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Improvements. in siiicon materials ,and processing 
techniques promise h igher-frequency p'erformance. 

ILICON (Si), although not. 
traditionally the material of choice for 
RF and microwave applications, has 
become a serious challenger to other 
seiniconductor technologies for high­
frequency applications. Fine-line elec­
tron-beam and photolithographic tech­
niques are now capable of fabricating 
silicon gate sizes as small as O.11Lm 
while commonly-available high-resis­
tivity silicon wafers support low-loss 
microwave transmission lines. These 
advances, coupled with the recent de­
velopment of silicon-germanium (SiGe), 
arm silicon integrated circuits (ICs) 
with the speed required for increasing­
ly higher-frequency applications. 

Silicon devices dominate the pre­
sent-day electronics industry. The 
material is well characterized (see 
table) and is available in high-quality 
wafers.1,2 Properties include good 
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, mechanical strength and thermal 
conductivity with a reasonable band­
gap. High-quality oxides are easily 
formed on silicon, allowing for the 
fabrication of field-effect transistors 
(FETs}-the basis for CMOS tech­
nology. High-quality, low-cost silicon 
wafers are readily available in diam­
eters as large as 8 in. 

In spite of its benefits, silicon has 
several features which limit its high­
frequency use. The resistivity oflow­
cost commercial wafers is orders of 
magnitude below the intrinsic resis­
tivity, usually on the order of 10 n­
cm. This low resistance causes ex­
ceedingly-high dielectric losses in 
microwave transmission lines, mak­
ing it almost impossible to transmit 
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• 1. This high·frequency 
sillcon MOSFET uses 
self-aligned silicide 
gates . • 

microwave signals on silicon. Since 
device speed is dictated by the elec­
tron mobility and carrier velocity, 
silicon is a fundamentally slower ma­
terial than germanium (Ge) or galli­
um arsenide (GaAs), both of which 
have higher electron mobilities than 
silicon. Germanium also has higher 
hole mobility and electron velocity 
than silicon, but because of its ex­
tremely-low intrinsic resistivity, it is 
not appropriate for high-frequency 
applications. This leaves GaAs as 
silicon's chief competitor for high­
speed applications. 

GaAs has its own disadvantages, 
however. Its low hole mobility se­
verely limits its ability to support 
complementary circuitry. Also, high-
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quality oxides cannot be formed on 
GaAs, a shortcoming which has been 
partially circumvented by the use of . 
modulation-doped FET (MODFET) 
structures. 

The characteristics of an ideal mi­
crowave substrate were itemized as 
far back as 1969:3 

• high dielectric constant 
• low dissipation factor or loss 

tangent 
• dielectric constant should remain 

constant over the frequency and 
temperature ranges of interest 

• high purity and constant thick­
ness 

• high thermal conductivity 
Silicon fulfills most of these re­

quirements. It has a dielectric con­
stant of 11.7, thermal c<.mductivity of 
1.5 W/cm K (compared to 0.46 W/cm 
K for GaAs), well-controlled purity 
and thickness, and its dielectric con­
stant is fairly stable with frequency. 
Silicon has a high loss tangent, how­
ever. The resistivity of standard sili-

(11! [a"~1 i ~8: I~") !ltSlf) 

con is extremely low, on the order of 
10 .o.-cm. Transmission lines fabri­
cated on standard silicon suffer from 
very high dielectric losses. 

Still, silicon-based substrates have 
moved to microwave frequencies. 
High-resistivity silicon (HRS), sili­
con-on-insulator (SOl) materials, 
and highly-doped silicon wafers have 
all been used to fabricate silicon­
based microwave circuits. 

HRS' SUBSTRATES 
HRS has existed for decades, but 

with limited availability. The materi­
al was of little interest because it was 
believed that high device-processing 
temperatures would destroy the 
material's insulating properties.4 

Today, HRS substrates are readily 
available with resistivities in excess 
of 10,000 .o.-cm and have been shown 
to withstand significant processing 
temperatures.5 

. 

