or partly conductive fluid exiting a 
capillary 52 and an electrode is not Sufficient to overcome 
the fluid Surface tension to form a Taylor cone. 
0.026 Electrospray Ionization Mass Spectrometry. Fun 
damentals, InStrumentation, and Applications, edited by R. 
B. Cole, ISBN 0-471-14564-5, John Wiley & Sons, Inc., 
New York Summarizes much of the fundamental studies of 
electrospray. Several mathematical models have been gen 
erated to explain the principals governing electrospray. 
Equation 1 defines the electric field E. at the tip of a capillary 
of radius r with an applied Voltage V at a distance d from 
a counter electrode held at ground potential: 

2V. (1) 
InAd/) 

0027. The electric field E. required for the formation of 
a Taylor cone and liquid jet of a fluid flowing to the tip of 
this capillary is approximated as: 

2ycosé (2) 
&c. E. ( 

0028 where Y is the surface tension of the fluid, 0 is the 
half-angle of the Taylor cone and eo is the permittivity of 
Vacuum. Equation 3 is derived by combining equations 1 
and 2 and approximates the onset Voltage V required to 
initiate an electrospray of a fluid from a capillary: 

rycose (3) 
V. s ( 2&o In(4d/r.) 

0029. The graph of FIG. 1C shows curves for onset 
voltages of 500, 750 and 1000 V as related to surface tension 
of a fluid undergoing electrospray from the tip of a capillary 
with a given outer diameter. The distance of the capillary tip 
from the counter-electrode was fixed at 2 mm. Combinations 
of fluid Surface tension and capillary diameters that fall 
below the curves will generate a stable electrospray using a 
given onset Voltage. AS can be seen by examination of 
equation 3, the required onset Voltage is more dependent on 
the capillary radius than the distance from the counter 
electrode. 

0.030. It would be desirable to define an electrospray 
device that could form a stable electrospray of all fluids 
commonly used in CE, CEC, and LC. The surface tension of 
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Solvents commonly used as the mobile phase for these 
separations range from 100% aqueous (Y=0.073 N/m) to 
100% methanol (Y=0.0226 N/m). FIG. 1C indicates that as 
the Surface tension of the electrospray fluid increases, a 
higher onset Voltage is required to initiate an electrospray for 
a fixed capillary diameter. As an example, a capillary with a 
tip diameter of 14 um is required to electrospray 100% 
acqueous solutions with an onset voltage of 1000 V. The work 
of M. S. Wilm et al., Int. J. Mass Spectrom. Ion Processes 
136:167-80 (1994), first demonstrates nanoelectrospray 
from a fused-Silica capillary pulled to an outer diameter of 
5 um at a flow rate of 25 nL/min. Specifically, a nanoelec 
trospray at 25 mL/min was achieved from a 2 um inner 
diameter and 5 um Outer diameter pulled fused-Silica cap 
illary with 600-700 V at a distance of 1-2 mm from the 
ion-Sampling orifice of an electrospray equipped mass Spec 
trOmeter. 

0031 Electrospray in front of an ion-sampling orifice of 
an API mass spectrometer produces a quantitative response 
from the mass Spectrometer detector due to the analyte 
molecules present in the liquid flowing from the capillary. 
One advantage of electrospray is that the response for an 
analyte measured by the mass spectrometer detector is 
dependent on the concentration of the analyte in the fluid and 
independent of the fluid flow rate. The response of an analyte 
in Solution at a given concentration would be comparable 
using electrospray combined with mass Spectrometry at a 
flow rate of 100 u/min compared to a flow rate of 100 
nL/min. D. C. Gale et al., Rapid Commun. Mass Spectrom. 
7:1017 (1993) demonstrate that higher electrospray sensi 
tivity is achieved at lower flow rates due to increased analyte 
ionization efficiency. 

0032. Attempts have been made to manufacture an elec 
trospray device for microchip-based separations. Ramsey et 
al., Anal. Chem. 69:1174-78 (1997) describes a microchip 
based separations device coupled with an electrospray mass 
Spectrometer. Previous work from this research group 
including Jacobson et al., Anal. Chem. 66:1114-18 (1994) 
and Jacobson et al., Anal. Chem. 66:2369-73 (1994) dem 
onstrate impressive Separations using on-chip fluorescence 
detection. This more recent work demonstrates nanoelectro 
Spray at 90 mL/min from the edge of a planar glass micro 
chip. The microchip-based Separation channel has dimen 
Sions of 10 um deep, 60 Lim wide, and 33 mm in length. 
Electroosmotic flow is used to generate fluid flow at 90 
nL/min. Application of 4,800 V to the fluid exiting the 
Separation channel on the edge of the microchip at a distance 
of 3-5 mm from the ion-sampling orifice of an API mass 
Spectrometer generates an electrospray. Approximately 12 
nL of the Sample fluid collects at the edge of the microchip 
before the formation of a Taylor cone and stable nanoelec 
trospray from the edge of the microchip. The volume of this 
microchip-based Separation channel is 19.8 nL. Nanoelec 
trospray from the edge of this microchip device after cap 
illary electrophoresis or capillary electrochromatography 
Separation is rendered impractical Since this System has a 
dead-volume approaching 60% of the column (channel) 
Volume. Furthermore, because this device provides a flat 
Surface, and, thus, a relatively Small amount of physical 
asperity for the formation of the electrospray, the device 
requires an impractically high Voltage to overcome the fluid 
Surface tension to initiate an electrospray. 
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0033 Xue, Q. et al., Anal. Chem. 69:426-30 (1997) also 
describes a Stable nanoelectrospray from the edge of a planar 
glass microchip with a closed channel 25 um deep, 60 um 
wide, and 35-50 mm in length. An electrospray is formed by 
applying 4,200 V to the fluid exiting the Separation channel 
on the edge of the microchip at a distance of 3-8 mm from 
the ion-Sampling orifice of an API maSS Spectrometer. A 
Syringe pump is utilized to deliver the Sample fluid to the 
glass microchip at a flow rate of 100 to 200 mL/min. The 
edge of the glass microchip is treated with a hydrophobic 
coating to alleviate Some of the difficulties associated with 
nanoelectrospray from a flat Surface that slightly improves 
the stability of the nanoelectrospray. Nevertheless, the vol 
ume of the Taylor cone on the edge of the microchip is too 
large relative to the Volume of the Separation channel, 
making this method of electrospray directly from the edge of 
a microchip impracticable when combined with a chromato 
graphic Separation device. 

0034) T. D. Lee et al., 1997 International Conference on 
Solid-State Sensors and Actuators Chicago, pp. 927-30 (Jun. 
16-19, 1997) describes a multi-step process to generate a 
nozzle on the edge of a Silicon microchip 1-3 um in diameter 
or width and 40 um in length and applying 4,000 V to the 
entire microchip at a distance of 0.25-0.4 mm from the 
ion-Sampling orifice of an API maSS Spectrometer. Because 
a relatively high Voltage is required to form an electrospray 
with the nozzle positioned in very close proximity to the 
mass spectrometer ion-Sampling orifice, this device pro 
duces an inefficient electrospray that does not allow for 
Sufficient droplet evaporation before the ions enter the 
orifice. The extension of the nozzle from the edge of the 
microchip also exposes the nozzle to accidental breakage. 
More recently, T. D. Lee et al., in 1999 Twelfth IEEE 
International Micro Electro Mechanical Systems Confer 
ence (Jan. 17-21, 1999), presented this same concept where 
the electrospray component was fabricated to extend 2.5 mm 
beyond the edge of the microchip to overcome this phenom 
enon of poor electric field control within the proximity of a 
Surface. 

0035) In all of the above-described devices, generating an 
electrospray from the edge of a microchip is a poorly 
controlled process. These devices do not define a nozzle and 
an electric field around the nozzle that is required to produce 
a Stable and highly reproducible electrospray. In another 
embodiment, Small Segments of fused-Silica capillaries are 
Separately and individually attached to the chip's edge. This 
proceSS is inherently cost-inefficient and unreliable, imposes 
Space constraints in chip design, and is therefore unsuitable 
for manufacturing. 

0.036 Thus, it is also desirable to provide an electrospray 
device with controllable Spraying and a method for produc 
ing Such a device that is easily reproducible and manufac 
turable in high Volumes. 

0037 U.S. Pat. No. 5,501,893 to Laermer et. al., reports 
a method of anisotropic plasma etching of Silicon (Bosch 
process) that provides a method of producing deep vertical 
structures that is easily reproducible and controllable. This 
method of anisotropic plasma etching of Silicon incorporates 
a two Step process. Step one is an anisotropic etch Step using 
a reactive ion etching (RIE) gas plasma of Sulfur hexafluo 
ride (SF). Step two is a passivation Step that deposits a 
polymer on the vertical Surfaces of the silicon Substrate. This 
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polymerizing Step provides an etch Stop on the Vertical 
Surface that was exposed in Step one. This two Step cycle of 
etch and passivation is repeated until the depth of the desired 
Structure is achieved. This method of anisotropic plasma 
etching provides etch rates over 3 um/min of Silicon depend 
ing on the size of the feature being etched. The process also 
provides Selectivity to etching Silicon Versus Silicon dioxide 
or resist of greater than 100:1 which is important when deep 
siliconstructures are desired. Laermer et. al., in 1999 Twelfth 
IEEE International Micro Electro Mechanical Systems Con 
ference (Jan. 17-21, 1999), reported improvements to the 
Bosch process. These improvements include Silicon etch 
rates approaching 10 um/min, Selectivity exceeding 300:1 to 
Silicon dioxide masks, and more uniform etch rates for 
features that vary in size. 
0038. The electrical properties of silicon and silicon 
based materials are well characterized. The use of Silicon 
dioxide and Silicon nitride layerS grown or deposited on the 
Surfaces of a Silicon Substrate are well known to provide 
electrical insulating properties. Silicon dioxide layerS may 
be grown thermally in an oven to a desired thickness. Silicon 
nitride can be deposited using low pressure chemical vapor 
deposition (LPCVD). Metals may be further vapor deposited 
on these Surfaces to provide for application of a potential 
voltage on the surface of the device. Both silicon dioxide 
and Silicon nitride function as electrical insulators allowing 
the application of a potential Voltage to the Substrate that is 
different than that applied to the surface of the device. An 
important feature of a silicon nitride layer is that it provides 
a moisture barrier between the Silicon Substrate, Silicon 
dioxide and any fluid Sample that comes in contact with the 
device. Silicon nitride prevents water and ions from diffus 
ing through the Silicon dioxide layer to the Silicon Substrate 
which may cause an electrical breakdown between the fluid 
and the Silicon Substrate. Additional layers of Silicon diox 
ide, metals and other materials may further be deposited on 
the Silicon nitride layer to provide chemical functionality to 
Silicon-based devices. 

0039 The present invention is directed to overcoming the 
deficiencies in prior electrospray Systems. 

SUMMARY OF THE INVENTION 

0040. The present invention relates to an electrospray 
device which comprises a Substrate having an injection 
Surface and an ejection Surface opposing the injection Sur 
face with the Substrate being an integral monolith. An 
entrance orifice is positioned on the injection Surface, while 
an exit orifice is on the ejection Surface. A channel extends 
between the entrance orifice and the exit orifice. A receSS 
Surrounds the exit orifice and is positioned between the 
injection Surface and the ejection Surface. The electrospray 
device has Voltage application System consisting essentially 
of a first electrode attached to the Substrate to impart a first 
potential to the Substrate and a Second electrode to impart a 
Second potential, where the first and the Second electrodes 
are positioned to define an electric field Surrounding the exit 
orifice. This device can be used in conjunction with Systems 
for processing droplet/sprays, methods of generating an 
electrospray, a method of mass spectrometeric analysis, and 
a method of liquid chromatographic analysis. 

