
US 20090024113A1 

(12) Patent Application Publication (10) Pub. No.: US 2009/0024113 A1 
(19) United States 

Maloney et al. (43) Pub. Date: Jan. 22, 2009 

(54) MULTI-RESERVOIR MEDICAL DEVICE 
HAVING PROTECTED INTERIOR WALLS 

(75) Inventors: John M. Maloney, Cambridge, MA 
(US); Zouhair Sbiaa, Everett, MA 
(US); John T. Santini, JR., North 
Chelmsford, MA (US); Norman F. 
Sheppard, JR., NeW Ipswich, NH 
(US); Scott A. Uhland, Medford, 
MA (Us) 

Correspondence Address: 
SUTHERLAND ASBILL & BRENNAN LLP 
999 PEACHTREE STREET, N.E. 
ATLANTA, GA 30309 (US) 

(73) Assignee: MICROCHIPS, INC., Bedford, 
MA (Us) 

(21) Appl.No.: 12/193,523 

(22) Filed: Aug. 18, 2008 

InputLead Cap 

Output Lead 

Insulator 

Substrate 

Seating layer 

Cap 

m LEADS AND RESERVOIR CAPS 
iiiiiiiii RESERVOIR CONTENTS 

Reservoir 

Related US. Application Data 

(62) Division of application No. 10/988,667, ?led on Nov. 
15, 2004, noW Pat. No. 7,413,846. 

Publication Classi?cation 

(51) Int. Cl. 
A61K 9/22 (2006.01) 

(52) US. Cl. ................................................... .. 604/8901 

(57) ABSTRACT 

An implantable medical device is provided for controlled 
delivery or exposure of reservoir contents. The device may 
include a substrate; a plurality of discrete reservoirs in the 
substrate, Wherein the reservoirs have interior Walls and at 
least one opening in the substrate; reservoir contents disposed 
in the reservoirs; a reservoir cap closing the at least one 
opening of each of the reservoirs to seal the reservoir contents 
in each of the reservoirs; and control circuitry for selectively 
disintegrating the reservoir caps to release or expose the res 
ervoir contents in vivo, Wherein the interior Walls of the 
reservoirs comprise a material to protect the substrate in vivo. 
For example, to enhance the resistance of the substrate to 
etching in vivo, the interior sideWalls of the reservoirs may 
include a protective coating (such as gold, platinum, carbon, 
silicon carbide, silicon dioxide, or platinum silicide), or the 
sideWalls may include a doped silicon. 
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MULTI-RESERVOIR MEDICAL DEVICE 
HAVING PROTECTED INTERIOR WALLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a divisional of US. application Ser. No. 
10/988,667, ?led Nov. 15, 2004, now US. Pat. No. 7,413, 
846, issued Aug. 19, 2008. The application is incorporated 
herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] This invention is generally in the ?eld of methods of 
fabricating miniaturized reservoir devices for the controlled 
release or exposure of reservoir contents, such as drug for 
mulations and/or sensors. 