Transmission lines on HRS sub­
strates were demo~trated as early 

The Piano. 

as 1965.6 Microstrip lines on HRS 
materials . with a resistivity of 1500 
.o.-cm achieved measured losses of 
0.5 dB/cm for temperatures between 
+5 to + llO°C. In 1982, researchers at 
RCA Laboratories (Princeton, NJ) 
theorized that if microstrip lines 

. were fabricated on HRS wafers with 
resistivities of 2000 .o.-cm or greater 
for applications at frequencies be­
yond 30 GHz, the losses would rival 
those of microstrip lines on GaAs.7 

But it was not until 1993 that this 
theory was confirmed experimental­
ly by a group at the NASA Lewis 
Research Center (Cl~veland, OH). 

These researchers showed that co­
planar-waveguide (CPW) transmis­
sion lines on HRS substrates with 
resistivities of 2500 .o,..cm or greater 
had losses from 5 to 40 GHz that 
were only slightly higher than those 
on GaAs. In fact, CPW lines fabri­
cated on HRS substrates with resis­
tivities in excess of 30,000 .o.-cm ac­
tually had lower losses than those on 

• 
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GaAs, both at cryogenic and room 
temperatures.8

,9 The same group at 
NASA has also demonstrated low­
loss slot line and coplanar striplines 
on HRS substrates.1o -

HRS substrates have been used 
to fabricate a linearly-tapered slot 
antenna with a CPW feedY The an­
tenna achieves 7 -dB gain at a center 
frequency of 7 GHz. HRS substrates · 
have also been used in silicon mono­
lithic millimeter-wave integrated 
circuits (SiMMWICs) for transmit­
ters operating to 73 GHZ.12 

SOl technology enhances isolation 
between devices on the same wafer 
with an oxide layer placed just below 
the surface of the substr.ate. The 
oxide layer blocks current flow 
between devices, thus improving iso­
lation. SOl wafers are commonly 
prepared via separation-by-implan­
tation-of-oxygen (SiMOX) and bond­
ed-and-etched-back-SOl (B ES01) 
processes. SiMOX is the leading 
technology,13 but improvements in 

Collector n+ polysllicon 

n+ 

p 

BESOl are making this latter ap­
proach more competitive. Both tech­
niques can yield high-quality wafers 
of any size with thin, homogeneous 
silicon layers of easily-controlled 
thickness. 

To fabricate regular SiMOX wa­
fers, silicon wafers are implanted 
with o~gen ions (0+ in doses as high 
as 1018 cm-2 and at energies as high 
as 200 ke V. The wafers are held at 
temperatures that approach +600°C. 
This procedure creates an amor-

,The Key. 

• 2. This hlgh·frequency 
silicon bipolar employs 
a polysilicon base and 
emitter structure. 

• 

phous oxide layer under a damaged 
silicon top layer. A subsequent an­
neal at +1320 to + 1350°C for 2 to 6 
hours in argon (with roughly 1 per­
cent oxygen) recrystallizes the top 
silicon layer and makes an abrupt 
Si-Si02 interface. The silicon layer 
above the oxide is of the order of sev­
eral thousand Angstroms thick and 
has 2-percent thickness homogene­
ity. The silicon can then be etched to 
the desired thickness. Additional in­
terim steps can reduce the silicon 

The reason the Digital Piano sounds as good as it looks is its Motorola DSP56001 24-bit 
digital signal processor, which' produces CD-quality sound: From pianos to computers, 
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dislocation density t o 104 cm-2 or • lower. A variation of all parameters 3. This simplified 
can be performed to optimize t~e cross-sectional 

diagram shows the material quality.14 . components of a 
BE SOl wafer production starts SiGe/Si heterojunction 

with the growth of a good-quality bipolar transistor 
(HBT). thermal oxide to the desired thick-

ness on standard silicon wafers. M- • 
ter thorough chemical cleaning, two n- silicon 
wafers are bonded with their oxide 
layers together. The'bonded wafer is n+ silicon substrate 
then heated to over +700°C for sev-
eral hours to improve the strength of 
the bond. One wafer is then etched 