0041 Another aspect of the present invention is directed 
to an electrospray device which includes a capillary tube 



US 2005/OOO6502 A1 

having a passage for conducting fluids through the capillary 
tube and connecting an entrance orifice and an exit orifice, 
a first electrode circumscribing the capillary tube proximate 
the exit orifice, and a Second electrode to impart a Second 
potential. The first and the Second electrodes are positioned 
to define an electric field Surrounding the exit orifice. 
0.042 Another aspect of the present invention relates to a 
method of producing an electrospray device which includes 
providing a Substrate having opposed first and Second Sur 
faces, each coated with a photoresist. The photoresist on the 
first Surface is exposed to an optical image to form a pattern 
is the form of a spot on the first surface. The photoresist on 
the first surface where the pattern is removed to form a hole 
in the photoresist. Material is removed from the substrate 
coincident with the hole in the photoresist on the first surface 
to form a channel extending through the photoresist on the 
first Surface and through the Substrate up to the photoresist 
on the Second Surface. The photoresist on the Second Surface 
is exposed to an image to form an annular pattern circum 
Scribing an extension of the channel through the photoresist 
on the Second Surface. The photoresist on the Second Surface 
having the annular pattern is then removed, and, next, the 
material from the Substrate coincident with the removed 
annular pattern in the phototresist on the Second Surface is 
removed to form an annular receSS eXtending partially into 
the Substrate. All coatings from the first and Second Surfaces 
of the Substrate are removed to form the electrospray device. 
0043 Another aspect of the present invention relates to a 
method of producing an electrospray device. This method 
includes providing a Substrate having opposed first and 
Second Surfaces, each coated with a photoresist. The pho 
toresist is exposed on the first Surface to an image to form 
a pattern in the form of at least 3 Substantially aligned spots 
on the first surface. The photoresist on the first surface is 
removed where the pattern is to form 3 holes in the photo 
resist corresponding to where the Spots in the photoresist 
were. Material from the Substrate coincident with the 
removed pattern in the photoresist on the first Surface is then 
removed to form a central channel aligned with and between 
two outer channels. The channels extend through the pho 
toresist on the first Surface and into the Substrate. The central 
channel has a diameter which is less than that of the outer 
channels. Such that the central channel extends farther from 
the Second Surface of the Substrate than the outer channels 
which extend up to the photoresist on the the Second Surface. 
The photoresist on the Second Surface is exposed to an image 
which forms an annular pattern circumscribing a spot, where 
the Spot is coincident with an extension of the central 
channel through the photoresist on the Second Surface and a 
portion of the Substrate. The photoresist on the Second 
Surface is removed where the annular pattern circumscribing 
the spot is. Material from the Substrate coincident with the 
removed pattern in the photoresist on the Second Surface is 
then removed. This forms an annular receSS extending 
partially into the Substrate and circumscribing the central 
channel which extends through the Substrate and the pho 
toresist on the first and Second Surfaces. All coatings from 
the first and Second Surfaces of the Substrate are then 
removed. All Surfaces of the Substrate are then coated with 
an insulating material to form the electrospray device. 
0044 Another aspect of the present invention relates to a 
method of forming a liquid Separation device. This method 
involves providing a Substrate having opposed first and 
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Second Surfaces, each coated with a photoresist. The pho 
toresist is exposed on the first Surface to an image to form 
a pattern in the form of a plurality of Spots on the first 
Surface. The photoresist on the first Surface where the pattern 
is is removed to form a plurality of holes in the photoresist 
corresponding to where the Spots in the photoresist were. 
Material from the Substrate coincident with where the pat 
tern in the photoresist on the first Surface has been removed 
is then removed. This forms a large reservoir proximate a 
first end of the substrate and a plurality of smaller holes 
closer to a Second opposite end of the Substrate than the 
reservoir. The reservoir and holes extend through the pho 
toresist on the first Surface and partially into the Substrate. 
The Smaller holes and the Surfaces of the reservoir are filled 
with a coating, and a further photoresist layer is applied over 
the coating on the Surfaces of the reservoir, the filled holes, 
and the photoresist on the first surface. The further photo 
resist is exposed to an image to form a pattern in the form 
of Spots, with one spot coincident with what was the 
reservoir and the other Spot being closer to the Second end 
of the Substrate than the filled holes. The further photoresist 
is removed where the pattern is to form holes corresponding 
to where the spots in the photoresist were. Material is 
removed from the Substrate coincident with where the 
pattern in the further photoresist has been removed to form 
a pair of channels. A first channel extends through what was 
the reservoir up to the photoresist on the Second Surface. A 
Second channel extends through the Substrate up to the 
photoresist on the Second Surface at a location closer to the 
Second end of the Substrate than the filled holes. All coatings 
from the first and Second Surfaces of the Substrate are 
removed, and all Surfaces of the Substrate are coated with an 
insulating material to form the liquid Separation device. 
0045 Another aspect of the present invention relates to a 
System for processing droplets/sprays of fluid which 
includes an electrospray device. The electrospay device 
contains a Substrate having an injection Surface and an 
ejection Surface opposing the injection Surface. The Sub 
Strate comprises an entrance orifice on the injection Surface, 
an exit orifice on the ejection Surface, a channel extending 
between the entrance orifice and the exit orifice, and a receSS 
extending into the ejection Surface and Surrounding the exit 
orifice. The system further includes a device to provide fluid 
to the electrospray device which includes a fluid passage, a 
fluid reservoir in fluid communication with the fluid pas 
Sage, a fluid inlet to direct fluid entering the device into the 
fluid reservoir, and a fluid outlet to direct fluid from the fluid 
passage to the entrance orifice of the electrospray device. 
The cross-sectional area of the entrance orifice of the elec 
trospray device is equal to or less than the cross-sectional 
area of the fluid passage. 
0046) The present invention achieves a significant advan 
tage in terms of high-throughput distribution and apportion 
ment of massively parallel channels of discrete chemical 
entities in a well-controlled, reproducible method. An array 
of dispensing nozzles is disclosed for application in inkjet 
printing. When combined with a miniaturized liquid chro 
matography System and method, the present invention 
achieves a significant advantage in comparison to a conven 
tional System. 

0047 The present invention insulates a fluid introduced 
to the electrospray device from the silicon Substrate of the 
device. This insulation is in the form of silicon dioxide and 
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Silicon nitride layers contained on the Surfaces of the elec 
trospray device. These insulating layerS allow for indepen 
dent application of a Voltage to the fluid introduced to the 
electrospray device and the Voltage applied to the Substrate. 
The independent Voltage application to the fluid and Sub 
strate allow for control of the electric field around the exit 
orifice of the nozzle on the ejection Surface of the electro 
Spray device independent of the need for any additional 
electrodes or Voltages. This, combined with the dimensions 
of the nozzle formed from the ejection surface of the 
electrospray device and the fluid Surface tension, determine 
the electric field and Voltages required for the formation of 
droplets or an electrospray from this invention. 
0.048. The electrospray device of the present invention 
can be integrated with microchip-based devices having 
atmospheric pressure ionization mass spectrometry (API 
MS) instruments. By generating an electric field at the tip of 
a nozzle, which exists in a planar or near planar geometry 
with the ejection Surface of a Substrate, fluid droplets and an 
electrospray exiting the nozzle on the ejection Surface are 
efficiently generated. When a nozzle exists in this co-planar 
or near planar geometry, the electric field lines emanating 
from the tip of the nozzle will not be enhanced if the electric 
field around the nozzle is not defined and controlled. 

0049 Control of the electric field at the tip of a nozzle 
formed from a substrate for the efficient formation of drop 
lets and electrospray from a microchip is an important aspect 
of the present invention. This was determined using a 
fused-Silica capillary 52 pulled to an outer diameter of 
approximately 20 um and inserted through a ring electrode 
70 with a 1 mm diameter as shown in FIG. 2. FIG. 2A 
shows a plan view of the capillary/ring electrode experi 
ment. FIG. 2B shows a cross-sectional view of the capillary/ 
ring electrode experiment. The capillary tip 56 is inserted up 
to 5 mm through the ring electrode 70 in front of an 
ion-Sampling orifice 54 of a mass spectrometer equipped 
with an electrospray ion source. A voltage of 700 V is 
applied to an aqueous fluid Via flowing to the capillary tip 
at a flow rate of 50 n/min. The ring electrode 70 is mounted 
on an XYZ stage to allow the ring electrode to be moved 
slowly forward to the point at which the capillary tip 56 is 
co-planar with the ring electrode 70 as shown in FIGS. 2C 
and 2D. The voltage applied to the ring electrode V, is 
variable. The Voltage applied to the ion-Sampling orifice 54 
is 80 V. When the fluid voltage and the ring electrode voltage 
are maintained at 700 V in the co-planar geometry, the 
electrospray is disrupted and no longer forms an electro 
spray. Depending on the Vata/V ratio for a fixed distance 
from a counter electrode 54, fluidic droplets can be control 
lably dispensed from the capillary tip as shown in FIG. 2C. 
In this case, minimally-charged, larger droplets are formed 
with the droplet diameter dependent on the electric field 
established by the Vata/V, ratio, fluid Surface tension, 
fluid conductivity, capillary tip diameter and distance from 
a counter electrode. Application of a Voltage of 0 V to the 
ring electrode 70 results in the formation of a stable elec 
trospray once again as shown in FIG. 2D. FIG. 2D shows 
a Taylor cone 58, liquid jet 60 and plume of highly-charged 
droplets 62. 
0050. The response of the analyte measured by the mass 
Spectrometer detector increases beyond that of a capillary 
with no ring electrode present upon increasing the ring 
electrode Voltage to 350 V. A V/V, ratio of less than ring 
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approximately two for a fixed distance from a counter 
electrode reduces the electric field at the capillary tip to the 
point where a stable electrospray is no longer Sustainable 
and larger droplet formation is observed. These results 
indicate that an important feature of any integrated mono 
lithic device designed for droplet formation or electrospray 
is control of the electric field around the orifice of a nozzle 
in a co-planar or near planar geometry. 
0051. The present invention provides a microchip-based 
electrospray device for producing reproducible, controllable 
and robust nanoelectrospray of a liquid Sample. The elec 
trospray device is designed to enhance the electric field 
emanating from a nozzle etched from a Surface of a mono 
lithic Silicon Substrate. This is accomplished by providing 
insulating layers of Silicon dioxide and Silicon nitride, for 
example, for independent application of a potential Voltage 
to a fluid exiting at the tip of the nozzle from a potential 
Voltage applied to the Substrate Sufficient to cause an elec 
trospray of the fluid. The enhanced electric field combined 
with the physical asperity of the nozzle allow for the 
formation of an electrospray of fluids at flow rates as low as 
a few nanoliters per minute. The large electric field, on the 
order of 10° V/m or greater and generated by the potential 
difference between the fluid, and the substrate is thus applied 
directly to the fluidic cone rather than uniformly distributed 
in Space. 
0052 To generate an electrospray, fluid may be delivered 
to the through-Substrate channel of the electrospray device 
by, for example, a capillary, micropipette or microchip. The 
fluid is Subjected to a potential Voltage V via an electrode 
provided on the injection Surface and isolated from the 
Surrounding Surface region and the Substrate. A potential 
Voltage Vista may also be applied to the Silicon Substrate 
the magnitude of which is preferably adjustable for optimi 
zation of the electrospray characteristics. The fluid flows 
through the channel and exits from the nozzle in the form of 
a Taylor cone, liquid jet, and very fine, highly charged fluidic 
droplets. It is the relative electric potential difference 
between the fluid and substrate voltages that affect the 
electric field. This invention provides a method of control 
ling the electric field at the tip of a nozzle to achieve the 
desired electric field for the application. 
0053. The method of fabricating an electrospray device in 
accordance with the present invention is also advantageous. 
After injection side processing is completed, the through 
Substrate channel is etched to a final depth, the photoresist 
is removed, and the Substrate is Subjected to an elevated 
temperature in an oxidizing ambient environment to grow 
1-4 um of silicon dioxide on the walls of the through 
substrate channel. This layer of silicon dioxide on the walls 
of the through-Substrate channel provides an etch-Stop dur 
ing further processing of the Substrate to define the recessed 
annular region. The recessed annular region may be pat 
terned and etched from either the injection or ejection side 
of the substrate when the through-substrate channel is etched 
through the entire Silicon Substrate to the Silicon dioxide etch 
Stop on the ejection side of the Substrate. If the through 
Substrate channel is not etched completely through the 
Substrate, the recessed annular region is etched from the 
ejection Side of the Substrate. The recessed annular region 
may be patterned and etched to form the Silicon dioxide 
nozzle for injection Side processing or for ejection side 
processing. 
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0054. This method does not require high alignment accu 
racy of features from the injection and ejection side pro 
cessing to define the nozzle wall thickness thus simplifying 
the method. This method allows nozzles of decreasing Size 
to be reproducibly manufactured and does not require the 
through-Substrate channel to be etched completely through 
the Substrate. The Silicon dioxide layer that is grown on the 
walls of the through-substrate channel determines the wall 
thickness of the nozzles using this method. The desired 
nozzle size and use of the electrospray device determines 
which method is preferred. This fabrication Sequence con 
ferS Superior mechanical Stability to the fabricated electro 
Spray device by etching the features of the electrospray 
device from a monocrystalline Silicon Substrate without any 
need for assembly. Further, use of a visible alignment mark 
as described in the fabrication Sequence of this device allows 
for alignment of injection side and ejection Side features to 
better than 1 um. This allows for overall nozzle dimensions 
that are Smaller than previously achieved that use prior 
disclosed alignment Schemes using infrared light. Control of 
the lateral extent and shape of the recessed annular region 
provides the ability to modify and control the electric field 
between the electrospray device and an extracting electrode. 
0.055 This fully integrated monolithic electrospray 
device may be coupled with a miniaturized monolithic 
chromatography or other liquid Sample handing devices. In 
particular, the electrospray device used as a means of 
producing a fluidic cone for spectroscopic detection includ 
ing laser induced fluorescence, ultraviolet absorption, and 
evaporative light Scattering and mass spectrometry detec 
tion. An excitation Source provides a light beam. A detector 
detects the emission or absorbance or light Scattering prop 
erties of the analytes in the fluidic Taylor cone. 
0056. The microchip-based electrospray device of the 
present invention provides minimal extra-column dispersion 
as a result of a reduction in the extra-column Volume and 
provides efficient, reproducible, reliable and rugged forma 
tion of an electrospray. This electrospray device is perfectly 
Suited as a means of electrospray of fluids from microchip 
based Separation devices. The design of this electrospray 
device is also robust Such that the device can be readily 
mass-produced in a cost-effective, high-yielding process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0057 FIG. 1A shows a schematic of an electrospray 
System emitting Small charged droplets. 
0.058 FIG. 1B shows a schematic of an electrospray 
System emitting poorly charged droplets. 

