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ABSTRACT
Silicon-Germanium  Heterojunction Metal-Oxide-Seomductor Field-Effect-
Transistors (SiGe HMOSFETSs) have been succesgablycated on Si substrate. The
semiconductor heterostructure, which was grown hg-spurce molecular beam
epitaxy (GS-MBE), was initiated by the depositidnacSh /G&) 3 “virtual substrate”.
The n-type transistors were fabricated using adstahMOS process. The channel is a
thin, undoped layer of strained Si and is burietbWean arsenic-doped &Ge 3
layer, which provides the carriers. The devicesil@tdd excellent current-voltage
characteristics in terms of transconductance aath durrent, with no breakdown or
leakage. A level-1 model was extracted, for useinicuit design. The results suggest

that the realisation of buried-channel SiGe n-HMEB%§ is feasible in MOS

processes. These devices are of particular impmetamanalogue applications.
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INTRODUCTION

The Si/SiGe heterojunctions became popular durimg 1990s, when Ge was
introduced, to realise heterojunctions in the silibase of bipolar transistors (HBTS).
This offered the advantages of highge(30 GHz) and lower base resistance, resulting
in lower transmit noise and higher receiver sevigjtiseveral emerging applications
use carrier frequencies up to 5 GHz, requiringsistor f of 50 GHz) [1]. But with
CMOS remaining the dominant technology, the Si MBBHs being continuously
scaled down and fundamental limits are being re&chieis therefore wise to
investigate new technologies. In the Internatiofa@chnology Roadmap for
Semiconductors [2], non-classical CMOS and bandresged transistors are
tabulated under the “near future” timing, referriogstructures with SiGe or strained-
Si channels on bulk Si or SOI (silicon on insulatsubstrates. In addition to the
processing compatibility with CMOS, SiGe HMOS tristers have much more to
offer: First, higher drive current and speed, whiglse from the strained channels.
Then, it is mobility enhancement, especially inhaienel devices [3], which promises
a truly complementary process and is of particutgrortance to digital circuits. Low
noise operation is achievable, due to the burieghobls that can be realized. And
last, but not least, SiGe HMOS transistors haveigelpotential in the fields of RF
analogue electronics and micropower applicatiori®e fiesearch has benefited a lot
from the advances in SiGe heterojunction FETs (HHE[®B], where n-channel
devices have figures of merit comparable to singl@ometry GaAs transistors. It is
emphasised here, that these devices too have lehathels (but not a gate oxide).
Reported experimental Si/SiGe n-channel HMOS deddimited [5] and the trend is
towards surface channel devices and not buried mnedanFurthermore, the

performance remains below the theoretical predisti6].



EXPERIMENTAL DETAILS

All epilayer growth (figure 1) was carried out byS@IBE, using fluxes of disilane
(SiHe) and germane (Gejdat 550°C. The pressure during growth was maintained in
the range of 10— 10 T. The start material was a high-resistivity pey-doped Si
substrate. First, a graded-composition SiGe layas weposited, followed by a
relaxed p-type 9i:Ge 3 virtual substrate. The top 100 nm of the virtuddstrate were
B-doped at a lower level, to minimise the inversedbstrate charge. The nominally 8
nm thick strained-Si channel was then grown, fre@amy intentional dopants. An
arsenic-doped (1xi®cm™), 10 nm thick Si-Gey; donor layer then followed. This
layer engineers the band gap discontinuity and tsntne electron carriers to the
resulting channel, within the strained-silicon lay€inally, a 10 nm undoped silicon
layer was grown on top of the structure. This imnstoned during transistor
fabrication, to form the gate oxide, as in convemai MOSFETS.

The fabrication of the transistors was performedf@®ows: Initially, electrical
isolation of the individual devices from within thepitaxial layers was required
(MESA isolation). This was done by chemically renmgy the active epitaxial
material around the transistors to a depth of 3@Qadown to the virtual buffer layer).
MESA isolation of active devices is common praciicedoped epitaxial structures.
Then, a standard Si MOS process was carried ottrettuced thermal loads, where
possible, in order to maintain the strain and red@e diffusion in the device channel.
MOS device isolation, in particular, consisted @03nm low-temperature oxide
(LTO), deposited at 40QC, in which, active areas were defined by patterrand
etching, using a BHF solution. Dry thermal oxidatiat 800°C for 60 min was used

