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Substrate Transfer for RF Technologies

Ronald Dekker, Peter G. M. Baltuslember, IEEEand Harrie G. R. Maas
Invited Paper

Abstract—The constant pressure on performance improvement  Reducing Power Consumptiorthis immediately translates

in RF processes is aimed at higher frequencies, less power con-into prolonged battery lifetime, but also enables the use of more
sumption, and a higher integration level of high quality passives complex circuit topographies adding functionality (e.g., diver-
with digital active devices. Although excellent for the fabrication . . o . L '

of active devices, it is the silicon substrate as a carrier that is sity). Proper tranS|Stor scaling is a first prereqwsne fqr low-
blocking breakthroughs. Since all devices on a silicon wafer have POWer consumption. But even for well-scaled active devices the
a capacitive coupling to the resistive substrate, this results in a rapid charging and decharging of capacitances contributes for
dissipation of RF energy, poor quality passives, cross-talk, and in- a significant part to the total power consumption. These ca-
jection of thermal noise. We have developed a low-cost Wafer'scalepacitances consist mainly of capacitances to ground, e.g., col-

post-processing technology for transferring circuits, fabricated . .
with standard IC processing, to an alternative substrate, e.g., glass. lector/drain to substrate, interconnect to substrate, or load to

This technique comprises the gluing of a fully processed wafer, Substrate [3], [4].
top down, to an alternative carrier followed by either partial or Integration of Better PassivesThe RF section of modern
complete removal of the original silicon substrate. This effectively wjireless appliances is still swarmed with many expensive and
removes the drawbacks of silicon as a circuit carrier and enables v off-chip passive components like SAW filters, inductors,
the integration of high-quality passive components and eliminates it d . As a first step. i tive desian tech
cross-talk between circuit parts. A considerable development Cc_apam ors, an varlcaps_. .s_a Irst step, Innova |ve_ esign e_c B
effort has brought this technology to a production-ready level of Niques can be used to minimize the number of required passives
maturity. Batch-to-batch production equipment is now available (e.g., zero/low IF, polyphase filtering) [5]-[7]. But even then
and the technology and know-how are being licensed. In this t js attractive to integrate the remaining passive RF elements,
paper, we present four examples to demonstrate the versatility of 1,41 only because it will result in a better performance, a smaller
substrate transfer for RF applications. . ; .

form factor, lower cost, and higher added value, but also in a
lower power consumption. If we define everything apart from
the active transistors as a passive element, then the demand for
better passives also encompasses interconnect, bond pads, and
|. INTRODUCTION ESD devices with low parasitic capacitances and low thermal

HE TREMENDOUS growth of mobile and wireless ap_noise. . i .

pliances during the past decade has accelerated the devefgeguctmn om:j%ross—Tal_kThe;lna\k/o@able leakage Of.RF en-
opment of RF technologies to a breathtaking pace. Whereas oy etween ! ereqt cireuit blocks Is a cc_xnstant nuisance 0
years ago cut-off frequenciégr) of 15 GHz realized in 0.7:m esigners of mixed-signal ICs. The effect is often difficult to

BICMOS processes were state of the art, at present SiGe bip Eﬁ‘dia and heavily technology-dependent. The result is long

transistors with cut-off frequencies in excess of 200 GHz fabr lesign cycles, often involving one or more redesigns and/for an

cated in 0.12+m BICMOS technologies have been reported [11;”%56 in silicon area due to an excessive use of guard rings.

[2]. These results clearly indicate the enormous potential of ST Ven worse, problems solved for one technology node m|_ght
icationiirn up again at the next. Modern full duplex standards like

icon for future wired and wireless wide-band communications: CDMA 4d to thi blem b ¢ .
However, to fully access the performance of these powerful RF =~ even add fo this problem because ransceivers are
eiving and transmitting at the same time.

devices, it will also be necessary to address issues which 5 fthe ab tioned orobl . h
more related to the (passive) environment in which the active any ofthe above-mentioned problems are in one way or the

devices are embedded and which are hampering the realizat gﬁ%r re_lated ]EO th.etsmcop Zupstrz_itte. Itis o;‘_tendntottrr:aaltlzed that
of highly or even fully integrated transceivers. € devices of an Integrated circuit are confined 1o the pm2 :
or so of a silicon wafer and that the remaining 99.6% of the sil-
_ _ . icon only acts as a mechanical carrier to allow for wafer-scale
Manuscrlpt received June 10, 2002, revised November 4, 2002. The rewﬁ%cessing_ Indeed, from a processing point of view silicon is
of this paper was arranged by Editor A. Matsuzawa. N
R. Dekker is with Philips Research Laboratories, 5656 AA Eindhoven, Tt exce_”en.t chope. state Of'the'?-rt |Q teChn9|09y has. enabled
Netherlands (e-mail: ronald.dekker@philips.com). the fabrication of integrated circuits with a mind-boggling de-
P. G. M. Baltus was with Philips Research Laboratories, 5656 AA Eindhovep; ; ; ; ;
The Netherlands. He is now with the System Laboratory, Philips Semiconducet\zrr?e. denSIty and a.c.tlve dgwce performance. AS a me(.:hamcal
Eindhoven, The Netherlands. carrier, however, silicon is not always an obvious choice, es-
H. G. R. Maas, retired, was with Philips Research Laboratories, 5656 Agecially with regard to RF applications. Silicon unfortunately