0059 FIG. 1C shows a graph plotting the Surface tension 
of a Solution versus the capillary tip diameter for onset 
voltages of 500, 750, 1000, and 1500 volts and a 2 mm 
distance between the capillary tip and counterelectrode of an 
electrospray System. 
0060 FIGS. 2A to D show an electrospray system and 
the effect of the position of the capillary tip relative to the 
ring electrode on the droplet diameter of the Spray. 
0061 FIGS. 3A to C show, respectively, a perspective 
View, a plan View, and a cross-sectional view of an electro 
Spray device in accordance with the present invention. FIG. 
3C is a cross-sectional view taken along line 3C-3C of FIG. 
3B. FIG. 3D shows a cross-sectional view of an alternative 

Jan. 13, 2005 

embodiment of an electrospray device in accordance with 
the present invention. FIGS. 3E and 3Fshow the use of the 
electrospray device of the present invention to generate a 
fine spray and minimally charged droplets. FIG. 3G shows 
the use of the electrospray device of the present invention in 
conjunction with a minaturized monolithic chromatography 
or other liquid sample handling device. FIG. 3H is a 
croSS-Sectional view showing the electrospray device of the 
present invention coupled with a fluidic probe. FIG. 3 is a 
perspective view of the injection side of the electrospray 
device of FIG. 3H. 

0062 FIG. 4A is a photograph showing an electrospray 
device in accordance with the present invention. FIG. 4B is 
a perspective view of an electrospray device in accordance 
with the present invention. FIG. 4C shows a perspective 
View of an electrospray device in accordance with the 
present invention generating an electrospray. FIG. 4D is a 
mass spectrum of a Resperine Solution Sprayed from the 
electrospray device of the present invention. FIG. 4E is a 
mass spectrum of 1 nM of Cytochrome C solution sprayed 
from the electrospray device of the present invention. FIG. 
4F is a mass spectrum of 0.1 nM of Cytochrome C solution 
Sprayed from the electrospray device of the present inven 
tion. 

0063 FIGS. 5A to 5B show a perspective view and a 
croSS-Sectional view, respectively, of a multiple array of 
electrospray devices in accordance with the present inven 
tion. FIG. 5B is taken along line 5B-5B of FIG. 5A. 
0064 FIGS. 6A to 6B show perspective views of alter 
native embodiments of microchip-based liquid chromatog 
raphy devices in accordance with the present invention. 
FIG. 6C is a cross-sectional view of the microchip-based 
liquid chromatography device of FIG. 6B taken along line 
6C-6C. 

0065 FIGS. 7A to 7F show different separation post 
Spacings. 

0.066 FIGS. 8A to 8B show plan views of a computer 
aided layout of a channel containing spaced posts for use in 
a liquid chromatography device in accordance with the 
present invention. 

0067 FIGS. 9A-9E show one embodiment of a fabrica 
tion Sequence for the injection side of an electrospray 
device; 

0068 FIGS. 10A-10F show another embodiment of a 
fabrication Sequence for the ejection side of an electrospray 
device; 

0069 FIGS. 11A-11D show another embodiment of a 
fabrication Sequence of the injection side of an electrospray 
device wherein a separate through-Substrate alignment chan 
nel is incorporated into the device layout; 

0070 FIGS. 12A-12E show another embodiment of a 
fabrication Sequence of the ejection side of an electrospray 
device wherein a separate through-Substrate alignment chan 
nel is incorporated into the device layout; 

0071 FIG. 13 shows an electrospray device with a 
Sacrificial Silicon dioxide layer; 
0072 FIG. 14 shows an electrospray device with a 
Silicon dioxide and a Silicon nitride layer; 
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0073 FIG. 15 shows an electrospray device with a 
Silicon dioxide, a Silicon nitride layer, and a conductive 
metal electrode on the edge of the Silicon Substrate; 
0074 FIGS. 16A-16I show an embodiment of a chro 
matography Side fabrication Sequence of an integrated liquid 
chromatography-electrospray device; 

0075 FIGS. 17A-17D show another embodiment of an 
electrospray Side fabrication Sequence of an integrated liquid 
chromatography-electrospray device. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0076 FIGS. 3A, 3B and 3C show, respectively, a per 
Spective view, a plan View and a croSS-Sectional view of an 
electrospray device 100 of the present invention. The elec 
trospray apparatus of the present invention generally com 
prises a Silicon Substrate, microchip or wafer 102 defining a 
through substrate channel 104 between an entrance orifice 
106 on an injection surface 108 and a nozzle 110 on an 
ejection Surface 112. The channel may have any Suitable 
croSS-Sectional shape Such as circular or rectangular. The 
nozzle 110 has an inner and an Outer diameter and is defined 
by a recessed region 114. The region 114 is recessed from 
the ejection Surface 112, extends outwardly from the nozzle 
110 and may be annular. The tip of the nozzle 110 does not 
extend beyond and is preferably coplanar or level with the 
ejection surface 112 to thereby protect the nozzle 110 from 
accidental breakage. 
0077 Preferably, the injection surface 108 is opposite the 
ejection Surface 112. However, the injection Surface may be 
adjacent to the ejection Surface Such that the channel extend 
ing between the entrance orifice and the nozzle makes a turn 
within the device. In Such a configuration, the electrospray 
device would comprise two substrates bonded together. The 
first Substrate may define a through-Substrate channel 
extending between a bonding Surface and the ejection Sur 
face, opposite the bonding Surface. The first Substrate may 
further define an open channel recessed from the bonding 
Surface extending from an orifice of the through-SubStrate 
channel and the injection Surface Such that the bonding 
Surface of the Second Substrate encloses the open channel 
upon bonding of the first and Second Substrates. Alterna 
tively, the Second Substrate may define an open channel 
recessed from the bonding Surface Such that the bonding 
Surface of the first Substrate encloses the open channel upon 
bonding of the first and Second Substrates. In yet another 
variation, the first Substrate may further define a Second 
through-Substrate channel while the open channel extends 
between the two through-Substrate channels. Thus, the injec 
tion Surface is the same Surface as the ejection Surface. 
0078. The electrospray device 100 further comprises a 
layer of silicon dioxide 118 and a layer of silicon nitride 120 
over the injection 108, ejection 112, and through-substrate 
channel 104 Surfaces of the Substrate 102. An electrode 122 
is in contact with the substrate 102 on the edge 124 of the 
silicon Substrate. The silicon dioxide 118 and silicon nitride 
120 formed on the walls of the channel 104 electrically 
isolates a fluid therein from the silicon Substrate 102 and, 
thus, allows for the independent application and Sustenance 
of different electrical potentials to the fluid in the channel 
104 and to the silicon Substrate 102. Additional layers of 
Silicon dioxide or other materials may be further deposited 
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to provide for any required chemical functionality to the 
surface of the device. The ability to independently vary the 
fluid and Substrate potentials allows the optimization of the 
electrospray through modification of the electric field, as 
described below. 

0079 Alternatively as shown in FIG. 3D, the substrate 
102 can be in electrical contact with the fluid in the through 
Substrate channel when appropriate for a given application. 
This is accomplished by Selective deposition of Silicon 
dioxide on the injection and ejection Surfaces of the Sub 
Strate and the through-Substrate channel, followed by a 
selective deposition of silicon nitride 120 on the ejection 
Surface. A region of the ejection Surface 112 exterior to the 
nozzle 110 may provide a surface on which a conductive 
electrode 122 may be formed to modify the electric field 
between the ejection Surface 112, including the nozzle tip 
110, and the extracting electrode 54. In this case, the 
Substrate potential Voltage controls the electric field around 
the nozzle, the controlling electrodes 122 on the ejection 
Surface 112 of the Substrate 102, and the distance from the 
counter electrode 54. 

0080. As shown in FIG. 3E, to generate an electrospray, 
fluid may be delivered to the through-substrate channel 104 
of the electrospray device 100 by, for example, a capillary 
52, micropipette or microchip. The fluid is subjected to a 
potential Voltage V via a wire positioned in the capillary 
52 or in the channel 104 or via an electrode provided on the 
injection surface 108 and isolated from the surrounding 
Surface region and the Substrate 102. A potential voltage 
V may also be applied to the electrode 122 on the edge 
124 of the silicon Substrate 102 the magnitude of which is 
preferably adjustable for optimization of the electrospray 
characteristics. The fluid flows through the channel 104 and 
exits from the nozzle 110 in the form of a Taylor cone 58, 
liquid jet 60, and very fine, highly charged fluidic droplets 
62. The electrode 54 may be held at a potential voltage 
V. Such that the highly-charged fluidic droplets are 
attracted toward the extracting electrode 54 under the influ 
ence of an electric field. 

0081. In one embodiment, the nozzle 110 may be placed 
up to 10 mm from the ion-Sampling orifice of an API maSS 
Spectrometer that may function as the extracting electrode 
54. A potential voltage V ranging from approximately 
500-1000 V, such as 700 V, is applied to the fluid. A potential 
voltage of the Substrate V of less than half of the fluid 
potential Voltage V, or 0-350 V, is applied to the Substrate 
to enhance the electric field Strength at the tip of the nozzle 
110. The extracting electrode 54 may be held at or near 
ground potential V (OV). Thus, a nanoelectrospray of 
a fluid introduced to the electrospray device 100 is attracted 
toward the extracting electrode 54. 
0082 The nozzle 110 provides the physical asperity to 
promote the formation of a Taylor cone and efficient elec 
trospray of a fluid. The nozzle 110 also forms a continuation 
of and Serves as an exit orifice of the through-Substrate 
channel 104. The recessed region 114 serves to physically 
isolate the nozzle 110 from the ejection surface 112. The 
present invention allows the optimization of the electric field 
lines emanating from the fluid exiting the nozzle 110 
through independent control of the potential Voltage V of 
the fluid and the potential voltage V of the Substrate. substrate 

0083) Dimensions of the electrospray device 100 can be 
determined according to various factorS Such as the Specific 
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application, the layout design as well as the upstream and/or 
downstream device to which the electrospray device 100 is 
interfaced or integrated. Further, the dimensions of the 
channel and nozzle may be optimized for the desired flow 
rate of the fluid Sample. The use of reactive-ion etching 
techniques allows for the reproducible and cost effective 
production of Small diameter nozzles, for example, a 2 um 
inner diameter and 5 um Outer diameter. 
0084. In one currently preferred embodiment, the silicon 
substrate 102 of the electrospray device 100 is approxi 
mately 250-300 um in thickness and the cross-sectional area 
of the through-substrate channel 104 is less than approxi 
mately 2,500 um. Where the channel 104 has a circular 
cross-sectional shape, the channel 104 and the nozzle 110 
have an inner diameter of up to 50 lum, more preferably up 
to 30 um; the nozzle 110 has an outer diameter of up to 60 
tim, more preferably up to 40 um; and nozzle 110 has a 
height of (and the recessed portion 114 has a depth of) up to 
100 lum. The recessed portion 114 preferably extends up to 
300 um outwardly from the nozzle 110. The silicon dioxide 
layer 118 has a thickness of approximately 1-4 tim, prefer 
ably 1-3 lum. The silicon nitride layer 120 has a thickness of 
approximately less than 2 um. 
0085. Furthermore, the electrospray device may be oper 
ated to produce larger, minimally-charged droplets 126 as 
shown in FIG. 3F. This is accomplished by decreasing the 
electric field at the nozzle exit to a value less than that 
required to generate an electrospray of a given fluid. Adjust 
ing the ratio of the potential Voltage V of the fluid and the 
potential Voltage V of the Substrate controls the 
electric field. A Vid/Vista ratio approximately leSS than 
2 is required for droplet formation. The droplet diameter in 
this mode of operation is dependent on the nozzle diameter, 
electric field strength, and fluid Surface tension. This mode 
of operation is ideally Suited for conveyance and/or appor 
tionment of a multiplicity of discrete amounts of fluids, and 
may find use in Such devices as inkjet printers and equip 
ment and instruments requiring controlled distribution of 
fluids. 

