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ABSTRACT

Fully-depleted single-gated and dua-gated SOl MOSFETSs are fabricated using
both Epitaxial Lateral Overgrowth (ELO) and Confined Lateral Selective Epitaxial
Growth (CLSEG). SOI MOSFETsand diodes are fabricated in thin (= 1500A) CLSEG
films grown in pre-defined 25004 thick cavitiesfor the first time. In addition to the SOI
MOSFETS fabricated using selective epitaxial growth, thin-film SOl MOSFETs were
also fabricated on SIMOX wafers. The one to one comparison between the two SOI
technologies proves that the ELO and CLSEG materid isof at least as good if not better
quality than that of SIMOX. Effective hole mobilities in the excess of 300 cm?2/V-sec
were obtained on thin-film ELO and pp e valuesof greater than 240 cm?/V-sec were
extracted from the thin-film CLSEG devices.

A new linear sweep technique to measure generation lifetimes in thin SOI films
has been developed. The measurement technique uses fully-depleted or partiaily depleted
MOSFETS as the test structure. A detailed analytical formulation that involves the
solution of Poisson's equation as applied to a fully-depleted SOI structure is presented.
The analytical solutionsare used to ssmulate the behavior of the SOI devices under the
proposed linear sweep conditions. Finally, the linear sweep techniqueis applied to fully-
depleted devices fabricated on SIMOX material and an average lifetime of 2us is
extracted from devicesacross the wafer.

Theeffectsof volumeinversion in thin-film short-channel SOl MOSFETs and the
efficacy of dual-gate operation in enhancing their device performance have been analyzed
using two-dimensional device smulations and one-dimensional analytical computations.
In the strong inversion regime, the analyses suggest that when compared at constant Vg-
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VT values, the dual-channel volume inverted devices do not offer significant current-
enhancement advantges, other than that expected from the second channel, over the
conventional single-channel devicesfor slicon film thicknesses in the 0.1um range. In
its support however, two-dimensional simulations suggest that dual-gated devices are
more immune to short channel effects than conventiona single-gated devices. In this
regard, a novel process sequence to fabricate self-aligned dual-gated MOSFETs is
presented.



CHAPTER 1
INTRODUCTION : BICMOS AND SOI

1.1 Introduction: The Paradigm d High Densty and High Speed

CMOS circuits hold a position of prominence in the semiconductor industry.
Literally thousands of semiconductor ICs utilize the CMOS technology to achieve a
myriad of functionsand applications. These range from simple logic gates to memory
cellsto complex microprocessors. At the heart of the CMOS technology are of course the
independent n-channel and pchannel MOSFETs. The simplicity in the design and
fabrication of the MOSFETSs and their easy adaptability to aggressive scaling were
insgrumenta in pivoting CMOS circuits to their current position as a technological giant.
In addition, CMOS circuits maintain very low power dissipation levels which makes
CMOS the technology of choice in most memory and VLSI applications. However, the
weak link in CMOS circuits is their speed performance. MOSFETs have low
transconductances and hence low current driving capabilities. The low drive currents
limit the speed with which the load capacitance are charged and discharged. Hence the
maximum allowable switching speeds are limited. It is this niche that the faster ECL
bipolar circuits completely occupy. The ECL circuits use bipolar junction transistors
(BJTs) as their core drive element. BJTs have high current handling capabilitiesand thus
circuits incorporating them operate at higher speeds compared to CMOS circuits.
However, ECL circuits requirea significant amount of static power arising from the
necessity to maintain the bipolar transistorsin the ON state (Vbe= 0.7V). These power
dissipation levels cause excessve device heating and demand the presence of sufficient
heat sinks around the individual devices. Bipolar devices, for the aforementioned reason,
cannot be integrated too extensively and consequently ECL circuitsdo not achieve very
high integration levels. In asmpligtic conclusion, whereas CMOS circuitsenjoy a wide
repertoire of applicationsdue to their high integration levelsand low power dissipation,
their poor dynamic performances hamper their use in high speed circuits. ECL circuitsfit
the bill perfectly in so far as speed is concerned but fal papably short in high integration
reguirements.



1.2 Rudimentsof BICMOS

BiCMOS (Bipolar and CMOS) has been an emerging technology in recent years
[1]. Asthe nameaptly suggests, BICMOS s an appropriate merger of bipolar and CMOS
technologies. The aim is to combine the advantagesof the two, i.e.. the high integration
densitiesand the low power consumption of CMOS and the high speed capabilitiesdof the
bipolar. The paradigm of high speed or high density thus metamorphoses into an
opportunity to achieve both speed and density via a BICMOS process. BiCMOS
technologies attempt to fill the void left at the high-speed high-integration levels. By
retaining the benefitsof Bipolar and CMOS, BiCMOS is able to achieve VLSI circuits
with speed-power-density performance previously unattainable with either technology
individualy.

CMOS technology maintains an advantage over Bipolar in power dissipation,
noise margins, packing densitiesand the ability to integratelarge complex functions with
high yields. Bipolar technology has advantagesover CMOS in switching speed, current
drive per unit area, noise performance, analog capability and 1/0 speed. It follows that
BiCMOS technology offers the advantages of (1) improved speed over CMOS, (2) lower
power dissipation than the Bipolar (which simplifies packagingand board requirements),
(3) flexible 1/0's (TTL, CMOS or ECL) - this point is significant given the growing
importancedf ECL 1/0, historicaly the exclusivedomain of Bipolar technology for high
speed systems, (4) high performanceanaog integration and (5)latch-upimmunity.

Figure 1.1(a) compares the gate delays for typicd CMOS, BiCMOS and bipolar
(ECL) technologies. It isclear that whereas BICMOS is a definite improvement over
CMOS, it is still a dower technology compared to ECL. The bipolar ECL market has
historically pursued speed 'at all cost'. Thus when the power budget is unconstrained, a
bipolar technology optimized for speed will almost always be faster than a BICMOS
technology. However in applications where a finite power budget exists, the ability to
focus power whereit is required usualy allows BIiCMOS speed performancesto surpass
that of the Bipolar [2]. Thisaspectd BICMOSis madeclear in fig. 1.1(b) which depicts
the gate delaysfor the different technologiesand their respective power dissipation. The
compromiseachieved by BICMOS vis a vis gate delay and power dissipation is apparcnl.

CMOS technology has in recent years been aggressively scaled to sub-micron
dimensions. Reduced gate lengthsincrease the availabledrive current which resultsin
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improved speed in circuits where the capacitive load is dominated by the extrinsic
capacitance. However further scaling d CMOS technology iscurrently too expensive for
the speed advantages it can offer. For the same increment in cost bipolar devices can be
introduced into the process providing high capacitive load drive capability that is
unmatched by state-of-the art scaled CMOS technology. Asan example motivating the
use of BiCMOS, figure 1.2 shows a typical memory access path in a Static Random
Access Memory (SRAM) implemented using BICMOS. The row and column decoders
and the memory cells require high levels of integration in order to achieve the large
memory requirements. Consequently these unitsin the SRAM are fabricated using the
CMOS technology. However the sense circuitry and the inputloutput (I/O) periphery
determine to a large extent the access time. (The propagation delay through the array is
comprised of the word line delay, bit line delay and the sensing/amplification delay).
Hence the 1/0 periphery and the sense circuitry are fabricated in ECL for greater speed.
Bipolar differential pairs provide the high gain and input sensitivity required to quickly
sense small differencesin bit lineswings. Such a merger of ECL and CMOS within a
single chipistypical of BICMOSdesigns, and isindicative of the compromise achieved
between high integration and high speed. 64K SRAMs utilizing novel BiCMOS designs
and incorporating ECL I/0Os have been fabricated with access times aslow as 38ns with a
maximum power dissipation of just 7SOmW. Comparable SRAMs fabricated in ECL
typically dissipate upto 6.5W d power [3].

In addition to improvingcircuit perfformance, BiCMOS lends circuit designersan
additional degree of freedom in designing novel circuits by allowing the presenced both
bipolar transistors and MOSFETs on the same chip. BiCMOS technology is especially
well suited for I/O intensive applications. ECL, TTL and CMOS input and output levels
can beeasily generated with no speed or tracking consequences. The rail to rail swings
and unterminated environment used in CMOS makes output switching above 33 MHz
difficult. BiCMOS's inherent compatibility with ECL or TTL levels provides an ideal
solution to these problems.

1.3 BiCMOS Process Technology

Although the true power of BIiCMOS rests with the circuit designer, the
emergence of BiCMOS has caused a proliferation of fabrication processes of varying
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complexities. BICMOS technology can be broadly classified into three groups: 1) high
performance2) low cost and 3) analog compatible. In the low cost approach, the focusis
on CMOS process optimization. Bipolar devices added to the process typically don't
have a buried collector and are relatively low performance devices. The idea is to
compromise the NPN performance for the sake of minimizing manufacturing costs and
maintai ning compatibility with existing CMOS processes. The added number of process
stepsis kept toa minimum. One of the key aspects in a manufacturing environment is to
maintain exactly the same performancefor the CMOS devicesso that the CMOS process
filesdo not have to be altered. The third category of analog compatibledevices differ in
their requirementsfrom the first two categories. Design rules typicaly do not have to be

scaled as aggressively - 1.5um-2.0pm rules suffice for most applications. High

performance analog technology requirements include higher voltages (10-15V),

additional components such as precision capacitors and resistors and high performance




PNPs. This implies using thicker gate oxides which reduces the digital CMOS
performance. The first category is the high performance and high speed category and is
by far the most complex technology. Both CMOS and bipolar device performancesare
typically optimized for applicationsin large gate arrays, memories and miCroprocessors.
The rest of this section coversthe synthesisof a high performance BiCMOS process.

There are two distinct ways to approach BICMOS process design. One is to start
with a standard CMOS process and modify it to incorporate a bipolar transistor (CMOS-
based process). The other complimentary techniqueis to start with a set bipolar process
(bipolar-based process). There is no ‘correct’ approach as long as the two techniques
yield high-performance MOSFETs and BJTs commensurate with high performance
digital circuits. However for high performanceLSl and VLS digita circuit applications,
BiCMOS technology is predominantly driven from a CMOS processing base. LS and
VLS digital BICMOS circuitstend to be CMOS-intensive because of power dissipation
limitations(for example, high density ECL I/O SRAMs). The CMOS-intensive nature of
these circuits requires a process technology that results in the highest possible CMOS
performance. Consequently, the BiCMOS process fabrication tends to be CMOS-based,
and the process steps required to fabricate a high-performance bipolar transistor are
merged with a core CMOS process flow [4-6].

A number of factors aid the integration of high-speed bipolar devices into a
CMOS flow. Onedf the mgjor factorsis that structural requirementsfor realizing high-
performance CMOS and bipolar transistors have tended to converge. For example,
silicidation is a common requirement for CMOS and bipolar to reduce sourceldrain
resistances and emitter/base resistances. Similarly, both CMOS and bipolar require
heavily doped N+ buried layers, abeit for different reasons. N* buried layers are
common featuresin bipolar processesand aye introduced to minimize collector resistance.
The buried layer when placed under the n-wellsin CMOS circuits help reduce latch-up
susceptibility. In the following paragraphs, we shall metamorphose a high-performance
BiCMOS processfrom a base CMOS process.

The development starts with a basic n-well CMOS process as illustrated in fig.
1.3. The NMOS deviceis built in a thick P- - epitaxial layer on top of a P+ substrate.
The PMOS transistor is built in an implanted N-well. The P+ substrate is used to reduce
latch-up susceptibility. A first order modification to the processinvolves the introduction
of a simple triple-diffused emitter bipolar transistor. The process uses the N*



sourceldrain (SID) implant to form the bipolar transistor's emitter and shallow collector
contact. The P+ - S/D implant forms the extringc base contacts. The process requires
one additional masking step to introducethe intrinsc base. This process cross-sectionis
shown in fig. 1.4. From a bipolar standpoint, this smple approach has a number o

limitations. The mogt significant of theseis the lightly doped PMOS N-well that is used
to form the bipolar collector. The low doping concentration leads to a large collector
resistance, which limits the usefulness of the bipolar transistor. The next iteration
involves the addition of a buried-layer and adeep n* - sinker; both steps act to reduce the
collector resistance and hence improve the performance of the bipolar transistor. In
addition the epitaxia layer is grown n-type instead of p-type, so that the epitaxia layer
doping now determinesthe collector doping. The p-channe MOSFET isformed in the n-

epitaxia layer while the n-channd MOSFET requiresa p-well implant. The n+ - buried

layer isintroduced for the p-channd MOSFET to reduce the possibility of latch-up. The
resulting device structureis shown in fig. 1.5. This process requires two more masking
steps, one each for the buried layer and the degp n* - iﬁplmt. The significant aspect of

this iteration step is the change in the epitaxial layer doping to optimize the collector
design of the bipolar transistor. The above approach, dthough producing a bipolar device
with much improved characteristics, fill has a number of drawbacks. In particular, the
packing density of the bipolar devicesis limited by the P- - substrate doping level that
must be used to prevent punch-through from one bipolar device collector to another.
Raising the doping level of the P - substrate, while allowing the bipolar devices to be

more closaly spaced, causesincreased collector to substrate capacitance. Also the N-type
epitaxia layer hasto be counter-doped to isolate the N-wdl regionsand to form P-wells
for the NMOS device. Counter doping can cause a reduction in NMOS performance
through mobility degradation.

An improvement in bipolar packing density can be made by using self-aligned
twin buried layers. The processcross-sectionisillustrated in figure 1.6. This alowsthe
collector-collector spacing to be reduced at the cost of increased collector-substrate
sidewall capacitance. The processaso incorporatesa twin-well CMOS process without
heavily counter-doping the epitaxial layer. A near-intrinsicepi-layer isdeposited for this
reason. At the cost of an extra mask level, the bipolar device performancecan be further
improved by using a polysiliconemitter. In such a process, the NMOS and PMOS gates
and the bipolar emitter share a common polysilicon deposition step. Four additional
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masking steps are required (buried N+,deep N+, P-base, emitter) to merge this BICMOS
process with a basdine CMOSflow.

Further optimizations of the bipolar transstor and the MOSFETSs are dictated by
speed and reliability issues. The following modificationscan be incorporated into the
process shown in figure 1.6:

(1) Silicidation of all extrinsic contacts and polysilicon layers. Self-a igned
silicidation (Salicide[7]) iswidely used.

(i)  Sidewall oxide spacer technology is used to incorporate lightly doped drain
(LDD) to prevent hot electron degradation in the NMOS transistors.

(iii)  The emitter and base regions of the bipolar transstor is self-aligned to reduce
device parasitics and enhance performance.

(iv)  Trenchisolationis usd to increase the packing density and reduce the collector-
subdtrate capacitance.

(v)  Source/drain and base junction areas can be reduced through the use of loca
interconnects. Higher packing densities and lower capacitancescan be achieved, leading
to increased chip density.

A fully optimized high performance BiCMOS process is illustrated in figure 1.7. The
sketch is one among an anthology of BICMOS processes. However it typifies the
fabrication processes involved and the fina device structures obtained. The design
considerationsinvolved in such a processis the next topic of discussion.