, was accurate' to 70 A. The disloca-back and mechanically polished, in of SOl, the highly-doped substrate 
several steps, to achieve the re- tions in the material were below 105, acts as a ground plane just under the 
quired top silicon wafer thickness. making these wafers very competi- active region. Motorola uses this 

-Etch "stops" are used in order. to ' tive with SiMOX wafers. Other SOl approach for their silicon MOS cir-
ensure uniformity. techniques include silicon on glass, cuitS.16 Via holes are fabricated us-

The most recent etch-stop technol- silicon on sapphire (SOS), dielectric ing p + sinkers that ground the source 
ogy employs the use of epitaxially- , isolation (DI), 'and silicon on diamond to the substrate. But unlike SOl 
grown etch stops like SiGe,15 which (SOD). technology, this approach can lead 
allows very careful control of the sil- For lower-frequ~ncy applications to serious leakage problems and, of 
icon layer homogeneity. F or exam- such as mobile commercial communi- course, cannot support microwave 
pIe, when a 1000-A SiGe etch-stop cations, highly-doped conductive sil- frequencies. 
layer was useq., the silicon thickness icon is commonly used. As in the case Recent advances in both materials 
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and fabrication techniques are push- frequency of MOSFETs, they must This, however, does not solve the 
ing the frequency limit of silicon be scaled to smaller dimensions_ In biggest problem; hot-carrier genera-
devices far beyond what was origi- doing so, the parasitic junction ca- tion. Hot carriers are caused by the 
nally thought possible. Because of pacitances and series resistance increased field concentration in the 
new techniques in photolithography must also be reduced_ In addition, if shallow junction_ These carriers can 
and x-ray lithography, gate lengths the devices are to be part of an Ie, greatly degrade device performance 
as small as O.llJ-m are now possible isolation must be preserved. The by increasing leakage currents. The 
with silicon. For instance, eximer three basic variables involved in this problem can be minimized by lightly 
laser lithography, an extension of scaling-down process are junction doping the drain junction, which 
optical lithography, is being used for depth, oxide thickness, and depletion helps to reduce the electric field at 
applications below 0.25 IJ-m. 17 The depth, with tradeoffs in choosing the junction. 
process is better suited for produc- their dimensions. Nonetheless, this does not help to 
tion than electron-beam or x-ray As device dimensions shrink, reduce the high series resistance of 
techniques. drain and source junctions must also the shallow junctions. One technique 

become smaller. With this reduction used to solve this problem is the self-
MOSFET STRUCTURES in size, however, comes an increase aligned silicide (salicide) process. 

Traditional MOSFET and bipolar in the series resistance, a decrease in When scaling down a MOSFET, the 
structures are being pushed to high- the breakdown voltage, and an in- gate oxide becomes thinner (within 
er frequencies by novel scaling tech- crease in the generation of hot carri- linlits). When an oxide becomes thin-
niques. But perhaps the most signifi- ers. In addition, the shallow channels ner than 40 A, carriers begin to tun-
cant development in high-frequency that result are particularly suscepti- nel through the oxide, ultimately 
silicon devices is SiGe. This material ble to damage during subsequent leading to device failure. Additional-
enables, for the first time, bandgap processing, which can lead to leakage ly, as the oxide gets thinner, the ca-
engineering and strained layer in the device. Therefore, only the pacitance between the metal and the 
structures in a silicon-based system. portion of the junctions close to the substrate increases. This capaci-

In order to increase the operating channel are made shallow. tance can be reduced by placing poly-

The Hero. 
The muscle behind the PhilipS Digital Video Cartridge is the Motorola MCD251 Full-Motion Video 
Decoder. It creates an interactive viewirig experience of heroic proportions. From_ CD-I players to remote 
controls, products powered by Motorola are fast becoming a way of life. 