0.086 This fully integrated monolithic electrospray 
device may be coupled with a miniaturized monolithic 
chromatography or other liquid Sample handing devices. 
FIG. 3G shows this electrospray device used as a means of 
producing a fluidic cone for spectroscopic detection includ 
ing laser induced fluorescence, ultraViolet absorption, and 
evaporative light Scattering and mass spectrometry detec 
tion. An excitation source 128 provides a light beam 130. A 
detector 132 detects the emission or absorbance or light 
Scattering properties of the analytes in the fluidic Taylor 
cone 58, liquid jet 60, or highly-charged droplets 62. 
0087 FIG. 3H shows the use of the electrospray device 
of the present invention interfaced with a liquid Sample 
handling device showing a means of Sealing the liquid 
handling device to the injection side of the present invention. 
The figure shows an O-ring seal 107 between the liquid 
sample handling device 52 and the electrospray device 110. 
FIG. 3 shows an array of electrospray devices 106 fabri 
cated on a monolithic Substrate 100 and interfacing to a 
liquid Sample handling device 52. More than one liquid 
Sample handling device could be interfaced with an array of 
electrospray devices. Only one is shown for clarity. 
0088 FIG. 4A shows a perspective view picture 
(approximately 80 times magnified) of an electrospray 
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device 100 consisting of a nozzle etched in a silicon Sub 
strate. FIG. 4B is a perspective view on an electrospray 
device in accordance with the present invention. Nozzle 110 
has a 20 tim outer diameter and 15 um inner diameter 
(through-substrate channel) with a height of 70 um. The 
nozzle walls are 2.5 um in thickness. The recessed annular 
region 114 has a radius of 300 lum. The substrate 102 has a 
thickness of 254 tum. FIG. 4C shows a perspective view 
picture of an electrospray device generating an electrospray. 
In this figure, a 50% water:50% methanol solution contain 
ing 500 ng/mL of reserpine is being introduced to the 
injection side 108 of the through-substrate channel 104 as 
shown in FIG. 3G. The fluid flow is controlled using a 
syringe pump set at a flow rate of 100 mL/min. A fluid 
voltage of 700 V is applied to a stainless steel capillary 52 
(not shown) with the substrate held at Zero V. The counter 
electrode 54 (not shown) is an ion-sampling orifice of a 
Micromass LCT time-of-flight mass spectrometer held at 80 
V. The nozzle is approximately 5 mm from the ion-Sampling 
orifice of the mass spectrometer. Labeled in FIG. 4C is a 
real Taylor cone emanating from a nozzle, a liquid jet, a 
plume of highly-charged droplets and a recessed annular 
region. 
0089 FIG. 4D shows the electrospray mass spectrum 
acquired from the electrospray shown in FIG. 4C for the 
Reserpine Solution. Reserpine has a molecular weight of 608 
Da. Electrospray in positive ion mode results in the proto 
nation of the molecular molecule resulting in an ion at m/z. 
609. A region of the m/z range from 608 to 613 is inserted 
to show the separation of the isotopes of reserpine. FIG. 4E 
shows the electrospray mass spectrum acquired from the 
electrospray of a 1 nM (1 femtomole per microliter) solution 
of Cytochrome C in 100% water. The solution flow rate is 
100 mL/min with a fluid voltage of 1350 V and a substrate 
Voltage of Zero V. The mass spectrum shows the multiple 
charge distribution characteristic of large biomolecules from 
electrospray ionization (peaks are labeled with the respec 
tive charge state). FIG. 4F shows the electrospray mass 
spectrum acquired from the electrospray of a 0.1 nM (100 
attomole per microliter) solution of Cytochrome C in 100% 
water at a flow rate of 100 nL/min. 

0090 The electrospray device of the present invention 
generally comprises a Silicon Substrate material defining a 
channel between an entrance orifice on an injection Surface 
and a nozzle on an ejection Surface (the major Surface) Such 
that the electrospray generated by the device is generally 
perpendicular to the ejection Surface. The nozzle has an 
inner and an outer diameter and is defined by an annular 
portion recessed from the ejection Surface. The annular 
recess extends radially from the outer diameter. The tip of 
the nozzle is co-planar or level with and does not extend 
beyond the ejection Surface. Thus, the nozzle is protected 
against accidental breakage. The nozzle, the channel, and the 
recessed portion are etched from the Silicon Substrate by 
reactive-ion etching and other Standard Semiconductor pro 
cessing techniques. 

0091 All surfaces of the silicon Substrate preferably have 
insulating layers to electrically isolate the liquid Sample 
from the Substrate and the ejection and injection Surfaces 
from each other Such that different potential Voltages may be 
individually applied to each Surface and the liquid Sample. 
The insulating layer generally consists of a Silicon dioxide 
layer combined with a silicon nitride layer. The silicon 



US 2005/OOO6502 A1 

nitride layer provides a moisture barrier against water and 
ions from penetrating through to the Substrate causing 
electrical breakdown between a fluid moving in the channel 
and the Substrate. The electrospray apparatus further com 
prises at least one controlling electrode electrically contact 
ing the Substrate for the application of an electric potential 
to the Substrate. 

0092. In another embodiment, all surfaces of the silicon 
Substrate have insulating layers thereon to electrically isolate 
all Surfaces of the Substrate from each other Such that 
different potential Voltages may be individually applied to 
each Surface and the liquid. The insulating layer is Selec 
tively removed from the tip of the nozzle therefore, making 
an electrical contact between the tip of the nozzle and the 
substrate. Fluid exiting the nozzle will be at the potential 
Voltage applied to the Substrate. A layer of conductive metal 
may be selectively deposited on the ejection Surface of the 
substrate to provide for enhancement of the electric field at 
the tip of the nozzle. Alternatively, this electrode may be 
removed from the SubStrate altogether and reside in close 
proximity to the ejection Surface of the Substrate to enhance 
the electric field emanating from the tip of the nozzle when 
held at an appropriate Voltage. One advantage to this design 
is that the insulating layer on the Surface of the Silicon 
Substrate no longer determines the maximum difference in 
the Voltage applied to the fluid relative to the Substrate used 
to enhance the electric field at the tip of the nozzle. This will 
allow for higher potential Voltages to be applied to the fluid 
and, therefore, provide greater flexibility in the optimization 
of the electrospray. 

0.093 Preferably, the nozzle, channel and recess are 
etched from the Silicon Substrate by reactive-ion etching and 
other Standard Semiconductor processing techniques. The 
injection-Side features, through-Substrate fluid channel, ejec 
tion-side features, and controlling electrodes are formed 
monolithically from a monocrystalline Silicon Substrate 
i.e., they are formed during the course of and as a result of 
a fabrication Sequence that requires no manipulation or 
assembly of Separate components. 

0094. Because the electrospray device is manufactured 
using reactive-ion etching and other Standard Semiconductor 
processing techniques, the dimensions of Such a device can 
be very Small, for example, as Small as 2 um inner diameter 
and 5 um outer diameter. Thus, a through-Substrate fluid 
channel having, for example, 5 um inner diameter and a 
substrate thickness of 250 um only has a volume of 4.9 pil 
(picoliters). The micrometer-Scale dimensions of the elec 
trospray device minimize the dead volume and thereby 
increase efficiency and analysis Sensitivity when combined 
with a separation device. 

0.095 The electrospray device of the present invention 
provides for the efficient and effective formation of an 
electrospray. By providing an electrospray Surface from 
which the fluid is ejected with dimensions on the order of 
micrometers, the electrospray device limits the Voltage 
required to generate a Taylor cone as the Voltage is depen 
dent upon the nozzle diameter, the Surface tension of the 
fluid, and the distance of the nozzle from an extracting 
electrode. The nozzle of the electrospray device provides the 
physical asperity on the order of micrometers on which a 
large electric field is concentrated. Further, the electrospray 
device may provide additional electrode(s) on the ejecting 
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Surface to which electric potential(s) may be applied and 
controlled independent of the electric potentials of the fluid 
and the Substrate in order to advantageously modify and 
optimize the electric field for the purpose of focusing the gas 
phase ions produced by electrospray. 

0096. The microchip-based electrospray device of the 
present invention provides minimal extra-column dispersion 
as a result of a reduction in the extra-column Volume and 
provides efficient, reproducible, reliable and rugged forma 
tion of an electrospray. This electrospray device is perfectly 
Suited as a means of electrospray of fluids from microchip 
based Separation devices. The design of this electrospray 
device is also robust Such that the device can be readily 
mass-produced in a cost-effective, high-yielding process. 

0097. In operation, a conductive or partly conductive 
liquid Sample is introduced into the through-Substrate chan 
nel entrance orifice on the injection Surface. The liquid is 
held at a potential Voltage, either by means of a wire within 
the fluid delivery channel to the electrospray device or by 
means of an electrode formed on the injection Surface 
isolated from the Surrounding Surface region and from the 
substrate. The electric field strength at the tip of the nozzle 
is enhanced by the application of a Voltage to the Substrate 
and/or the ejection Surface, preferably Zero Volts up to 
approximately less than one-half of the Voltage applied to 
the fluid. Thus, by the independent control of the fluid/ 
nozzle and Substrate/ejection Surface Voltages, the electro 
spray device of the present invention allows the optimization 
of the electric field emanating from the nozzle. The elec 
trospray device of the present invention may be placed 1-2 
mm or up to 10 mm from the orifice of an atmospheric 
pressure ionization (API) mass spectrometer to establish a 
Stable nanoelectrospray at flow rates as low as 20 mL/min. 
0098. The electrospray device may be interfaced or inte 
grated downstream to a Sampling device, depending on the 
particular application. For example, the analyte may be 
electrosprayed onto a Surface to coat that Surface or into 
another device for purposes of conveyance, analysis, and/or 
synthesis. As described above with reference to FIGS. 3A-C 
and 4A-C, highly charged droplets are formed at atmo 
Spheric pressure by the electrospray device from nanoliter 
Scale Volumes of an analyte. The highly charged droplets 
produce gas-phase ions upon Sufficient evaporation of Sol 
vent molecules which may be sampled, for example, through 
an ion-Sampling orifice of an atmospheric preSSure ioniza 
tion mass spectrometer (API-MS) for analysis of the elec 
trosprayed fluid. 
0099 Multiple Array of Electrospray Devices 

0100. One embodiment of the present invention is in the 
form of a multiple array of electrospray devices which 
allows for massive parallel processing. The multiple elec 
trospray devices or Systems fabricated by massively parallel 
processing on a Single wafer may then be cut or otherwise 
Separated into multiple devices or Systems. 