1.4  Design Consderationsin a BICMOS Process

As we have stated above, BIiCMOS process complexity can vary from alow-end
cost-efficient process, to a high-end complex process in which dl devices are optimized
for maximum performance. The question often arises, "How good doesan NPN have to
be for a given set of MOSFET parameters and vice versa?'. The answer is primarily
determined by circuit requirements. Consider MOSFETs for example. For FETs speed
depends on device parameters such as saturation current (Igsat) and intrinsic (Cipy) and
extrinsic (Cext) Capacitances. These parameters in turn depend on oxide thickness,
channel length and bulk doping. However in FET circuits scaling the oxide thickness
does not increase speed for circuitsdominated by Ciyy because both Igsar and Cint increase
a approximately the same rate. For Cex dominated circuits on the other hand, scaling the
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oxide thickness and channd length will improve the circuit speed. Thusin a BICMOS
circuit, if relatively low performance NPNs are used for primarily driving I/Gs, then high-
performance FETs will be required to drive the large extrinsic capacitances associated
with the NPNs. This can be achieved by scaling the oxide thickness to increase [ 4sa,.
Conversaly, if high-performance self-aligned bipolar transistors are used, then the
requirementson the MOSFETscan berdaxed [8].

Toalargeextent processdesignin BICMOS isdictated by device design which in
turnisdictated by circuit requirements. Theimpact of various process parameters on key
device parametersfor MOSFETs and BJTs are summarized in Tables 1.1 and 1.2 {1].
Tang and Soloman [9] have proposed a method for NPN device and process design which
is depicted in figure 1.8. Circuit requirements determine the current density of the
device. This sets the minimum collector doping and the maximum epi-thickness based
on Kirk effect consderations. Thecurrent densgity al so sets the maximum doping alowed
due to the required current gain. Optimization of the base profileis driven by Rg, p and
base transit time considerations. In general, a similar scheme can be followed for
MOSFETs. However the criterialisted in Tables 1.1 and 1.2 highlight impacts o process
parameters on device requirements for good CMOS and bipolar transistors taken
individually. When the two processes are merged into a single BICMOS process, a
number o compromises are involved. Performancecompromisescan be minimized but
a the expenseof increased process complexity. Mog o the compromisesin performance
are determined by choices made in the front-end development o the process, where the
strongest coupling between device characteristicsoccurs.

1.4.1 Front-end Design Issues

Asdiscussed briefly in section 1.3, thereare a number of front-end design options
available in designing a BICMOS process. Front-end design involves choice of well
doping concentrations, choice o N-epi or P-epi, choice of N-well or P-well processes,
triple diffused process and the twin-wel process with intrinsic epi. When epitaxy is
chosen as a possible option, the front-end design a so determines the epi-doping, buried
layer considerationssuch as autodoping and the choice of epi-layer thickness. Table 1.3
summarizes the front-end design options and ranks the performance of the NPNs and
MOS transistors as well as the ease of implementation and latch-up susceptibility [10].
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Table 1.3 Ranking for Different BICMOS Front-end Options
(listhebest [10])

Front-End Simplicity | CMOS NEN Latch-up
Triple-diffused 1 1 5 5
P-epi/N-well 3 3 2 2
N-epi/P-well 2 3 4 4
N-epi/Retro P-well 4 5 4 3
w-epi/Twin wdl 5 2 2 3

The triple-diffused option as seen earlier in figure 1.3 offers ease of
implementation and compatibility with CMOS technology. This is obtained at the
expense of NPN performance. By and large, the use o an epitaxid layer based processis
essential for high-performance BICMOS. For CMQOS, the epi improves latch-up
immunity, decreases the impact of substrate current and improves apha-particle
immunity in memories [10]. The bipolar transistors benefit from reduced collector
resistance and suppressed Kirk effect. Thicker lightly doped epi is preferred for CMOS
while optima NPNs are obtained with a thinner more heavily doped epitaxial layer.
Moreover parameters chosen for the epitaxial layer are strongly dependent on well doses,
buried layer doses and well drive time for the process. Thus the optimization of epi-
parameters becomes a formidabl e task.

Mogt of the front-end design constraints and compromisesarise from the fact that
the bipolar transistor and the MOSFETs share the same epitaxia layer.

(a) Epitaxia layer thickness: Optimd epi-thicknessbecomesastrong function of the
particular circuit performance requirement. Depending on these requirements, the epi-
thicknesscan be chosen to either optimize the NPN performanceor the FET performance.



The bipolar transistor will set a minimum allowed thickness determined by BVcgo
constraints. Because o the P+ - buried layer that is used underneath the NMOS to
electrically isolate adjacent N-wd| tubs and reduce latch-up, the epi must be thick enough
to prevent the out-diffusion o the P+ - buried layer from excessively increasing NMOS
junction capacitances and the body-effect d the NMOS transastors. On the other hand, a
thick epitaxial layer degrades fT and increases the collector resistance which would
increase propagation delay. In addition, the knee current o the bipolar transistor (Ik)
also decreases. Thisis reflected in figure 1.9 which depicts the gate delay as a function
of epi-layer thickness.

(b) N-wel doping profile and dose: The n-wdl diffused either into P-epi or z-epi
forms both the collector of the bipolar transistor as well as the background doping for the
p-channed MOSFET. Clearly the n-well dose and the profile constitute critical process
parameters. The required n-wel dose is tightly constrained by a number of conflicting
needs. To control the PMOS short-channel effects, the well dose must be sufficient to
prevent DIBL. A wel doping o 1€16 /cm3 or more undernesth the basalis necessary to
suppress base push-out and minimizethe collector resstance d the NPN. If the N-wel is
used to set the PMOS field threshold then an additional constraint occurs based on the
lowest doping that is acceptable at the surface. However excessive N-well dose is
detrimental to PMOS body-effect considerationsand to junction capacitancesas well as
to the collector-basecapacitanceof the NPN.

In figure 1.10 the generd BiCMOS device design methodology is illustrated [11].
The complex procedureinvolved due to the conflicting needs o the CMOS and bipolar is
immediately obvious.

1.4.2 Latchup in BICMOS Processes

Latchup in CMOS circuits is a well known and well understood reliability
concern. |.atchup propenstiesin CMOS circuits fabricated in a BICMOS process are
severely reduced due to the incorporation of twin buried layers under the twin wells. In
addition, the n-well resistanceis significantly lowered in a BICMOS process because of
the requirements of the bipolar. Reduced betad vertical PNP trans stors because of the
presenceof the buried layer and the lower N-wel resistanceare the two mgor reasons for
the significantly superior latch-up immunity of a BICMOS process.
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Certain merged CMOS/bipolar structures in a BiCMOS circuit tend to be
susceptible to latchup and this reduces the design flexibility by requiring more design
rules. Illustrated in figures 1.11(a) and 1.11(b) are two typical merged bipolar/CMOS
structures that are susceptible to latchup. In fig. 1.11(a) at high collector currents the
NPN collector could potentially enter quasi-saturation. This results in the C-B junction
being forward biased which in turn injects holesin the substrate. The holes form the base
current for the parasitic NPN in the SCR latch and turn on the NPNP path. In fig. 1.11(b)
a very common merged device isdepicted. Thedrain of a PMOS transistor is merged to
the base of a bipolar device. Such devices have been shown to yield superior
performances in BICMOScircuits [12]. Once the PMOS transistor is turned on, the high
voltage at its source appears at the base of the NPN device and establishesa current flow
through it. The SCR action in this case is between the vertical NPN and lateral PNP.
The collector current then continues to flow even after the PMOSis turned off.

Thereforeeven in conventional BiCMOScircuits reliability concerns place further
restrictions on process parameters and accentuate the already existing compromises
discussed in the earlier section.

15 Silicon-on-Insulatorfor BiICMOS Applications

In section 1.4 the complexitiesin the design and implementation of a conventiona
BiCMOS process were discussed in some detail. A host of compromises and process
parameter restrictions were seen to be a direct consequenceof the fact that the CMOS
devices and the bipolar devices were fabricated in the same epitaxial layer. If it were
possibleto fabricate the MOSFETs and bipolar transistorsin separate individual epitaxial
layers, then each of the design constraintsand compromises highlighted in the previous
section would be substantially relaxed. The BICMOS device design methodology of
figure 1.10 would also be dramatically simplified. It would then become possible to
independently control and tune the CMOS and bipolar devicesin order to attain the best
performancesfor the combined BiCMOS technology.

Silicon-on-Insulator (SOI) processes allow MOSFETs and bipolar transistors to
be fabricated in separate epitaxial idands. A simplified process sequence demonstrating
the integrationof SOl MOSFETs into a BICMOS processisshown in figure 1.12. A



BIPOLAR

NMOS

Substrate

(a

Subgrate

(b)

Figure 1.11 (@) Latchup ina merged CMOS/Bipolar device and (b)
Latchup of a merged PMOS and NPN bipolar transgtor

gructurein the same N-well

21



|

N epi

P- Substrate

: ! %
N+ BL D"

N epi

P- Substrate
N P

| \/‘D .

N_epi |
fi;;:%f'(N+ BL ;

P- Substrate

Figure 1.12 Quas-SO1 BiCMOS process with CMOS and. Bipolar fabricated in
Independent epitaxial regions ; a significant simplification of the
process results



significant feature of the processis its 'quasi-SOI' nature. That is, the MOSFETs are
fabricated on SOI materia, while the bipolar transstor is fabricated in the bulk substrate.

Such a merger o bulk and SOI is indispensable because of the difficulty in
fabricating high performance bipolar transstorsin thin-film SOl material. The process
highlights the advantages of combining SOl MOSFETs with conventional bipolar
transstors.

SOl device idands for MOSFETs significantly simplifies the isolation between
devicesin the proposed quas-SO1 BICMOS process. Due to the ultra-thin nature of the
SOI films, LOCOS isolation is extremely easy to implement and birds beak effects are
reduced to a minimum. Epitaxia growth can be optimized for the bipolar transistor in
terms of both the epi-layer doping and thickness. The SOI layer thickness can be
independently achieved by chemical-mechanica planarization. The SOl CMOS process
has no wells to be concerned about and therefore the compromises made in the
conventional BICMOS processflow visa viswdl dose and wdl drivetimes are avoided.
The presence of the buried oxide layer and the thin nature of the SOI film provides a
natural protection against latch-up. There are no buried layers required for the
MOSFETs. This again smplifies the epitaxy process because boron out-diffusion does
not have to be accounted for when analyzing process options. The twin buried layers
inherent to a conventional BICMOS structure complicate the epitaxy process, since
vertica and lateral autodoping effects must be considered for both N and P wel regions.
Autodoping is a very severe concern especially for neer intringc epi-growth, more so for
thinner epitaxial layers. In addition to the conventional CMOS latchup immunity, the
SOl devices aso prevent the latchup susceptive SCR paths discussed in figures 1.11.
Merged bipolar / CMOS circuits can be designed without any specificdesign rules. This
would increase packing densities. One of the most common design rules for reducing
latchup is providing body ties, which take up alot of silicon area.

The SOI MOSFETS fabricated in the quas-SO1 BiCMOS process have reduced
periphera junction capacitances. They promise faster operating speeds as compared to
bulk MOSFETs. Moreover recent studieson thin-film SOI MOSFET s indicate improved
immunity to short-channd effects and enhanced device performancefor SOl MOSFETs
as compared to conventional bulk MOSFETs. The propertiesdf SOl MOSFETs will be
considered in greater detail in the next chapter.




In thin-film SOl MOSFETSs the threshold voltage is typicaly controlled by the
gate work function. The CMOS threshold implant schemesare also smplified as the thin
films result in uniform doping profiles. Since SOl MOSFETs show great short-channel
immunity, retrograde doping to prevent bulk punch through can be avoided. A common
processing factor between the SOI MOSFETs and conventional FETs is the LDD
requirement to reduce hot-camer generation and improve device reiability. All bipolar
process steps can be optimized for the bipolar without compromising the CMOS devices,
following the design procedure shown in figure 1.8.

Finally, there are a large number of applicationsfor BICMOS technology which
will result in a single chip straddling the analog-digital boundary. In such circuits the
greater part of the silicon area, utilizing CMOS, will be used for the digital signal
processing of signals. A much smaller portion will be devoted to the essential analog
processing needed to interface with the outside world. Both analog and digital circuits
fabricated on the same chip results in the mogt efficient use o silicon. In mixed-mode
anaog-digital circuits BICMOS provides the high gain of bipolars, the low input offset
voltages of differential pairsand also high input impedance FETs. A mgor concern in
such a mixed mode process is the probability of crosstalk between the analog and digita
circuitry through the substrate. Anaog circuits tend to be extremely sensitive to noise.
Digital circuits on the other hand are extremey noisy. When they are fabricated on the
same substrate, the digital noise affects the performance of the analog circuitry. It has
been shown that mixed mode circuits fabricated with SOI substrates show a lesser degree
of crosstalk [13]. Thus for optimum performance the digital CMOS circuitry could be
fabricated on SOI material and the lower performance but more precise analog devices
can be fabricated in the substrate. Such a design again points to a quasi-SO1 BiCMOS
process.

16 A 3-DBICMOSProcess: A Combination of SOI and Bulk Silicon Processing

With the materiad presented in the previous sections as the prime motivation, in
this section we describe the processdesign o a nove 3-dimensional BiCMOS process
which uses selective epitaxial growth to form the bipolar epi-layer and epitaxial latera
overgrowth to form the 'quasi-SOI' layer. Unlike the quas-SO1 BiCMOS process
illustrated in figure 1.12, the 3-D BiCMOS process includesan NMOS device fabricated
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in the substrate with a PMOS load device fabricated directly over it on SOI material.
This arrangement lends the processa 3-D configuration. The proposed BiCMOS process
shows promise due to its 3-dimensional nature, novel improvements and compatibility
with existing technology. The entire fabrication process uses 12 masks to first
metallization. This is in comparison to the 20-30 masks in a conventional high
performance BICMOS process [14,15]. The vast reduction in lithography stepsare due to
the simplifications in the process brought about by the use d the SOI load device.
Similar 3-D circuits have been proposed with the SOI load device fabricated in
polysilicon deposited by LPCVD. The polysilicon active load TFT is limited in its
performance by the poor mobility of the SOI material. The current drive is smal and the
discharging o capacitive nodes charged by unwanted radiation effects such as alpha-
particles are consequently sow.

Asdescribed in the previous sectionsdf this chapter, the integration of CMOS and
bipolar technologies on the same chip alows circuit designers to take advantage of the
low power dissipation of the CMOS and the high transconductance of the BJT. As a
result the BICMOS gate has a better drive capability then CMOS, while maintaining low
total power consumption. Another issuein process technology design is the continuous
effort to increase integration densities. In this regard three dimensional integration
should providea viable solution to improving packing densities. Toaddress these issues,
a BiCMOS process was developed which incorporates a 3-D CMOS and a high-
performance bipolar transistor. The key feature of the processis the use of separate
thicknessesfor the epitaxial silicon layers used in making the bipolar and the CMOS.
This allows independent control of the bipolar collector to emitter distance and hence the
collector to emitter breakdown voltage.

The process features and the fabrication sequence are described in the next
section. Results from process simulations and numerical device simulations are
presentcd in section 1.6.2.