Eindhoven, The Netherlands. i i i i
Digital Object Identifier 10,1109/TED.2003.810468 is neither an isolator nor a perfect conductor, and all devices

Index Terms—tow power, RF technology, silicon-on-anything,
silicon-on-insulator, substrate transfer.
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have a capacitive coupling to this resistive substrate. At RF fre- BOX circuit bondpad
guencies, energy is dissipated in the silicon substrate resulting ]
in passive devices with a poor quality factor. In return, thermal (L7777 777777777 777777777
noise (kTR) is injected back into the circuit. Also, since all cir- silicon substrate &
cuit elements are capacitively coupled to the distributed resistor
network in the substrate, noise injection becomes a fundamental UV curing
BEEEEEEEEERER

problem.

An obvious first step in tackling this problem is to modify glass stiboliaio 5
the substrate resistance. Substrates with a resistivity in excess S
of 5 k2-cm have been used to fabricate passive elements silicon substrate
with quality factors comparable to those processed on quartz Stihesive
[8]-[10]. However, the co-integration of active devices on these Q | Box
high-resistivity substrates is far from trivial. The main issue D D S
here, apart from availability, is to maintain the high specific e :
resistance during (high-temperature) processing and to prevent glass substrate -
punch through of wells or buried layers. A next step is the use
of silicon-on-insulator (SOI) substrates. Although the use of —1 T R —
SOl substrates significantly will add to the bill of materials, in o =S
return it may substantially improve performance. SOI enables glass substrate

a complete dielectric isolation of devices and, in particular,
the class of bonded SOI substrates may be used to comt&[&a 1. Schematic cross section of the transfer of an SOl wafer to a glass
high-resistivity substrates with standard IC processing [1Xlbstrate. (a) fully processed SOI wafer. (b) Curing of adhesive by UV exposure
[12]. Silicon-on-sapphire can be seen as the ultimate form {Hfough the gl_ass sgbstrate. (c) Removal _o_f the silicon substrate_ selective
SOl offering silicon on a perfect isolator [13], [14]. Howeverg)r‘]"éag‘éetziengug}efogggjaedf) Optional deposition of a scratch protection layer
issues concerning price, yield, availability, and increased
process complexity have prevented its use other than for spe-
cific aerospace and military applications. An alternative way to demonstrating two SOI-based applications, also demonstrate
produce true SOl material is proposed by SOITEC using tiiee significant advantages of STT for standard bulk processes.
Smart Cut technology [15]. Here hydrogen ion implantation is Although substrate transfer techniques based on the use of ad-
used as an atomic scalpel to cut thin slices of monocrystallihesives have since long been proposed by the I1I-V community
film from a donor wafer, which are then transferred on the tdj20], [23], it has until now not found acceptance as a viable tech-
of a receiving wafer by means of (high-temperature) van deigue in the high-volume silicon industry, presumably due to the
Waals bonding. Using this technique silicon-on-quartz as wddick of suitable production equipment. A major development
as silicon-on-glass wafers have been produced. However, &ffort however, has brought STT to a production-ready level
processing of these materials is not straightforward: clean-ro@nd has demonstrated itself to be a valuable new process step
equipment generally has a difficulty in handling fully isolatingn IC fabrication technology. To stimulate proliferation of STT
and/or (semi) transparent substrates. Finally, quartz is vé?ilips has decided to license STT technology and know-how
expensive while glass may pose problems from a contaminatiorthird parties. We will now first discuss the technological de-
point of view. tails concerning the STT process in general. Then four different
In this paper, we propose a substrate transfer technologgplications of STT will be presented.
(STT), which combines the advantages and ease of standard
silicon processing with a complete freedom of substrate choice ll. SUBSTRATE TRANSFER TECHNOLOGY (STT)
[L6]-18]. The technology is based on the gluing of a fully e\ﬁtal in this technology is the gluing of a silicon wafer, top

rocessed silicon wafer, top down, to an alternative substrat ) .
P P ?iown, to an alternative substrate, e.g., glass. Crucial to the suc-

followed by a complete or partial removal of the original . : ) - . :
substrate (Fig. 1). Glass is an obvious choice forareplacemg fsofan adhesive bonding technique like this are the properties

substrate because it combines excellent RF properties with he glue. The requirements for the glue can be summarized

o . s follows.
a good availability and low price. The advantages of thid i o o
approach are most obvious if it is used in combination with an Mechanical Stability: After transfer of the circuit layer to the