0101 This aspect of the present invention does not have 
the Space constraints of current piezoelectric dispensers. The 
nozzles (dispensers) may be positioned as close as 20 um 
allowing for very high-density dispensing. For example, an 
array of 10,000 dispensing nozzles with a 20 tim outer 
diameter and a 50 um pitch would have an area of 5 mmx5 
mm. An array of 1,000,000 dispensing nozzles with a 20 tim 
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outer diameter and a 50 um pitch would have an area of 50 
mmx50mm (or two square inches). The number of dispens 
ing nozzles in an array is only limited by the Outer diameter 
of the nozzle size chosen and the required spacing for the 
application. FIG. 5A shows a perspective view of a 
12-nozzle array aligned with an array of receiving wells 152. 
These receiving wells may be small volume reservoirs for 
performing chemical reactions for the purpose of chemical 
Synthesis, for biological Screening or may be through 
Substrate channels for transferring a fluid Sample from one 
microchip device to another. FIG. 5B shows a cross-sec 
tional view of FIG. 5A showing the array in a droplet 
dispensing mode and the receiving wells 152 depicted as 
through-substrate channels. Each nozzle 110 has a fluid 
droplet 126 being extracted by an electric field established 
between the fluid, Substrate 102 and the receiving well plate 
154. 

0102) The electrospray device may also serve to repro 
ducibly distribute and deposit a Sample from a mother plate 
to daughter plate(s) by nanoelectrospray deposition or by the 
droplet method. A chip-based combinatorial chemistry Sys 
tem comprising a reaction well block may define an array of 
reservoirs for containing the reaction products from a com 
binatorially synthesized compound. The reaction well block 
further defines channels, nozzles and recessed portions Such 
that the fluid in each reservoir may flow through a corre 
sponding channel and exit through a corresponding nozzle in 
the form of droplets. The reaction wellblock may define any 
number of reservoir(s) in any desirable configuration, each 
reservoir being of a Suitable dimension and shape. The 
Volume of a reservoir may range from a few picoliters up to 
Several microliters. 

0103) The reaction well block may serve as a mother 
plate to interface to a microchip-based chemical Synthesis 
apparatus Such that the droplet method of the electrospray 
device may be utilized to reproducibly distribute discreet 
quantities of the product Solutions to a receiving or daughter 
plate. The daughter plate defines receiving wells that corre 
spond to each of the reservoirs. The distributed product 
Solutions in the daughter plate may then be utilized to Screen 
the combinatorial chemical library against biological targets. 

0104. The electrospray device may also serve to repro 
ducibly distribute and deposit an array of Samples from a 
mother plate to daughter plates, for example, for proteomic 
Screening of new drug candidates. This may be by either 
droplet formation or electrospray modes of operation. Elec 
trospray device(s) may be etched into a microdevice capable 
of Synthesizing combinatorial chemical libraries. At a 
desired time, a nozzle(s) may apportion a desired amount of 
a Sample(s) or reagent(s) from a mother plate to a daughter 
plate(s). Control of the nozzle dimensions, applied voltages, 
and time provide a precise and reproducible method of 
Sample apportionment or deposition from an array of 
nozzles, Such as for the generation of Sample plates for 
molecular weight determinations by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(“MALDI-TOFMS”). The capability of transferring analytes 
from a mother plate to daughter plates may also be utilized 
to make other daughter plates for other types of assays, Such 
as proteomic Screening. The Vi/Vista ratio can be 
chosen for formation of an electrospray or droplet mode 
based on a particular application. 
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0105. An array of electrospray devices can be configured 
to disperse ink for use in an inkjet printer. The control and 
enhancement of the electric field at the exit of the nozzles on 
a Substrate will allow for a variation of ink apportionment 
Schemes including the formation of Submicometer, highly 
charged droplets for blending of different colors of ink. 

0106 The electrospray device of the present invention 
can be integrated with miniaturized liquid Sample handling 
devices for efficient electrospray of the liquid Samples for 
detection using a mass spectrometer. The electrospray 
device may also be used to distribute and apportion fluid 
Samples for use with high-throughput Screen technology. 
The electrospray device may be chip-to-chip or wafer-to 
wafer bonded to plastic, glass, or Silicon microchip-based 
liquid Separation devices capable of, for example, capillary 
electrophoresis, capillary electrochromatography, affinity 
chromatography, liquid chromatography ("LC), or any 
other condensed-phase Separation technique. 

0107. In another aspect of the invention, a microchip 
based liquid chromatography device 160 may be provided as 
shown in FIG. 6A. The liquid chromatography device 
generally comprises a separation SubStrate 162 or wafer 
defining an introduction channel 164 between an entrance 
orifice and a reservoir 166 and a separation channel 168 
between the reservoir and an exit orifice 170. A cover 
substrate 172 may be bonded to the separation substrate to 
enclose the reservoir and the Separation channel adjacent to 
the cover Substrate. The separation channel may be popu 
lated with separation posts 174 as shown in FIG. 6B 
extending from a side-wall of the Separation channel per 
pendicular to the fluid flow through the Separation channel. 
Preferably, the Separation posts are coplanar or level with the 
Surface of the Separation Substrate Such that they are pro 
tected against accidental breakage during the manufacturing 
process. Component Separation occurs in the Separation 
channel where the Separation posts perform the liquid chro 
matography function by providing a large Surface area for 
the interaction of fluid flowing through the Separation chan 
nel. 

0108. The liquid chromatography device may be inte 
grated with an electrospray device Such that the exit orifice 
of the liquid chromatography device forms a homogenous 
interface with the entrance orifice of the electrospray device. 
This allows the on-chip delivery of fluid from the liquid 
chromatography device to the electrospray device to gener 
ate an electrospray. The nozzle, channel, and recessed por 
tion of the electrospray device may be etched from the 
substrate of the liquid chromatography device. FIG. 6C is a 
cross-sectional view of FIG. 6B wherein the exit orifice 170 
of the liquid chromatography device is the through-Substrate 
channel 104 of an electrospray device. The liquid chroma 
tography device may further comprise one or more elec 
trodes 176 for application of electric potentials to the fluid 
at locations along the fluid path. The application of different 
electric potentials along the fluid path may facilitate the fluid 
flow through the fluid path using the electrophoretic prop 
erties of the fluid and chemical Species contained therein. 
Also shown are the electrospray nozzle 110, recessed annu 
lar region 114, and the electrospray controlling electrodes 
122 on the ejection surface 112 of the substrate. 

0109 The introduction 164 and separation 168 channels, 
the entrance and exit 170 orifices, and the Separation posts 
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174 are preferably etched from a silicon Substrate by reac 
tive-ion etching and other Standard Semiconductor proceSS 
ing techniques. The Separation posts are preferably oxidized 
silicon posts 174 to electrically insulate the posts and 
channel from the Silicon Substrate. A Silicon dioxide layer 
118 may be grown on all Surfaces of the Separation Substrate 
162. Silicon nitride 120 may be further deposited on the 
Silicon dioxide to provide a moisture barrier and prevent 
diffusion of water and ions to the Substrate. The Surface of 
the silicon posts may be further chemically modified to form 
a Stationary phase to optimize the interaction of the com 
ponents of the Sample fluid with the Stationary Separation 
posts. 

0110 Photolithography and reactive-ion etching limit the 
layout design of Separation post diameters and inter-post 
spacing to approximately 1 um. However, because the 
thermal oxidation proceSS consumes approximately 0.46 um 
of Silicon to form each micrometer of Silicon dioxide, the 
thermal oxidation proceSS results in a Volumetric expansion. 
This volumetric expansion may be utilized to reduce the 
spacing between the Separation posts to Sub-micrometer 
dimensions as shown in FIG. 7. For example, if the final 
layout is a channel populated with 1 um Silicon dioxide posts 
Separated by 0.5 tim, the following method may be used to 
generate Such a device. If the layout begins with 1 um Silicon 
posts 180 spaced by 0.5um (FIG. 7A.), oxidizing the silicon 
posts using an elevated temperature, oxidizing furnace until 
the post diameters reached 1.5 um would consume 0.12 um 
of silicon (FIG. 7B.). The silicon dioxide 182 that was 
formed can be removed by placing the Silicon Substrate in a 
hydrofluoric acid solution. The hydrofluoric acid will selec 
tively remove the silicon dioxide from the silicon Substrate. 
The remaining Silicon posts would now have a diameter of 
0.77 um (FIG. 7C). If the silicon posts were oxidized to 
1.44 um diameter, 0.31 um of silicon would be consumed 
(FIG. 7D.). Removal of the silicon dioxide would leave 
silicon posts of 0.46 um diameter (FIG. 7E.). Complete 
oxidation of the 0.46 um silicon posts 180 will result in the 
formation of 1 um silicon dioxide posts 182 spaced by 0.5 
um (FIG. 7F.). Further, because the oxidation process is 
well-controlled, Separation post dimensions, including the 
inter-post spacing, in the Sub-micrometer regime can be 
formed reproducibly and in a high yielding manner. 
0111 FIGS. 8A and 8B show plan views of a computer 
aided design (CAD) layout 190 of a 50 um wide channel 192 
containing 1 um Silicon posts spaced by 0.5 lim. The black 
Squares 194 represent unexposed areas of the channel while 
the gray 196 areas represent exposed areas of the channel. 
The exposed areas are removed during the Silicon processing 
of the Substrate, while the unexposed areas remain. The 
result of the processing is a channel etched to a depth of a 
few tens of micrometers containing 1 um Silicon posts 
Spaced by 0.5 lim. The remaining Silicon Substrate can then 
be further oxidized in an oxidizing furnace to grow the 
Silicon dioxide layer to any required thickness without 
affecting the completely oxidized Silicon posts. Further 
processing of the silicon substrate such as LPCVD of silicon 
nitride and/or LPCVD or plasma enhanced chemical vapor 
deposition (“PECVD”) of silicon dioxide is possible. 
0112 An array or matrix of multiple electrospray devices 
of the present invention may be manufactured on a Single 
microchip as Silicon fabrication using Standard, well-con 
trolled thin-film processes. This not only eliminates han 
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dling of Such micro components but also allows for rapid 
parallel processing of functionally alike elements. The 
nozzles may be radially positioned, for example, about a 
circle having a relatively Small diameter near the center of 
the chip. Thus, a 96 radial array of electrospray devices of 
the present invention may be positioned in front of an 
electrospray mass spectrometer with no requirement to 
move or reposition the microchip. This radial design pro 
vides significant advantages of time and cost efficiency, 
control, and reproducibility when analyzing multiple chan 
nels by electrospray mass spectrometry. The low cost of 
these electrospray devices allows for one-time use Such that 
cross-contamination from different liquid Samples may be 
eliminated. 

0113. The requirement to minimize the variations in the 
croSS-Sectional area along the length of a separation channel 
also applies when combining a separation device with an 
electrospray device. The croSS-Sectional area for the inner 
diameter of the nozzle, Nozzle, of an electrospray 
device should be approximately the same as the channel 
cross-sectional area, Channelas. In practice, a Nozzle/ 
Channel, ratio less than 2 is desirable. The cross-sec 
tional area of a separation device can be determined by 
calculating the percentage of cross-sectional area for a post 
and the Separation from an adjacent post. The cross-sectional 
area for a given channel can then be calculated from the 
following equation: 

ChannelArea,2=Width on Depth ch (1-(Diast? (Diam 
positSpacingpost) (4) 

0114 where Width is the separation channel width, 
Depth, is the separation channel depth, Dias is the post 
diameter and Spacing is the post spacing. Setting the 
croSS-Sectional area of the electrospray nozzle equal to the 
croSS-Sectional area of the Separation channel allows the 
calculation for the optimum inner diameter for the electro 
Spray device for a particular Separation channel layout. The 
cross-sectional area for a cylindrical nozzle, Nozzle, is 
defined by equation 5: 

Nozzlee 2=Tr'=T(d/2)^ (5) 

0115 where r is the inner radius and d is the inner 
diameter of the nozzle. 

0116 Setting the Nozzleas, equal to the Channelas, 
allows the determination of the optimum nozzle inner diam 
eter, NoZZlet, for a given channel cross-sectional area 
from equation 6: 

ChannelArea2 (6) 
Nozleine-Dia = 2* 

0117 Table 1 lists some examples of the optimum nozzle 
inner diameter for Some examples of posts diameters and 
spacings for a 50 um wide by 10 um deep channel. 
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TABLE 1. 