1.6.1 Desgnd the BICMOS Process

The process uses Epitaxial Latera Overgrowth (ELO) of silicon for 3-D
integration and the inherent merging of devices. Thefina cross-section of the devicesis
shown in figure 1.13. The output of the CMOS inverter is inherently rnerged with the




base of the bipolar transistor. The bipolar transistor of the BICMOS cell bears
similarities to the super-self-aligned (SST) BJT. An important feature oi the bipolar
transistor is the independent control of its collector-emitter breakdown voltage which
allows for the design of BiCMOS circuits for speed or power applications. This is
especially important for the potential use of BICMOS in mixed-mode analog/digital
applications as discussed in section 1.5. The flexible epitaxial layer thickness of' the
bipolar transistor stems from the fact that the active area isfabricated from a trench. The
trench depth controls the epi-layer thickness and the bipolar device parameters. Thisalso
facilitatesaccess to the buried sub-collector via an arsenic doped polysilicon layer. The
novel collector contact engineering results in a significant reduction in active area and
collector-substrate capacitance. The extrinsic base contact for the BJT is made of single
crysta silicon and hence reducesthe base resistance[16]. However thisisasecond order
effect since after slicidation the sheet resistanceof both pal ysilicon and monocrystalline
silicon layers become comparable. The 3-D CMOS is fabricated with a dual-gated
PMOS device in SOI silicon stacked over an existing NMOS device fabricated in the
substrate. The use of the SOI-layer lends the process most of the advantages discussed in
section 1.5. The use of loca polysilicon interconnects helps reduce active area and
device parasitics. The NMOS device incorporates a LDD structure which reduces hot-
electron degradation by lowering the surface electric fields at the drain junction. The
properties of the dual-gated SOI device will be discussed in greater detail in the
forthcoming chapters. In figure 1.13, the bipolar and CMOS devices are merged into a
‘cell'. While the process is described for the merged structure, the CMOS and bipolar
devices could be isolated if placed farther apart or by the addition of a masking step to
etch thesilicon interconnect off.

One of the mgjor drawbacksd such a process where the PMOS device is stacked
directly over the NMOS transistor, is that the junctionsof the NMOS device cannot be
slicided. AsBiCMOSisscaed to 1um gate lengthsand below, it becomes increasingly
important to minimize the series source, drain, emitter, base and collector resistance in
order to redlize the full performance advantages of scaled devices [17]. For MOS
transistors, the channel conductance increasesas the gate length decreases, and unless the
sourceldrain series resistance is reduced, the saturation transconductance will be
degraded. For an NMOS transistor with an effectivechanne length of about 0.5um, the
total source/drain series resistance must be reduced to approximately 1.2K€Q-um, or the
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saturated transconductance will be degraded by more than 10% [17]. Fortunately the
impact of the source/drain series resistanceon the device gain as the gate lengthis scaled
is lesscritical for NMOS devices then for PMOS devices because arsenic can be usad to
make shallow highly doped layers. For high performance applications where al the
device performances must be maximized, an aternate process structure based on the
same basic concepts can be used. Such a structure cross-section is shown in figure 1.14.
All the essentid concepts and the fabrication steps are the same. The only difference is
that the PMOS device is moved to the side instead of being directly on top of the NMOS
device. This makes the NMOSdevicein the substrate more accessible.

The cross sections of the process steps are shown in figure 1.15.

(@) The process begins by using a mask to define the recessed LOCOS isolation on a p-
type <100> wafer. This s the first masking step of the process. After recessed
LOCOS isolation, the cross section is shown in figure 1.15(a). Trench isolation
could also be used instead of recessed LOCOS.

(b) The NMOS threshold implant could now be performed without a mask. Mask # 2 is
then used to cover the CMOS active area and the silicon is etched in the bipolar
region using RIE or a controlled wet-etch. This forms the bipolar trench and
determinesthe collector/base junction to buried layer distance. The cross section at
thisstageis shown in figure 1.15(b).

(c) The photoresist is then removed and the NMOS gate oxide is grown over the
CMOS region and the buried layer. This step drivesin the buried layer and hedls
any RIE damage.

(d) In the next step alayer o polysilicon is deposited and implanted with arsenic to
form the gate of the NMOS device. The polysilicon is patterned to form the gate.
After a light LDD implant, LTO sdewall spacers are then formed following the
processing steps for conventional LDD process. The heavily doped arsenic
source/drain regions can then be implanted. Thisimplant step isalso usad to form
the buried layer in the bipolar process. The structureis shown in figure 1.15(c).

(d) A second layer of polysilicon is deposited to form the local interconnectsand the
access to the buried sub-collector in the bipolar transistor. The polysilicon layer is
doped with arsenic usng implantation or insitu-doping. This poly layer will form
the contact to the buried layer. The poly layer is then oxidized which drivesin the
sourceldrain regions.
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(e)The poly is then defined usng RIE. Thesdewallsd the exposed poly layersare then

(f)

(9

(h)

(m)

(i)

(i)

oxidized.

Now the top gate oxide is grown over the polysilicon gate. Then a single masking
step is used to open the seed-holesin both the bipolar and the MOS regions. The
wafer is now reaedy for selective growth o slicon asillustrated in figure 1.15(d).
SEG and ELO isgrown in an RF heated pancake type epitaxia reactor, usng DCS
as the source gas, HCI to prevent nucleation of polysilicon on exposed oxide
regions and hydrogen as the carrier gas. Silicon growsfrom the two seed-holesand
merges in the centra region of the structure. The silicon is grown laterally till it
completely grows over the gate. ELO silicon is then planarized using CMP and a
pre-deposited etch-stop is used to stop the etch at the desired thickness. The device
structure at thisstage of the processisshown in figure 1.15(e).

The activeareais defined by mesaisolation. Gate oxidation for the PMOS top gate
is performed. A non-critical mask can be used to etch the gate oxide from the
bipolar regionsand implanting theintrinsic base.

A polysilicon layer is again deposited for the top gate and it is oxidized. Another
lithography then defines the gate stack over the CMOS region and the emitter over
the bipolar region. LTO spacers are formed on the gate and emitter stacks. These
spacersdefine the link-up region in the bipolar base.

An optional polysilicon layer can then be deposited and implanted with boron. This
layer can be usad to diffuse the heavily doped extrinsic p* regions. Alternately the
extrinsic regions o the bipolar and the source/drain regions o the PMOS can be
implanted directly at this step.

The poly layer is then defined to form the contacts which could also 'be used as locd
interconnect runners. Plasmaoxide is then deposited and contacts are opened for
subsequent metallization. The final device cross section is again shown in
fig. 1.15(f).

The 3-D BiCMOS process has the following featuresin its structure :
It has an inherently merged BJT and CMOSfor reduced activearea.
The CMOS is stacked in a 3-D configuration and the SOI load device is controlled
by two gates.
The bipolar transistor has a self-aligned non-overlapping base/emitter.




(iv) The bipolar device hasa novd poly-silicon collector contact to the buried layer.

(v) There is independent control of the key parameters of the process such as the
bipolar epi-thickness.

(vi) The bipolar has mono-crystallineextringc base contacts.

1.6.2 Process and Device Smulations

The T-SUPREM4 process smulator [20] was extensively used to investigate the
fabrication process of the proposed 3-D BiCMOS structure. Most of the process steps
involved in the fabrication were directly smulated through available commandsin the
software. However due to the three-dimensona natured the structure, often a number
of deposition steps and etch steps were used to attain the required structure, although in
practice a single step would suffice. This was especially true when simulating the
selective epitaxial growth process. TSUPREM-4 does not simulate selective epitaxial
growth. In order to accurately modd the growth and to include such effects as out-
diffusiond impurities, a number o deposition, etch and diffusion steps were substituted
for a single deposition step. The finad output showing the CMOS and bipolar device
structures are shown in figures 1.16(a) and (b). Shalow junction depthsare obtained for
the NMOS source/drain regions. Laterd out-diffusion of arsenic and boron is aso
minimized. In the bipolar transistor shallow emitter and base junction depths were
obtained. The TSUPREM-4simulator did not account for boron channeling effects and
therefore the base profile obtained was somewhat aggressive and to some extent
underestimated. Another critical process parameter to be optimized was the thickness of
the top gate LTO oxide spacer which also determines the base link-up region. In the
figure the p+ boron extrinsic base provides a satisfactory link-up to the intrinsic base.
Increasing the oxide spacer too much would result in degraded device performance
through increased PMOS Source/Drain resistance and increased base resistance. Once
the process steps had been fine tuned to optimize booth the bipolar and CMOS doping
profiles, the process file was transferred to the PISCES 1B devicesimulator to modd the
behavior o the dual-gated SOI PMOSFET. The transfer characteristicsof the MOSFET
and its output characteristics are shown in figure 1.17. The lateral shift in the transfer
characteristicsindicates that the dual-gated device operates at a dightly lower threshold
voltage than the single gated MOSFET controlled by either the top gate and the bottom
gate. The stegper dope to the dual-gated devicecurveisaso indicatived a higher
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transconductance under dual-gate operation. Figure 1.17(b) compares the output
characteristicsof the dual-gated device to the single gated device controlled by either the
top or bottom gates. A largeincreasein available current is observed for the dual-gated
device. Thisincrementis over twice the current o the single-gated device due to the
lowered threshold voltage in the device under dua-gate operation. Thus, the dual-gate
SOI MOSFET provides a least twice the current for the same utilization of area as the
device operated with only one gate. The area advantageit offers is enhanced when one
considersthat it is stacked above the NMOS and hence doesn't teke up any silicon red
estate.

1.7  Chapter Summary and Thesis Organization

BiCMOS technology significantly enhances speed performances while incurring a
negligible power or area penaty. Thus BICMOS can provide applications with CMOS
power and densities at speeds which were the exclusive domain of bipolar technology.
The man considerationsin designing a BICMOS process flow was consdered in detail.
The main disadvantages o BICMOS evidenced in sections 1.3 and 1.4 is the greater
process complexity. The complex processis a result of design constraints placed by
conflicting needs of the bipolar and the CMOS devices. Mogs of the conflicts and
subsequently most of the compromises and trade-offs occur at the front end of the
process, which deals mainly with the choice o epitaxiad parameters.

A mgority of the design constraints due to the varying needs of the bipolar and
CMOS devices disappear if the two devices are fabricated on separate epitaxia layers
which can be optimized independently. Silicon-on-insulator technology provides us the
means to be able to integrate MOSFETs and BJTs into a common process flow while
keeping them in separate epitaxial tubs. Thus the epitaxial layer parameters can be
chosen to primarily optimize the bipolar device, and the epi-layer thickness for the
MOSFETSs is determined separately by chemica mechanical planarization. The SOI
MOSFETs thus fabricated show significant short channel immunity and have a natura
isolation due to the buried oxide layer. This removes a number of process requirements
such as retrograde well doping, choiceof wel doses, and back end well drive times. In
addition the use of quasi-SOI techniques providesincreased latchup immunity in merged




bipolar/CMOS structures and minimizes noise related crosstalk in mixed mode
analog/digital circuits.

A novd 3-dimensiona BiICMOS technology was presented which uses epitaxid
lateral overgrowth of silicon to form the quasi-SO1 device regions. The technology uses
only 12 masking stepsand providesan inherently merged BJT and CMOS for reduced
active area. The BJT has a polysilicon accessed sub-collector. The process allows
independent control over the bipolar and CMOS epi-layer thicknesses. The CMOS
device is vertically integrated with the PMOS stacked directly on top of the NMOS
device. The process can be altered to form the PMOS on field oxide away from the
NMOS increasing the accessibility of the NMOS device with a minor area pendty. The
concept of a 3-dimensiona structure and quas-SO1 processing is still maintained in the
altered process. The process steps were designed using the SUPREM4 process ssimulator.
The structurefiles from SUPREM simulations were transferred to PISCES to simulate
the device characteristics of the SOI PMOS transistor. The simulations prove the
feasibility of the proposed BICMOS technology. It shows promise as a potential solution
to the problemsaf increasingintegration density and circuit speed.

Due to the size of the BICMOS project, the process development was separated
into (&) the bipolar process developmentand (b) the SO MOSFET development. Details
of the development and the experimenta results obtained from the bipolar process have
been presented elsewhere [19]. Here we concentrate mainly on the CMOS inverter with
al the emphasis placed on the development of the dua-gated SOI MOSFET. In
particular selective epitaxy techniques to form thin-film fully-depleted SO MOSFETs
are investigated. The materia propertiesaf the SOI film are investigated by comparing
them with simultaneously processed substrate devices. Devices fabricated in selective
epitaxy materia (CLSEG & ELO) were also compared with the state-of-the-art SIMOX
material. Finaly, a nev measurement technique was developed to measure generation
lifetimes in thin-film (fully depleted and partialy depleted) SOI MOSFETs.

This chapter provides a motivation to investigate quasi-SO1 techniques for
BiCMOS applications. The quasi-SO1 process proposed above requires that the SOI
technology utilized satisfy the following requirements (i) the SOI technology must be
amenable to quasi-SO1 and (ii) the SOI technology must be capable of yielding high
performance SOl MOSFETs. Selective Epitaxial Growth of silicon (SEG) is one of the
few prevaent SOI technologiesto satisfy the above two conditions. SEG has been a
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topic of considerable research in recent years. However a thorough investigation of the
properties of SEG with specific applicationsto thin-film SOI MOSFETSsis still lacking.
In the remainder of this document we provide an investigation of thin-film SOI
MOSFETs fabricated using selective epitaxy techniques from both a fabrication and
electrical standpoint. We also provide a detailed theoretical understanding of the
operation and properties of dual-gated SOl MOSFETSs based on numerical simulations
and analytical modeling.

In Chapter 2, we briefly review the propertiesaf thin-film SOl MOSFETs, laying
emphasis on the behaviora excursionsfrom conventional bulk MOSFETs. The chapter
also reviews current SOI technologies and motivates the use of SEG to fabricate SOI
MOSFETs. A nove modeof operation of thin-film SOI MOSFETs, namely dua-gate
operation, is critically analyzed in Chapter 3. The use of an alternate gate material is
motivated and the advantages of dual-gated devices in this regard are presented. The
chapter al so includes a quantum-mechanical analysisof carrier distributions in thin-film
fully depleted SOl MOSFETS. In Chapter 4, we detail the process development involved
in fabricating thin-film SOl MOSFETs using both epitaxial lateral overgrowth and
confined lateral selective epitaxial growth. Experimental results based on the
measurement and analysis of fabricated MOSFETSs are presented in Chapter 5. This
chapter also provides the comparison of MOSFETSs fabricated in selective epitaxy
material with those fabricated in state-of-the-art SIMOX material. The theoretical
development, computer simulations and experimental results from a newly developed
linear sweep technique to measure generation lifetimes in thin-film SOl MOSFETs is
introduced in Chapter 6. Finally Chapter 7 providesa summary of the thesisand makes
recommendationsfor futurework in the area.
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CHAPTER 2
SILICON-ON-INSULATOR MOSHETS

2.1 Introduction

Increasing circuit complexity has consstently been achieved by aggressive scaling
of semiconductor device dimensions, In fact the most important trend for VLS is the
relentless decrease in the minimum feature size, which defines the gate lengths in
MOSFETs. Minimum fegature sizes have decreased from 50 pm in 1960 t0 0.8 pm in
1990. Consderable research is underway to scae devices to the degp-sub micron region
(< 0.5 pm). Devicescding, in addition to increasing integration densities, yields faster
devicesand minimizes paraditicelements. However, d late, device scding has gpproached
physicd limitations so that any additiona scaling requires prohibitively increased process
complexity.

