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Copper-Encapsulated Silicon Micromachined
Structures

J.-L. Andrew Yeh, Hongrui Jiang, Hercules P. Nevdember, IEEEand Norman C. TiegniMember, IEEE

Abstract—Selective copper encapsulation on silicon has been
used to fabricate micromachined devices such as inductors with
quality factors over 30 at frequencies above 5 GHz. The devices are
fabricated using either polysilicon surface micromachining, or in-
tegrated polysilicon and deep reactive ion etching bulk silicon mi-
cromachining. Their exposed silicon surfaces are selectively acti-
vated by palladium activation, which allows the subsequent copper
deposition on the activated silicon surfaces only. This silicon-en-
capsulated-with-copper technique takes advantage of both the ex-
cellent mechanical properties of silicon (to maintain structural in-
tegrity), and the high conductivity of copper (for electrical signal
transmission). Furthermore, the process not only minimizes inter-
facial forces typical of physical metal deposition on silicon, but also
balances the forces by metal encapsulation on all sides of the silicon
structures. [498]

Index Terms—Conformal metal deposition, DRIE bulk silicon
micromachining, electroless copper plating, integrated polysilicon,
metal encapsulation, selective metal deposition, quality factor.

. INTRODUCTION Fig. 1. Hinged membrane bent due to thermal expansion mismatch between
gold and polysilicon. 0.5:m Au is deposited on a gm polysilicon membrane.

I I IGHLY conductive metals are usually required to imThis SEM picture is taken before annealing.
prove the electrical quality factor&} of micromachined

devices such as capacitive sensors, microrelays/switches, RFne size of feasible devices for practical applications because
passive elements, and through-hole interconnects [11-{8}\arping on metal films [7]. The warping can result from var-
The high¢) factors can only be achieved with metals tha}) s tactors, including stress gradients, internal stresses, and
red_uce the _outp.ut impedence n capgcmve SEnsors, the.con{ﬁgpmm expansion mismatches between metals and sacrificial
reS|stance. in m|c_rorelayst the insertion loss in m"?rosw'tCh‘?ﬁaterials such as photoresist, polyimide, and oxide. Stress gra-
or the series resistance in RF elements. Higluevices are yions in metal films (structures) result in either wavy or curved
commonly fabricated using metal surface micromachining Qe surfaces. Compressive internal stresses may lead to buck-
silicon micromachining with metals sp_uttered or evaporatq:ﬁg on clamped—clamped structures. Thermal expansion mis-
on top. However, there are manufagturmg challenges in SUeRAtch between clamped—clamped structures and the underlying
control on metal surface micromachined structures. In additiqQ, . ifciq) layers results in interfacial forces. Removing the sac-

thermal expansion mismatch occurs in the silicon micromggicia) jayers would induce forces on the structures as they relax,
chined structures where metal films are deposited on top Iﬁjt are still restricted by the anchors

silicon. Compared to the majority of metal surface micromachin-
Metal surface micromachining has been used to fabricate de- P jority

. . X . Ings, silicon micromachinings are more mature technologies.
vices such as mirrors, switches, inductors, and tunable cap

- Polysilicon surface micromachining has demonstrated the
tors [4], [7], [9}-{11]. In general, the technology has constramgbi"ty to create not only large-size low-stress structures,

but also complex multiple-level devices. deep reactive ion
i . . . etching (DRIE) bulk silicon micromachining can produce
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sandwich structures (SCREAM process) and in metal/silicon _ e N ‘
bi-layer structures (SOI process) [12], [13]. The thermal stress e B
can be estimated by '

E
g = fs mAO{AT

whereAT is the temperature difference between the room and
deposition temperatures addy is the difference of the thermal
expansion coefficients between metal and the surrounding ma-
terial. £ andv are the Young's modulus and Poisson’s ratio of
metal, respectively. The terify is a constant factor that depends
on the geometry and elasticity of each material [14].