[0003] US. Pat. No. 5,797,898, US. Pat. No. 6,551,838, 
and US. Pat. No. 6,491,666, all to Santini, et al., describe 
microfabricated devices that have a plurality, typically hun 
dreds to thousands, of tiny reservoirs. In some embodiments, 
these reservoirs are provided With a reservoir cap over the 
contents (such as a drug formulation) of the reservoir, so that 
the contents are released from the device by the controllable 
disintegration of the reservoir caps. For example, the reser 
voir cap can be a metal ?lm and an electric potential can be 
applied to cause the metal ?lm to oxidize and disintegrate. In 
this embodiment, the microchip device is connected to an 
external circuit through Wire bondpads on the microchip (i.e., 
on the substrate), and an electrical connection betWeen the 
reservoir caps and the bond pads is provided by conductive 
traces fabricated on the chip. The reservoir caps, traces, and 
bond pads can be fabricated, for example, using a single 
patterned layer of gold. 
[0004] US. Patent Application Publication No. 2004/ 
0121486 A1 to Uhland, et al., also describes devices having 
an array of micro-reservoirs each covered by a reservoir cap. 
The publication further describes a innovative means for dis 
integrating the reservoir cap to expose/release the reservoir 
contents: An electrical current is selectively passed through 
each reservoir cap, via an input lead and an output lead, in an 
amount effective to heat the reservoir cap to cause the reser 
voir cap to rupture, thus opening the reservoir. One embodi 
ment includes reservoir caps, traces, and bond pads fabricated 
from a conductive material. In one embodiment, the reservoir 
caps and traces are fabricated from different materials and are 
electrically connected. It Would be desirable to provide 
devices and fabrication methods in Which the surface of the 
exterior or interior of the device or the substrate can be coated 
or altered to protect the device from the environment or to 
obtain a favorable surface chemistry for drug storage. It 
Would be further desirable to provide methods for fabricating 
multi-reservoir devices Wherein the circuitry is fabricated in a 
robust manner and good physical and electrical contact is 
maintained betWeen features of the device that are meant to be 
electrically connected. 
[0005] US. Pat. No. 6,123,861 to Santini, et al., describes 
forming reservoirs in a substrate by etching a single crystal 
silicon Wafer using aqueous potassium hydroxide. Because 
the pyramidal reservoirs formed by this process are de?ned 
by silicon crystalline planes, the area density of reservoirs on 
the Wafer is inversely coupled to the volume of each reservoir. 
[0006] It Would be advantageous to have micro-reservoir 
devices that have a high area density in order to pack more 
reservoir contents into as small a total device volume as 
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possible, particularly for applications Where the device is to 
be implanted into a patient (such as for controlled drug deliv 
ery or biosensing). It therefore Would be desirable to develop 
improved devices and neW methods of making them in Which 
the reservoir volume in these devices can be increased With 
out adversely affecting the area density of reservoirs on/in a 
substrate. 

BRIEF SUMMARY OF THE INVENTION 

[0007] In one aspect, a method is provided for making a 
multi-reservoir device comprising the steps of (i) patterning 
one or more photoresist layers on a substrate; (ii) depositing 
onto the substrate at least one metal layer by physical vapor 
deposition; (iii) forming a plurality of reservoir caps and 
conductive traces from the at least one metal layer by using 
the one or more photoresist layers in a liftoff process or Wet 
chemical etching (iv) removing the one or more photoresist 
layers using a liftoff process; (v) forming a plurality of res 
ervoirs in the substrate; (vi) loading each reservoir With res 
ervoir contents; and (vii) sealing each reservoir. 
[0008] In one embodiment, the reservoir cap comprises a 
?rst conductive metal layer coated With one or more protec 
tive noble metal ?lm layers. For example, the ?rst conductive 
metal layer can comprise titanium, and the noble metal ?lm 
can comprise platinum. In one embodiment, the thickness of 
the protective metal layer is less than about 20% of the thick 
ness of the ?rst conductive metal layer. 
[0009] In another embodiment, the reservoirs comprise 
interior sidewalls and the method further includes forming a 
protective surface on the sideWalls. For example, a coating 
layer can be formed on the sideWalls, such as a material 
selected from gold, platinum, diamond-like carbon, silicon 
carbide, silicon dioxide, and platinum silicide. In an altema 
tive approach, the reservoirs comprise interior sideWalls com 
prising silicon doped With boron or another impurity to 
enhance the resistance of the silicon to etching under in vivo 
conditions. 
[0010] In one embodiment, the method further comprises 
bonding an additional substrate portion With through-sub 
strate holes aligned With the reservoirs. For example, the 
additional substrate portion can comprise a silicon Wafer or a 
glass Wafer. In one embodiment, the additional substrate por 
tion and the substrate are bonded together With an intermedi 
ate ?lm, such as a borosilicate glass. In one embodiment, the 
substrate and/or the additional substrate portion comprises 
silicon and the reservoirs and/or through holes are further 
treated With an isotropic silicon etchant to Widen the hole or to 
smooth the surface of the hole. In various embodiments, the 
additional substrate portion and the substrate are bonded by a 
process comprising anodic bonding, thermocompression 
bonding, or eutectic bonding. 
[0011] In still another embodiment, the method includes a 
bilayer liftoff process. For instance, a bilayer photoresist 
Which comprises an upper layer and a loWer layer, can be 
deposited Where the loWer layer is disposed on the substrate 
and the upper layer is disposed on the loWer layer. Preferably, 
the method provides a metal layer With no tags created by the 
sputtering and liftoff processes. For example, the loWer layer 
can be laterally etched before the sputtering step, to create an 
overhang of the upper layer so that substantially no sputtered 
material is deposited on the sideWall of the loWer layer. In an 
alternative embodiment, the process includes the formation 
of tags connected to the metal layer and the tags are then 
removed. In one example, the tags are removed by a process 
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comprising: (i) depositing a mask layer is deposited over the 
metal traces and/or reservoir caps, Wherein the mask layer: 
metal layer thickness ratio is from about 1:5 to about 1:1000; 
and (ii) etching aWay the tags to yield metal traces and/or 
reservoir caps. In another example, the tags are removed by a 
sonication process. 