Relationship between a 50 um width by 10 um depth channel 
populated with posts and the Optimum electrospray nozzle inner diameter 

Post Post Channel and Nozzle Electrospray Nozzle 
Diameter, Spacing, Cross-sectional Areas, Inner Diameter 

film film tum’ film 

1. O.1 45 7.6 
1. O.2 83 O.3 
1. O.3 115 2.1 
1. 0.4 143 3.5 
1. 0.5 167 4.6 
1. O.8 222 6.8 
1. 1. 250 7.8 
1. 1.5 3OO 9.5 
2 O.1 24 5.5 
2 O.2 45 7.6 
2 O.3 65 9.1 
2 0.4 83 O.3 
2 0.5 1OO 1.3 
2 O.8 143 3.5 
2 1. 167 4.6 
2 1.5 214 6.5 

0118. In yet another aspect of the present invention, 
multiples of the liquid chromatography-electrospray System 
may be formed on a Single chip to deliver a multiplicity of 
Samples to a common point for Subsequent Sequential analy 
Sis. The multiple nozzles of the electrospray devices may be 
radially positioned about a circle having a relatively Small 
diameter near the center of the Single chip. 
0119) A radially distributed array of electrospray nozzles 
on a multi-System chip may be interfaced with an ion 
Sampling orifice of an electrospray mass spectrometer by 
positioning the nozzles near the ion-sampling orifice. A tight 
radial configuration of the electrospray nozzles allows the 
positioning thereof in close proximity to the ion-Sampling 
orifice of an electrospray mass spectrometer. For example, 
9620 um nozzles may be etched around a 1 mm radius circle 
with a separation of 65 lum. 
0120) A multi-system chip thus provides a rapid sequen 
tial chemical analysis System fabricated using microelectro 
mechanical systems (“MEMS) technology. For example, 
the multi-System chip enables automated, Sequential Sepa 
ration and injection of a multiplicity of Samples, resulting in 
Significantly greater analysis throughput and utilization of 
the mass spectrometer instrument for, for example, high 
throughput detection of compounds for drug discovery. 
0121 Another aspect of the present invention provides a 
Silicon microchip-based electrospray device for producing 
electrospray of a liquid Sample. The electrospray device may 
be interfaced downstream to an atmospheric preSSure ion 
ization mass spectrometer (“API-MS) for analysis of the 
electrosprayed fluid. Another aspect of the invention is an 
integrated miniaturized liquid phase Separation device, 
which may have, for example, glass, plastic or Silicon 
Substrates integral with the electrospray device. 
0.122 Electrospray Device Fabrication Procedure 
0123. The electrospray device 100 is preferably fabri 
cated as a monolithic Silicon Substrate utilizing well-estab 
lished, controlled thin-film Silicon processing techniques 
Such as thermal oxidation, photolithography, reactive-ion 
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etching (RIE), chemical vapor deposition, ion implantation, 
and metal deposition. Fabrication using Such Silicon pro 
cessing techniques facilitates massively parallel processing 
of Similar devices, is time- and cost-efficient, allows for 
tighter control of critical dimensions, is easily reproducible, 
and results in a wholly integral device, thereby eliminating 
any assembly requirements. Further, the fabrication 
Sequence may be easily extended to create physical aspects 
or features on the injection Surface and/or ejection Surface of 
the electrospray device to facilitate interfacing and connec 
tion to a fluid delivery System or to facilitate integration with 
a fluid delivery Sub-System to create a Single integrated 
System. 
0.124. Injection Surface Processing: Entrance to Through 
Wafer Channel 

0125 FIGS. 9A-9E illustrate the processing steps for the 
injection Side of the Substrate in fabricating the electrospray 
device of the present invention. Referring to the plan and 
cross-sectional views, respectively, of FIGS. 9A and 9B (a 
cross-sectional view taken along line 9B-9B of FIG. 9A), a 
double-side polished silicon wafer 200 is subjected to an 
elevated temperature in an oxidizing environment to grow a 
layer or film of silicon dioxide 204 on the injection side 203 
and a layer or film of silicon dioxide 206 on the ejection side 
205 of the substrate 202. Each of the resulting silicon 
dioxide layers 204, 206 has a thickness of approximately 1-2 
lum. The silicon dioxide layers 204, 206 serve as masks for 
Subsequent Selective etching of certain areas of the Silicon 
substrate 202. The silicon dioxide layer 206 also serves as an 
etch Stop for the through-Substrate channel etch as described 
below. 

0.126 A film of positive-working photoresist 208 is 
deposited on the silicon dioxide layer 204 on the injection 
side 203 of the substrate 200. An area of the photoresist 208 
corresponding to the entrance to a through-wafer channel 
which will be subsequently etched is selectively exposed 
through a mask by an optical lithographic exposure tool 
passing short-wavelength light, Such as blue or near-ultra 
violet at wavelengths of 365, 405, or 436 nanometers. 
0127. As shown in the cross-sectional views of FIGS. 9C 
and 9D, after development of the photoresist 208, the 
exposed area 210 of the photoresist is removed and open to 
the underlying silicon dioxide layer 204, while the unex 
posed areas remain protected by photoresist 208". The 
exposed area 212 of the silicon dioxide layer 204 is then 
etched by a fluorine-based plasma with a high degree of 
anisotropy and selectivity to the protective photoresist 208 
until the silicon Substrate 202 is reached. As shown in the 
cross-sectional view of FIG. 9D, the remaining photoresist 
208" provides additional masking during a Subsequent fluo 
rine based Silicon etch to Vertically etch certain patterns into 
the injection side 203 of the silicon Substrate 200. 
0128. As shown in the cross-sectional view of FIG. 9E, 
the through-substrate channel 214 in the silicon substrate is 
vertically etched by another fluorine-based etch. An advan 
tage of the fabrication proceSS described herein is that the 
dimensions of the through channel, Such as the aspect ratio 
(i.e. depth to width), can be reliably and reproducibly limited 
and controlled. The through-Substrate channel is Selectively 
etched through the Silicon Substrate until the Silicon dioxide 
layer on the ejection Surface is reached. 
0129. The through-substrate channel is used to align the 
ejection Surface Structures with the injection Surface 
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through-wafer channels. The through-Substrate channel is 
etched through the substrate to the silicon dioxide layer 206 
on the ejection side 205 of the substrate 200. This silicon 
dioxide layer 206 on the ejection Surface Serves as an etch 
Stop for the injection Surface processing. Silicon dioxide is 
transparent to visible light which allows the alignment of the 
injection Side etch with the ejection Side mask. This align 
ment Scheme allows for alignment of injection and ejection 
side features to within 1 um. The silicon dioxide layer on the 
ejection Surface is still intact and provides for easy coating 
of resist on the ejection side for the Subsequent ejection 
Surface processing. 
0130 Ejection Surface Processing: Nozzle and Surround 
ing Surface Structure 
0131 FIGS. 10A-10F illustrate the processing steps for 
the ejection side 205 of the substrate 202 in fabricating the 
electrospray device 100 of the present invention. As shown 
in the cross-sectional view in FIG. 10B (a cross-sectional 
view taken along line 10B-10B of FIG. 10A), a film of 
positive-working photoresist 216 is deposited on the Silicon 
dioxide layer 206 on the ejection side 205 of the substrate 
202. Patterns on the ejection side 205 are aligned to those 
previously formed on the injection side 203 of the substrate 
202 using a through-Substrate alignment mark. 
0.132. After alignment, areas of the photoresist 216 that 
define the outer diameter of the nozzle and the Outer diam 
eter of the recessed annular region are Selectively exposed 
through an ejection Side mask by an optical lithographic 
exposure tool passing Short-wavelength light, Such as blue 
or near-ultraviolet at wavelengths of 365, 405, or 436 
nanometers. As shown in the cross-sectional view of FIG. 
10C, the photoresist 216 is then developed to remove the 
exposed areas of the photoresist 218 Such that the recessed 
annular region is open to the underlying Silicon dioxide layer 
220, while the unexposed areas remain protected by photo 
resist 216'. The exposed area 220 of the silicon dioxide layer 
206 is then etched by a fluorine-based plasma with a high 
degree of anisotropy and Selectivity to the protective pho 
toresist 216" until the silicon Substrate 202 is reached as 
shown in FIG. 10D. 

0133) As shown in FIG. 10E, a fluorine-based etch 
creates a recessed annular region 222 that defines an ejection 
nozzle 224. After the desired depth is achieved for defining 
the recessed annular region 222 and nozzle 224, the remain 
ing photoresist 216' is then removed in an oxygen plasma or 
in an actively oxidizing chemical bath like Sulfuric acid 
(HSO) activated with hydrogen peroxide (HO). Then, 
the silicon dioxide layer 206 is removed using hydrofluoric 
acid to open up the through-Substrate channel 214 as shown 
in FG 1 OF. 

0134) The fabrication method confers Superior mechani 
cal Stability to the fabricated electrospray device by etching 
the features of the electrospray device from a monocrystal 
line silicon Substrate without any need for assembly. The 
alignment Scheme allows for nozzle walls of less than 2 um 
and nozzle outer diameters down to 5 um to be fabricated 
reproducibly. The fabrication Sequence allows for the con 
trol of the nozzle height by adjusting the relative amounts of 
ejection Side Silicon etching. Further, the lateral extent and 
shape of the recessed annular region can be controlled 
independently of its depth. The depth of the recessed annular 
region also determines the nozzle height and is determined 
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by the extent of the etch on the ejection side of the substrate. 
Control of the lateral extent and shape of the recessed 
annular region provides the ability to modify and control the 
electric field between the electrospray device and an extract 
ing electrode. 
0.135 Alternatively, the fabrication of the electrospray 
device may be accomplished whereby the through-Substrate 
channel is etched partly from each Side of the Substrate in 
two steps in combination with a through-Substrate alignment 
mark as shown in FIGS. 11A to B and 12A-E. 

0.136 Injection Surface Processing: Entrance to Through 
Wafer Channel 

0137 FIGS. 11A-11D illustrate the processing steps for 
the injection Side of the Substrate in fabricating the electro 
Spray device of the present invention. Referring to the plan 
and cross-sectional views, respectively, of FIGS. 11A and 
11B (taken along line 11B-11B of FIG. 11B), a double-side 
polished silicon Substrate 200 is subjected to an elevated 
temperature in an oxidizing environment to grow a layer or 
film of silicon dioxide 204 on the injection side 203 and a 
layer or film of silicon dioxide 206 on the ejection side 205 
of the substrate 200. Each of the resulting silicon dioxide 
layers 204 and 206 has a thickness of approximately 1-2 um. 
The silicon dioxide layers 204 and 206 serve as masks for 
Subsequent Selective etching of certain areas of the Silicon 
substrate. The silicon dioxide layer 206 also serves as an 
etch Stop for the through-Substrate alignment feature as 
described below. 

0.138 A film of positive-working photoresist 208" is 
deposited on the silicon dioxide layer 204 on the injection 
side 203 of the substrate 200. An area of the photoresist 
corresponding to the through wafer alignment 208 and the 
device channels 202 which will be subsequently etched is 
Selectively exposed through a mask by an optical litho 
graphic exposure tool passing Short-wavelength light, Such 
as blue or near-ultraviolet at wavelengths of 365,405, or 436 
nanometers. After development of the photoresist 208", the 
exposed area of the photoresist is removed and the under 
lying Silicon dioxide layer of the alignment 210 and device 
212 channels is exposed. The unexposed areas remain 
protected by the unexposed photoresist 208". As shown in 
FIG. 11C the exposed area 212 of the silicon dioxide layer 
204 is then etched by a fluorine-based plasma with a high 
degree of anisotropy and Selectivity to the protective pho 
toresist 208 until the silicon Substrate 200 is reached. The 
remaining photoresist 208" provides additional masking dur 
ing a Subsequent fluorine based Silicon etch to Vertically etch 
certain patterns into the injection side 203 of the silicon 
Substrate 204. 