SOl-based process. In this case, a perfect etch stop undern@g substrate, it has to comply with standard dicing, wire bond,

the actual circuit layer allows for the complete removal (Raghz?::gl’ Satr::)irli?Iéltzgl:ittaerts;:zggapr(l)izzxrness.itma be neces-
the original silicon substrate. It enables the integration of y: pp ’ Y

high-quality passives, a maximum reduction of cross-talk aﬁ?ry to continue with some additional processing after transfer
parasitic capacitances. At the same time it opens the wayotothe circuit layer to the new substrate.. For this reason, the
double-sided device processing [19], [20] and new wafer-scajgnsferred substrate should be able to withstand reasonable re-
device packaging concepts (this paper, [21], and [22]). Sincesi§t baking and PECVD/metal deposition temperatures.

is a post-processing step, it is straightforwardly implemented

on existing production lines. In this paper we will, in addition 1[Online.] Available: www.emtechnologies.nl
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Ease of Use:The use of the glue should be straightforwari
without the need for very complicated equipment or elabora |
procedures. The glue layer itself should accommodate the 15
pography in the wafer and result in a stress-free layer. i

The adhesive we use largely fulfills these requirements. It
a monomer which after cross-linking forms a very hard acrylic
The absence of solvents is crucial since it would be impossik
to diffuse any solvents in a layer of only a few micrometer
from the center of a 6-8-in wafer to the edge. The monom
cross-links at temperatures of about 2@. Additionally, the |
cross-linking process may be promoted by the addition of ¢/
ther UV- or thermal-sensitive initiators. The UV-sensitive i
tiator that we use allows the adhesive to be cured in second:
room temperature. This is very important: every curing proce
that needs an elevated temperature is troubled by differen
in thermal expansion coefficients between the two substrat
which may result in unacceptable bowing or warping of th
final substrate at room temperature. The gluing procedure ¢
scribed in detail below results in a uniform layer of glue witt
a thickness of 5 to 1@m, accommodating the topography of
the silicon wafer. Our experiments have shown that topograp
up to 4p:m poses no problem whatsoever. This is an advanta
over some other techniques, like anodic wafer bonding, whit
require a fully planarized wafer surface. The adhesive is capalic
of withstanding corrosive chemicals such as the etchants usegiif0,  asics 625: a fully automatic batch-to-batch gluing machine. The
remove the silicon substrate. Thermal stability is guaranteedntachine accepts a batch of 6-in silicon wafers and a batch of 6-in glass wafers.
atemperature of 300C over a prolonged period of time. This jsAfter gluing and curing, it returns a batch of silicon-glass sandwiches.
high enough for the deposition of high-quality PECVD layers.

Extensive tests with circuits transferred to glass have shown thﬁ‘ta perfect adhesion, the top |ayer of the silicon wafer prefer-
standard dicing and assembly equipment can be used to packg@gl¢ has to be a PECVD oxide layer. By correctly applying the
devices. The relatively low glass transition temperature of thgimer procedure, the adhesion directly to the glass is perfect.
adhesive (below 100C) hampers wire bonding at elevated tem- The next step is the actual gluing of the two wafers. During
peratures. However, the use of modern HF wire bonders hpg research stage of process development, a simple manual pro-
pushed the number of failing bonds back into to the ppm regieadure was used consisting of dispensing the glue, placement of
as required for mass production. The glue has a low, water-likRe wafers, and pressing the wafer sandwich to remove the ex-
viscosity that makes it easy to dispense. Finally, we should mejesss glue, resulting in a final glue thickness to 5 tq:h@) Care

tion that the adhesive is highly transparent. should be taken to avoid the inclusion of air bubbles since they
will result in a defect after silicon removal. The manual proce-
dure works fine and is still used for all wafer diameters other
than 6 and 8 in.

Almost all glasses can be used for substrate transfer. How-The manual procedure is of course not suitable for produc-
ever, to remain more or less compatible with IC manufacturirigpn. Therefore, to bring STT to an industrial level, fully auto-
procedures, we use an alkaline-free, high-barium-content glasatic batch-to-batch equipment has been developed in cooper-
like AF45 from Schott. This cheap process glass is also used &ion with em technologies. Fig. 2 depicts the ASIGS 625 (Ad-
low-end LCD production and is available in sheets with a thickianced Silicon-insulator Gluing System, 6-in, 25 wafers/h). The
ness of 40Q:m. Round glass wafers including a flat (if requiredjnachine consists of a gluing stage, a curing stage, and a robot
are commercially available. Proper rounding of the glass edgeafer manipulator. The central gluing stage consists of two op-
to remove micro-crack damage virtually eliminates breakage pbsing vacuum chucks that are rigidly coupled in the rotation
glass wafers during processing. direction, but can move independently in the vertical direction.