To take advantage of both the electrical properties of metals
and mechanical properties of silicon, a technique to selectively
encapsulate silicon micromachined structures with copper
is proposed. Electroless copper deposition with selective
activation on silicon surface is applied for metallization on all
sides of silicon micromachined structures [15]—-[21]. Palladium
',S useq to S‘_‘?'eCt'V?'Y aCtlvate, _S|I|con_ ar?d n(_)t InSUIatlon layel%. 2. Copper encapsulation of a LuBa-thick polysilicon freestanding
(including silicon nitride and silicon dioxide) in preparation fobeam. Approximately 1:m of copper is deposited on the whole surface of
subsequent copper deposition [18]. Using this technique, sopaésilicon. The beam is cut using focus ion beam (FIB).
fabrication difficulties of metal surface micromachining are
overcome, and the stresses induced by bimorph metal-on-eilpalladium is done to form a seed layer where the electroless
icon structures are minimized and are further balanced dpkocess can begin.
to metal encapsulation on the silicon structures. This process'he palladium activation creates catalytic sites (nucleation
of encapsulating silicon with copper (see Fig. 2) keeps tigenters) on the silicon surface, enabling subsequent electroless
mechanical properties of silicon and the electrical propertiespper deposition. The activation bath consists of diluted HF
of copper, and minimizes thermal stresses in the structuf@§0-250 ml/L), which removes the native oxide on the silicon
due to low-temperature copper deposition. Furthermore, therface at the etch rate of less than 100 nm/min. Typically, HF is
encapsulation also balances any stresses that may arise agregsent at such high concentrations; i.e., the etching is usually
the metal-silicon interface. faster than the palladium nucleation process, which is needed

Silicon has been widely used in the microelectromechanidar an adequate electron exchange between the substrate and
systems (MEMS) field as well as in the integrated-circuiteducing reaction. The diluted HF has no impact on the electrical
(IC) industry. The mechanical properties of silicon (includingpolation because silicon nitride and/or buried silicon dioxide of
polysilicon) have been extensively studied; thus they are mds®| wafers are used as insulators.
controllable than those of the majority of metals that are The plating process is autocatalytic; in other words, the de-
used in metal surface micromachining. Copper has a highmgsition continues once it starts. Using formaldehyde as the re-
conductivity than aluminum that makes it attractive for high- ducing agent, the main reaction of copper deposition can be ex-
elements. The mechanical stresses in electroless-plated coppessed as [24]

are lower than those in evaporated films [22]. This method is 2 B B
compatible with silicon IC fabrication, as copper is currently CU ' +2HCHO+40H" — Cu+H,+2H,0+2HCOO .

used m_lC mterconnec_ts. _Usmg this techn_lque, one Obta'_’fﬁe electrochemical mechanism can be resolved into the fol-

the merits of both fabrication methods while avoiding the'lrowing two steps, which take place simultaneously at two elec-

drawbacks. trodes. Initially, the copper deposition occurs at the palladium
surface [25]

Il. BASICS OFSELECTIVE ELECTROLESSCOPPERPLATING

2 - _
Electroless copper deposition can be performed on a catalytic Anode  HCHO+ 30H™ — HCOO™ +2H,0 + 2e

surface due to anodic oxidation of a reducing agent and cathodi€athode Cu** + 2e~ — Cu.

reduction of copper ions. Catalytic metal (palladium) activat . .

the silicon surf;)cpe through the )r/nechanisn(wpof contac):t displazgr—] the deposited copper surface, the reaction at the anode be-

. " C o - . comes

ment, while the surfaces of silicon dioxide and silicon nitride re-

main inert. The contact displacement deposition (also knowng§ode  2HCHO+40H2T — 2HCOO™ + 2H,O + Hy + 26~

immersion deposition, galvanic deposition, conversion, etc.) is a

reaction in which electrons are supplied not by an oxidation (adth hydrogen being produced [26].