0139. As shown in the cross-sectional view of FIG. 11D, 
the through-Substrate alignment channel 215 and injection 
side channel 211 in the silicon Substrate 200 is vertically 
etched by another fluorine-based etch. An advantage of the 
fabrication process described herein is that the dimensions 
of the features to be etched in Silicon, Such as the aspect ratio 
(depth to width), can be reliably and reproducibly limited 
and controlled. The fluorine-based etch rate is dependent on 
the feature dimensions being etched. Therefore, larger fea 
tures etch more quickly through a Substrate than Smaller 
features. For the process described here, the through-Sub 
Strate alignment mark 215 may be slightly larger in size 
(diameter) than the injection side channel 211. Therefore, 
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the larger diameter through-Substrate alignment channel 215 
etches more quickly through the substrate 202 than the 
injection Side channel 211. The through-Substrate alignment 
marks are Selectively etched completely through the Silicon 
substrate 202 until the silicon dioxide layer 206, serving as 
an etch stop on the ejection surface 205, is reached. How 
ever, the Smaller diameter injection side channel 211 is only 
etched partially through the wafer. Typically, the through 
Substrate alignment mark may be equivalent in diameter to 
up to tens of microns larger than the final through-SubStrate 
channel 214 to provide the required alignment tolerances. 
0140. The through-substrate alignment mark, consisting 
of for example, a 25 um diameter circle, is incorporated in 
the channel mask. The through-Substrate alignment mark is 
etched through the Substrate to the Silicon dioxide layer on 
the ejection side of the substrate. This silicon dioxide layer 
on the ejection Surface Serves as an etch Stop for the injection 
Surface processing. Silicon dioxide is transparent to visible 
light which allows the alignment mark from the injection 
Side etch to be aligned with the ejection Side mask. This 
alignment Scheme allows for alignment of injection and 
ejection side features to within 1 um. The Silicon dioxide 
layer on the ejection Surface is still intact and provides for 
easy coating of resist on the ejection side for the Subsequent 
ejection Surface processing. 
0141 Ejection Surface Processing: Nozzle and Surround 
ing Surface Structure 
0142 FIGS. 12A-E illustrate the processing steps for the 
ejection side 205 of the Substrate in fabricating the electro 
spray device 100 of the present invention. Referring to the 
plan and cross-sectional views, respectively, of FIGS. 12A 
and 12B (taken along line 12B-12B of FIG. 12A), a film of 
positive-working photoresist is deposited on the Silicon 
dioxide layer 206 on the ejection side 205 of the substrate 
202. Patterns that define the inner and outer diameter of the 
nozzle and the Outer diameter of the recessed annular region 
on the ejection side 205 are aligned to those previously 
formed on the injection side 203 of the substrate using the 
through-Substrate alignment channels 215. 
0143. After alignment, areas of the photoresist that define 
the inner and outer diameter of the nozzle and the outer 
diameter of the recessed annular region are Selectively 
exposed through an ejection side mask by an optical litho 
graphic exposure tool. AS shown in the croSS-Sectional view 
of FIG. 12C, the exposed photoresist 218" is then developed 
to remove the exposed areas of the photoresist Such that the 
device features 212 are open to the underlying Silicon 
dioxide layer 206, while the unexposed areas remain pro 
tected by the unexposed photoresist 218". The exposed areas 
212 of the silicon dioxide layer 206 are then etched by a 
fluorine-based plasma with a high degree of anisotropy and 
selectivity to the protective photoresist 218 until the silicon 
Substrate 200 is reached as seen in FIG. 12C. 

0144. As shown in FIG. 12D, a fluorine-based etch 
creates an ejection nozzle 224, a recessed annular region 222 
exterior to the nozzle and an ejection Side channel 213 that 
is etched until the injection side channel 211 is reached 
forming the through-substrate channel 214. After the desired 
depth for the recessed annular region 222 and the nozzle 224 
are achieved, the remaining photoresist 218" is then removed 
in an oxygen plasma or in an actively oxidizing chemical 
bath like Sulfuric acid (HSO) activated with hydrogen 
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peroxide (H2O). The silicon dioxide layers 204 and 206 are 
removed using hydrofluoric acid to open up the through 
Substrate channel 214 as shown in FIG. 12E. 

0145 This fabrication sequence confers Superior 
mechanical Stability to the fabricated electrospray device by 
etching the features of the electrospray device from a 
monocrystalline Silicon Substrate without any need for 
assembly. Further, use of a visible alignment mark as 
described in the fabrication Sequence of this device allows 
for alignment of injection Side and ejection Side features to 
better than 1 lum. This allows for overall nozzle dimensions 
that are Smaller than previously achieved that use prior 
disclosed alignment Schemes using infrared light. Control of 
the lateral extent and shape of the recessed annular region 
provides the ability to modify and control the electric field 
between the electrospray device 100 and an extracting 
electrode. 

0146 Discussed below is another scheme for fabricating 
a through wafer channel and nozzle. Here, front Side to 
backside alignment of the channel and nozzle is conducted 
by patterning both injection and ejection Sides of the wafer 
together prior to the etch processing. A double-side polished 
Silicon Substrate is Subjected to an elevated temperature in 
an oxidizing environment to grow a layer or film of Silicon 
dioxide on the injection and ejection Side of the Substrate. 
The resulting Silicon dioxide layer has a thickness of 
approximately 1-2 um. The Silicon dioxide layer Serves as a 
mask for Subsequent Selective etching of certain areas of the 
silicon substrate. A film of positive-working photoresist is 
deposited on the Silicon dioxide layer of the injection and 
ejection Sides of the wafer. 
0147 The injection and ejection masks are aligned to 
each other using an optical lithographic exposure tool. The 
Silicon Substrate is positioned between the aligned masks 
followed by injection and ejection side exposure by an 
optical lithographic exposure tool. Subsequent processing of 
the wafer is conducted as described previously. 
0.148 Preparation of the Substrate for Electrical Isolation 
0149. As shown in the cross-sectional views of FIG. 
13-15, a layer of silicon dioxide 117 is grown on all silicon 
surfaces of the substrate 102 by Subjecting the silicon 
Substrate to elevated temperature in an oxidizing ambient. 
This layer is grown to typically less than 1 um to remove any 
materials from the Surfaces of the Substrate. This silicon 
dioxide layer is removed from the Silicon Substrate using 
hydrofluoric acid. The silicon Substrate is further subjected 
to elevated temperature in an oxidizing ambient furnace to 
grow silicon dioxide 118 to a thickness of 1 to 4 lum. A layer 
of silicon nitride 120 is further deposited on top of the 
Silicon dioxide layer using low pressure chemical vapor 
deposition (“LPCVD”) providing a conformal coating of 
Silicon nitride on all Surfaces up to 2 um in thickness. The 
Silicon nitride prevents water and ions from penetrating 
through the Silicon dioxide layer, causing an electrical 
connection between the fluid in the through-wafer channel 
104 and the silicon substrate 102. The layers of silicon 
dioxide 118 and silicon nitride 120 over all Surfaces of the 
substrate, electrically isolates a fluid in the channel 104 from 
the Silicon Substrate and permits the application and Suste 
nance of different electrical potentials to the fluid in the 
channel 104 and to the silicon Substrate 102. 

0150 All silicon Surfaces are oxidized to form silicon 
dioxide with a thickness that is controllable through choice 
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of temperature and time of oxidation. All Silicon dioxide 
Surfaces are LPCVD coated with silicon nitride. The final 
thickness of the Silicon dioxide and Silicon nitride can be 
Selected to provide the desired degree of electrical isolation 
in the device. A thicker layer of Silicon dioxide and Silicon 
nitride provides a greater resistance to electrical breakdown. 
The silicon Substrate 100 is divided into the desired size or 
array of electrospray devices for purposes of metalization of 
the edge of the silicon substrate. As shown in FIG. 15, the 
edge 124 of the Silicon Substrate is coated with a conductive 
material 122 using well known thermal evaporation and 
metal deposition techniques. 

0151. The above described fabrication sequence for the 
electrospray device 100 can be easily adapted to and is 
applicable for the Simultaneous fabrication of a single mono 
lithic System comprising multiple electrospray devices 
including multiple channels and/or multiple ejection nozzles 
embodied in a single monolithic Substrate. Further, the 
processing StepS may be modified to fabricate Similar or 
different electrospray devices merely by, for example, modi 
fying the layout design and/or by changing the polarity of 
the photomask and utilizing negative-working photoresist 
rather than utilizing positive-working photoresist. 
0152 Liquid Chromatography and Electrospray Device 
Fabrication Procedure 

0153. The fabrication of a liquid chromatography/elec 
trospray (“LC/ESI) device of the present invention is 
explained with reference to FIGS. 16A-I. The LC/ESI 
device is preferably fabricated as a monolithic Silicon micro 
device utilizing established, well-controlled thin-film silicon 
processing techniques Such as thermal oxidation, photoli 
thography, reactive-ion etching (RIE), chemical vapor depo 
Sition, ion implantation, and metal deposition. Fabrication 
using Such Silicon processing techniques facilitates mas 
Sively parallel processing of Similar devices, is time- and 
cost-efficient, allows for tighter control of critical dimen 
Sions, is easily reproducible, and results in a wholly integral 
device, thereby eliminating any assembly requirements. 

0154 Referring to the plan and cross-sectional views, 
respectively, of FIGS. 16A and 16B (taken along line 
16B-16B of FIG. 16A), a silicon wafer substrate 500, 
double-side polished and approximately 250-300 um in 
thickness, is Subjected to an elevated temperature in an 
oxidizing ambient to grow a layer or film of Silicon dioxide 
502 on the chromatography side 503 and a layer or film of 
silicon dioxide 504 on the electrospray side 505 of the 
separation substrate 500. Each of the resulting silicon diox 
ide layers 502 and 504 has a thickness of approximately 1-2 
lum. The silicon dioxide layers 502 and 504 serve as masks 
for Subsequent Selective etching of certain areas of the 
separation substrate 500. 
0.155. A film of positive-working photoresist 506 is 
deposited on the silicon dioxide layer 502 on the chroma 
tography side 503 of the separation substrate 500. Certain 
areas of the photoresist 506 corresponding to the reservoirs, 
Sample injection channels, Separation channel and Separa 
tion posts which will be Subsequently etched are Selectively 
exposed through a mask by an optical lithographic exposure 
tool. 

0156 Referring to the cross-sectional view of FIG.16C, 
after development of the photoresist 506, the exposed areas 
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of the photoresist corresponding to the reservoir 508 and 
Separation channel 510, respectively, are removed and open 
to the underlying silicon dioxide layer 502, while the unex 
posed areas remain protected by photoresist 506". The 
exposed areas 508 and 510 of the silicon dioxide layer 502 
are then etched by a fluorine-based plasma with a high 
degree of anisotropy and Selectivity to the protective pho 
toresist 506 until the silicon separation Substrate 500 is 
reached. The remaining photoresist is removed in an oxygen 
plasma or in an actively oxidizing chemical bath like Sul 
furic acid (H2SO) activated with hydrogen peroxide 
(H2O). 
0157. As shown in the cross-sectional view of FIG. 16D, 
the reservoir 410, the separation channel 412, and the 
Separation posts 416 in the Separation channel are vertically 
formed in the silicon separation substrate 500 by another 
fluorine-based etch as described in U.S. Pat. No. 5,501,893, 
which is hereby incorporated by reference. Preferably, the 
reservoir 410 and the separation channel 412 have the same 
depth controlled by the etch time at a known etch rate. The 
depth of the reservoir 410 and the channel 412 is preferably 
between approximately 5-20 um and more preferably 
approximately 10-15 lum. 

0158 Referring to the cross-sectional view of FIG.16E, 
the remaining photoresist 506' is removed and the substrate 
500 is subjected to an elevated temperature in an oxidizing 
ambient to grow a layer or film of silicon dioxide 502 
Sufficient to minimize the Space between the posts 416 
created during the previous etch described in FIG. 16D. 
Alternatively, PECVD silicon dioxide may be deposited on 
the chromatography Side of the Substrate Sufficient to 
enclose the Space between the posts 416. 

0159 Referring to the cross-sectional view of FIG. 16F, 
a film of positive-working photoresist 516 is deposited on 
the silicon dioxide layer 502 on the chromatography side 
503 of the separation substrate 500. Referring now to the 
plan and cross-sectional views of FIGS. 16G and 16H 
(taken along line 16H-16H of the FIG. 16G), respectively, 
certain areas of the photoresist 516 corresponding to the 
reservoir through-substrate channel 404 and the electrospray 
through-substrate channel 406 that will be subsequently, 
etched are Selectively exposed through a mask by an optical 
lithographic exposure tool. After development of the pho 
toresist 516', the exposed area 518 of the photoresist 516 
corresponding to the reservoir through-Substrate channel 
and the electrospray through-Substrate channel is removed to 
expose the underlying silicon dioxide layer 502 of the 
separation substrate 500. The exposed silicon dioxide layer 
is then etched by a fluorine-based plasma with a high degree 
of anisotropy and Selectivity to the protective photoresist 
516' until the silicon separation Substrate 500 is reached. The 
remaining photoresist is left in place to provide additional 
masking during the Subsequent through-Substrate etch of the 
Silicon Substrate 500. 