[0012] In one particular embodiment, a method is provided 
for making a multi-reservoir device comprising the steps of 
(i) depositing a layer of a nitride material on a silicon sub 
strate; (ii) patterning the nitride layer With photoresist; (iii) 
etching the silicon substrate using an RIE process; (iii) strip 
ping off the photoresist; (iv) anistropically etching the silicon 
substrate; (v) forming metal traces by depositing and pattem 
ing a ?rst metal layer using a liftoff technique; (vi) forming 
reservoir caps by depositing and patterning a second metal 
layer using a liftoff technique to form a structure; (vii) apply 
ing a passivation layer onto the structure; and (viii) etching 
the dielectric layer and the metal layer from under the reser 
voir cap. In a further embodiment, the method further 
includes anodically bonding a patterned glass Wafer to the 
substrate. 

[0013] In another aspect, a microfabrication method is pro 
vided comprising the steps of (i) patterning a bilayer of pho 
toresist on a substrate, Wherein the bilayer photoresist com 
prises an upper layer and a loWer layer, the loWer layer being 
disposed on top of the substrate and the upper layer being 
disposed on top of the loWer layer; (ii) etching the loWer layer 
aWay in select areas to form one or more bridges comprising 
areas of the upper layer over and spaced apart from the sub 
strate; (iii) depositing onto the substrate at least one metal 
layer by physical vapor deposition, Wherein the one or more 
bridges provide a shielding effect to produce a metal ?lm or 
patterned metal feature With a thickness variation Within a 
single metal layer, Without etching the metal layer. In one 
embodiment, the method further comprises (iv) forming a 
plurality of reservoir caps and conductive traces from the at 
least one metal layer by using the one or more photoresist 
layers in a liftoff process or Wet chemical etching; (v) remov 
ing the bilayer photoresist layers using a liftoff process; (vi) 
forming a plurality of reservoirs in the substrate; (vii) loading 
each reservoir With reservoir contents; and (viii) sealing each 
reservoir, Wherein the thickness of the metal layer is varied 
due to a shielding effect caused by the bridges. In various 
embodiments, the method of depositing the metal layer is 
selected from evaporation, sputtering, and ion beam deposi 
tion. 

[0014] In preferred embodiments of these methods, the res 
ervoirs are micro-reservoirs, the reservoir contents comprises 
one or more drugs, the reservoir contents comprises one or 
more sensors or sensor components, and/or the reservoir con 

tents are hermetically sealed Within the reservoirs. 