in electroless deposition), but by the substrate itself [23]. SinceThe electroless copper plating bath composition used in

silicon is not thermodynamically favorable for the initiation othis paper consists of a cupric salt [5-g/l CuSO H-0),

electroless copper deposition, contact displacement deposittomeducing agent (5-ml/l HCHO), and a complexing agent
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(15-g/l Ethylenediaminetetraacetic acid (EDTA)]. Potassiutmeams, and filling the trenches between the oxidized beams with
hydroxide is added to adjust the plating bath pH value to 12—1sdlicon dioxide, and planarizing the rippled oxide surface with
Additives to the deposition solutions are surfactant RE616hemical mechanical polishing (CMP). Aidim LPCVD oxide
brightener 2,2dipyridyl and surfactant Triton X-100. layer is deposited, in which anchor openings are patterned and
RE-610is proprietary surfactant, which consists of a noniongtched. The anchors allow polysilicon structures to be fixed onto
surfactant (ethoxylated nonyl phenol) associated with an aniotiie nitride isolation layer on top of the stationary silicon chunk.
surfactant (phosphate ester). Its role is to increase the wettabilitye subsequent polysilicon surface micromachining follows the
of the substrate by reducing surface tension, making the coppame procedure as described in Section IlI-A.
surface smooth and shining. Like all surfactants, it is at higher
concentration at the liquid/solid interface than at the bulk of th@. Integrated Polysilicon Surface and DRIE Bulk Silicon
solution (known asadsorptior) [27]. 2,2-Dipyridyl works as Micromachining

a brightening agent, it causes the randomization of the CryStalLI'he integrated polysilicon surface and DRIE bulk silicon mi-

growth and, therefore, reduces the roughness average. T”(E?gmachining is distinct from regular silicon wafers used as sub-

X-100 consists of octoxynol-9, which acts as a leveling agegf o5 in the process described in Section 11I-B [29]. The inte-
(i.e., it allows a more efficient filling of crevices and trenchesa

) . “grated silicon process begins with a silicon-on-insulator (SOI)
lr;irteydgfgitzﬁniefed density and enhances the electrical uni Hfer that has a top silicon layer of 20n and a buried oxide

of 1 pm. The procedure for the formation of oxide blocks is
the same as that in Section IlI-B. The oxide blocks transform
lll. DEVICE FABRICATION unwanted silicon into silicon dioxide, which is removed during
The devices were fabricated at the Cornell Nanofabricatithe HF release. CMP used in the formation of the oxide blocks
Facility (CNF), Cornell University, Ithaca, NY, using sil-creates a flat substrate surface for the following polysilicon sur-
icon-based micromachining technologies including polysilicdiace micromachining in Section IlI-A. Finally, a deep silicon
surface micromachining [28] and integrated polysilicon angtch using the Bosch process is performed to define the struc-
DRIE bulk silicon micromachining [29]. The fabricationtures from the single crystal silicon.
processes used to manufacture the demonstration devices for
copper plating are described as follows. V. COPPERPLATING

Post-processing following the fabrication of the samples pri-
_ _ ST marily consists of HF release, copper metallization, and self-as-
~ The process begins with the passivation layers on p-type sikmbly monolayer (SAM) coating. The silicon micromachined
icon wafers including 0.%m thermal oxide and 0.2 low-  stryctures are released in a 49% aqueous HF bath, which etches
stress low-pressure chemical vapor deposition (LPCVD) nitridgyay the sacrificial oxide and oxide blocks. The samples are
This is followed by the deposition of a 0/&m LPCVD p-type  yinsed with de-ionized (DI) water. Prior to the wet palladium ac-
boron-doped polysilicon film that acts as an electrical grounfation, the samples are bathed in DI water to prevent stiction,
layer. This layer is lithographically patterned and then etched Qyich may pull structures onto the substrate and cause them to
achlorine-based reactive-ion etch (RIE). Next, @dow-tem-  iick once the samples are dried.
perature oxide (LTO) is deposited at the temperature of°4D0 Next, the samples are transferred and lay immersed in a
as the first sacrificial layer, which is to be removed at the e’BjaIIadium solution for one minute at a temperature between
of the process to free the first structural polysilicon layer. Dimyoec_40°C. Palladium ions selectively activate the exposed
ples and anchor openings are lithographiclly transferred into thgcon on all sides of structures and enable the autocatalytic
sacrificial layer with a CHg-based plasma etcher. _ electroless copper deposition. During the activation, both the