MOTOROLA 
Mlcrocontroller Technologies Group 

MICROWAVES & RF • OCTOBER 1994 

65 
.'. 

---, 

\ 
_I 



',. 
DES I G N FE ATURE 

silicon between the metal and the 
contact (Fig. 1). This not only helps 
to decrease capacitance, but also 
adds a layer which protects the de­
vice against metal spikes during 
processing. 

Depletion regions in MOSFET 
structures are a result of the drain 
and source junctions. The width .of 
the depletion region must scale down 
with the other MOSFET dimen­
sions, particularly in 'the channel re­
gion, to avoid drain-to-source punch- . 
through. This can be achieved by 
heavily doping the channel, but this 
can lower the breakdown voltage 
and increase the threshold voltage. 
Heavy doping also increases the 
junction-to-subst rate capacitance. 
An alternative is to lightly dope the 
area outside the channel to minimize 
this capacitance. This technique was 
applied by Bell Laboratories, which 
developed silicon N- and P-type 
MOSFETs with fT'S of 116 and 51 
GHz, respectively. IS These devices 

feature O.1-l-Lm polysilicon gates 
fabricated with electron-beam 
lithography. 

To minimize subthreshold leak­
ages in these devices, vertical doping 
technology was employed to put a 
highly-doped region under the chan­
nel only. The' drain fields terminate 
on this region instead of on the 
'source, which reduces both leakage 
and junction-to-substrate c~paci­
tances. Since the channel itself is not 
doped, there is no shift in threshold 
voltage using this process, which is 
VLSI -compatible. 

Substrates used for high-frequen­
cy MOSFETs must either be highly 
conductive or fairly insulating. Stan­
dard silicon acts as a lossy resistor, 
degrading device performance. As 
a result, silicon used for high-fre­
quency applications has traditionally 
been very highly doped. By making 
the substrate conductive, the entire 
substrate in essence becomes the 
ground plane. Unfortunately, this 

Checkout. 

approach is inherently leaky, with a 
limited level of integration. Junction 
and trench isolation techniques have 
been used to try to limit leakage. 

Leakage is the prime motivator 
for using SOl technologies. SOl adds 
a layer of oxide just below the active 
device. Devices can be isolated on all 
three sides by etching trenches be­
tween the devices and back-filling 
them with polysilicon. Although SOl 
helps to control leakage, it does not 
alleviate the loss problem. 

SOS technologies, on the other 
hand, do cut losses. They provide the 
isolation of SOl and a low-loss sub­
strate for microwave components. 
Using SOl, both O.5-l-Lm NMOS and 
PMOS devices have been demon­
strated with fT's of 22 and 21 GHz, 
respectively, and fmax's of 11 and 7 
GHz, respectively.19 Using 'a T-gate 
structure, fT's greater than 20 GHz 
and fmax's of 37 and 53 GHz, respec­
tively, were achieved for PMOS­
FETs and NMOSFETs.2o 
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Gate 

n+ polys il icon 
oxide 

Source i silicon spacer - i SiGe channel 
. p+ I 

i silicon spacer 
P silicon donor 

n- silicon substrate 

Unfortunately, SOS is relatively 
expensive. Its main disadvantage is 
its anisotropic nature: the dielectric 
constant changes with the direction 
of the crystal, varying from 9,3 to 
11.5· and making circuit design ex­
tremely complicated. In addition, 
sapphire has a thermal conductivity 
even lower than that of GaAs (0.42 
W/cm-K compared to 0.46 W/cm-K). 

Perhaps one of the best ways to 
minimize leakage and substrate loss-

Drain · -I . p+ 

• 4. A SiGe/Si PMOSFET 
device contains several 
spacer layers. • 

es is to use HRS substrates. It has 
been shown that the fT and fmax of 
MOSFET devices actually increase 
when fabricated on a high-resistivi­
ty substrate.21 MICROX technolo­
gy from Westinghouse combines 
SIMOX processes with HRS sub­
strates. Substrates with resistivities 
greater than 10,000 a-cm are used 
and the resistivity can be maintained 
during processing.22 

. 