[0015] In another aspect, an implantable medical device is 
provided for the controlled delivery or exposure of reservoir 
contents. The device comprises (i) a substrate; (ii) a plurality 
of discrete reservoirs in the substrate, Wherein the reservoirs 
have interior Walls and at least one opening in the substrate; 
(iii) reservoir contents disposed in the reservoirs; (iv) reser 
voir caps closing the at least one opening to seal the reservoir 
contents in the reservoirs; and (v) control circuitry for selec 
tively disintegrating the reservoir caps to release or expose the 
reservoir contents in vivo, Wherein the interior Walls of the 
reservoirs comprise a material to protect the substrate in vivo. 
In one embodiment, the interior sideWalls have at least one 
protective layer of the material coated thereon. For example, 
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the protective layer can comprise gold, platinum, diamond 
like carbon, silicon carbide, silicon dioxide, or platinum sili 
cide. In another embodiment, the interior sideWalls comprise 
silicon doped With boron or another impurity to enhance the 
resistance of the silicon to etching in vivo. 
[0016] In another aspect, an implantable medical device is 
provided for the controlled delivery or exposure of reservoir 
contents. The device comprises (i) a substrate; (ii) a plurality 
of reservoirs in the substrate, Wherein the reservoirs have 
interior Walls and at least one opening in the substrate; (iii) 
reservoir contents disposed in the reservoirs; (iv) reservoir 
caps closing the at least one opening to seal the reservoir 
contents in the reservoirs; and (v) control circuitry for selec 
tively disintegrating the reservoir caps to release or expose the 
reservoir contents in vivo, Wherein the reservoir caps com 
prises a ?rst conductive metal layer coated With one or more 
protective layers comprising a noble metal ?lm. For example, 
the ?rst conductive metal layer can comprise titanium, and the 
noble metal ?lm can comprise platinum. In preferred embodi 
ments, the thickness of the protective metal layer is less than 
about 20% of the thickness of the ?rst conductive metal layer. 
[0017] In one embodiment, the control circuitry includes 
traces in electrical connection to the reservoir caps, Wherein 
the traces comprise tWo or more layers of conductive mate 
rials. In one speci?c embodiment, the traces comprise a tita 
nium/gold/titanium structure. In another speci?c embodi 
ment, the reservoir cap comprises a titanium/platinum/ 
titanium/platinum/titanium structure. In a further 
embodiment, the device includes a passivating layer covering 
the device except for at least a portion of the reservoir caps. In 
one embodiment, the substrate comprises a silicon Wafer 
bonded to a glass Wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIGS. 1A-B are cross-sectional vieWs of a substrate 
With a reservoir therein, illustrating the area density limita 
tions of pyramidal reservoirs in a single layer substrate (FIG. 
1A) and a modi?cation of this substrate With increased res 
ervoir volume by using a multilayer substrate Without 
increasing the exterior surface area occupied by the reservoirs 
(FIG. 1B). 
[0019] FIG. 2 illustrates the steps involved in one method of 
creating through-holes in a silicon substrate by an anisotropic 
etch and then smoothing the sideWalls of the hole (reservoir) 
by an isotropic etch. 
[0020] FIGS. 3A-B are cross-sectional vieWs of a substrate 
and single reservoir covered by a single-layer reservoir cap 
(FIG. 3A) or by a multi-layer reservoir cap With protective 
layers (FIG. 3B). FIG. 3C details the structure of the multi 
layer reservoir cap in FIG. 3B. 
[0021] FIG. 4 illustrates the steps involved in one process 
method, shoWing remaining material left after combining the 
liftoff process With sputter deposition. 
[0022] FIGS. 5A-C are cross-sectional vieWs of feature 
sideWalls With three different angles, Which shoW unfavorable 
and favorable sideWall angles and typical results after ?lm 
deposition. 
[0023] FIGS. 6A-B are cross-sectional vieWs shoWing the 
sideWalls resulting from using an increased photoresist over 
hang (FIG. 6A) or by reducing the pressure during sputtering 
or using a collimator (FIG. 6B). 
[0024] FIG. 7 illustrates the steps involved in one process 
for removing unWanted tags from deposited features masking 
With additional layers in a one-step deposition process. 
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[0025] FIGS. 8A-B are cross-sectional vieWs showing the 
fabrication steps (FIG. 8A) in one embodiment of the pro 
cesses described herein, and a close-up of the resulting struc 
ture (FIG. 8B) made thereby. 
[0026] FIGS. 9A-B are cross-sectional vieWs showing the 
fabrication steps in another embodiment of the processes 
described herein. 
[0027] FIG. 10 is a process How diagram and cross-sec 
tional vieW of an intermediate structure in a fabrication pro 
cess comprising a liftoff process, Where unWanted tags are 
formed and removed before completion of the reservoir 
(forming) etching process. The ?gure shoWs the nitride layer 
reinforced by part of the silicon substrate that has not yet been 
etched aWay. 
[0028] FIG. 11 is a cross-sectional vieW of another inter 
mediate structure in a fabrication process comprising a liftoff 
process, Where unWanted tags are formed and removed and a 
temporary, polymeric material ?lls the reservoir to support 
the nitride layer during tag removal. 
[0029] FIGS. 12A-B shoW a plan vieW (FIG. 12A) and a 
cross-sectional vieW (FIG. 12B) of an intermediate structure 
in Which a bilayer photoresist is used to create bridges over 
the substrate Which can be used in a subsequent metal depo 
sition process to vary the thickness of the deposited metal 
layer. 
[0030] FIG. 13 is a perspective/cross-sectional vieW of a 
portion of one embodiment of a device including reservoirs 
comprising interior Walls having a material to protect the 
substrate in vivo. 