A modified Piranha clean is used to remove any metallic dthe robot places the silicon wafer (face up) on the lower vacuum
organic surface contamination. After IC processing, the silicauck and the glass substrate (face down) against the upper
wafer (SOI or bulk) and the glass substrate are primered. Tvecuum chuck. After a certain amount of glue has been dis-
primer promotes adhesion between the substrate and the ghensed in the center of the silicon wafer, the upper chuck moves
It consists of molecules that on one side react with hydroxgibwn, thereby pressing the glue from the center to the edge. As
groups at the wafer surface and on the other side react with theeaches the edge, the chucks start to rotate to remove the ex-
double-bonded carbon atoms of the glue molecules. The printess glue. The construction of the gluing stage directly produces
is applied solely by spinning followed by dry spinning, withouthe force to reduce the thickness of the glue to its final value of
additional baking or rinsing. Since hydroxyl groups are cruci&-10.m. This procedure yields a uniform, air-bubble-free glue

B3 LA

Ill. PROCESSINGPROCEDURE
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layer. A similar apparatus as depicted in Fig. 2 has been bu
for 8-in wafers. The fact that only minor modifications in the
process parameters were necessary when going from 6 to 8 ir
indicative for a comfortable process window.

After gluing, the wafer sandwich is transferred to the curing ,
stage. For UV curing, a simple 220-V/500-W halogen lightf="
source is used. Its UV spectrum is such that the cross-linkir
process proceeds relatively slow. Since the glue shrinks ca. 1(}
during curing, this allows for some redistribution of glue from
areas with high topography to areas with low topography. /|
30-s UV exposure under nitrogen ambient at room temperatu |
is sufficient to cure the glue.

Depending on the type of silicon substrate, SOI or bulk, t
silicon substrate can now be either completely or partially r
moved. In this section, the complete removal of the (SOI) sub-
strate will be discussed. The partial removal of the silicon subig. 3. Silicon circuits transferred to different types of substrates: glass (8 and
strate will be discussed in one of the applications in the ne&im, aluminum nitride, alumina, ferrite, and flexible glass-fiber epoxy.
section. At the production site, the removal of the silicon sub-
strate is done by first grinding the silicon down to pfh on circuit layers transferred to glass, alumina4@}), aluminum
a standard DISCO grinder, followed by a 30-min°@® KOH nitride, NizZn ferrite, and flexible glass-fiber epoxy. To ensure
etch to remove the remaining silicon using the buried oxide aptimum adhesion when using nonglass substrates, a PECVD
an etch stop with a selectivity in excess of 1000. During thsxide layer is deposited on the surface of the substrate prior to
research stage of process development, the complete subspgiteering and gluing. For semitransparent substrates like alu-
was removed by wet etching because no grinding equipmeiina, aluminum nitride, and glass-fiber epoxy, UV curing can
was available. A two step etching process was used with 58l be used by simply increasing the light intensity. In case of
first step being a 3-h 100C KOH to etch the silicon down an opaque substrate like ferrite, the UV-sensitive initiator is re-
to ca. 30um, followed by a second step identical to the onplaced by a thermal sensitive initiator to reduce the curing tem-
mentioned above. The glue and the glass are able to withstgedature to 80 C.
this etching inferno without any visible degradation. Two of the
four substrate transfer applications presented in this paper re- IV. APPLICATIONS
quire a partial removal of the silicon substrate. In this way also, ) ) o
non-SOl-based processes can be used in combination with STT! this section, we present four RF applications of the pro-
Partial removal of the silicon is achieved by deposition and p&9S€d substrate transfer technology. The first example is the
terning of a hard-etch mask layer after the first thinning Stéﬁralghtforward transf_er of circuits fabricated on (thlln-'ﬁlm) §O|
when the silicon has been thinned to 30+8@. The specific substrates to gl_ass with complete removal qf the original 3|_I|con
process details will be described in the discussion of the respgtiPstrate. In this case, a dedicated lateral bipolar process is used
tive applications hereafter. After etching, the wafer is cleand@ @chieve ultralow-power operation. The second example uses
and ready for further processing. a normal bu!k IC process. In .thIS case, the_ SI|!(?OI’1 is partly re-

