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Abstract—A process of making a new type of silicon depth-probe characteristics. 3) We can integrate the electrode with on chip
microelectrode array is described using a combination of plasma circuitry because we use a silicon substrate [2].
and wet etch. The plasma etch, which is done using a low temper- Seeing these clear advantages, a number of research groups

ature oxide (LTO) mask, enables probe thickness to be controlled h b d loDi il based mi lectrod .
over a range from 5 to 90.. Bending tests show that the probe’s ave been developing silicon-based microelectrode arrays (mi-

mechanical strength depends largely on shank thickness. More Croprobes) since the late 1960’s [3]-{11]. Some used anisotropic
force can be applied to thicker shanks while thinner shanks are wet etching for probe shaping [3], [4]. But this method does

more flexible. One can then choose a thickness and correspondingnot give reproducible and uniform probe dimensions. Others
mechanical strength using the process developed. The entirey 56 employed high temperature boron diffusion and selective

probe shaping process is performed only at low temperature, . .
and thus is consistent with the standard CMOS fabrication. wet etch to define the precise probe shape [5]-[7]. Recently,

Using the probe in recording from rat's somatosensory cortex, the combination of front side plasma etch and backside wet
we obtained four channel simultaneous recordings which showed etch was also introduced for probe shaping [10]. Considering
clear independence among channels with a signal-to-noise ratio the wide availability of the CMOS foundry services such as
performance comparable with that obtained using other devices.  \oOSIS for custom integrated circuits, one may prefer the latter
Index Terms—Mechanical stress test, multichannel simulta- approach that involves neither high temperature nor impurity
neous recording, neural probes, plasma etch, silicon microelec- doping. Probe shaping can then be performed as a post process
trode array. to the CMOS fabrication. This method also allows wider control
over the probe thickness than the boron doping technique.
|. INTRODUCTION The depth probe (called “SNU probe” hereafter) described in
g]is paper was also fabricated using combination of dry (plasma)

HE use of the microelectrode to record the electrical a dwet etch. Usi | tch with readil ilable low t
tivity of single neurons has contributed much to our undeftd WEL €lch. Using plasma etch with readily available low tem-

standing of the nervous system. Simultaneous recording frcﬂﬁgture oxide (LTO) as an etch mask, we were able to obtain

populations of neurons has been increasingly acknowledged'a Oz:m p()jr_?fbe_thlclljne_:ss,ﬂ\q/veII_ITtgyondkthat rea?(ljly ob_tgmati)le
essential to better understanding of functional relationships be- oron |_u3|3n. _rsl'nr?_ ke h mas ’V;;eRCOUh. a;]vm pro -d
tween cells in brain and other neuronal networks [1]. For th gms associated with thick photoresist (PR) which was use

purpose, thin film microelectrode arrays have many advanta%j’ious'y [10]. The mechanical and electrical characteristics

over wire bundles. 1) Using thin film processing, we can arran thg SNU probe have been studied. SNU _p_robes with: 30-
thick shank were used to record neural activity from rat’s so-

multiple sensing sites along a single shaft of silicon, reduci . o
device volume and tissue damage as compared to multiple el _toser_lsory cortex. Under the same experimental COI’ldIt!OﬂS,
trodes. 2) Advanced photolithography permits a good cont’® nventional tungsten electrodes and probes made by Univ. of
ichigan (called “Michigan probes” hereafter) were also tested
g

of electrode dimensions and relative positions with sub-micr .
precision, while guarantees uniform and repeatable electr g comparison.
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Oxide/nitride/oxide Al Tum Cr-Au by the opening of windows for electrode sites and bond pads