Another 2y:m in situ boron-doped polysilicon layer is de-gacyificial (oxide) and passivation layers (nitride) remain inac-
posited and functions as the first structural material (polyl). ARe to the palladium ions. Right after the activation, samples
annealing step is performed at 10@forl hin N; toreducethe 516 immersed in a copper plating solution bath where the
residual stresses builtin the poly1, which is subsequently etchgqtion is agitated at 100-300 n\min at a temperature between
using oxide as a hard mask. A second LTO sacrificial layer gf oc_gg °C. Upon completion of the deposition, samples
a thickness 1..&m is deposited and e'Fched for the formation oél_re coated with a self-assembled monolayer of octadecyl-
anchor openings and polyl-poly2 vias. The last step of fabfijchiorosilane (€* OTS) in a process developed by Houston
cation is to deposit, pattern, and etch the second structural laygery| [31]. The monolayer that coats the silicon structures
(poly2), which is made of a 2m-thick p-type polysilicon layer. gjiminates the stiction and slows copper corrosion.

A. Polysilicon Surface Micromachining

B. Polysilicon Surface Micromachining Structures with Deep
Cavities in Bulk Silicon
A\ Selectivity

The process starts with a 600-nm-thick silicon nitride depoﬁ\
tion on a bare silicon wafer as the isolation layer [30]. Next, sac- Fig. 3 shows that copper selectively deposits on silicon, but
rificial oxide blocks that define the cavities are created in the sitot on standard silicon nitride after 10 min of deposition. The
icon substrate. These are created via the following steps: etchingm-thick electroless copper was conformally deposited on all
30-um-deep narrow beams using DRIE, thermally oxidizing thilne exposed surfaces of the polysilicon structures that amm 2-

V. DEVICE DEMONSTRATION
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YEH/T?EN S Fig. 5. Selective deposition of copper on structures in desired areas on the
chip. The bright structures are where copper has been deposited on polysilicon.

Fig. 3. Electroless deposited copper around an etch hole. A standard silicon
nitride underneath the etch hole is inert to both palladium activation and copper |
deposition.

Fig. 6. Conformal copper deposition on a silicon cavity of depthy80 Some
copper precipitation occurs on the low-stress nitride.

Fig. 4. Copper precipitation on low-stress silicon nitride. window areas to be opened are wet etched using buffered HF
(BHF). After the BHF release, the photoresist is removed and

thick. Some copper precipitation, shown in Fig. 4, is observed enpper deposition is performed. The sacrificial oxide prevents

top of the low-stress silicon nitride that is rich of silicon. Howthe copper from depositing anywhere, except the released sil-

ever, the copper does not compromise electrical isolation. Palleen regions. Due to lateral etch of BHF release, the minimum

dium activation does not generate seed layers on the low-striesgture that has been resolved for copper deposition is around

nitride, although the silicon rich nitride provides a favorable erf:0 zm x 10 zm.

vironment for the formation of copper nuclei in comparison to

the stoichiometric nitride. Empirically, the precipitation can b€. Conformal Metal Covage

removed by dipping samples in an aqueous HF solution for arjg. 6 shows that copper is conformally deposited on the side-
couple of seconds. Alternatively, increasing the activation efz|is and ground planes of a cavity of depth 2 in the sil-
ergy or required nuclei size of crystallization can reduce pogypn substrate. The copper coating on the silicon substrate can
sibility of precipitation. Like nitride, oxide is also inactive tope ysed to minimize the substrate loss due to the high resis-
copper deposition (see Section V-B). tivity of silicon. Fig. 7 shows that the interconnection (via) be-
tween two polysilicon layers has been conformally coated with
copper. Copper deposition on the undercut region between the
Copper may also be selectively deposited in only certain revo polysilicon layers allows electrical signals pass from the
gions on the chip (see Fig. 5). A photolithography step is usedupper polysilicon layer to the lower layer through a continuous
open areas from pm x 5 mto 1 mmx 1 mm where copper copper skin. The intrinsic nature of electroless deposition makes
is to be deposited. Using photoresist as a mask, the oxide in thgossible for plating copper on high-aspect-ratio structures.

B. Selective Pattern
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Fig. 7. Copper conformally deposits on all sides of the interconnection
between two polysilicon layers including the backside and the undercut region.
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Fig. 9. Copper filling the gap between two polysilicon beams.
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Fig. 10. One end of a through-hole interconnect that consists of copper,
polysilicon, silicon dioxide, and a silicon substrate.