Silicon bipolar devices reach high-

Counter. 

er frequency operation in the same 
way as silicon MOSFETs, via scal­
ing. The scaling rules and relation­
ships are different for bipolars, how­
ever. Bipolar devices have effects 
such as the Kirk effect (base push­
out), base punchthrough, and cUr­
rent crowding, in addition to para­
sitic elements. In a bipolar, the 
parasitic elements that affect per­
formance the .most are the base 
resistance (Rb), the base-collector 
capacitance (CBc), emit ter resis­
tance (RE ), and the collector-to-sub­
strate capacitance. 

For high-frequency bipolars, ver­
tical structures are used since, in this 
dimension, the layer thicknesses can 
be easily controlled. Techniques such 
as polysilicon emitters, self-aligned 
emitter and base contacts, and 
trench isolation are commonly used 
in scaling these devices (Fig. 2). 

The use of polysilicon in fabricat­
ing bipolars provides many advan­
tages. This material cannot only 

MageliaI). gets its incredible vision from the Motorola 68331 microcontrolier, which translates graphic 
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withstand high processing tempera­
tures, but can also be oxidized. Its 
most important use is in self-align­
ment of the emitter and base con­
tacts. The. polysilicon fonns a side­
wall spacer to permit the fabrication 
of devices with very small emitters. 
When used to form the emitter con­
tact, polysilicon can greatly improve 
transistor gain. When scaling bipolar 
devices, the ·base doping must be 
increased as the base is made small­
er to compensate for the increase 
in base resistance and to prevent 
punchthrough. However, because of 
this increased base doping and other 
factors, fT drops. Polysilicon emit­
ters help to compensate for this. 
Also, polysilicon in the emitter can 
be extended beyond the contact re­
gion to lower the contact resistance. 

An example of a high-frequency 
bipolar is Hitachi's 64-GHz device.23 
It is fabricated with U-groove trench 
isolation using an in-situ phospho­
rous-doped polysilicon (IDP) tech­
nique to fonn the ultra-shallow emit­
ter. Low-temperature processing 
and large-grain-size polysilicon are 
used to avoid increasing emitter re­
sistance and redistributing the base 
profile. Hitachi has also fabricated 
complementary bipolar transistors 
on the same chip using their SPO­
TEC process. The process yields 
NPN and PNP transistors with cut­
off frequencies of 30 and 32 GHz, 
respectively.24 The fact that the fT's 
of both devices are almost identical 
helps to avoid high-frequency distor­
tion. In addition to excellent dis­
crete-device performance, bipolar 

Gate 

Relaxed Si Ge buffer 

Graded SiGe buffer 

Silicon substrate 

Iii! [aJ]~1 i ~e:I~[I ) Mile 1ft 

devices have formed the basis for sil­
icon MMICs. Another firm, NEC, 
has demonstrated a divide-by-16 
prescaler that operates in the 12-to-
28-GHz range. The circuit incorpo­
rates silicon bipolars with 40-GHz 
cutoff frequency.25 

High-frequency BiCMOS technol­
ogy, which integrated both bipolars 
and CMOS devices, has the potential 
to support ICs with both RF and dig­
ital functions. IBM has demonstrat­
ed a 60-GHz double-polysilicon self­
aligned bipolar device integrated 
with 0.25-J..Lm CMOS. Integration is 
achieved without degradation of 
either type of device.26 

Active electron devices containing 

• 5. A SiGe/S1 
modulation·doped FET 
(MODFET) device 
employs strained 
silicon on relaxed SiGe. 