Bulk CMOS circuits cannot be scaed too aggressively because of the fear of
latch-up [1]. Latch-up becomesa severe problem in devices with smdl dimensons where
the gain o the paraditic bipolar transstorsinvolved in the parasitic thyristor path becomes
large. For sub-micron geometry, sophisticated schemes like the use of epitaxia substrates
and/or deep trench isolation have to be usad to counter latch-up. Thisimpacts bath the cost
and theyidd of manufacturing. Miniaturization of bulk MOSFETSs proved to be the
mythical Pandora's box. It brought into focus the numerous difficulties such as short-
channdl effects, narrow-channd effects and hot-electron effects. The reduction in gate
length of bulk MOSFETS results in charge sharing between the sourcetdrain regions and
the gate-controlled region. The effective charge controlled by the gate is reduced as a
consequenced the charge sharing, which in turns reduces the threshold voltage of MOS
transistors[2-5]. Since the percentage charge associated with the sourcetdrain regionsis a
function of the gate length, the effective charge controlled by the gate aso dependson L.
This causes the threshold voltage to depend on the channd length. As the channd length
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decreases the threshold voltage begins to roll-off. The variation in threshold voltage with
channd length is a measure of the short channd immunity o the device.

In long-channel devices, there existsa potentid barrier between the source and the
channel. As the gate length becomes smaller, the source and drain diffusionsare brought
closer together. The distance between the source and the drain may be insufficient to
entirely accommodate the depletion regionsd each diffusion. Thiscauses the potential
barrier between the source and the channd to decrease. In other words, the barrier is now
lower than in the long channdl case. The situation is exacerbated when a reverse bias is
applied to the drain diffusion. There is now an increased possibility of field lines
penetrating from drain to source, thereby lowering the barrier still more. This effect is
called Drain-induced-bamer-lowering (DIBL)[6-10]. DIBL resultsin an unwanted current
path. Devices operating with DIBL are said to operate in the punch-through mode [11,12].
As stated in [11], the primary method to counter punch through is to increase the channel-
doping concentration. This resultsin aseverely degraded mobility and hence lower output
conductance. Typical short channel bulk MOSFETS require channel doping concentrations
around 2x10'7/cm3. The majority carrier (electron) mobility at thisdoping level at room
temperatureis approximately 520 cm?/V-sec as compared to 1076 cm?/V-sec at adoping
concentration of 1x10'%/cm3 [13). The higher channel doping also increasss the transverse
el ectric fieldswhich contribute to reduce the mobility even further [14]. Furthermore, the
high channel impurity concentration degrades the sub-threshold slopesand may in some
cases result in unwanted OFF-dtate leakage currents [15]. Many current applications of
MOS circuitssuch as high dengity dynamic RAMs, switched capacitor circuits etc. depend
critically on current flowing in the device in the sub-threshold region of operation.

Finaly, the decreased gate-length and the increased channel doping cause large
electric fields at the drain junction. The fields are large enough to induce hot-electron
injection i nto the gate. Hot-electron-induced device degradation has become a mgor
reliability concern in sub-micron MOSFETSs [16-18]. The hot-electrons injected into the
gate, generate interface traps which causes threshold voltage shiftsduring device operation.
Moreover, the large longitudinal fields result in mobility degradation due to velocity
saturation effects[19,20]. Oned the most common ways to reduce the electric field has
been to use a Lightly-Doped-Drain (LDD) structure [21-25]. However, careful
optimization of the LDD implants are required to prevent severe device performance
degradation due to increased Source/Drain resistance[26].




Severa difficulties related to device processing and fabrication confront
aggressively scaled devices. Device isolation, to date, has mainly been achieved by
advanced LOCOS schemes {27]. However, with reduced dimensions, thereis aincreased
possibility of cross-talk between adjacent circuits. Advanced birds besk free LOCOS
schemes such as Poly-buffered LOCOS (PBL) or Recessed Poly-buffered LOCOS (RPBL)
have to be embraced which again increases process complexities. Trench-isolation is
another strong contender but is viableonly if the sdewall leskage dong the trench walls
can be minimized. Trench isolation is under active research for isolation in 0.4 um ad
0.25um technologies, primarily to avoid an epitaxial step to provide latch-up immunity.
Epitaxy is by far the most expensive and most defect prone step in semiconductor
manufacturing.

As device dimensions shrink the capacitance associated with the gates o the
MOSFET also decrease. In SRAM applicationsin particular, the load capacitance is
determined by thisgate capacitanceand the vdue d the capacitance in turn determinesthe
amount of charge stored on the storage node. |f theamount of charge stored is very smal
then the SRAM cedll becomes more susceptible to single-event-upset (SEU) errors due to
alpha particles. In other words, it does not take a large amount of charge collection
resulting from an apha-particlestrike to change the chargestate of a storagenode. Thisis
also true in DRAMs, and has resulted in accelerated research into novel 3-dimensional
ways to increase the capacity o the storage nodes. Soft-errorsin high density memories
have plagued scaed bulk MOSFETS [28].

Soft errorsare caused by apha-particles (emanated by nuclear radiation in the
environment) which change the charge state o logic gatesin amemory cell. The severity
of soft-errorson the performance o logic circuits was regponsiblefor directed ressarch into
radiation hard technologies. Silicon-on-Sapphire(SOS) was the firgt technology suggested
and has been atopic o consderable research [29,30]. The high cost and low yidld o SOS
devices prompted research into other silicon-on-insulator (SOI) technologies, specificaly,
silicon-on-oxide. Silicon-on-Insulator (SOI) devices circumvent most of the major
concernsin scaled bulk MOSFET technology. Hence, it is considered a very promising
substitute to bulk MOSFETs. Besdes, singlelayer SOI devicesare the first step towards
multi-layer three-dimensiond integration [31].

In the following sections, we discuss the prevaent SOI technologiesand detail the
unique properties afforded by SOI devices which make them attractive for sub-micron
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VLS. The techniquesinvolved in SOI fabrication are briefly reviewed in Section 2.2.
Finally, in section 2.3 we elaborateon the propertiesof SOI MOSFETS, laying emphasis
on the behaviord excursionsfrom bulk MOSFETs. The section also enumerates existing
anaytical modds which explain the behavior o thin-film SOl MOSFETs.

2.2 Silicon-on-Insulator Technologies

SOI materials providea viable technology for high-density, large-integration and
high-performance VLS circuits. The mgority of the advantagesdf SOI are derived from
the capability of tota eectrica isolation of dlicon ective areas. Figure2.1. depictsa typica
SOI MOSFET, with a fully eectrically isolated active area. The electrical isolation is
provided by the buried oxide (which has since come to be referred to as the back gete
insulator). The silicon substrate typically forms the "back gate". Thedifficulties with SOI
mainly arise from defectsa the two back interfacesin fig. 2.1. Back-interface 1, which is
present in thechannd region of thedevice, is the more important of the two. This defect-
rife region provides easy leakage paths that can degrade device performance. Another
primary concern is the materia quality o theslicon film. Fabrication o quality SOI films
isessentid to achieving the potentialsaf SOI in IC fabrication.

Advanced SOI technologies have been under development for the last 25 years.
Thereare several techniquesthat have been proposed and used to form SOI layers. Some
hold more promise than others. The SOI technologiesin vogue include Silicon-on-
Sapphire [29,30,32-35], Zone Médlt Recrystallization (ZMR) [36-40], Separation by
implantation of oxygen (SIMOX) [41-44], Rull isolation by oxidation of poroussilicon
(FIPOS), [45-47], wafer bonding and thinning (BESOI) [48] and lateral solid phase
epitaxy (LPSEG) [49,50]. A completesummary of dl of the abovetechnologies is shown
in Table 2.1. O the above methods, ZMR and SIMOX have emerged as leading
contenders, compatible with full-scale IC fabrication. Almos dl available data on thin-film
SOl MOSFETs have been measured on devices fabricated either in SIMOX or ZMR films,
Of late BESOI (bonded etch-back) wafers are becoming extremely competitiveand while
the wafers are still not commercially available, the technology has matured at a very rapid
rate and should see proliferated growth in the coming years. Silicon-on-Sapphire was the
starting point of all SOI technologies. In the following, a more detailed description is
provided for SOS, SIMOX and BESOI.
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Figure 2.1 A typical SOI thin-film MOSFET with a back gate contact

2.2.1 Silicon-on-Sapphire(SOS)

Since the work by Manasevit in the late 1960's, SOS technology has experienced
considerable evolution. 64K SRAMs with access times in the 12-40 ns range are now
routinely manufactured by Hughes and Harris semiconductors for space applications.
Silicon-on-Sapphire (SOS) involvesthe hetero-epitaxia growth of silicon on single crystal
sapphire (Al203). Sapphireacts as the substrateas wdl as theinsulator. Epitaxid growth
iscarried out by conventional CVD using the pyrolytic decomposition o silane. Hetero-
epitaxial growth of a glicon film can never produce a defect free materid if the lattice
parameter of the insulator do not perfectly match thoseof silicon. If the epitaxial layer is
very thin then the lattice remains strained and does not relax. The epitaxia layer then
would be essentially defect free. The mgor crystalographic defectsin the SOS materid are
microtwins, stacking faults and disocations. Compressive stress is measured in SOS
devicesdue to the lattice mismatch and the therma expansion coefficient mismatch. The
compressive stress causes the kx and ky ellipsoids to become more populated with
electronsthan the kz elipsoid. Asaresult, theeffectivemassd the eectronsin the
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inversion layer becomes larger than bulk silicon. Consequently, arelatively low channd

mobility is observed in SOS MOSFETs. In addition microtwin defects in the epitaxial

slicon lower the carrier mobility and cause large vaues of back channel |eakage currents
[32]. Asa result SOS films typicaly show a large reduction of carrier mobility with
decreasing epitaxia thickness as the proximity to the back interface increases. However
sub-micron device design and processing require films thicknessesaf 0.2 micronsor less.
Recent advances in SOS technology such as Solid Phase Epitaxy and Regrowth (SPEAR)
[34] and Double Solid-Phase Epitaxy (DSPE) [35] have improved the physicd and

electronic propertiesd SOSfilms. The DSPE technique involves the amorphization o the
entire silicon film with a sllicon implant. Only the top layer isleft un-amorphized, where
the origina defect dendity islowest. Then athermal annedling step is usad to induce solid-
phase regrowth of the amorphized silicon using the top layer as seed. A second silicon
implant is then used to amorphize the top of the silicon layer, which is subsequently
recrystallized in a solid-phase regrowth step using the bottom of the film asa seed. Due to
the defects near the interfacia regions, circuit designers have been limited to using films of

about 0.5um thickness. With the solid-phase regrowth techniques, the crystal quality of

the interfacial regions have been improved sgnificantly and hasalowed the effective use o

0.1pm films. The higher mobility in these improved films have aso alowed the circuit

designers to address high speed device markets on SOS.  Although SOS devices are ill

the only commercialy available productsin SOI technology [33], the high cost associated
with the use o sapphire has prompted further research into alternate SOI technologies.

2.2.2  Zone Mdt Recrydtallization SOl (ZMR)

The grain sizesd polycrystalline slicon filmson insulating substrates, are gregtly
increased by the passage of a narrow molten zone. Thisis the basic principle upon which
ZMR SOl filmsare based. Fig. 2.2 (@) illustrates the commonly used technique to form
ZMRfilms. A thinlayer of polyslicon isdeposted over oxide and is capped by another
oxide layer. Intense hedt in the form o a laser, electron-beam, graphite strip heater or a
high power halogen lamp is used to mdt the polysilicon in narrow strips. As the molten
siliconcoals, it recrysdlizes badk into sngle-crysta slicon. The molten front is typicaly
scanned across the entire wafer. In order to get a ordered crystal with a fixed crystal
orientation, seeded recrystallization could aso be used [36].
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Figure 2.2 Sketch illustrating the two principal SOI technologies (a) zone-melt-
recrystallization(ZMR) and (b) ion-implanted oxygen (SIMOX)




The main defects in ZMR films are grain boundaries (GB) and sub-grain
boundaries (SGB). The GBs and the SGBs usually occur parallel to the scanning front.
GBs can severely affect MOSFET performance by degrading the mobility. Besides, the
grain boundaries give rise to enhanced diffusion of impurities, which necessitate low
temperature processing. SGBs drastically reduce the minority carrier lifetimesin ZMR
films. This makesthe ZMR filmsrelatively inaccessibleto BICMOS. Often, voids result
from imperfectionsin the growth front [37]. Moreover, mass transport occurs during the
zone melting process leading to non-uniformity in the thickness of the SOI film throughout
the wafer. Another problem isthat of possible wafer warpage due to the high temperatures
required for recrystallization.

A number of devices have been reported fabricated in ZMR films [38,39], including
three-dimensional multiple-layer structures [40].

2.2.3  Separation by Implanted Oxygen (SIMOX)

Theacronym SIMOX stands for 'separation by implanted oxygen'. The principleof
SIMOX material formation is very simple and involves the formation of a buried layer of
SiO, by implantation of oxygen ions beneath the surface of a silicon wafer. Since the
implanted oxygen atomsare used to actually synthesizea SiO, layer, the oxygen dose must
be very heavy ; typically about 2 x 1018 /cm2. SIMOX has been under active research
since 1977. A SIMOX wafer is prepared (Fig. 2.2 (b)) by implantinga silicon wafer with
oxygen ions at 150-200Kev and to an ion dose of typically 1 -2 x10'8 /em 2. Thewafer is
typically heated to about 400°C or higher during the ion-implantation process. This
prevents the wafer from turning amorphous during implantation. After the oxygen is
implanted, the wafer is typically annealed above 1150°C in an inert ambient. The high
temperature anneal repairs the damage introduced during implantation and allows the excess
oxygen in the surface silicon to out-diffuse. The high temperature step also increases the
dielectric strength of the buried oxide [41-44].

The oxygen dose must be higher than the critical dose of 1.4 x 1018 /cm2. Below
thisdose silicon particulatesor islands are often present in the buried oxide. This reduces
the di-electric strength of the oxideand resultsin larger back oxide |eakage currents. The
optimum wafer temperature during the implant is 600-650°C. An as-implanted SIMOX
wafer consists of a top layer of predominantly single crystal silicon but which is highly
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disordered and contains a lot of oxygen precipitates. The anned temperature must be
chosen such that dl the oxygen precipitatesare dissolved. The complete dissolution of al

precipitatesoccursat an anneding temperatured around 1300°C. Theannealing ambient is
typicaly nitrogen with 2% oxygen. The oxygen alowsfor the growth of some oxideon
the superficial silicon layer which protects the silicon from pitting which occurs when the
silicon isannedled at high temperaturesin pure nitrogen. The annealing steps usudly last
about 6 hours. The materid quaity of the wafers has been improved dramatically by usng
multipleimplant/anneal cycleswith annealing temperaturesin the excessof 1300°C. The
principal defects in the material are threading dislocations of the order of 10%cm?. Very

few, if any bipolar devices have been fabricated in SMOX materid and it is hard to assess
itsapplicability to BICMOS. Due to the high annedling temperatures, the utility of SIMOX
to multi-layer three-dimensional integrationis cramped. Besides, the thicknessd the back
oxideisdifficult to precisdly control. Thestraggled the implant profileand the dissolution
o the oxygen precipitatesand their subsequent motion towards the silicon-oxygeninterface
causes the buried oxide thicknessto be larger than expected. Aswill be discussed later, the
thickness of the buried oxide can be exploited to alleviate short channel effects in
moderately thin-film devicesand in deep-sub micron devices. Another severedrawback is
wafer throughput. Due to the large energies and implant dosesinvolved, even high current
implanters typically take hours to implant asingle wafer. This directly leads to higher
wefer costs.

Despite the above drawbacks, SIMOX is currently the most widespread o the SOI
technologies. The conventional IC manufacturing process used (implantation and
annealing) as well as the full-wafer isolation attained are the primary reasons for its

popularity.