DETAILED DESCRIPTION OF THE INVENTION 

[0031] Improved methods have been developed for fabri 
cating a multi-reservoir device, such as an implantable micro 
reservoir drug delivery or sensing device. NeW and improved 
devices made by these methods are also provided. 
[0032] Herein, Where the composition of a multilayer ?lm 
is given, the materials composing the layer are listed in order 
of deposition, so that, for example, a Ti/Pt/Au multilayer ?lm 
is fabricated on a substrate by depositing titanium, then plati 
num, then gold. 
[0033] As used herein, the terms ‘comprise,’ “comprising,” 
“include,” and “including” are intended to be open, non 
limiting terms, unless the contrary is expressly indicated. 

The Fabrication Methods and Structures 

[0034] Reservoir Fabrication 
[0035] One method of increasing reservoir volume (and 
thus device reservoir density) is to attach/bond tWo or more 
substrate portions together. FIGS. 1A-B illustrates this con 
cept, Where ?rst substrate portion 10 having a ?rst reservoir 
12 (FIG. 1A) is bonded to an additional substrate portion 14 
With a through-substrate hole 16 aligned With the ?rst reser 
voir to form a larger substrate 18 and reservoir (FIG. 1B). For 
simplicity, a single reservoir is illustrated, but the substrate 
typically and preferably includes a plurality of discrete, 
closely spaced reservoirs (e.g., in an array). 
[0036] In one embodiment, the additional substrate portion 
is a glass Wafer. Through-Wafer holes in glass can be formed 
by Wet chemical etching, electrochemical discharge drilling, 
ultrasonic drilling, laser drilling, electro discharge machining 
(EDM), or poWder blasting, as knoWn in the art. The glass 
Wafer can be attached to the silicon Wafer by the method of 
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anodic bonding or the method of eutectic bonding, as 
described in US. Patent Application Publication No. 2003/ 
0010808. 

[0037] In another embodiment, the additional substrate 
portion is a silicon Wafer. There are several Ways to create 
suitable through-Wafer holes in silicon. In one technique, an 
etch mask is deposited and patterned on one side of the Wafer 
to create openings of the desired siZe. Deep reactive ion 
etching (DRIE) is then used to etch entirely through the Wafer. 
In a variation of this embodiment, an etch mask is deposited 
and patterned on both sides of the Wafer. DRIE is then used to 
etch partially through the Wafer. The Wafer is then turned over 
and DRIE is used to complete the etching process. This varia 
tion may be preferred if the etch depth is limited, for example, 
by mass transport limitations. By using this variation, the 
required etch depth could be reduced a factor of tWo by 
etching from both sides of the Wafer. Suitable etch masks 
include photoresist, a metal such as nickel or chromium, or a 
dielectric such as thermally groWn silicon dioxide. The etch 
mask can be removed if necessary after etching is completed. 