0160 Referring now to the cross-sectional view of FIG. 
16, the reservoir through-substrate channel and the elec 
trospray through-Substrate channel is vertically formed 
through the silicon separation Substrate 500 by a fluorine 
based etch as described in U.S. Pat. No. 5,501,893, which is 
hereby incorporated by reference. The reservoir through 
substrate channel 404 and the electrospray through-substrate 
channel 406 are etched until the silicon dioxide layer 504 is 
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reached. The remaining photoresist is removed in an oxygen 
plasma or in an actively oxidizing chemical bath like Sul 
furic acid (H2SO) activated with hydrogen peroxide 
(H2O). 
0.161 The remaining nozzle and recessed annular region 
are etched using the same method as that outlined previously 
in the fabrication of the ejection Surface processing of the 
electrospray device as shown in FIGS. 17A-D. FIG. 17A is 
a plan view of the pattern that defines the recessed annular 
region 408 on the electrospray side 505 of the substrate 500. 
The existing features are aligned to those previously formed 
on the chromatography side 503 of the substrate using 
through-Substrate alignment channels. 

0162. After alignment, areas of the photoresist that define 
the pattern that defines the recessed annular region 408 on 
the electrospray side 505 of the substrate 500 are selectively 
exposed through an ejection side mask by an optical litho 
graphic exposure tool. AS shown in the croSS-Sectional view 
of FIG. 17B (taken along line 17B-17B of FIG. 17A), the 
exposed photoresist 518 is then developed to remove the 
exposed areas of the photoresist to the underlying Silicon 
dioxide layer 504. The exposed areas of the silicon dioxide 
layer 504 are then etched by a fluorine-based plasma with a 
high degree of anisotropy and Selectivity to the protective 
photoresist 518 until the silicon Substrate 500 is reached. 

0163 As shown in FIG. 17C, a fluorine-based etch 
creates an ejection nozzle 424, a recessed annular region 422 
exterior to the nozzle. After the desired depth for the 
recessed annular region 422 and the nozzle 424 are 
achieved, the remaining photoresist 518 is then removed in 
an oxygen plasma or in an actively oxidizing chemical bath 
like Sulfuric acid (HSO) activated with hydrogen peroxide 
(H2O). The silicon dioxide layers 502 and 504 are removed 
using hydrofluoric acid to open up the through-Substrate 
channel as shown in FIG. 17D. 

0164. An advantage to defining the reservoir through 
Substrate channel and the electrospray nozzle on the same 
side of the completed LC/ESI device is that the backside of 
the substrate is then free from any features. This substrate 
may be bonded to another glass or Silicon Substrate that may 
be further bonded to a protective package. 

0.165 Preparation of the Substrate for Electrical Isolation 
0166 A layer of silicon dioxide is grown on all silicon 
Surfaces of the Substrate by Subjecting the Silicon Substrate 
to elevated temperature in an oxidizing ambient. This layer 
is grown to typically leSS than 1 um to remove any materials 
from the surfaces of the substrate. This silicon dioxide layer 
is removed from the Silicon Substrate using hydrofluoric 
acid. The silicon substrate is further subjected to elevated 
temperature in an oxidizing ambient to grow Silicon dioxide 
118 to a thickness of 1 to 4 lum. A layer of silicon nitride 122 
is further deposited on top of the Silicon dioxide layer using 
low pressure chemical vapor deposition (LPCVD) providing 
a conformal coating of Silicon nitride on all Surfaces up to 2 
tim in thickness. Alternatively, plasma enhanced chemical 
Vapor deposition can be used to Selectively deposit Silicon 
dioxide and/or Silicon nitride on vertical Surfaces exposed to 
the plasma. Silicon nitride is well known to prevent water 
and ions from penetrating through a Silicon dioxide layer of 
Silicon devices. The Silicon nitride further prevents an elec 
trical connection between the fluid in the LC/ESI device and 
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the silicon substrate 162. The layer of silicon dioxide 118 
and silicon nitride 122 over all Surfaces of the silicon 
substrate 162 electrically isolates a fluid in the channel from 
the Substrate 162 and permits the application and Sustenance 
of different electrical potentials to the fluid in the device and 
to the silicon Substrate 200. Additional layers of silicon 
dioxide can be deposited using LPCVD to allow for chemi 
cal modification of Silanol groups on the Silicon dioxide 
Surface. The final cross-sectional area should be identical 
along the entire length of the Separation channel and the 
electrospray through-Substrate channel. 
0.167 Electrodes 176 and bond pads in the cover Sub 
Strate, preferably comprising glass and/or Silicon, are depos 
ited using Similar well-known thermal evaporation and 
metal deposition. The cover substrate is preferably hermeti 
cally bonded by any Suitable method to the Separation 
Substrate for containment and isolation of the fluid in the 
LC/ESI device. Critical considerations in any bonding 
method include the alignment of features in the Separation 
and the cover Substrates to ensure proper functioning of the 
liquid chromatography device after bonding and the provi 
Sion in layout design for conductive lead-throughs. Such as 
the bond pads and/or metal lines so that the electrodes (if 
any) are accessible from outside the liquid chromatography 
device. 

0168 The cross-sectional schematic view of FIG. 6C 
shows a liquid chromatography-electrospray System 160 
comprising a liquid chromatography device of the present 
invention integrated with an electrospray device of the 
present invention. A homogeneous interface is formed 
between the exit orifice 170 of the liquid chromatography 
device and the entrance orifice of the electrospray device. 
The Single integrated System allows for the fluid exiting the 
exit orifice of the liquid chromatography device to be 
delivered on-chip to the entrance orifice of the electrospray 
device in order to generate an electrospray. 
0169 Multiple Liquid Chromatography-Electrospray 
Systems on a Single Chip 
0170 Multiples of the liquid chromatography-electro 
Spray System may be formed on a single chip to deliver a 
multiplicity of Samples to a common point for Subsequent 
Sequential analysis. 
0171 
trOmeter 

Interface of a Multi-System Chip to Mass Spec 

0172 A radially distributed array of electrospray nozzles 
on a multi-System chip may be interfaced with a Sampling 
orifice of a mass spectrometer by positioning the nozzles 
near the Sampling orifice. The tight radial configuration of 
electrospray nozzles allows the positioning thereof in close 
proximity to the Sampling orifice of a mass spectrometer. 
0173 A multi-system chip may be rotated relative to the 
Sampling orifice to position one or more of the nozzles for 
electrospray near the Sampling orifice. Appropriate Volt 
age(s) may then be applied to the one or more of the nozzles 
for electrospray. Alternatively, the multi-System chip may be 
fixed relative to the Sampling orifice of a mass spectrometer 
Such that all nozzles, which converge in a relatively tight 
radius, are appropriately positioned for the electrospray 
process. AS is evident, eliminating the need for nozzle 
repositioning allows for highly reproducible and quick 
alignment of the Single multi-System chip and increases the 
Speed of the analyses. 
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0.174 Although the invention has been described in detail 
for the purpose of illustration, it is understood that Such 
detail is Solely for that purpose, and variations can be made 
therein by those skilled in the art without departing from the 
spirit and scope of the invention which is defined by the 
following claims. 

What is claimed: 
1. An electrospray device comprising: 
a tube having a passage for conducting fluids through the 

tube and connecting an entrance orifice and an exit 
orifice; 

a first ring electrode circumscribing the tube to impart a 
first potential wherein the tube exit orifice is substan 
tially coplanar with or protrudes through a plane 
defined by the ring electrode, and 

a Second electrode to impart a Second potential, wherein 
the first and the Second electrodes are positioned to 
define an electric field. 

2. The electrospray device according to claim 1, wherein 
the Second electrode is positioned to apply potential to the 
fluid. 

3. The electrospray device according to claim 1, wherein 
the first ring electrode is movable relative to the tube exit 
orifice. 

4. The electrospray device according to claim 1, wherein 
the first ring electrode is equipped to vary the first potential. 

5. A System for processing droplets/sprays of fluid com 
prising: 

the electrospray device according to claim 1 and 
a device positioned to receive droplets/sprays of fluid 
from the exit orifice of the tube of said electrospray 
device. 

6. The System according to claim 5, wherein the device is 
a mass Spectrometry device. 

7. The System according to claim 5 further comprising: 
a counter electrode coupled to the device to apply a third 

potential to the device. 
8. The System according to claim 5, wherein the first ring 

electrode is movable relative to the tube exit orifice. 
9. The system according to claim 5, wherein the first ring 

electrode is equipped to vary the first potential. 
10. A method of mass spectrometric analysis comprising: 
providing the System according to claim 5; 
passing a fluid into the entrance orifice, through the tube, 

and through the exit orifice under conditions effective 
to produce an electrospray; and 

passing the electrospray into the mass spectrometry 
device, whereby the electrospray is Subjected to a mass 
Spectrometric analysis. 

11. A method of generating an electrospray comprising: 
providing an electrospray device according to claim 1, 
passing a fluid into the entrance orifice, through the tube, 

and through the exit orifice; 
applying a first potential to the first ring electrode, and 
applying a Second potential to the fluid through the Second 

electrode, wherein the first and the Second electrodes 
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are positioned to define an electric field, whereby the 
fluid is discharged from the exit orifice in the form of 
an electrospray. 

12. A method according to claim 11, wherein a fluid 
Voltage/ring Voltage ratio is greater than approximately 2. 

13. A method according to claim 11, further comprising 
Subjecting the electrospray to a mass Spectrometry analysis. 

14. A method of generating droplets comprising: 
providing an electrospray device according to claim 1, 
passing a fluid into the entrance orifice, through the tube, 

and through the exit orifice; 
applying a first potential to the first ring electrode, and 
applying a Second potential to the fluid through the Second 

electrode, wherein the first and the Second electrodes 
are positioned to define an electric field, whereby the 
fluid is discharged from the exit orifice in the form of 
droplets. 

15. A method according to claim 14, wherein a fluid 
Voltage/ring Voltage ratio is less than approximately 2. 

16. A System for producing droplets/sprays of fluid com 
prising: 

the electrospray device according to claim 1 and 
a device positioned to discharge fluid into the entrance 

orifice of the tube of the electrospray device. 
17. The system according to claim 16, wherein the device 

is a liquid chromatography device. 
18. An electrospray device comprising: 
a Substrate having an injection Surface and an ejection 

Surface, wherein the Substrate comprises: 
an entrance orifice on the injection Surface; 
an exit orifice on the ejection Surface; 
a channel extending between the entrance orifice and the 

exit orifice; 

a receSS eXtending into the ejection Surface, thereby 
defining a nozzle on the ejection Surface; and 

a Voltage application System comprising: 

a first ring electrode circumscribing the nozzle to impart 
a first potential wherein the nozzle is Substantially 
coplanar with or protrudes through a plane defined by 
the ring electrode to impart a first potential to Said 
Substrate and 

a Second electrode to impart a Second potential, wherein 
the first and the Second electrodes are positioned to 
define an electric field. 

19. The electrospray device according to claim 18, 
wherein the injection Surface, the ejection Surface, and the 
channel extending between the entrance orifice on the injec 
tion Surface and the exit orifice on the ejection Surface 
contain an insulating layer upon which electrodes can be 
place. 

20. The electrospray device according to claim 18 
wherein the Second electrode is positioned to apply potential 
to the fluid. 

21. The electrospray device according to claim 18, 
wherein the first ring electrode is movable relative to the 
tube exit orifice. 
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22. The electrospray device according to claim 18, 
wherein the first ring electrode is equipped to vary the first 
potential. 

23. A System for processing droplets/sprays of fluid com 
prising: 

the electrospray device according to claim 18 and 
a device positioned to receive droplets/sprays of fluid 
from the exit orifice of the tube of said electrospray 
device. 

24. The System according to claim 23, wherein the device 
is a mass spectrometry device. 

25. The System according to claim 23 further comprising: 
a counter electrode coupled to Said device to apply a third 

potential to the device. 
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26. The system according to claim 23, wherein the first 
ring electrode is movable relative to the tube exit orifice. 

27. The System according to claim 23, wherein the ring 
electrode is equipped to vary the first potential. 

28. A System for producing dropletS/sprays of fluid com 
prising: 

the electrospray device according to claim 18 and 

a device positioned to discharge fluid into the entrance 
orifice of the tube of Said electrospray device. 

29. The system according to claim 28, wherein the device 
is a liquid chromatography device. 