2.2.4 Bonded Wafer and Etchrback SOI (BESOI)

The principa o the bonding and etch-back techniqueis extremely trivial. Itisso
simple that it isawonder the technology hes taken so long to blossom. Two oxidized
wafers are 'glued’ or 'bonded’ together with the oxidized faces in contact.. One o the
wafers is subsequently polished or etched down to a thickness suitable for SOI
applications. Thisisillustrated in fig. 2.3 (a). The other wafer serves as the mechanica
substrateand is called the 'handle wafer'. When two hydrophilic surfaces such asoxidized
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When epitaxial silicon is allowed to grow beyond the restricting rnasking oxides,
epitaxia lateral overgrowth (ELO) results. Thisprocessisillustrated in Fig 2.5(a). Since
ELO forms epitaxial silicon layers over oxide, it is considered to be another SOI
technology. One d the problemsassociated with ELO is that the growth in the latera
dimension is equal to the vertical growth giving an aspect ratio d unity. Therefore,
formation of thin SOI films requires that the epitaxial film be planarized. Chemica
Mechanical Polishing[51] providesan excellent scheme to planarize the epitaxial silicon
over large areas with excellent uniformity across the wafer. Figs. 2.5(b) and (c) illustrate
the chemical-mechanical planarization process. Etch stopsd ether silicon nitride or silicon
dioxide are deposited and patterned prior to epitaxia growth. CMP then planarizesthe
silicon with extremely high selectivity over the etch-stop material. The etch effectively
stops when the nitride or oxide is encountered. Thin SOI films can be formed using a
combination of ELO and CMP. In order to bea viable SOI technology, the epitaxia siliwn
must be o high quality. Materid quality of ELO has been extensively studied [{52] and
high performance bipolar transistors have been successfully fabricated in ELO silicon.
Thus ELO provesto be a very promising SOI technology for integrating SOl MOSFETs
with either bulk or SOI minority carrier devicessuch as bipolar transistors.

A magjor problem associated with Selective Epitaxial growth is the degradation of
the mask oxide during growth [53]. It has been shown that the masking oxide must be at
least 800A thick to obtain completeisolation for atypical deposition temperaturedt 900°C
and pressuresdf 150mTorr. Lower pressures help reduce the growth temperature and
could possibly reduce the minimum requisite oxide thickness. Three-dimens onal stacked
capacitors [54] and three-dimensional CMOS devices [55] have been fabricated with
excellent characteristicsusng ELO. In both cases, polysilicon was used as the gate
material and poly-oxides were used as the gate dielectric. C-V characterization [56]
demonstrated excellent characteristics for the back interface with low interface state
densities, indicating the applicability of poly-oxidesfor device fabrication. Recently very
thin-film CMOS devices have been fabricated in epitaxial silicon over oxide using a
combinationof ELO and CMP[57], demongtratingits viability for thin film applications.

A completecharacterizationd the thinfilmsfabricated by ELO isstill lacking. Itis
partialy the purpose of this study to understand the characteristics of thin-filmsaf silicon
fabricated by ELO/CMP. It isaso necessary to provide adirect comparison o theinterface
statesd the poly-oxide/silicon interfaceto that of agood crystalline silicon dioxidelsilicon




interface to further confirm the continued viability of pd ysilicon as the back gate materid in
thin-film SOI applications.

Another form of selective epitaxial growth, called Confined Latera Selective
Epitaxial Growth (CLSEG), has been developed [58,59]. CLSEG obviates the need for
planarization after epitaxial growth by confining the growth within a pre-defined cavity.
The aspect ratio of the cavity then determinesthe aspect ratio of thefina SOI film. The
basic growth and fabrication processis illustrated in Fig. 2.6. Fabrication starts with an
oxidized silicon wafer, in which seed holes are patterned. A brief oxidation (1004) is ussd
to cover the seed-holeand a layer of amorphous silicon (a-Si) is conformally deposited
over theentirewafer. The thicknessdf the a-Si determines the thicknessof the cavity and
hence the fina thicknessd the SOI film. Thea-Si film is patterned and defined with a
photomask and then oxidized. This step converts the a-Si into smooth large grained
polysilicon and formsathin oxideon thesurface. A layer of dlicon nitrideor oxideis then
deposited over theentire wafer for mechanica support. Via holes are etched in the support
layer down to the poly. The polysilicon is then etched out of the cavity using an ethylene
diamine solution with high selectivity to oxide. Oncethecavity iscleared, the seed holeis
reopened with a brief buffered HFdip. Epitaxia sliconis then grown in the cavity usng
procedures similar to SEG and ELO. Feasbility of the CLSEG process has been
demondtrated for thick (0.27 to 1 micron) films. The materid quality has been shown to be
excellent by fabricating diodes, MOSFETs and BJTs [60]. However, detailed
characterizationof CLSEG, especialy for thin films, as required to assess the viability of
the technology for thin-film SQOI isfar from complete. It is proposed herein to characterize
the thin CLSEG filmsand compareits quaity to ELO/CMP filmsd the same thickness,

In summary, the prevaent SOI technol ogies have been reviewed with emphasison
ZMR and SIMOX. The two are currently the most popular technologiesto achieve SOI.
Finally, selectiveepitaxid growth techniquesin theform o epitaxid latera overgrowth and
confined lateral selective epitaxial growth were introduced as novel ways to fabricate
"device island" type SOI structures. Device idand SOI, as opposed to full wafer SOI,
allows active devices on SOI only in required areas. The rest o the wafer could if
necessary be 'bulk-based’. The fabrication processesfor ELO and CLSEG were reviewed.
Thismaterid formsthe backgroundfor the remainder o the proposal.
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2.3 Comparisond Bulk and SOI Processing Technologies

Complimentary MOS (CMOS) is by and large the technology of choice for the
realization of integrated circuits on SOI substrates. In this section, CMOS processing on
bulk silicon and on SOI wafersare compared. Processing techniquesfor the fabrication of
CMOS circuits in bulk silicon and in SOI are very similar. Figure 2.7 presents cross-
sections of CMOS inverters made in bulk (p-well technology) and in thin-film SOL
substrates. From the cross-sectionsit is obvious that SOI processing, and more
specificaly thin-film SOI processing,issmpler that bulk processing. For ingtance thereis
no need to create diffused wellsin SOI. Theentireimpurity profilein the channel areaof
thin-film SOI MOSFETs is determined by a single shdlow implant. Table 3.2 compares
simplified CMOS processflows for bulk and thin-film fully depleted (FD) SOI.

I solation between SOI devicesis Smple due to the presence d the buried insulator.
Two main isolation techniques are widely used. The first is conventional LOCOS
isolation. The difference between LOCOS in bulk silicon and in SOI devices is the
presenceof thin-filmsin SOI devices. Hence care mugt be taken nat to over-oxidizeduring
isolation lest the silicon film get lifted up dong theedges. This is particularly truefor redly
and| activeareadimensons. In an SOI process, the thicknessof the oxide which must be
grown to fully isolate the silicon idands is 2.5-3 times the thickness of the silicon film.
The LOCOS isolation processisilludrated in figure 2.8. The bottom cornersof the silicon
isands are extremely thin as seen in the figure. An inversion layer can form in these
regions which could degrade sub-threshold dopesand is also a source of leakage currents
when thedevice is turned off. Therefore, a heavy P+ - implant must be used for n-channd
devicesto turn these edge leskage off.

Mesa isolation is the other technique to isolate silicon idands from one another.
This techniqueis attractive because of itsssmplicity. However, a review o the current
literature does not reved a single process that uses mesa-isolation. This may be because
LOCOSisolation has become extremely standard in CMOS processing. Mesa processing
isillugrated in figure 2.9. |n extremey thin gate oxides grown on mesaisolated idands, a
reductionof the gate oxide breskdown has been observed [134]. Thisis becauseoxidation
o silicon comers produces SiO2 layers with non-uniform thicknesses. The thickness of
the oxide grown on thecomersof an idand can be 30 to 50%thinner than that grown on its
top surface. Oxidation isalso known tosharpen silicon comers. Thiseffect isenhanced if
more then asingleoxidation step is parformed (i.e. if asacrificd oxideis grown ad
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Table2.2 Comparison of Bulk and Thin-Film Fully Depleted (FD) SOI
CMOS Process Flows. N+ Polysilicon is used as the Gate Mater:al

BULK CMOS

FD SOI CMOS

Oxidation

Oxidation

Well lithography

Well doping and drive-in

Nitride deposition

Nitride deposition

Active area lithography

Active area lithography

Nitride etch

Nitride etch

Field implant lithography

Field implant
Field oxide growth Field Oxide growth
Nitride strip Nitride strip

P-channel lithography

Anti-punchthrough implant

Gate oxide growth

Gate oxide growth

P-channel Vth implant

P-ch Vth implant

N-channel Vth lithography

N-channel Vth lithography

Anti punch-through implant

N-channel Vth implant

N-channel Vth implant

Poly deposition and doping

Poly deposition and doping

Gate lithography and etch

Gate lithography and etch

P*+ S&D lithography

P+ S&D lithography

P+ S&D implant P+ 8&D implant
N*S&D lithography NF S&D lithography
N*S&D implant NtS&D implant

S&D reoxidation

S&D reoxidation

Dielectric deposition

Dielectric deposition

Contact hole lithography

Contact hole lithography

Contact hole opening

Contact hole opening

Metallization

Metallization

Metal lithography

Metal lithography

Metal patterning

Metal patterning

Sintering

Sintering
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stripped prior to oxidation) [135]. In a mesa-process, the gate oxide and the gate materia
covers both the top and the edgesd the dliconidand. Thereforethereexist iateral (edge)
tranggtorsin pardld to the man (top) device. Furthermore, due to chargesharing between
the main and the edge devices, the threshold voltageis reduced at the comer of the idand
[136]. This can produce a kink in the sub-threshold characteristicsas wdl as leakage
currents. Both oxide breskdown and the leakage currents can be improved by usng P+
sdewdl doping and mesa-edge rounding techniques [134].

Theoptimization of the doping concentration in thin-film, fully-depleted devicesisa
matter of balance between two effects. Firstly, the doping concentration must be low
enough to ensurefull depletion, and secondly, it must be high enough to provide devices
with a suitably large threshold voltage [137]. Finding such a baance is usudly not a
problem in p-channe!l devices with N+-poly gates, but as shall be seen in Chapter 3, it
requiressome attention for n-channd transistors. Simulationsshow that both the doping
concentration and the silicon film thickness have to ke optimized in order to produce ussful
valuesdf the threshold voltage. Asfar as doping profilesare concerned thereis no room in
thin-film SOl MOSFET s to create anything but an dmost flat doping profile. In thin-film
SOI technology, the sourceldrain series resstance can reach very high values which can
jeopardizethe speed performancesof the circuits. It becomesimperativejust asin the case
of bulk MOSFETSs to form a silicide on the sources and drains to reduce their sheet
resstance. The specificsdof the silicidation process mus be altered from the typical bulk
process to account for the ultra-thin naturedf the SOI film [138].

Finally, SOI CMOS technology offers a higher integration density than bulk
CMOS. Thisisevident from the comparison between the layout of the bulk CMOS
inverter and that of an SOI CMOS inverter depicted in figure 2.10. This higher density
results mainly from theabsenced wellsin SOI. A sscond cause of increased density is the
possibility of having a direct contact between the P+ and N+ junctions. The number of
contact holes per gateisalso lower.

24 Propertiesd Silicon-on-insulatorMOSFETs

Thedrawbacksand limitationsdf bulk MOSFETsweredetailed in the introduction
to thisChapter. Silicon-on-insulator (SOI) MOSFETs were introduced asan dternative to
bulk MOSFETSsin the short-channd regime. |n the following sub-sectionsthe man
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propertiesof SOI-MOSFETs which make them an attractive prospect for sub-micron VLSI,
will be reviewed. SOI-MOSFETs have conventionally been thick-film MOSFETs. Thick-
film MOSFETs are the devices in which the channel region is= fully depleted by the
gate during normal operation, i.e. the maximum depletion width prior toinversonisless
than the film thickness. Thedlicon film thicknessis larger than twice the value ol W

In such a casg, thereis no interaction between the depletion zones arising from the front
and back interfaces, and thereexistsa piece o neutrd silicon beneath the front depletion
zone. Deviceoperation in thick-film SOl MOSFETSsis thereforesimilar to buk MOSFET's
and the only significant differencesare the floating substrate effects encountered in thick-
film MOSFETs. Hoating substrateeffectsform asubject o later discussion. Of late, thin-
film MOSFETSs operating in the fully depleted mode have been shown to have
tremendoudy improved propertiesover partidly depleted thick-film MOSFETS. In athin
film SOI device, the silicon film thicknessis smaler than Wpax. |0 that case, the silicon
film isfully depleted at threshold, irrespective of the bias applied to the back gate. The
front and back interfacesinteract with each other when the channel is fully depleted.
Because both front and back interfacescan be either in accumulation, depletion or inverson
there are 9 modes of operation in the fully depleted SOI MOSFET. However only the
regimes of operation where the back surface is depleted are 'useful’ operating regions.
Unless specifically mentioned, the MOSFETSs are assumed to be thin-film and fully
depleted, and in the following sections, these propertiesare briefly reviewed.

2.4.1 Conventional Propertiesdf SOl MOSFETSs

Figure 2.7 sketchesa bulk CMOS device cross-sectionand a typica SOI structure.
The reverse-biased p-wel forms the isolation between the n-MOSFETs and the p
MOSFETsin the bulk CMOS process. Moreimportantly, various parasiticelementsexist.
In the figure, the parasitic bipolar formed by the p-n-p regions in the structure is shown.
Though the parasitic devices are biased off under norma operation, random electrical
perturbation can trigger bipolar action resultingin "latch-up” . The junction areas present in
the structure contribute to the capacitance and reduce circuit speed. The SOI structure
inherently overcomesthese CMOS deficiencies. The paraditic bipolar e ementsdo not exist
and the problem o paragtic latch-up is completely avoided. Also, the junction areais
drastically reduced. The smplicity d the isolation techniqueallows the minimum device
separation to bedetermined only by thelithography. Thisresultsin higher packing density
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and smaller chipsize. The reductionsin the parasitic capacitance should lead to an increase
in circuit speed. SOI devices have a much smaller charge collection volume than bulk
CMOS devices and are therefore more immune to soft-errorscaused by a pha-particles.
The radiation hardnessaof SOI technology should permit gresater flexibility in circuit design
and layout due to simpler processing.

2.4.2 Threshold Voltageof Fully Depleted MOSFETSs

The threshold voltage of an enhancement mode bulk n-channd MOSFET isgiven
by,

Vo=V +2@.+qN, W __ [C 8}

where Vgg is the flat band voltage equa to (PMms - Qox/Cox). PF is the Fermi potential
equal to kT/qln(Ng/n;), and Wpax is the maximum depletion width given by

1/4801(3(1[)F [aN, .

In athick film SOI device where the film thicknesst > 2 Wpax, therecan te no interaction
between the front and back depletion zones. The threshold voltage is the same as in a butk
transistor and isgiven by eqn. (1).

In a thin-film,fully depleted enhancement mode n-channel devices, the interaction
between the two interfacesforces one to solve Poisson'sequation in the channel in order to
determine the threshold voltages. Assuming the depletion approximation, the equationis

d*® gN
> - q A (2)
dx £

When integrated twice this yields the potential distribution as a function of position in the
film.