• 
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one or more SiGe layers have shown 
significantly better performance 
than their pure silicon counterparts, 
due to the improved material prop­
erties of these structures. Silicon and 
germanium have a lattice mismatch 
of 4.2 percent at room temperature. 
The lattice constant of Sil _ xGex 
grows linearly with the germanium 
concentration, denoted by x in the 
chemical formula. The Sil _ xGex 
starts growing on silicon, epitaxially 
growing defect-free and uncondi­
tionally stable until the critical thick­
ness (he) is reached. This critical 
thickness can be very small. For ex­
ample, when x = 0.2, he is only 80 A 
Above he, there is a range of thick­
ness where the material is condition­
ally stable or metastable. Since ma­
terials with thicknesses below he 
are extremely difficult to fabricate, 
many materials are fabricated with 
metastable structures. This must be 
done with great care since, under 
certain conditions, the material will 
start to relax and develop defects. 

Methods used for the epitaxial 
growth of SiGe include molecular­
beam epitaxy (MBE), gas source 
MBE, and several types of chemical 
vapor deposition (CVD). The most 
notable CVD type is ultrahigh-vacu­
um (UHV) CVD.27 UHV CVD was 
used to produce the first large-scale 
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SiGe application, a digital-to-al'l:alog 
converter (DAC) with· 2854 NPN 
transistors.28 The special equipinept 
used for .this process is now commer­
cially available.29 This process em­
ploys relatively low temperatures 
(up to +550°C) to grow the SiGe 
structure and can process multiple 
wafers with diameters 'as large as 8 
in. Several large companies are cur­
rently involved with SiGe, 
including IBM (using UHV 
CVD), Daimler-Benz (using 
MBE), AT&T (using MBE 
and .rapid · thermal CVD), 
Hewlett-Packard Co. (using 
low-pressure CVD), NEC 
(using MBE), and Hitachi 
(using MBE). 

111!td'Hli48:lwl!ndl4\J 

The introduction of strain into the 
SiGe/Si material enhances the band­
gap change and actually changes the 
mobil~ty of the material. Relaxed 
SiGe and silicon have degenerate 
conduction and valence bands; strain 
lifts this degeneracy but results in 
non-constant mobility regarding the 
type of carrier, direction of conduc­
tion, and whether the carriers are 

Graded compOSition 81Ge 
O<y<x, approximately 2 p.,m thick 

p+ silicon substrate 

terials (Fig. 4). The hole mobility in 
the SiGe channel of SiGe/Si PMOS is 
enhanced versus that of standard sil­
icon PMOS because these holes do 
not scatter at the SilSi02 interface.32 

The top silicon spacer layer is nec­
essary since there is no ideal oxide 
for SiGe. Proper design, including a 
germanium-graded channel to 'move 
the holes nearer to the top of the 

Drail) 

channel, and an n+ polysili­
con gate allow for proper 
operation. So far, the actual 
performance of these de­
vices has only been moder­
ate. A 0.25-f.Lm-gate PMOS 
demonstrated a transcon­
ductance of 167 mS/mm 
versus 137 mS/mm for a sil­
icon-only control device.33 

With optimization, the SiGe 
device could be improved. 

Since there is no step in 
the conduction band in the 
SiGe/Si interface, electron­
conduction FETs or NMOS 
HBTs can only be fabricat-

In the fabrication of het­
erojunction-bipolar-transis­
tor (HBT) devices, SiGe of­
fers the ability to tailor the 
bandgap and strain effects. 
At the SiGe/Si interface, 
there is a step in the valence 
band equal to the bandgap 
difference (~Eg). This im­
proves the emitter injection 
efficiency (hIe) of HBT de­
vices compared to bipolars, 

6. A strained silicon NMOSFET device incorporates both a surface oxide and 
a strained silicon layer on relaxed 8iGe . 

ed using strained silicon 
grown on relaxed SiGe. 

where ~Eg is zero. Parameter hIe is 
related to a change in bandgap as 
shown by the following relationship: 

h oc eM, lid 
Ie 

In a typic~l device material with x 
= 0.2, SiGe has approximately a 175-
me V reduction in the bandgap. This 

. results in a large improvement in hIe. 
For a simple NPN SiGe/Si HBT (Fig. 
3), the current gain, as limited by the 
injection efficiency, is improved by a 
factor of 1000 compared to an all-sil­
icon bipolar. In addition to the im­
proved injection efficiency, this re­
sult enables the device designer to 
increase doping and reduce the 
thickness of the base. With lower 
base resistance and thickness, fT and 
fmax are markedly improved. The 
values of the Early voltage (Va) and 
[3Va are also increased due to the 
increased doping concentration. An 
additional increase in the device 
speed can be achieved by grading 
the germanium concentration in the 
base.30 This gives an accelerating 
field of20 to 40 kV/cm. 