In the simplest form of substrate transfer (application 1), tHgoved, leaving the active devices grouped in silicon mesas. The
next step will be the deposition of a PECVD nitride dirt barrielraSt wo examP'es show how s_;ubstrate transfer can additionally
layer, followed by opening of bond pad areas. During researcHPused to realize new packaging concepts with strongly reduced
simple contact aligner was used for photolithography after wafé@rasitics and improved heat sinking.
transfer. At the production site, the wafers are exposed using a .
Canon stepper. Bond pad areas may be opened by either dr%ofA Low-Cost Lateral Bipolar Technology on Glass
wet etching. More elaborate forms of substrate transfer, whichMuch of the efforts spent in the development of RF technolo-
take advantage of the possibility to process the devices from tfies are focused on the realization of transistors with extremely
backside as well, have been developed by Naeteaxl. [19]. high cut-off frequencies. For most wireless applications in the
Their process requires fine pitch lithography on the circuit lay@-3-GHz range, however, a modergteof 10-15 GHz is suf-
after substrate transfer. To achieve an accurate front-to-bdickent. For these battery-operated appliances, low power con-
wafer alignment accuracy, mirror symmetric alignment markessimption is often of greater importance than extremely high
for an ASML PAS5000 stepper have been developed by vg@n. Whereas frequency scaling involves profile optimization,
Zeijl et al.[24], [25]. The mirror symmetric alignment markersscaling for low power primarily requires minimizing the emitter
were used in combination with standard overlay test proceduggsa combined with a proportional reduction of parasitic capac-
to characterize the front-to-back wafer overlay accuracy. Thitances, especially to ground. The standard approach to achieve
practical feature size that can be realized on the back wafer whis is to use advanced lithography and isolation techniques like
found to be as small as 0.9-1u2n. shallow and deep trenches.

In addition to glass, many other materials can be used as &ipolar transistors on SOI are attractive as low-power RF
substrate depending on application requirements. Fig. 3 depittvices [3], [16]. Fig. 4 depicts a schematic top view and
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Fig. 5. Measured quality factor and frequency at which this maximum is
reached versus inductance for a selection of available inductor structures in the
lateral bipolar technology on glass.

(b) Fig. 6. Fully integrated GPS receiver frontend. The circuit was fabricated in

Fig.4. (a) Schematic cross section and (b) SEM top view of the lateral bipofgle lateral bipolar SOI technology and after processing transferred to glass.
transistor structure.

The process including transfer to glass has been industrialized
cross section of the lateral bipolar structure we proposed. TR Philips Semiconductors, and the first parts will have been
0.1-0.2um-thin top silicon layer that is available in SIMOX shipped to customers by the end of 2002. Naturally this means
or UNIBOND SOI material allows for emitter sizes as smalfihat the parts comply with all standard reliability and lifetime
as 0.05um? using half-micrometer lithography. Moreoverests, demonstrating that substrate transfer is indeed a viable
the semi-two-dimensional lateral transistor structure wi@ption for high-yield mass production.
oxide isolation on both sides allows junction capacitances toFig. 6 depicts one of the first products: a highly integrated
be scaled to values well below 1 fF. Despite a relatively lof¢PS receiver frontend. The possibility to integrate spiral induc-
fr of 10-15 GHz limited by the diffused base, this results ifPrs enabled the integration of the antenna filter and VCO and
a gain of 24 dB at 2.6 GHz and a collector current as Sm@“iminated an RF surface acoustic wave (SAW) filter. The inte-
as 154A. It is obvious that for such small devices it is verygration of these RF functions greatly reduces the amount of RF
important to minimize stray capacitances, especially to grouriowledge needed by the set maker and made it possible to use a
By transferring the circuits to glass, an ultimate reduction imple two-layer printed circuit board (PCB) in the application
substrate capacitances by a factor of 5 to 200 (dependingiBtead of an expensive six-layer PCB. These advantages/sav-
feature size) can be achieved [26]. Furthermore, it allows ft{gs more than justify the integration of these large inductors.
the integration of high-quality passives like spiral inductor§he 14-mask process additionally offers lateral pnp transistors,
free of substrate parasitics. Fig. 5 depicts the maximum qualfignse 1L logic, varactors, 7-R/sq resistors, 1.5-nF/mfrca-
factor and the frequency at which this maximum quality factgtacitors, and three layers of interconnect including.a@thick
is reached for a selection of inductors available in the devidd top layer for spiral inductors.
library. A quality factor as high as 57 is realized for a 1.2-nH
inductor with a diameter of 40pm using a 3xm-thick top B. A Low-Cost Substrate Transfer Technology for Non-SOI
aluminum layer. The availability of these high-quality passivBroc€sses
components helps for low-power since it reduces the need torhe full benefits of STT are only obtained if it is used in
go on-and-off chip with RF signals. conjunction with an SOI-based process since the buried oxide
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glass substrate
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)