[0038] Other variations of the method for creating through 
holes is illustrated in FIG. 2A single crystal silicon Wafer 100 
With a surface orientation in the direction of the (100) or (1 10) 
crystalline plane is used as the additional substrate portion. 
First, an etch mask 102 is deposited (Step A) and patterned 
(Step B) on both sides of the Wafer. Suitable etch masks 
include silicon nitride or silicon dioxide. Then, an anisotropic 
silicon etchant, such as KOH or TMAH, is used to etch 
cavities in both sides until the cavities meet (Step C). In an 
optional variation, an isotropic silicon etchant is used after the 
through-Wafer hole is created to Widen the hole, or smooth the 
surfaces of the hole, or both (Step D). For example, the 
anisotropic silicon etchant KOH can leave sharp concave 
edges because etching occurs along crystallographic planes. 
These corners undesirably can serve as stress concentrators, 
loWering the strength of the substrate. By using an isotropic 
etchant to round these comers, the strength of the substrate 
can be increased. Suitable isotropic silicon etchants include 
aqueous, gaseous, and plasma-based chemistries. For 
example, an aqueous composition including HF and HNO3 
could be used, as described in Robbins & SchWarZ, J. Elec 
lrochem. Soc. 106 (1959). Alternatively, gaseous XeF2 or 
BrF3 or a ?uorine-containing plasma could be used. 
[0039] The additional substrate portion, containing 
through-Wafer holes, and the original substrate portion, 
Which could include the reservoir cap and disintegration cir 
cuitry of the device, can be joined by several methods. In one 
embodiment, silicon direct bonding at a temperature of 
approximately 10000 C., as described in Tong & Gosele, 
“Science and Technology ofSemiconducZor Wafer Bonding” 
(John Wiley & Sons, USA) (1999), is used to join the tWo 
Wafer, i.e., the tWo substrate portions. In another embodi 
ment, an intermediate ?lm is used to join the Wafers. For 
example, a borosilicate glass could be deposited on one or 
both of the Wafers by sputtering and the Wafers joined by 
heating the stack beyond the softening point of the glass. 
Alternatively, the borosilicate glass contains an amount of 
sodium or lithium to provide mobile ions, and the Wafers are 
joined in an electrostatic method (anodic bonding) as 
described in Hanneborg et al., J. Micromech. M icroeng. 2(3) 
(1992). In yet another embodiment, the intermediate ?lm 
consists of a metal (such as gold) and the Wafers are joined by 
thermocompression bonding, as described in Tsau, et al., J. 
Microeleclromechanical Systems, 11(6) (2002). Altema 
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tively, a gold or gold-silicon ?lm is used and the Wafers are 
joined by the method of AuiSi eutectic bonding, as known in 
the art. 