•• 
majority or minority types. For most 
of these cases, theory predicts that 
the mobility will be enhanced. The 
result of these strain effects, as pre­
dicted through simulations of a high­
frequency SiGe HBT with a linear­
ly-graded base, is an increase of 
roughly 50 percent in fT and 35 per­
cent in fmax versus the case where 
strain was neglected.31 

MOSFETs on SiGe/Si are desir­
able, but as of yet have not been fab­
ricated as successfully as HBTs. 
SiGe technology offers FET en­
hancements that are much different 
than those possible with bipolars. In 
a MOSFET, the surface scattering 
due to the roughness of the silicon! 
oxide interface causes a large reduc­
tion in the mobility of the carriers. 
With SiGe technology, it is possible 
to fabricate quantum-well structures 
that essentially move the channel of 
the MOSFET below the surface of 
the device. For P-type devices, this 
is achieved using strained SiGe on 
silicon, .since a step in the valence 
band is formed between the two ma-
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This creates a bandgap dis­
continuity in the conduction 

band, which allows electron confine­
ment in the thin strained silicon 
layer adjacent to the relaxed SiGe 
layers. Moreover, the degeneracy of 
the silicon conduction band is lifted, 
resulting in a significant increase in 
the mobility in the direction of the 
current flow within the device.34 The 
NMOS channel is in the silicon as 
opposed to in the SiGe for the PMOS 
device. A basic MODFET includes 
N-doping in the top SiGe donor 
layer, an undoped SiGe spacer, and 
an undoped strained silicon channel 
(Fig. 5). 

A mobility of 2830 cm2Ns has been 
reported for an N-type MODFET.34 

This is an improvement by a factor of 
2 versus intrinsic silicon and a factor 
of 5 over silicon inversion layers in 
MOS structures. Moreover, the elec­
tron velocity reached its saturation 
value at an applied field of only 25 
kV/cm instead of the 50 kV/cm re­
quired in bulk silicon. This signifi­
cant result means that a lower volt­
age bias can be used in these devices. 
Even. with all its these 
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structures have some drawbacks, 
however. The requirement of a re­
laxed SiGe "substrate" is rather de­
manding. A compositionally-graded 
buffer (2 t o 3 J-Lm or more thick) is 
used to achieve this. It turns out that­
these structures usually have large 
leakages. Several cap layers have 
been used to solve this problem. A 

S IEM ENS 

0.5-J-Lm T-gate MODFET fabricated 
on this mater ial demonstrated a 
transconductance of 390 mS/mm at 
room temperature.35 

NMOS devices were also fabricat­
ed,a6 using a slightly modified stan­
dard silicon MOS process (Fig. 6). 
The actual germanium concentration 
was 30 percent. The devices made on 
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strained silicon showed roughly an 
8O-percent improved effective mobil­
ity and transconductance in compar­
ison to similarly made silicon control 
devices. This procedure can also 
yield P-type devices, but those fabri­
cated so far have not been optimized 
and have not shown improvement 
over standard silicon devices.a7 

All FET devices (MODFET, 
MOSFET, N-, and P-types) are still 
in the early stages of development 
and no meaningful high-frequency 
results have been reported. HBTs, 
however, have been optimized for 
high-frequency applications with 
good results. Either fT or fmax for an 