Fig. 8. VCO demonstrator circuit. The actual circuit resides underneath
HW £z the silicon mesa. The resonator tank and bondpads are completely on glass.
c After dicing the circuit was directly mounted on a PCB to facilitate accurate
glass substrate measurement of phase noise.
nitride
L
60—
glass substrate 5 50—
o ©
silicon mesa nitride 3 401
>
=
©
= 2 30-
glass substrate
20
Fig. 7. Schematic processing sequence to transfer non-SOIl wafers to glass. (a) 1' 0 21 0 3'0 4'0 5'0
A fully processed wafer with active devices grouped into functional units. (b) ’ ’ ) . ’
Gluing of wafer to a glass substrate. (c) Silicon thinned tp. 60 (d) Deposition frequency (GHz)

and patterning of PECVD nitride etch-mask. (e) Etching of the silicon using the
field oxide as an etchstop. Fig. 9. Quality factor versus frequency for a single-loop inductor transferred
to glass. The metal was 30m-thick Al with a width of 100xm and an outer
layer allows for a complete removal of the silicon substrate uffameter of 50:m.
derneath all circuit elements. In a standard non-SOI process
(BICMOS, CMOS), it is difficult if not impossible to reliably underneath the first metal layer, this will immediately expose
remove the substrate by selectively stopping on n-/p-type burigh@ backside of the bondpads after transfer.
layers or well diffusions. It is however possible to retain some Fig. 8 depicts a simple oscillator demonstrator circuit fabri-
of the most important advantages of STT in combination withaated in a 30-GHz double-poly bipolar process available in our
partial removal of the silicon substrate [17]. research FAB [29]. Clearly visible is the silicon mesa containing
This procedure using a standard process in a conventiotia active devices. Although in this example only one mesa is
silicon bulk wafer is illustrated in Fig. 7. The fully processedised, two or more of these mesas could be used to minimize
wafers are again glued to a glass substrate following exactijoss-talk between critical circuit blocks. Besides the advan-
the procedure as described previously [Fig. 7(a) and (b)]. Tteges of easy implementation using existing processes, the best
process deviates in that, after the silicon has been thinnedptmssible passives like inductors, and a maximum reduction of
ca. 50um, a mask is applied to selectively etch silicon mesastoss-talk, this technique also has its limitations. First of all, de-
This is done by first grinding the silicon down to @n using spite the STT, it brings no benefit for the active devices. Second,
the glass as a mechanical support followed by polishing #me factor of one hundred higher thermal resistance of glass with
HNOs/HF etch to remove micro-crack damage [Fig. 7(c)yespect to silicon severely limits the amount of power that can
Next a 0.5um thick PECVD nitride layer is deposited. Abe dissipated. For example, the thermal resistance of the silicon
resist mask is applied by contact printing using an infraredesa depicted in Fig. 8 (700 1300.m?) to the leadframe in
alignment system. The nitride is patterned in g, ®B&rrel etch air (worst case) was measured to be 300 K/W. In this example,
[Fig. 7(d)]. After resist removal, the silicon mesa is etched inthe circuit dissipated 18 mW resulting in an acceptable temper-
KOH-isopropanol etchant using the fieldoxide as an etch stafure increase of 26C.
[Fig. 7(e)]. A small modification in the IC process makes the As mentioned, the circuit depicted in Fig. 8 merely served as
bondpads directly accessible after the silicon mesas have bad¢achnology demonstrator and was by no means optimized for
etched. This is done at the stage when normally contacts to detimal performance. The inductors used have an inductance of
vices are etched before the first interconnect level is depositéhH with a quality factor of 25 at 5 GHz. The circuit oscillated
by wet etching the field oxide at the location of the bondpadd 3.9 GHz on a supply voltage of 3 V and a power dissipation
[Fig. 7(a)]. Since KOH does not attack the Ti/TiN barrier layersf 7 mW with an additional 11 mW for bias circuits and output
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Fig. 10. Schematic processing sequence for the fabrication of surface output power [W]

mounted RF transistors on glass. (a) Fully processed wafer with via diffusions
for frontside to backside wafer connection. (b) Wafer glued to a glass substrate. )
() Silicon thinned to 5um. (d) Formation of 1Q:m-thick copper plated F9- 12. Measured power gaifG:,) and PAE versus output power for a

contacts. (e) Anisotropic KOH etching of the remain down toward the fiefgfandard deviceD) and the SMD devices(. The devices are tuned for
oxide using the copper contacts as etching masks. (f) Soldering of the separRtgimum efficiency at 0.5 W, 1.8 GHz, 3-V bias, and class AB operation.
devices to the PCB.