using plasma etch, and the removal of the Al masking layer.
The back side oxide/nitride masking layer was patterned
using double side alignment. The wafer was then placed in a
30 wt% KOH solution at 70C with the front side protected
using black wax (Apiezon W). The black wax was removed
using Trichloroethylene (TCE). After the final probe shaping,
the probes were mounted and wire-bonded to a printed circuit
board (PCB) which was designed for easy connection to an
external electronic circuit system. Terminal connection on
the PCB was made in a standard DIP socket. Coating the
wire bonded area with Sylgard (Dow Corning) completed the
fabrication process.
(b) Deposition of LTO mask and patterning The probes were tested for their impedance and for their me-
chanical strength. A potentiostat (CH Instruments, model 660)
was used for the impedance measurement. The peak-to-peak
amplitude and the frequency of the ac voltage were varied over
ranges from 10 to 270 mV, and from 1 Hz to 100 KHz, respec-
tively. For mechanical testing, a stress test station (indenter) de-
signed for testing microcantilevers (Akashi Co., model MZT4)
was employed. While the PCB holder of the probe assembly was
kept still, bending force was applied normal to the flat surface of
the probe shank. The point at which the force was applied was
kept at the same distance (10M) away from where the shank
extends out of the unthinned carrier for all probes under test. The
displacement was varied at a rate of @r/s at the test point.
) ) The amount of force of the shank caused by the bending was
Fig. 1. Overall process flow of the depth probe developed using LTO/dry Et?Bcorded as a function of the displacement, thus a stress-strain
process. relation [12] was derived for each shank thickness.

Silicon substrate

Oxide/nitride
(a) Deposition of lower and upper dielectric and patterning of metal

6um thick LTO

(d) Electrode site opening and backside KOH etching

silicon dioxide was deposited on the front side to form the triple imal di
lower dielectric. Oxide/nitride layers on back side were laté- Animal Studies

patterned to form the masking layer for the KOH etch process. Sprague-Dawley rats (200-300 g) were anaesthetized with
The gold metallization layer was then patterned for recordingethane (1 g kg~!, i.p.). Animals were mounted in a stereo-
sites, bonding pads and interconnections. We used imagettgic frame (David Kopf) and craniotomy (2- to 3-mm diam-
versal of the PR layer (AZ5214) to obtain an overcut structueger) was performed over the primary somatosensory (Sl) cortex
which is suitable for the lift-off process. Over the patterned Pising the bregma as the initial point of reference. All procedures
structure, 100 nm of chrome and 300 nm of gold were evapgere done according to protocols approved by the Hallym Uni-
rated sequentially. The resist was then dissolved away in aggrsity Campus Animal Care and Use Committee in order to
tone, lifting off the unwanted metal with it. minimize distress. Detailed methods of surgery can be found
The second triple dielectric layer consisting of PECVDn [13]. The SNU probe was driven into the forepaw area of
silicon dioxide (200 nm), silicon nitride (200 nm), and silicorthe SI cortex (0.5- to 1.0-mm anterial from bregma; medio-
dioxide (800 nm) was then deposited. Auin-thick aluminum |aterally, 3.5-4.5 mm; 0.5-1.2 mm deep from brain surface)
masking layer was patterned for opening the windows @fith a micromanipulator. Stainless steel wire was used as a
recording sites and bonding pads. This aluminum maskingference electrode, located in the lateral region of the brain.
layer was patterned at this point to avoid the photo proceSsitaneous receptive fields were identified by listening to the
problems associated with non planar structures if the patterniegorded signal through an audio speaker while using a fine
were to be done after deep plasma etch. brush to tap the forepaw lightly, until the zone responding most
A 6-um-thick PECVD LTO masking layer for the deepintensely and reliably was defined. Electrical stimulation was
plasma etch process was then deposited and patterned. piwevided by a bipolar concentric stimulating electrode (100-
etch rate of LTO using CHFand CR gases was 60 A/s for am tip, 0.5-mm tip separation, A-M System) and consisted of
chamber pressure of 130 mtorr at the RF power of 600 W undepnophasic square pulses (pulse width 0.1 ms, frequency 1
the magnetic field of 60 gauss. Subsequently the deep etch w3 passed through a stimulator (Model 1830, World Precision
done using Gl reactant gas to a depth of 30n. A Cl, gas Instr.) with isolation unit to provide constant current (50-500
flow of 40 sccm was used with a chamber pressure of 7 mtorr;ad). The stimulating electrode was inserted under the center of
the RF power of 300 W. The etch rate of Si using Gas was the receptive field and was fixed firmly to prevent any move-
4250 A/min. The latter etch depth determines the final shankent. Responses were amplified for a gain of 1000 and band-
thickness. The process done on the front side was complepesss filtered (homemade instrument) at 300 Hz to 3 kHz, passed
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Fig. 2. (a) Scanning electron microscope view of a multishank probe after di
etching of silicon with G} gas. (b) Schematic drawing of a facet cross sectior
in (a) with dimensions.