, HBT can be optimized, but to the 
detriment of the other parameter.38 

For examRle, fT = 113 GHz39 and fT = 
116 GHz4 were reported for NPN 
HBTs. However, fmax of only 48 GHz 
was reported for the latter example. 
Still, a device having both a high fT 
and fmax has been achieved: an NPN 
HBT structure from Daimler-Benz 
featuring an fmax of 65 GHz and fT 
of 91 GHz.41 

A study was performed to com­
pare a SiGe HBT with a similarly 
processed silicon bipolar (containing 
a sUb-500-A base width). The SiGe 
device had an fT of 113 GHz with ~V A 

of 48,400, improvements of 40 GHz 
and 47,770 over the bipolar. Since 
PNP SiGe HBTs are much harder to 
fabricate (as the germanium profile 
must be changed t o accommodate 
the adverse band discontinuity), the 
best PNP HBT results so far are not 
as impressive as those for NPN 
HBTs. For PNP HBTs, some of the 
best devices have fT of 55 GHZ.42 

Also, fmax of 38 GHz and fT of 31 GHz 
have been demonstrated for a single 
device in an EeL circuit.43 The abil­
ity to produce both NPN and PNP 
HBTs, albeit with different SiGe/Si 
profiles, opens up the possibility of 
fabricating complementary circuits 
with SiGe HBTs. 

In addition to fT and fmax, noise and 
the ability to integrate must be con­
sidered in a device process. Low 
noise figures have been obtained by 
a collaboration between Daimler­
Benz and the University of Ulm 
(Ulm, Germany) for an NPN HBT. 
At a low collector current of rnA, 
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the device had noise figures of 0.9 
and 0.5 dB, with associated gains of 
6.5· and 12 dB at 10 and 2 GHz, re­
spectively.44 These devices had an fT 
of 34 GHz and fmax of 25 GHz. 

Integration of SiGe devices with 
digital circuitry has been shown in a 
DAC developed by the collaboration 
between IBM and Analog Devices _ 
(N orwood, MA). The circuit has a 
sampling rate of 1. GSamples/s, 12-b 
resolution, and contains 2854 NPN 
HBT transistors; it consumes just 1-
W power. The collaborators claim 
that this power consumption is lower 
by a factor of 4 or 5 than any other 
semiconductor technology.45 

SiGe technologies, in particular 
HBTs, are well-suited for many ap­
plications, such as low-power, high­
speed DACs and analog-to-digital 
converters (ADCs). In turn, these 
DACs and ADCs can be incorporat­
ed into a variety of systems, includ­
ing communications networks, ra­
dars, medical imaging systems, and 
high-definition television (HDTV). 
Analog applications include low­
noise and possibly high-efficiency 
amplifiers. In these cases, monolithic 
integration on high-resistivity sili­
con is the next logical step. Digital 
designers will find that the technolo­
gies are suitable for low-voltage dig­
italICs. 

Since silicon is an indirect bandgap 
material, it has limited use for optical 
applications. Prognosticators note· 
that optics in silicon will take at least 
twice as long to reach fr'uition as 
hybrid GaAs/AlGaAs and InGaAsPI 
Inp.46 Porous silicon has demon­
strated photoluminescence,47 but de­
vices made from these materials are 
still in the beginning research stage. 

With the development of SiGe ma­
terials, the possibility of silicon light 
emitters has greatly increased. In 
this material, the bands can be mod­
ulated by proper growth of SiGe on 
silicon. The processing, however, ' fs 
not trivial and the light-emitting 
yield is extremely low. Modulation 
of the bands has been demonstrated 
by the use of multi~le quantum-well 
(MQW) structures. 8,49 

Even with increased-speed silicon 
devices, eventually silicon will reach 
its frequency limit and an inherently 

Iii! [g"~1 i as: I~[" !He if) 

faster material, such as GaAs, must 
take over for very high frequencies. 
It'is not a matter of whether silicon 
will dominate microwave applica­
tions, but where it is that silicon will 
no longer be a practical choice. With 
the addition of SiGe devices, tp,at 
boundary will apparently continue to 
move higher .•• 
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