STT, we have demonstrated a device/packaging concept which
buffers. The phase noise was measured te-i88 dBc at a offers maximum power gain through the elimination of bond-
1-MHz offset. In the meantime, inductors with a quality factofires, maximum efficiency by virtual elimination of output ca-
of 60 have been fabricated using wider metal (Fig. 9). This {facitance and losses, and wafer-scale fabrication of low-cost
combination with a more elaborate circuit design will substagyrface mounted devices (SMDs) [18].
tially improve circuit performance. The starting material for device fabrication are heavily

So far we addressed only the IC process itself and not thesenic doped 6-f-cm ni*+ (100 silicon substrates. After
package. For demanding applications, however, packaging pa{a.9,,m-thick lightly doped epi layer is grown, phosphorus
sitics like, e.g., bond-wire inductances can seriously deteriorgéediffused to make a low-resistivity connection between the
the overall circuit performance. The importance of the packag®ntside of the wafer and the substrate [Fig. 10(a)]. Next, npn
willonly increase with increasing frequencies. The next two egevices are fabricated using a standard double poly-silicon
amples show how substrate transfer can be used to intrOdt@@]nok)gy [29] The epi|ayer thickness and dope were chosen
new packaging concepts. to optimize fr versus ruggedness requirements resulting in an
fr of 25 GHz and B\, of 4.5 V. The substrate acts as the
collector contact, so that a single layer of metal is sufficient

The talk-time of cellular phones is to a large extent limitetb connect the interdigitated emitter and base fingers to the
by the power gair{G),) and power-added efficiency (PAE) ofdiffused vias. Total processing requires only six masks.
the power amplifier (PA) in particular of the final output tran- Exactly identical to the previous application, the processed
sistor. It has been shown that these parameters are stronglyaffers are glued, top-down, to a glass substrate and the silicon
fected by device and assembly parasitics [27], [28]. Any emittex thinned to 50um [Fig. 10(b)]. Next 10zm-thick plated
series (bondwire) inductance will result in a negative feedbackpper contacts are formed at the location of device contacts
reducingG,. At the output of the transistor, any (lossy) capadfig. 10(c)]. Using the copper as an etch mask, the silicon is
itance to ground will result in dissipative losses and an atteanisotropically etched, stopping on the field oxide [Fig. 10(d)].
uation of higher harmonics resulting in a reduced PAE. Usinthe silicon mesas with plated copper serve as device con-

C. Surface-Mounted Discrete Bipolar RF Power Transistors
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Fig. 13. Schematic cross section for the surface-mounted RF IC technology. (a) Fully processed SOI wafer with typical devices. (b) Final dedde solde
PCB after transfer-to-glass, etching of silicon, backside processing, and dicing.

tacts. After dicing, the devices are ready for surface mountbigbolar frontend is fabricated based on a 25-GHz double
assembly [Fig. 10(e)]. poly-silicon technology. Unconventionally, device isolation is
To facilitate large-signal characterization, a 0.5-W transistperformedafter the last high-temperature step (RTA emitter
structure was fabricated. The devices were soldered to#DsAl anneal). This is done by etching trenches down to the buried
test substrate with plated gold SDeoplanar waveguides usingoxide, HDP oxide filling, and CMP. By designing the trenches
commercially available reflow soldering equipment (Fig. 11Well away from any p-type diffusions, junction leakage along
Note that the 532 coplanar substrate waveguide is continuetlenches is avoided. Fig. 13(a) shows a schematic cross section
on-chip, effectively eliminating all interconnect and via inducef the finished wafer. The back-end trench procedure makes
tances directly up to the active area itself. The devices are mégpossible to remove all the silicon in the areas reserved for
sured at 1.8 GHz, 3V, and load-pull tuned for maximum effihductors or micro-striplines and filling it with oxide while
ciency at 0.5 W in class AB operation. Fig. 12 compares tls#ill retaining a fully planar surface. After transfer to glass,
measured~, and PAE as a function of output power versus the wafers are flipped and processing continues on the former
standard wirebonded device without substrate transfer [28]. Thieried oxide layer. First, the oxide is (wet) etched at the
fact that the measured PAE of 77% approaches the theoretioghtions where a contact to the backside of devices is needed
limit of 78% confirms the absence of substrate losses and outf@ig., vias or power transistors). Next L@a-thick copper
capacitance. patterns are plated to form contacts and inductors. After dicing,
The concept is also very well suited for the fabricatiothe devices are directly reflow soldered to the PCB using
of high-performance, small-scale integration monolithic mthe copper as contacts [Fig. 13(b)]. This concept offers the
crowave IC (MMIC) functions [18]. This example clearlyfollowing advantages: 1) elimination of bondwire and package
demonstrates how a creative use of substrate transfer gamasitics; 2) high-quality inductors/striplines; 3) effective
be used to increase the lifetime of silicon processes just bgat transfer from power devices to PCB; 4) substrate-capac-
tackling passive and packaging parasitics. itance-free low-power RF devices; 5) extreme reduction of
cross talk; 6) high-density MIM-like decoupling capacitors;
and 7) possibility to fabricate sealed cavities. However, it is an
entirely new packaging concept, implying that considerable
The same concept can be extended to full IC processes. Hagelopment effort may be required to make it comply with
concept we propose is based on a combination of (thick-filmprmal reliability standards.
SOl substrates, a standard or only slightly modified front-end Fig. 14 depicts a balanced LC-VCO oscillator circuitincluded
technology (CMOS/BICMOS/bipolar), followed by substraten the first test mask. The inset shows a circuit detail with back-
transfer and SMD assembly. In this work, a pure bipolaide illumination. Note that a fine grid of trenches is used for
frontend was chosen because it was readily available in aumaximum reduction of interconnect and inter-device capaci-
research Fab and suited the demonstrator application. In tiziaces. The oscillator starts at a tail current ¢fA indicating
section, the first results are presented. a resonator tank) of 42 or better { = 0.7 nH, C = 300
SOl substrates with 0.2m top silicon and 0.4:m-thick fF). By varying the tail current from 1pA to 3.7 mA, the os-
buried oxide are used as starting material. The top silicondalation frequency can be tuned from 8.3 to 7.6 GHz. At the
doped rt* to 10?° cm~3 by diffusion from an arsenic dopedtime of design, unfortunately only a rough estimate of device
glass to form a blanket buried layer. After epigrowth, a simplearameters for both active and passive devices was available.