to a digital storage oscilloscope (Prol10, Nicolet Instr.) for visug
inspection and then to the data acquisition system (CED 140
Cambridge Electronics) for digitization (sampling rate 20 kHz
12-bit resolution) and subsequent storage and analysis in a p
sonal computer.

Ill. RESULTS

A. Probe Fabrication

The range of the shank thickness obtainable by the LTO/dry ®)
etch process is estimated to be from 5 tg®0. The minimum Fig.3. (a) View of the probe tip using scanning electron microscope. (b) Probe
thickness was determined by the KOH wet etching uniformifj:ck@9ed on a printed circuit board.
across four inch Si wafers. The maximum shank thickness was
determined by the maximum LTO mask layer thickness and th& 30 xm and the schematic view of a cleaved cross section,
dry etch selectivity. We could readily deposit up to A% of respectively. The pre-etch thickness of the LTO layer wagrh0
LTO without cracking and the etch selectivity of Si over LTQwhile its postetch value was/am. Considering the slopes and
was 6:1. The etch selectivity of LTO over Al mask layer wathe maximum layer thickness of LTO and Si, and starting with a
16 to 1. Therefore a &m thick Al mask layer could be used tol-um-wide Al pattern, we estimate that a shank®-wide and
define patterns on a 1im thick LTO layer, which then could be 90 ;;m high (an aspect ratio of ten) could be obtained.
used to define 9Q:m-thick shanks. The slopes of the dry etched The SEM microphotograph of a 3om-thick, 200xm-wide
LTO and Siwalls were measured to b& &hd 8%, respectively. shank and the photograph of a probe bonded to a PCB are shown
Fig. 2(a) and (b) shows the scanning electron microscope (SEMig. 3(a) and (b), respectively. SNU probes with thickness of
picture of probe shanks after dry etching of Si to a thickned$, 22.5, and 3@:m were tested for their mechanical strength.
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12000 [ N 1T T with an area of 75:m? was 3.0 M2, and that of the tungsten
10000 _ g electrode (A-M Systems) with a pm tip was 7.5 M2.
(<]
% 8000 | =30 B. Recording Results
‘§ 6000 ‘ T r‘r"/o' A 22.5m Simultaneous recordings of spontaneous neural activity
S 4000 } 1 ‘ e - o Tom from rat's somatosensory cortex obtained using the SNU
L o-Fracture probe are shown in Fig. 6. The instrumentation and animal
2000 1 ; NS e - P protocols employed were as described in the Section 1I-B.
0 : ; Four sites, each with 160pm? area, separated by 150m
0 1 2 3 4 from each other, were located perpendicularly through cortex
Displacement [um] as shown in the figure. The signals being recorded at the
@) different sites are shown to be clearly independent. Each

Fig. 4. Results of the fracture strength test performed on probes with sha%rllannel IS dIStII’lgUIShed from others by both the amp“tUde

thickness of 15, 22.5, and 3tm. The amount of force caused by bending wa@Nd the timing of the action potentials. The recording per-
recorded as a function of displacement. The test was performed from one defgemance of the SNU probe was compared with that of the

for each thickness. tungsten metal electrode and the Michigan probe in a separate
animal study. The same region in the animal was probed by

100M S — ] the three probes sequentially while the same instrumentation

] and animal protocols were consistently applied to all three
n&b electrodes. Signals from the SNU probe show comparable
“l.{fitgk ' signal-to-noise ratios (SNR) to those measured using the other

10M Pretiileg, ) ] —a—2mwp WO probes. Typical SNR was 42, 37, and 40 dB for the SNU,
A“hi:m 1 —e—to0mvps the M|ch.|gan, and the tupgsten probes, respectively. The SNR
atee,, | was defined as the ratlo. of the pgak—to—peak gmpl[tude of

the largest action potential found in the recording interval

to the rms value of the background noise in decibel. We
have recorded action potentials for about five hours from
each animal. During these periods, we did not observe any
100k ' deterioration of the SNR in the recorded signals. No chronic

10 100 1Kk 10k ’
Frequency (Hz) recording has been attempted.