to grow the gate oxide (resulted thickness 6 nm@0 8m of amorphous Si were



deposited and implanted with As (1*1@ni% 40 keV). Rapid thermal annealing
(RTA) was performed at 80C for 30 sec in order to activate the resulting/gsil for
gate definition, which was carried out using elestbeam lithography. Dry etching
the poly produced gate lengths down to 300 nm aad fellowed by self-aligned
source and drain implants using As (5¥1dn2, 40 keV). A 30 sec RTA at 82&
was used for implant activation. The interlayedatéic (ILD) consisted of 100 nm
LTO (400 °C), followed by 200 nm of BPSG. Contact vias wernent dry etched
through the ILD. The metalization system consisiEdputtered Al (1% Si) with a Ti
barrier layer. A microscope image of a device idah for RF on-wafer

measurements is shown in figure 2.

MEASUREMENTSAND DISCUSSION

After fabrication, a number of transistors withfdient geometries were available on-
wafer for characterisation. The shortest gate lemgis 300 nm, with a gate width of
100 microns. Typical DC characterisation resultsrfthese devices appear in figures
3, 4 and 5. The current-voltage characteristicssAmvn in figure 3 (solid curves).
The transistor turns properly off for gate voltagesliow 0.4 V and shows no
breakdown for drain voltages up to 1.5V. A staddawvel-1 NMOS PSPICE model
was extracted, for use in circuit design. The miedeDC |-V characteristics are
shown as dots in figure 3. The fit was accomplisbgaptimising the simulated data
(in Microwave Office CAD software) versus the measuDC data. The extracted
parameters are listed in the insert, in standarel{& notation and units. This model
can adequately cater for the DC performance ofogne circuits, but further work is
underway for the implementation of a more apprdpriaol, which takes into account

the full nature of a buried-channel heterojunctid@SFET.



The measured current transfer characteristicstatag®gn are presented in figure 4.
The maximum transconductance is 200 mS/mm andditesponding drain current is
in excess of 220 mA/mm, reaching up to 380 mA/mnhigh overdrive. The wide
maximum, which occurs with respect tqg;/ can be attributed to the presence of
mobile carriers in both the channel and the dorayed. This is of particular
importance for analogue circuit design, since mdrthe transistor power can be
intentionally traded-off with linearity, by propsetructure engineering. Figure 5 shows
the bs versus \s characteristics, which are of importance for nypower
applications. The device exhibits an off-state enrrof 30 nA and a sub-threshold
slope of 200 mV/decade. Theywas 0.1 V.

The RF performance of the 0.5-micron gate-long akeviof figure 2, was measured
on-wafer, using a HP 8753D network analyser. Froes¢ measurements, a non de-
embedded cut-off frequency of 550 MHz was extracfBuais relatively poor RF
performance could be partly attributed to crystafledts, which may have degraded
the quality of the strained material. Although malependent characterisation (i.e.
TEM) is available to verify this claim, such defeetre known to pose a problem and
can be reduced with further optimisation of thetapal growth [7]. Nonetheless,
combined low-\4s I-V and C-V measurements on long-gate FETS, yldedrift
channel mobility of 20 cfiVsec, at room temperature, indicating that theemait

quality could, indeed, be an issue.

CONCLUSION
Buried-channel SiGe n-HMOSFETs have a huge polefsianodern RF analogue
circuit design. They are superior to their convami Si counterparts, in terms of the

usual trade-offs between power, speed, linearity moise. The results of this work



show that their incorporation in CMOS processédsasible and that, surface-channel

devices are not the only way forward.
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FIGURE CAPTIONS

Figure 1. The SiGe HMOS layer structure. All shown paramsetge nominal.



Figure 2. Optical microscope image of a transistor intenftedhigh-frequency on-
wafer characterisation. The distance between adfjaostact pads is 100 microns.
Figure 3. Typical current-voltage characteristics (solidvas) of a transistor with
gate length of 0.3 microns and width of 100 mictofise \is values are shown next
to the corresponding curves. The extracted levebilel (see insert) is represented by
the dots.

Figure 4. The transfer characteristics of the device ofriég (at saturation).

Figure 5. Sub-threshold characteristics ais#0.1 V. The sub-threshold slope is 200

mV/decade.
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Figure 3.
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Figure4.
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Figureb.
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