Fig. 8. Silicon micromachined structure of large topography for copper
plating.

D. Topography

The selective copper plating is particularly useful for free-
standing structures and complex structures with large topog-
raphy (see Figs. 3 and 8). The need for a metal photolithography
step over a large topography can be avoided. Etching or liftoff
of the metal is not required because the copper only deposits
on the layers that are activated (which, in this case, is polysil-
icon and not isolation layers such as nitride and oxide). Fig. 9
shows that this technique is capable of filling copper into the
1-um-wide gap between two suspended polysilicon beams of
thickness 2um at the temperature of 6(C.

One possible application of this technique to is metallize a
through-hole interconnection. Fig. 10 shows an SEM photo-
graph of one end of a preliminary through-hole interconnect that O e CENCRY S S BEN
consists of copper, 300-nm"rdoped polysilicon and 830-nm
oxide in addition to silicon substrate. The breakdown voltag®y. 11. Backside of a flipped-up hinged polysilicon plate encapsulated in
of the interconnect is measured to be 200 V. The method Fasper.
also been used to deposit copper on both sides of a hinged plate
(see Fig. 11) before it was rotated out of the surface. The platé, 100 nm/min (at 80 C) for 2 min, copper aggregates are ran-
which has 5:m x 5 um holes with spacing of 3@m apart, domly generated within pm around etch holes on the backside
was initially 2 zm above the nitride layer. At a deposition ratef the plate. The quality of the backside deposition is mainly due
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Fig. 12. High€& silicon micromachined
encapsulated with copper.

suspended spiral
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Fig. 13. AFM surface scan of a sample with QB-thick copper on it. The

large copper bumps are caused by dust in the laboratory.

inductor

VI. CHARACTERISTICS OFCOPPER

The characteristic measurements we have performed are re-
sistivity, deposition rate, and roughness. The copper resistivity
(deposited at 66C) is measured to be 2.4 - cm with a
Prometrix four-point probe instrument. The deposition rate is
found to be 55 nm/min at the temperature of"& The surface
morphology of the copper can be seen from an atomic force mi-
croscope (AFM) image of a sample with 500 nm of copper de-
posited (see Fig. 13). The rms surface roughness of the copper
was measured to be approximately 20 nm over an area 0100
100 m? using the contact mode of the AFM.

VIl. CONCLUSION

The encapsulation of freestanding silicon structures with
selectively electroless-plated copper will allow silicon to be
used in MEMS applications that require high conductivity. This
method uses silicon as the structural material and copper for
electrical signal transmission, and is particularly beneficial in
fabrication of high€) devices. The activation agent (Palladium)
initiates the electroless copper deposition only on silicon and
not on isolation materials such as nitride and oxide, elimi-
nating the need for metal lithographic patterning. Thus, this
method simplifies the metallization of silicon micromachined
structures, especially ones with large topography.

Since electroless copper deposition is a low-temperature
process, thermal expansion mismatch between silicon and
copper is negligible. Using this method, copper is deposited
on all exposed surfaces of silicon, thus, the residual stress in
copper on one side is apt to balance that on the opposite side.
Furthermore, copper deposition has high conformality on the
silicon surface, enabling metallization of high-aspect-ratio
structures and complex structures with a variety of features.
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This silicon-encapsulated-with-copper process is used to fab-

ricate suspended spiral inductors (see Fig. 12). We have previ-
ously reported that the inductors have measured inductances ¢f] L. K.
2-12 nH and? factors over 30 at 5 GHz [30]. In these induc-
tors, the spiral coils are suspended above the silicon substrate tﬁzl]
30 zm in order to minimize the parasitic capacitance between

the coils and substrate. The coils are made @i2-polysil-

icon and encapsulated with 1;:8n electroless copper on all the
surfaces of the coils. In this design, the polysilicon bearing the[4]
mechanical loading provides structural rigidity and the copper
transmitting the electrical signals minimizes series resistanceys,
The sidewalls and bottom plane of the cavity are also coate
with copper, thus providing a low-resistance electrical ground
line and electromagnetic shield to eliminate the effects due to

the lossy silicon substrate.
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