®(x) = 2&,{2 +

e

D, -D, qN,t,
£ _"aux+d 3
[ t,; 2¢ “ ©G)

where & and ®4p are the potentiadlsat the front and back silicon/oxide interfaces,

respectively.

e e



Similarly, the field distribution in the film can be expressed as,

E(x) -— qNA X — [q)lb ” q)i _ qNAtli} (4)
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Gauss Law isthen applied to thefront and back interfaces.
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Qox is the fixed charge density, Qjnvs iSthefront inversion charge density (<0) and Qsb
represents the charge state of the back interface (Qsp = O under depletion, Qsb > O under
accumulation and Qgp < O under inversion). Combining equations (1) - (5) we get the
desired relationships between the front gate voltageand the back gate voltage.

[ Cy Ty 1{5 e +Qinv
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where Csi = &i/tj and Qdep = -qN Alsi-
If the back surfaceis accumulated, ®gp=0 and at threshold Qinv=0. Then,
C, Q,
\% =V | 812, ) - —E (7
theace FB¢ + + Cow ]( F) 2C°~ )

If the back surface isinverted, ®4,=2®fF and once again the threshold voltage i s obtained
as,
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Finaly, when the back surfaceisdepleted,

Vlhwzr = V'hucc - C (Cu +C“.)(VG' - VGr\wc) (9)
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Thus under these conditions the front gate threshold voltage varies linearly with the back
gate voltage. Thedependenceof thefront gate threshold voltageon the bedk gate voltageis
qualitatively depicted in figure 2.11. Thedependenceof thefront gate threshold voltageon
the back gate bias decreases with increasing tox b When tox b iS vVery large (back gate
oxideisvery thick) then the front gate voltageis virtually independent of the. back gate bias.

- *>Vg,
1

Figure 2.11 Theoretical dependenceof V1t on Vg for acompletely depleted SOI
MOSFET. For reference, the corresponding bulk MOSFET threshold
voltage V1o isindicated [62]



of aMOSFET, gm, isa measuredf the effectivenessof the control of the drain current by
the gate voltage. The saturation transconductance is given by [65],

dl
= ey FC,, (Vg - V) (14)

Bm = av,,

C
where y = °/(Cox +C,,) isagain the efficiency factor. The substrate capacitanceisa

combination of both the capacitanced the SOI film and the back oxide capacitance for the
case when the back surfaceis depleted. Thus the efficiency factor y is reduced from its
maximum vaue of 1.0 for the case when the back oxide thicknessis infinite, to 0.94 when
thox=3500A (tpox IS the buried oxide capacitance) and further to 0.77 when tyo, = 1000A.
Thus, the transconductance enhancements in SOI MOSFETs over bulk MOSFETs is
maximum for thick back gate oxides. For thinner beck gate oxides, the drain saturation
voltages are reduced by the efficiency factor y, and the saturation current and
transconductance enhancementsare al so reduced by y.

Another effect which is expected to increase the current in ultra-thin-film SOI-
MOSFETsis the effect of vertica field on the surface mobility [63]. In MOS devicesin
generd, increasing the verticd field confines the carriers to the surface region where there
are more scattering sites. Thus increased vertica fields result in degraded effective
mobility. The surfacedectricfidd in athin-film SOI device with the back surfacedepleted
is lower than thesurfacedectricfiedd ina bulk MOSFET. To first order, the surfacefields

in aFD MOSFET is ﬂ"—t'l and that in a bulk MOSFET is M Since thin-film

2¢e,, L
fully-depleted SOI-MOSFETs have smadler verticd fields, they are expected to have a
higher effective mobility than corresponding bulk MOSFETs. Moreover, since the field
remains constant from source todrain, there is no mobility degradation towards the drain.
This increased effective mobility trandates into a higher drain current. Mobility
enhancement due to decreased vertica eectric fields have been observed experimentally
[66].The maximum of mobility is obtained right above threshold, but is rapidly
overshadowed hy the decrease d mobility caused by the increase of Qiyv When the gate

voltage issignificantly larger than V.

For a given gate voltage, SOI-MOSFETs have a larger number of inversion
electrons than bulk-MOSFETs. Therefore, bulk-MOSFETs have lower saturation drain
voltages than SOI-MOSFETs for the same gate voltage. This is shown in Fig. 2.13.

e~ ————
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However in short-channel device fabricated in the sub-micron region velocity saturation

effects limit the output current [67). Velocity saturation acts to reduce the satyration
voltage; for both the SOI MOSFETsand the bulk MOSFETs. Fig. 213 dsoillustrates the
dependence of the saturation voltage on gate length. In long channei MOSFETS, the
saturation v dtage of SOI MOSFETs were larger then that of bulk MOSFETSs due to larger
channel charge. Asthechannd lengths become shorter, the saturation voltageof both SOI

and bulk MOSFETs &crease and gpproach the same value. The saturation current densities
should in principle al so approach the same value. Under high fields the saturation current
density is writtenas (139],
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Figure 2.13 Dependence d the saturation voltage an channd length for thin-film SOI
MOSFETs and bulk MOSFETs[67]
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where m = u/2Lvg,. Thusfor short channd lengths,

ldh = WCO!(V!N(VGf - Vﬂl) (16)

The enhancement due to a is thus lost at the short channel lengths. This is clearly
demonstrated in figure 2.14, where the current densitiesof similar geometry bulk and thin-
film SOI MOSFET's gpproach each other in the deep sub-micron regime.

SOl MOSFETsare more immune to short-channd effectsas will te discussed later.
The channel doping of SOl MOSFETSscan thereforebe low even in the sub-micron regime
whereas short-channel bulk MOSFETS require higher doping concentrations than those for
long channdl devices. Therefore, the SOI MOSFETS provide higher mobility and higher
saturation velocitiesfor carriers. Thiseffect is responsiblefor thelarger current drives of
the SOl MOSFETs, even in the presenced veocity saturation and isdepicted in Fig. 2.15.
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Figure 2.15 Dependenced thesaturation current on channel length for thin-film SOI
MOSFETsand bulk MOSFETSs (67]




Therefore, in summary, SOl MOSFETSs provide higher saturation currents than
corresponding bulk MOSFETS in long channd devicesdue to increased drain saturation
voltages. In the short channd regime, SO1 MOSFETSs dlow lower channel doping
concentrations than bulk MOSFETs.  Although the drain saturation voltages are dmost
equa because o velocity saturation, the SOI MOSFETSs provide larger currents because o
the lower channel doping.

2.4.4 Short Channd Effects

Short Channdl effects cause asignificantchange in device behavior. A number o
effectscome into focus aschannd lengths are shortened: (1) Channd Legh modulation (2)
Threshold voltage lowering (3) Drain induced barrier lowering and punchthrough (4) hot-
electron effectsand (5) mobility degradation due to large dectric fidlds [68]. The threshold
voltage variation with channd length and DIBL are predominantly due to charge sharing
between the S/D and the gate. A mgor advantaged SOl MOSFETSsIs its greater immunity
to short-channd effects [69].

A first order estimation of the dependence of threshold voltage on the channel
length can be determined from geometrical consderations[70]. Fig. 2.16 illudtrates the
typica depletion regionsexisting in short-channel bulk and SOI MOSFETS. It can be seen
that in thin-film SOI MOSFETSs, only asmdl fractiondf the depletion charge under the
gateis controlled by the sourceand drain. On the other hand, in bulk MOSFETS, a larger
portion of the charge under the gatecan be partitioned into the Source and Drain. This
portion increases relative to the tota depletion charge as the channd lengths decrease.
Since the gate controls lessand less substrate charge, the threshold voltage decreases with
channd length. Therefore, in thin-film SOl MOSFETS, the threshold voltage remains more
or less constant for gate lengths down to 0.5um. Thisisillustrated in figure 2.17. One
can == that the threshold voltage roll-of f starts to occur at Significantly smaller gate lengths
in thin-film SOI trangstorsthan in bulk devices.

Alleviated short-channel effects have been studied analyticaly [71-73] and have
been verified experimentaly [74]. In[71], Young studied the short-channd effect in fully
depleted SOI MOSFETSs, ugng an andyticd two-dimensond modd and PISCES
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Figure 2.16 Schematiccrosssectionaf a (a) bulk and (b) thin-film SOI tranggtor.
Qg, Qb, Qs and (d are the depletion region char gesassociated with the
gate, back interface source and drain respectively




simulations. It wasestablished that the reduction in threshold voltage due to short channel
effects decreases with decreasing silicon film thickness. Comparison with the analytical
modelsfor bulk MOSFETSs [75] showed the advantages of SOl MOSFETs over their bulk-
silicon counterparts. In addition to threshold voltage roll-off with gate length, other short-
channel effects such as drain-induced-barrier lowering, channel length modulation and
velocity saturation wereinvestigated in detail by Fossum et al [72] based on a charge-based
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Figure 2.17 Threshold voltage roll-off comparison between bulk MOSFET and thin-film
SOl MOSFETSs

large signal model for a transistor instrong inversion [73]. 1t wasshown that the presence
of the back gate significantly affects the behavior short channel devices. In addition to
thinning the SOI film, operating the device with the back gate held in accumulation
ameliorates threshol d-voltage reduction, DIBL and channel length modulation. The short
channel effect issmaller in thin-film devices with accumulation at the back side than in thin-
film fully depleted devices but both of them show |ess short-channel effects than their bulk
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counterparts. However, accumulated back surfaces degrade transconductancesand drive
currents[65] and also result in increased drain dectric fidds which exacerbate hot-electron
effectsas wdl as reduce the carrier mobility. Hence, design trade-offs would be involved
in controlling the short-channel effects, through the accumulationof the back interface. An
optimum control of the space chargein the silicon film by the gate (which would further
minimize the short channel effect) could be obtained by usng double-gatedevices (onegate
below the active silicon film and one gate above it). Making such devices is a red

technologica challenge, but some practicad schemeswill be proposed in later chapters.

Another short channel effect, called drain-induced conductiuity enhancement
(DICE) is a'so due to charge sharing between the gate and the junctions[73]. DICE is
caused by the reductionof the depletion charge controlled by the gate due to a sizeincrease
of the drain junction-related depletion zone, which itsalf increaseswith Vps. In order 0
modd the DICE effect, an analysisinvolving the solution of the two-dimensiona Laplace
equation (in afully depleted device) mugt be carried out. 1t can be shown that the DICE
effect islower in thin-film SOI devicesthan in bulk devices[72].

245 Sub-thresholdSope

Sub-threshold slope is an extremely important MOSFET parameter, as it
characterizesthe region between the of f-stateand the on-state. The inverse sub-threshold
dope (S) isdefined as 8V 5/8(In 1), when the channd is in the weak inversion regime.
For bulk MOSFETS, it can be shown that S can be approximated by [76],

S= Elog( 101 +M) (17)
q C

whereCp , Cjt and Cox are the depletion capacitance, the interfacetrap capacitance and the
gate capacitance respectively. The depletion capacitance is small in the case of SOI
MOSFETs. Moreover. the depletion charge does not vary with gate bias. Therefore, in

thin film SOl MOSFETs, the vaue of the inverse sub-threshold slope approaches a
minimum vaue given by [77],

s= XL 0g10)(1 + St | (18)
q C

ox




Though this expression, derived from bulk MOSFET theory cannot be strictly applied to
thin-film SOl MOSFETs, it explains to afirst order the improved sub-threshold dopesfor
SOI MOSFETscompared to buk MOSFETs. Physicaly theinverse sub-threshold dope
'S isameasureof the gate voltage swing required to change the drain current by an order
of magnitude. Thevdued S then determinesthe minimum valued the threshold voltage
for acoeptableleakage currents. Typicaly a ratiodf 105 is required for theratioof ON-gtate
to OFF-date current. If the vauefor S were 100mV/decade then ‘5S° would determine the
minimum threshold voltagefor an ided device in the absence o fixed charges. Sharpsub
threshold dopes then alow devicesto operateat low threshold voltages, which increases
the saturation voltage and hence the saturation current and gpeed of the device. Colingeet
al [78) proposed a capacitancedivider modd to understand the sub-threshold slopes under
different substrate bias conditions. The modds under different bias conditionsare shown
in Fig. 2.18.

2
 d(logly)

(19)

The sub-threshold current of an MOS tranggtor isa minority carrier diffusion current

dn

dn n(0) - n(L)
dy

I,=-qgA
D_an L

=qAD,
(20)

n(0) = n, e ;n(L) = n & '
Theinverson channd can be approximated by a box carrier profile with a uniform carrier

concentration n(0) and a thickness 'd' defined as the distance from the Si-SiO; interfaceat
which the potentid islowered by kT/q [70].

K do
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Using these expressionsthe current is written as,
2
w kT n?' ~8v, e”'
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From (19) we can write,

-



78

— Vg1 — V51
p
Cox l-——j: COX l———:
L ]
——
™Ws1 o ! Wsl
C. C r
itl r ) D - VF
[ ]
CF,D‘ ? c
ox2
L, Cg,s P
77 ’J”
(a) (b)
wl
> Vg1
_ c_, 3 , B
j——coxl ox1 7 ‘ il
[ — o] . I b 3
—Y=Cin1 ——CDF ;':C i -1 C DF
? R - 52
~>\p82 J
1 1 == Cw
——Coxx—— Cie { T Va2
-
”rrr
© (d)

Figure 2.18 Equivalent capacitor models for (a% bulk MOSFET or thick-film
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In(10) I
= Iy - "0 T 99, (23)
v, [, do, v,

S

From the Ip expression of egn. (22),

4 2.,
1 dl, q  dd, " dx 24
I, do, KT 4o, -
dx

Thesecond term in C isacorrection term that accountsfor the reduction in current increase
dueto theincreased the surfaced ectricfidd with increasng surface current (bias). So far
the above expressionsderived are generd and gpplicable to both bulk and SOI MOSFETSs.
Qualitatively since the increasein surface electricfied with increasing surface potentid is
lower for SOl MOSFETs, C in egn. (24) islarger thanin abuk MOSFET. Generdly, this
correctiontermean be ignored and C = g/kT.

.S= L In(10) Vg
q do

(25)

v,
dd

can be determined for al cases usng the cagpacitor divider networks.

Neglecting the presence d interface states, the expresson for the sub-threshold dope S can
be written for both bulk and SOI MOSFET as (78],

S= Eln(lO)( l1+a) (26)
q

where again a = Cgub/Cox, and the capacitance Csyb dependson the device structure as
detailed in section 2.4.3. Since afFp,sol < Abulk < CACC,S0I, the inverse sub-threshold
dope has the lowest (i.e. best) vaue in the fully depleted device, it is larger in the bulk
device and even larger in the device with the beck interfaceaccumulated. Sub-threshold
slopes are degraded when the back interface is accumulated, because this condition is
smilar to the thick-filmcase. Infact, it wasdetermined that the dopes under accumulated
back surface were worse than the bulk case. Depletion at the back surface does not change
the sub-threshold slope; it affectsonly the threshold voltage. However, when the back
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surfaceisinverted so that there isa channd current in the off-gtate, the sub-threshold dope
decreases becausedf the poor control o the back channel current by the front gate voltage.
The observed dependence o the sub-threshold slopes on the back surface potentia is
shown in figure 2.19. Thus, so long as the back surface is depleted, thin-film SOI
MOSFETs provide superior sub-threshold dopesover corresponding bulk MOSFETs.