Impedance (Q)
2
]
£
.0

Fig. 5. Magnitude of the electrode impedance plotted against the frequency IV. DIScUSSION ANDCONCLUSION
of the ac voltage source used in the potentiostat measurement. Three curves - )
correspond to the three levels of peak-to-peak voltage used. A new silicon depth probe was developed and its performance

was evaluated through application to neural recording. Use of
For each thickness, two probes were used in the test. Using %aesma etch with LTO ”.‘as"'”g allowed the th|ckness_of the
shanks to vary over a wider range than could be obtained by

method described in Section lI-A, we plotted the force as afun&éing the conventional boron diffusion technigue. The range

tion of the displacement as shown in Fig. 4. Itis observed in tr\}\(leas estimated to be from 5 to 90n, determined by the back

figure that the force-displacement very relationislinearuptoﬂyie e wet etch uniformity (minimum thickness) and by the dry
fracture point for all shanks. It is also noted that the amount ch selectivity of Si over LTO (maximum thickness). Probes

force which a probe shank can take increases for thicker sha 8re constructed and tested whose thickness were 15, 22.5, and
while the amount of displacement (bending) for a given force i@b L

creases for thinner shanks. The linearity is expected for silicon,-l-he'use of the LTO masking layer gives better uniformity
being a glass-like material, in which plastic deformation is ngf, reproducibility because it involves only single coating
present [12]. It is not clear, however, why all fractures occurreg exposure of PR. LTO processing is available in many
atnearly the same displacement and further study is needed. f\jbroelectronics fabrication facilities. Using the LTO mask,
of the fractures occurred at the carrier-shank junction. Fig.@ could avoid problems associated with an alternative
shows the magnitude of impedance measured using the potgRcessing in which thick PR coats are used [10]. The latter
tiostat mentioned above. The area of the electrode site was #P8cess requires multiple coatings to create a thickness of
pm?, and saline was used as the electrolyte. The frequencyfére than 15:m. This thickness is needed because of its poor
the ac voltage source was varied from 1 Hz to 100 KHz, whike|ectivity over silicon in deep plasma etch. However, because
the peak-to-peak amplitude was set at 20, 100, and 270 mV. kghventional photolithography does not work with such thick
the test voltage of 270 mV, 15 devices were tested. The averagats of PR, it may be necessary to use several cycles of
and standard deviation of the magnitude of impedance at 1 KRR application and high energy exposure. These make it
were 2.1 and 0.6 2, respectively. The dependency on the andifficult to obtain uniformity and reproducibility. Additionally
plitude of the test voltage was not significant. At 1 KHz and 101 is difficult to maintain high aspect ratio sidewalls in the
mV, the site impedance of the Ir electrode of Michigan proltbick PR so that dimensional control of the etched silicon is
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Fig. 6. Four channel simultaneous neural recording from somatosensory cortex of rat. Each channel is distinguished from others by both thenahtipiitude
timing of the action potentials. The magnitude of impedance for the four sites was @8 M2 at 1 KHz.

compromised. As demonstrated in Fig. 2, with LTO, a wethat the thinner probes cause less damage to tissue since the

controlled high aspect ratio mask can be created. This conttioinner probes occupy the less volume in tissue. However, the

is also evident in the final etch characteristics of the silicathinner probes become flexible while in tissue and can actually

probe in the same figure. result in more damage. Histological studies are being planned
Since this newly developed process does not involve higthdetermine the optimal dimension of the shank.

temperatures, it is compatible with standard CMOS processing.

Thus the shank shaping process can be performed as a post ACKNOWLEDGMENT
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nigues and results,Rev. Physiol. Biochem. Pharmacolol. 98, pp.
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. . 1995.
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