[0040] The substrate material can be formed from a variety 
of materials. While the methods are described herein often 
With reference to using a silicon substrate, non-silicon sub 
strates are contemplated, Which can broaden the range of 
useful fabrication methods available for making the devices 
described herein. Examples of suitable materials include 
ceramics, metals, and polymers, and examples of fabrication 
methods include LoW Temperature Co-Fired Ceramic 
(LTCC) methods for ceramics (e.g., aligning/laminating 
green ceramics and then ?ring them) and thermo-compres 
sion molding for polymers. 
[0041] In another aspect, as shoWn in FIG. 13, it may be 
desirable to provide the interior sideWalls of the reservoirs 
With a protective surface, e.g., by coating the interior side 
Walls or to otherWise provide a favorable surface chemistry. 
Single crystal silicon, for instance, is knoWn to be etched 
under in vivo conditions. So, to protect this surface, it may be 
desirable to physically deposit or chemically groW on the 
sideWalls a protective material. In one embodiment, a metal 
such as gold or platinum is deposited on the sideWalls by 
physical vapor deposition. In another embodiment, a metal is 
deposited on the sideWalls and annealed to form a silicide. In 
yet another embodiment, silicon dioxide is thermally groWn 
on the sideWalls to provide a hydrophilic surface that Would 
promote Wetting When the reservoir is ?lled With drug. In a 
further embodiment, the reservoir sidewalls are coated With 
titanium or silicon nitride. In still another embodiment, the 
silicon sideWalls are doped With an impurity to improve resis 
tance to etching under in vivo conditions. For instance, boron 
at high levels of doping Would be an example of a dopant that 
Would decrease dissolution/etching When exposed to chemi 
cals or to ?uids in a human or other mammalian body. In a 
further embodiment, the sideWalls have one or more layers of 
material deposited on them. This can be highly useful or even 
necessary to protect the Walls of the reservoir exposed to a 
range of chemicals, drugs, and/or in vivo ?uids. Examples of 
coating materials include diamond-like carbon, silicon car 
bide, and other carbides. 
[0042] Reservoir Cap Fabrication 
[0043] In some embodiments, a reservoir cap material that 
is electrically favorable for device operation is incompatible 
With certain (additional or optional) fabrication steps. US. 
Patent Application Publication No. 2004/0121486 A1 to 
Uhland, et al. describes the use of reservoirs caps made of 
conductors such as titanium or silicon doped With an impu 
rity. HoWever, Where fabrication includes depositing the res 
ervoir cap material on a suspended dielectric membrane and 
then removing the membrane from underneath by plasma 
etching With a ?uorine-containing gas such as CF4 or CHF3, 
as described in US. Pat. No. 5,797,898, then a reservoir cap 
made of titanium or silicon Would be partially or completely 
etched during reactive ion etching to remove the dielectric 
membrane, as it is knoWn in the art that titanium and silicon 
are chemically etched in plasmas containing ?uorine. One 
method of preventing the reservoir cap from being etched is to 
add a protective layer of material that Would not be chemi 
cally etched in ?uorine-containing plasma. Examples of suit 
able layers include noble metals such as gold, platinum, or 
iridium, or alloys thereof. The layer is desirably thick enough 
to form a contiguous layer, but not so thick that the electrical 
resistance of the reservoir cap is signi?cantly affected. For 
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example, a suitable thickness and composition for a protec 
tive layer Would be 40 nm of platinum for a reservoir cap With 
an initial thickness and composition of 300 nm titanium. In 
addition, an adhesion layer such as titanium or chromium 
preferably may be included betWeen the dielectric material 
and the protective layer. One example of a suitable thickness 
and composition for this adhesion layer Would be 10 nm of 
titanium. Other thicknesses of the reservoir cap layer and the 
protective layers are contemplated. 
[0044] Similarly, it may be desirable to partially or com 
pletely passivate or protect the reservoir cap before implan 
tation by depositing a dielectric such as silicon dioxide on its 
surface, as described in US. Pat. No. 5,797,898. Silicon 
dioxide is typically patterned by using hydro?uoric acid, 
Which also attacks titanium. A reservoir cap made of titanium 
Would be partially or completely etched through during 
hydro?uoric acid etching While the passivation layer is being 
patterned. As described above, a protective layer can be added 
to the reservoir cap. Examples of suitable layers include noble 
metals such as gold, platinum, or iridium, or alloys thereof. 
Again, an adhesion layer such as titanium preferably can be 
added betWeen the passivating dielectric material and the 
protective layer. 
[0045] FIG. 3A illustrates substrate 10, reservoir 12, and 
unprotected reservoir cap 110, Which is made of titanium. 
FIG. 3B illustrates substrate 10, reservoir 12, and protected 
reservoir cap 112. As detailed in FIG. 3C, the protected res 
ervoir cap 112 includes reservoir cap 102 betWeen layers of 
protective platinum 104a, 1041) and titanium adhesion layers 
106a, 1061). If a protective layer of noble metal, such as 
platinum, is added to both sides of the original reservoir cap, 
then a reservoir cap comprising a reactive material, such as 
titanium, is protected from oxidation or reaction With the 
environment. The protective layers on both sides can have 
equal thickness, but other ratios of thickness may also be 
appropriate. Similarly, the adhesion layers on both sides can 
have equal thickness, but other ratios of thickness may also be 
appropriate. These protective layers on the reservoir cap may, 
in some embodiments, also provide a level of mechanical 
support to the reservoir cap structure. In a preferred embodi 
ment, the protective layer(s) are made of a conductive noble 
metal ?lm and the primary reservoir cap layer is a conductive 
non-noble metal layer. Typically the thickness of each pro 
tective layer is less than about 20% of the thickness of the 
reservoir cap layer. In one embodiment, protected reservoir 
cap 112 comprises 12.5 nm Ti/40 nm Pt/300 nm Ti/40 nm 
Pt/ 12.5 nm Ti. 

[0046] In one embodiment, the stack of layers forming 
protected reservoir cap 112 is deposited in one process step by 
a physical vapor deposition method, such as evaporation or 
sputtering. If a noble metal such as platinum is deposited as 
part of the reservoir cap, methods of patterning the reservoir 
cap by Wet chemical etching may be limited, as platinum is 
resistant to many chemical etchants. Moreover, a multilayer 
or alloy ?lm can be dif?cult to pattern by Wet chemical 
etching When the layers of the ?lm cannot all be etched by the 
same etchant. For example, consider a reservoir cap partially 
or completely comprising a gold-silicon alloy. An aqueous 
solution of KI+I2 is commonly used to etch gold, and aqueous 
potassium hydroxide is commonly used to etch silicon, but 
these are not be suitable etchants for certain other materials. It 
is common to pattern multilayer or alloy ?lms With the liftoff 
process. 


