In short-channel devices however, an increase in sub-threshold sl ope results due to
back surface leakage and DIBL [139]. Thin-film SOI MOSFETs then lose some of its
advantages in the short-channd region. Thisisillustratedin figure 2.20. The degradation
in sub-threshold dope isa lot lesser in thinner films. The curvesin fig. 2.20assumea
back oxide thickness of 4000A. The worsening sub-threshold slopes at short channe
lengthscan be reduced further by usng thinner back oxides. Thinner back oxides would
result in a slightly larger sub-threshold slope under long channel conditions due to the
increasein the' a' factor, but the degradation would be avoided. Once again, dual-gated
devices would continue to provide extremely low sub-threshold slopes even at short
channd lengthsand would also provide excellent totad dose radiation hardnessdue to the
thinner back oxide. Balestra and Brini [79] recently proposed andytica expressionsfor the
sub-threshold s opesbased on the assumption thet the potentia distribution in the SOI film
is linear. Based on their modd, they investigated the parametric dependencies of the
sub-threshold slope on the silicon film thickness, channel doping, and the back oxide
thickness. In particular, it was shown that the subthreshold slope of the MOSFET
increases as the back oxide thickness is reduced. This can also be deduced from the
capacitor divider networks presented earlier. Thinner back oxides increase the back gate
capacitance. Thisincreases the back gate control over the channd and reduces the front
gate control over the channel. Hence the sub threshold dope shows a slight degradation.
In Chapter 3, a method to reduce the short-channd effects in a hot-carrier resstant designis
presented, which involves thinning the back gate oxide. In light of the above dependence.
such adesign would be accompanied by higher inverse sub-threshold slopes. Thus SOI
VLSI design impliestrade-offs among the different parameters.

2.4.6 High Fidd Effects

The high eectricfields near the drain of short-channe SO MOSFETs give rise to
hot-carrier effectsjust asthey doin buk MOSFETs. However, in addition to hot carrier
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Figure2.19 Measured subthreshold characteristicsof a thin-film SOI n-channel
MOSFET at different back gate voltages[78]
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degradation, there are other del eteriouseffectsdue to the unique nature of the SOI device.
These are the kink-effects and the paragtic bipolar effect. In this section each of these
effects are discussed briefly, to give an overview of some of the mgor problemsfacing
SOI technology today.

2.4.6.1 Hot Carrier Effects

The utility of short-channd devicesis inherently dependent on the riability of the
devices. Reliability isdirectly rlated to the immunity of the devicesto hot-carrier effects.
The horizontal e ectricfidd in the transistor, which is roughly proportional to the ratio o
the supply voltage to the gate length, increases as the device dimensions are reduced,
When the transistor operatesin the saturation mode, a high el ectric field develops between
the channel pinch-off point and thedrain junction. This electricfield gives the electrons
such a high energy that somed them can be injected into the gate oxide, thereby damaging
the oxide-slicon interface [140]. At vary high injection levelstunneling current through the
gate can actually be measured [141]. The injected electronscause shiftsin the threshold
voltage and the transconductance through the generation of interface states which begin to
act as holetraps. Likewise, they aso degrade the sub-threshold dopes and which results
in a higher leakagecurrent. Hot-carrier injection at the back interface (which is not as high
in quality as thefront interface to begin with) increasesoff-stateleakagein SO MOSFETSs
[142-143]. Tofirst order the maximum drain eectricfied can be written as [87],

Vs = Vg,

Ep = — (27)

[

112

. . 1 1 i C ﬂ
l l - t 'Y By b
where 1¢ is defined as the characteristic length given by, 1, = t, [ZCO,‘(Ha)

C - Cn'Cox
a = —% for accumulated back surfacesand a . for depleted back
C (Cli + Cox. )Cox;

[+3.73

surfaces. f = 1 for accumulated back surfacesand B = 1+L for depleted back

s + Tox

surfaces. Therefore, the multiplication factor islower for thin-film SOI MOSFETs because
of the' a' term in the expression for the characteristiclength. Thisis illustrated in fig.
2.21, which presents the multiplication factor in bulk and fully depleted SO MOSFETs o
similar geometry.
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Short-channel bulk MOSFET s require complex processing and lightly doped drain
structures to lower thedrain electric field and reduce hot-carrier effects. SOl MOSFETS
have been shown to have reduced hot-€l ectron related degradation d threshold voltagesand
transconductancescompared to their bulk counterparts [80]. In Fig. 2.22, the threshold
voltage degradation in thin-film fully depleted SOI MOSFETSs, thick-film partially depleted
SOl MOSFETs and bulk MOSFETSs are compared under similar stressing conditions.
Thin-film fully depleted MOSFETs showed the least amount of hot-carrier degradation.
The maximum drain electricfidd Em isafunction of thedrain saturation voltage Vd sat.
The lower the V{ sat, the higher theelectric fidld. In section 2.4.3, it was stated that the
drain saturation voltagedf thin-film MOSFETSsis greater than that in abulk MOSFET. due
to the fully depleted channd from source todrain. Therefore, the maximum drain electric
field 1s lower in thin-film MOSFETSs which results in lower hot-canrier-degradation.
However, it has been observed tha thedrain €ectric field in ultra-thin SOI-MOSFETs
increases considerably due to two-dimensiona effects [81-85] resulting in lower
breakdown voltages. Design rules for these MOSFETSs require the presenceof LDD
regions, similar to the case of bulk MOSFETSs {86]. For minimum hot-carrier-induced
degradation. SOI MOSFETs with moderately thin (not ultra-thin) films rust be fabricated
{87]. In such cases, it has been shown through numerical simulations that the
multiplication factor a thedrain o theSOI devicewithout LDDisin fact lessthan that in a
bulk device with LDD. For lower drain electric fields, it is required tha the back film
interface be maintained in depletion i.e. the silicon film must be fully depleted.
Accumulated back interfacesincrease the electric field at the drainand result in degraded
hot-carrier-induced-lifetimes. Thus. SOI-MOSFETs at worst would have the same hot-
carrier-related problemsas bulk MOSFETsand would require similar drain engineering.
But, because of the ability to vary the silicon film thickness, it may be possible to design
the SOl MOSFET with thicker films and acceptable short-channel effects {87], resulting in
enhanced device performanceover bulk MOSFETSs.

2.4.6.2 Kink Effect

Floating substrate effects have been observed in bulk MOSFET: {88, 89] bui only
under specific conditionsand low temperatures. In generd, floating substrate effectsare
unique to SOI MOSFETs. Firgt evidenced floating substrate effects (al soreferred toas
the "Kink Effect” ) were found in thick-film SOS transistorsand thick-film partialy




depleted SOI MOSFETSs [90-95]. Kink-effects have aso been observed in thick-film
partialy depleted SOI MOSFETSs. In partidly depleted thick-film SOI MOSFETs (weak)
impact ionization a the drain produces electron-hole pairs, the e ectrons are swept into the
drain whereas the holesare injected into the substrate. This Situation issimilar to the one
observed in buk MOSFETs. If there were a bu Wsubgtrate contact, the generated holces
would recombine at the contact and congtitute the substrate current. However, in the
absence o a substrate contact, the holes accumulateat the substrate and forward bias the
source-body junction as depicted in figure 2.23 (a). The substrate develops a positive
potential VBS in order to lower the barrier at the source junction. The potential VBS
adjusts itself to maintain equilibrium between the generation rate of holes and the
recombination at the source. The positive potentia VBS of the substrate resultsin a body-
effect, amilar to bulk MOSFETS, and decreasesthe threshold voltaged the device. This
reduction in threshold causes alank in the output characteristicsas shown in Fg. 2.24.

A Potential APotential

Source Dran

Source Dran

Digance

(a) (b)

Figure 223 (@) Potentid in the neutral region from sourcetodrainin the
Partially depleted device before and after the onset of the lank effect (lower
and upper curves, respectively) (b) Potentid from source todrainin the
fully depleted device
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Kink effects in SOl and SOS MOSFETs have been modeled both anaytically [96)
and using two-dimensional numericd smulations[97]. Thekink effect is responsible for
the observation of anomal ous sub-threshold dopesfor partialy-depleted SOI MOSFETs
[98,99]. When the body floats, the (relatively weak) impact ionization that aan occur near
the drain in the sub-threshold region (in addition to the other carrier generation
mechanisms) can result in holes being injected into the neutral body. The hole injection
chargesthe body and producesa forward biason the body-source junction, which reduces
the threshold voltage while the device operates in the sub-threshold region. Asaresult. the
sub threshold current jumps from a high-Vy characterigtic to alow-V, curveand givesrise
to a very steep sub-threshold dope. The steep sub-threshold slopes disappear in fully
depleted MOSFETS, which lends credence to their association to the kink effect
phenomenon. Moreover, the kink effect causessignificant drain current overshoots [100]
in the trandgent characterigticsd the MOSFET. Therefore, in summary, the kink effectsare
not wholly desirable. One way to avoid the kink effectis toincorporatea substrate contact
to the device. The holes generated by impact ionization would then recombineat the
substrate contact rather than accumulaein the bulk. Thisis akin to the behavior in bul k
MOSFETs. However, incorporating a substrate contact results in a more complicated
fabrication process and increasesthe active devicearea It has been demonstrated that the
ued thinfilm fully depleted MOSFET s effectively diminates the kink in the output drain
charagteristics {101,102]. Thin-filmfully depleted MOSFETs havea significantly lowered
source to body potentia barrier compared to partially depleted MOSFET's asshown in Hg.
2.23 (b), The mgority carrier holes generated at the drain can therefore more easily
recombineat the source. Thereis, asa result, a minima body-effect which in turn results
in the disappearancedf the kink. Fig. 2.24 again shows the nullified kink-effect in the
fully-depleted devices. Thedevicescan be either extremdly thin-film and fully depleted ai
al times, or thick-filmand fully depleted by applying a back gate voltage. If a negative
back biasis used to induce an accumulation layer a the back interface, the device behaves
asa patialy depleted device, and the kink regppears[101].

2.4.6.3 Parasitic Bipolar Effects

There existsa paraditic bipolar trangstor in every MOS structure. 1fwe consider an
n-channel device, the N+-source, p-type body, and the N+sdrain form the emitter, base and
collector of an NPN bipolar transistor. Inabulk device, thebase of the bipotar trangstoris

7
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Figure 2.24  Output characteristics of two transistors, one made in a S00nm thick SOI
film and theother madein a 100nm thick film. Only thedevicein (iv)is
fully depleted and does not show the 'kink' [69]



usualy grounded by means o a substrate contact. In an SOI device, however the body
(base) is usudly left floating. This paragitic bipolar transistor is the origin of two mgor
undesirableeffectsin SOI devices: (a) the sngle transstor latch and (b) the reduction of
the drain breskdown voltage.

2.46.3.1 Reduced Dran Breskdown Voltege

The kink-effect isinherently tied in with the drain breskdown phenomenain thin-
film SOI MOSFETs. Clearly, the cause for both the effects is the same, namdly, impact
ionization at the drain. Thin-film SOI MOSFETs while demonstrating eliminated kink-
effects, also show a significantly reduced drain breskdown voltage [103-105]. The
reduced breakdown voltage is due to the parasitic bipolar action in thin-film MOSFETSs.
The parasitic bipolar, an n-p-n tranastor for a n-channel MOSFET, is formed by the n+
source, the p-body and the n+-drain. The impact ionization generated holes serve as the
base current for the latera bipolar transistor, on injection into the source. This causesa
back injection of eectronsfrom the source which add to the channel inversion electrons.
These electrons in turn impact ionize at the drain enhancing the base current and thus
turning the bipolar transistor on. The regenerative action eventually leads to device
breakdown. The breskdown mechanism is similar to that in bulk MOSFETs but is
exacerbated by the absence of the bulk-substrate contact. Fig. 2.25 gives a pictoria
explanationfor the breskdown mechanismin bulk and SOI MOSFETs. Bipolar snapback
effects in the sub threshold region, due to the activation of the parasitic bipolar transistor
have also been observed experimentaly [106-107]. A complete analysisd the floating
body effects in SOI MOSFETs and its effect on the breakdown and bipolar latch-up
phenomena basad on two-dimensional, two-carrier numerica smulations has recently been
published [108].

Although thin-film devices do not show any discernible kink effects, the quasi-
fermi level separation between the source and the body (which determines the forward bias
potential Vgg for the emitter-basejunction of the parasitic BJT) is greater for the thin-film
devices than it is for the thick-film devices. The reason for this can be qualitatively
described as follows. The forward bias developed across the source-body junction
determinesthe injection and subsequent recombinaiond holesin the quasi-neutra
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Figure 2.25 Schematicdiagram showing current flow in (&) bulk-silicon and (b) SOI
n-channel MOSFETs operated in the saturation regime.




sourcel. The thinner films have larger drain electric fields and therefore a greater
generation of holes. Coupled with the fact that the thinner films providea smaller volume
for recombination, the forward bias developed in the thinner films must be greater to
maintain the equilibrium between carrier generationand recombination. Therefore, to state
that the substrate potentid does not increase in the thin-film MOSFETs would be incorrect.
The substrate potential does indeed increase as the above argument suggests. However,
since the thin-film devicesarefully depleted, itsdepletion chargeis largely independent o
the substrate bias and therefore the thin-film devices are less prone to the body effect which
causes the kink in the partialy depleted devices. Furthermore, due to the substantial
forward bias developed across the body-source junction (base-emitter junction lor the
lateral BJT), the thin-film SOl MOSFETs show adrastic reduction in breakdown voltages
due to paragitic bipolar action. The thinner the film, the more pronounced the parasitic
bipolar and the lower the breskdown voltage. Thesmaller breskdown voltagesin thin-film
devices versus those with thicker films have a'so been observed experimentdly [109].

The breakdown voltage of thin-film SOl MOSFETs thus depends on both the
electric field (and multiplication) at thedrain as wdl ason the emitter injection efficiency
and current gain of the lateral bipolar transistor. Schemes to increase the breakdown
voltage by decreasing thedrain electric field [110] and decreasing the current gain [109]
have been proposed. Decreasing the current gain implies the use of alightly doped source
to reduce the injection efficiency. This hasits repercussionson the transconductance and
current drive due to increased source resstance. Intentiondly incorporating lifetime lulling
trap centers in the MOSFET body also reduces the gain of the parasitic transistor, but
would result in enhanced leakage currentsin thedrain and source depletion regions. The
leakage current at the drain is another source for the base current and its increase is
undesirable. Electricfieldsat thedrain can be reduced by either using thicker filmsor by
incorporating LDD regions. A novd way to reduce thedrain electricfidd by usng adrain
thickened structure has been recently proposed [110]. Thedrain regionsdof the device are
made in thicker material while the channd region is made in thinner material. No viable
techniqueto fabricate such adevice has been presented so far.

1 The recombinationin the SOl MOSFETSs is more dominant in the quasi-neutral source
than at the junction. The transverse dectric field in the channel region physicaly seperates
the eectrons and the holes at the source-body junction, greatly reducing their probability of
recombination.