D. Surface-Mounted RF IC Technology
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Fig. 15. Design study of a fully integrated 2-W, 3-V PA including input and
output match circuits.

| 11dB @1.7GHz

Fig. 14. VCO demonstrator circuit fabricated in the surface-mounted RF IC
technology and soldered to a test substrate. The bottom picture shows a detail of
the active circuit with backside illumination. The active devices are embedded
in a grid of trenches to reduce interconnect and inter device capacitances.

TTTT T

total insertion loss (dB)
S

Therefore, a robust and simple active oscillator core was de-

signed, with a high open-loop gain to assure reliable start-up -600 ] S T T
in case the actual would be significantly below first-order '
estimations. With a realize@ of about 42, the oscillator de- frequency (GHz)

sign enters the voltage-limited region for bias currents beyond g | . or th A

; ; i : ig. 16. Measured insertion loss versus frequency for the output match in
15 pA, WhI,Ch results in a phase-noise degradation Comparg%ack-to-back configuration (inset, 3160 1850 «m?). Three versions are
to the maximum value of 100 dBc/Hz at a 1-MHz offset fretapricated. () Silicon completely removed underneath the inductor. (B) Silicon
guency. In a redesign with ac coupling or tapping of the tanttyided into a grid of isolated islands (3.253.25.:m?). (C) Silicon film intact.
an improvement of more than 20 dB can be achieved. How-
ever, by normalizing for power consumptioR,.), offset fre-

1 xm and pitch 3.25:m). The measured insertion loss versus
quency(f.»), and oscillation frequencyf.s.) [30], we find s p §:m)

frequency (Fig. 16) shows that the match is lightly out of band

CNR‘;O”“ = %NRT%S _EO logffm/fm) B miog(PdE{l m,Vr\]/) H 1.7 GHz instead of 1.8 GHz). The insertion loss for the variant
equal to 188 dBc/Hz. This value compares favorably with othgiiy, 1he silicon film intact is obviously high. Surprisingly, the

reported values (173.4 dBc/Hz [31]) and (182.7 dBc/Hz [32])_insertion loss for the other two variants is nearly identical and

One of the most exciting applications of this technology Fheasured to be less than 0.5 dB. This value compares favorably

depicted in Fig. 15. Itis a design for a fully integrated 1.8-GHz,) | 1 ,a5 achieved in much larger thick/thin film or laminate so-
2-W PA including 50€2 input and output match currently be'”glutions

investigated. Going from left to right, the input match, driver
transistor, interstage match, output transistor, and output match
are visible. The top and bottom regions contain ground vias,
large decoupling capacitors, and bias circuits. At this moment,For all semiconductor technologies (silicon, GaAs, InP), it
the complete PA does not yield any reasonable performanasyally holds that the actual devices are confined within the top
presumably through mismatches in the interstage match dew micrometers or so of the wafer, while the remaining part
cuit. The crucial output match, however, has been tested irfathe substrate only serves as a carrier. Frequently the sub-
back-to-back configuration (see the inset of Fig. 16). Three vastrate material, although it may yield excellent active devices,
ations were included on the testmask: 1) with the silicon fillhas properties that do not make it an obvious choice as a circuit
intact inderneath the inductor; 2) silicon completely removedarrier. Especially for RF applications, the substrate in many
and 3) a fine grid of trenches underneath the inductor (widtases degrades the performance of the individual active devices

V. CONCLUSION
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