91

2.463.2 SingleTrangstor Latch

The single trangtor laich phenomenaisqualitatively described in figure2,26 and 1s
again adirect result of the parasitic bipolar trangstor in fully depleted SOI MOSFETs.
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Figure 2.26 lllugtrationdf the singletransistor laich [106]. Curve(a) depicts the normd
sub threshold characteristic at low drain voltage, curve (b) illustrates the
anomalistically sharp sub threshold 9 opedue to the bipolar action and
finally curve (c) showsthe devicein thelaiched state

The singletransstor latch resultsdue to the triggering o the parasitic bipolar transistor in
the sub-threshold region. If thedrain voltage is high enough, impact ionization can occur
in the sub threshold region even though the drain current is very small. In the figure, at
low drain biases, a normd sub threshold characteristic isobtained under both forward and
reverse voltage scan conditions (curvea). If thedrain voltageis increased (curveb), the
impact ionization near the drain increasesand raises the body potentia. This reduces the

e =



threshold voltage under the forward gate voltagescan and leads to an anomalistically sharp
increase in thedrain current. Asthedrain current increases, so does the impact ionization
and a positive feedback is maintained. During the descending voltage scan, the
regenerative impact ionization mechanism under the large drain bias keeps the body voltage
high and the threshold voltagelow. A high drain current isobserved until the gate voltage
drop below the value required to maintain positive feedback. Once this point is reached the
drain current suddenly drops. As a consequence, a hysteresis is observed in the sub
threshold characteristics in curve b. If thedrain biasis large enough the positive feedback
loop cannot be turned off once it is triggered and the device cannot be turned off even if the
gate voltage is reduced (curve c). Thedeviceisthen said to be latched. Such parasiticlatch
phenomena can directly affect the switching behavior of CMOS circuits fabricated using
fully-depleted SOI MOSFETs [142]. Consider for example a simple CMOS inverter.
During the pull-down transient, the drain is at a high voltage and the gate is low. If the
input voltage rise time is sharp then there could be a sufficient channel current in the n-
channel device while itsdrain voltageishigh, thus triggering the bipolar latch. This would
increase the current flowing through the n-channel device and increase thedischarging of
the output node. The latch is not maintained in the steady state, because the drain voltage
quickly becomeslow. During the pull-up transient, the gate voltageisinitially high and the
drain voltageislow. If thefall timeisslow or the leakage currents are significant, then the
device will latch during the pull-up transient and would remain latched even when the gate
voltage becomes zero. The latch is thus maintained under steady state conditions and
resultsin tremendous standby-by power consumption. Therefore, although there may be
potential advantages of the latch during the pull-down transient, the increased power
consumption in steady state makes the latch undesirableand steps must be taken to nullify
or minimize itsoccurrence.

2.4.7 Genera Comments

A number of devices have been fabricated in both SIMOX and ZMR filmsand have
been shown to demonstrate any or al of the aforementioned properties[I11-1201. Based
on trade-offs involved in device design and fabrication, various design criteria for sub
micron SOI devices havealso been proposed [121].
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Findly, a number of device models have been proposed to more accurately
characterize the device behavior in thin-film SOI-MOSFETs. An equilibrium electrostatic
modd based on the solution of the one-dimensiona Poisson's equation was formulated
[122] to explain the sub threshold characteristicsin thin-film polysilicon MOSFETSs. An
extension of this mode to the strong inversion regime based on the Pao-Sah single
integration approach has also been formulated [123-125]. The above models however
assume a bulk-substrate contacted device. The electrostatic analyses are not accurate for
typica floating-body SO1 MOSFETs. A more accurate modd for floating body SOI
MOSFETS has been proposed by Pierret [126). Computations based on this modd are
presented in the next chapter to explain volume-inversion in dual-gate controlled
MOSFETs. Two-dimensional numerical models based on the solution of the two-
dimensional Poisson formulation and Monte-Carlo techniques have also been used to
explain the amdliorated short-channd effectsin thin-film MOSFETs[127-131].

25  Summary

The limitations of bulk MOSFETSs in the short-channel regime were detailed. The
properties of thin-film SOl MOSFETs with regard to circumventing the deleterious
problems associated with bulk MOSFETswere described in detall. In particular, the higher
drain saturation voltage and saturation currents, improved sub-threshold slopes,
significantly enhanced immunity to short-channel effects, and the reduction of the kink-
effect were described. A mgor concern in thin-film SOI-MOSFETs is thelow breskdown
voltage due to the parasitic bipolar action. The breskdown mechanismswere reviewed in
detail.

Technologies used to fabricate SOI devices were enumerated and the two major
technologiesS MOX and ZMR werediscussed. Selectiveepitaxia growth of silicon was
introduced as a potentialy advantageousmeans o forming high quality SOI materid. This
isdf particular importance when minority carrier devices are to be integrated into a SOI
process.
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CHAPTER 3
THIN-FILM DUAL-GATED SOI MOSFETS

31 Introduction

A number of advantages o thin-film SOI MOSFETSs have been discussed in
Chapter 2. Higtorically, research into SOI devices was carried out with asingle gpplication
in mind, namely, radiation-hard devices for space applications. Of late, the potentia
applicationsaf SOI devices have extended to the fidd of power devicesdue to the blocking
voltage capabilitiesdf the back oxide which results in reduced surface electric fields
(RESUREF) [1-4]. Perhgpsdf greater importance is the extension a SOI devices into the
reAlm of high-speed digital circuits - until now the sole property o bulk CMOS VLS [5
10]. As generationsof computer technology evolve there is a concomitant increase in
speed. Clock speeds in particular (though they do not solely dictate the speed of
microprocessors) have jumped from 20-MHz in 1988 to 50-MHz today and designs
involving higher clock speeds are already in progress. Every increase in speed also
involves a decrease in the minimum feature size of devices. In CMOS technology this
means shrinking gate lengths. The deleterious effectsof aggressive scaling were discussed
in detail in Chapter 2. Silicon-on-insulator devices alow the extension of current
technology to afuture generation. Thisislargdy due to the minimized parasitic capacitance
in a SOI structure. Thus, largely due to the reduction o load capacitancein a CMOS
circuit, SOI devicesdlow the technology to operatea the same gate length while providing
speeds compatiblewith a futuregeneration. Again, research into SOI devices with reach-
through junctions was prompted by this potentia increase in speed due to minimized
parasitics. All other advantages of SOI MOSFETSs described in Chapter 2 must be
considered to be serendipitouswindfals.

A significant advantage o SOI MOSFETSs stems from the fact that the device
performancescan be dtered by the action of a 'back gate’. Conventionally, the slicon
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substrate acts as the back gate asillustrated in Fig. 2.1. The biasapplied to the substrate
modifies the surface potentia in the channd at the back interface (back interface 1 in Fig.
2.1). In afully-depleteddevice thefront interfaceand the back interface are dectrogtaticaly
coupled together. When the back surface is accumulated then the device: can no longer be
considered fully-depleted as the accumulation layer at the back cannot be depleted by the
front gate. In chapter 2 it was noted that the back surface potential can affect the device
‘performance of the MOSFET operated using the top surface gate. This back gate control

lends designers the option o maintaining the back interface in either accumulation or

depletion and can be used to optimize device design by controlling either short-channel

effectsor hot-electron effects [11]. Long-channel fully-depleted SOI MOSFETSs show

significantly enhanced saturation drain currents and transconductances over bulk

MOSFETs. They also exhibit superior sub-thresholddopes. However it was noted in the
previouschapter that at short channel lengthsthe advantagesof SOI MOSFETs in termsof

current, transconductance and sub-threshold dopes were lost. The degradation in current
is limited by fundamenta device physcsand velocity saturation. But the degradation in

sub-threshold s opes, short channel effectsand DIBL can be controlled by the back-gate.

Thisleadsto the concept of the Dud-Gated MOSFET.

In thischapter, we shal discuss some of the advantages of dual-gated MOSFETS.
In adual-gated MOSFET, the top and bottom gates are biased smultaneoudly. Thedevice
is then essentially a dual-channel device with surface inversion channelsinduced at the
front and back interfaces. The various reported configurationsof dual-gated devicesare
illustrated in figure 3.1. In section 3.2, the concept of volume inversion in dual-gated
devicesis discussed and common misconceptionsareclarified. Someof the advantagesd
dual-gated MOSFETSs are then analyzed in section 3.3. All the results shown in this
chapter are based on either numerica smulationsor andytical computations. Thegod isto
identify definite trends by making fair comparisons between the different devices. It isnot
theam of thischapter to predict the exact device parameterssuch a current dengity etc. for
different processes, or to optimize process parameters to achieve a desired performance
level. Findly in section 3.4, we outline a novd process to fabricate a fully self-aligned
dual-gated SOI MOSFET usng the verticaly seeded epitaxid laterd overgrowth technique.
Thedevice has significant advantages over existing dua -gated SOI MOSFET technologies.
The self-alignement between the top and bottom gates minimizes parasitics and reduces
activearea.
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Figure3.1  Variousconfigurationsof dua gated devicesreportedin the literature
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3.2 Volume Inverson

A novd mode of operation of dua-gated SOI MOSFET's was proposed by Balestra
et al [12], in which the top and bottom gates were biased smultaneoudly. A significant
enhancement in device performance was predicted for this mode of operation, due to
volumeinversionin thechannd caused by the action of thetwo gates. A devicein volume
inversion contains an electron density that is greater than the channd doping throughout the
thicknessaf the semiconducting film. The performanceenhancement of such adevice was
theorized to arisefrom the reduced influenceof surface scattering on the "bulk” carriersin
the film. Recently Zingg et d [13] and Colinge €t al [14] demonstrated improved
characteristicsin dua-channel SOI MOSFETs. The performance enhancements in the
above cases were shown by comparing the output characteristics of' a dual-channel
MCSFET to the more conventional single-channel MOSFET of Fig 2.1. However, the
measured drain current was the cumulative sum of that due to volume inversion and the
inherent additional current resulting from the lowered threshold voltage d the dud-channel
MOSFET. Any enhancements due to just volume inversion effects were not clearly
identified. Drain current enhancements resulting from solely bulk inversion must be
determined by comparing dual-channel and single-channel MOSFETs at constant VG-V T
values, |n the fallowingsection, we investigate the effectsof volumeinversion in thin-film
SOI MOSFETSs and the efficacy of dual-gate operation in enhancing their device
performance.

3.2.1 Numeicd Smulations

In order to determine the performance enhancementsin dual-channel SOI devices.
over 100 different two dimensiona devicesimulationswere performed using the PISCES-
[1B device smulator [15]. Thedevice structures ussd in the Ssmulations are illustrated as
instsin Fig 3.3(a). In addition to field and doping dependent carrier mobilities, the effect
of the perpendicular electric field on carrier mobility was incorporated to account for
surface mobility degradationassociated with increased carrier scattering. The inclusion of'
the perpendicular electric fidld model iScrucial to Simulating thin-film S©QI deviceswhere
there could be substantial sub-surface currents. For the sample simulations described
herein, interfacia traps were neglected a the two gate oxide-semiconductor interfaces
white fixed interface charges of 101%m? and 101 Yem? were specified a the front and
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back interfacesrespectively.! The gate material was chosen to be degenerately doped n*-
polysilicon. All devices had a gate length o 1um and a gate oxide thickness of 200A
commensurate with typica 1um design rules[16]. The single-gated device had a buricd
oxide thickness of 300nm and for both devices the channd doping was uniform at
7x1016/cm3 with asilicon film thicknessdf 0.lum. For the assumed film thickness, this
weas the largest value o the film doping concentration that yielded a fully-depleted device &
threshold.

Theoutput drain characteristicsdf the SG and DG MOSFETs were sSmulated for a
constant (Vg-VT) to exclude extraneous enhancements related to the lower threshold

voltage of the DG MOSFET. The threshold voltage was determined by linearly
extrapolating the linear region o the Ip-VG curve to zero drain current. The threshold
voltaged the SG MOSFET is 0.4V and that of the DG MOSFET is0.13V. The output
characteristicsaof the SG and DG MOSFETsare shown in figure 3.2. The drain current
characterigticsdf the DG MOSFET were seen to be congstently greater than that o the SG
MOSFET. Figure 3.3 (a) illustrates the output characteristicsof the two devices under
strong inversionconditionsat Vg-V1=2.6V and figure 3.3 (b) depicts the transconductance
of the DG and SG MOSFET. Asillugrated in Fig. 3.3 (a), the saturation drain current of
the DG MOSFET was observed to be about twice that of the SG MOSFET. Thisfactor of
two increase is expected due to the existence of two surface channels inside. the DG
MOSFET. A non-trivia performance enhancement must be measured by the increment
over this base'factor of 2 increase. Unfortunately, only a 5-10% incremental increasc
was observed in the drain current. Similarly, the transconductance of the DG MOSFET
shows about a 10% increase over twice the value o the SG MOSFET only in the wesk
inversion region around the threshold voltage. Once the device reaches strong inverson,
the enhancement in the transconductance decreases.

'Although asymmetricdevice structure was used in the smulations, the different valuesof
the fixed charge assumed at the front and the back interfaces resulted in asmall asymmetry
In the computed carrier distributions. Similar results were obtained when the fixed charge
density a the two interfaces were neglected in the smulations.
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Output Curvesfa asngle gated MOSFET
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As noted in reference [14], the inverson layer is more or less evenly distributed
acrossthe slicon film at threshold. For surface potentia incrementsbeyond threshold, the
inversion electrons are added to the surface while the bulk inverson density does nut
increasesignificantly. The surface inversion layer effectively shields the bulk inversion
charges under large gate biases, causing them to be more or less pinned to their values at
the onset of inversion. Consequently, only a very small increase in current was observed
due to the larger mohilities of the bulk electrons. The integrated carrier concengration-
mobility (u-n integral) at the source of the DG MOSFET isplotted in Fig. 3.4. Theregion
of slowly varying u-n across the bulk of the SOI film is indicative of the relatively
negligiblecontributiond the bulk inversion electrons to the u-n integral and hence to the
drain current. A sharp slope in this region would be indicative of a significant current
contribution in the bulk. At a constant Vg-VT the tota-film p-n integral in the DG
MOSFET isamost exactly twice that in the SG-MOSFET, consistent with the two-times
current difference. Thus, unless the surface mobility is significantly lower than the
mobility in the bulk or the bulk carrier concentration is comparable to the concentration at
the surface, volume inversion is not expected to cause a significant enhancement in the
output drain current
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Figure 3.4  Integrated mobility-electrondensity product ( fun dx ) asafunction of
position in the SOI film




3.2.2 Andyticd Formulation

In addition to the PISCES simulations, one dimengond equilibrium electrogtatic
computationswere carried out by solving Poisson's equation as gpplied to afully depleted
SOI film. Poisson'sequation is written as,

dE
B;_Ee—-q(p—n+ND—NA) (1)

$ 0

Inabul k MOSFET, thefield and thecharge densityare zero, degp in thesilicon film. It is
thereforeconvenient to use this as the reference point. However in adud-gated MOSFET
thereisno region o the semiconductor with zero chargedengity. The qualitative potential
distribution under dua-gate operation in a n-channd MOSFET isshown in figure 3.5.

Figure 3.5 Enegy band diagram for asymmetricdual-gated MOSFET with both
surfaces under inverson
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In this mode of operation the surface potentidsat the front and back interfaces, s and
Psp respectively, are both greater than zero. Moreover, there dways existsa point (dg, in
thefigure) at which theelectricfield is zero. This point is chosen as the referencefor the
potentia.

Introducing the normalized potentids,

¢(X) - Ei(do) - Ei(X)
kT kT

9

U(x) =

_%g _E(d)-E(

F = ey T (2
¢ _E(d)-E(t,)
s8 = A kT
and by definition, Np =N, = n;fe-Ur _gUr) (3)

where Ug is the fermi potential. To account for the full-depletiondf the film, we aso
define Uy, such that,

U, = Eld) B @)

° kT

where Eg denotes the pogition o thefermi level. U, = Ur only in thetg; — o limit. Then
by virtuedf the choiced the reference point, U(do) = O.

BB VKT o [B()-By(4,) +Bi(d,) ~Ep)IKT

p=n; i
(5)
p- n. e[U, -Ux)}
In similar fashion n=n, V@ %! (6)
Poisson'sequation can then be written as,
%E_ Igni [eU.,-U( x)_eUx)-Uq +e'U|=_eUr] ¥
x lso

Therefore,

ey
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2
U (g’ (€ eV Y sel —e7Vr) (®
dax® | K, ekT
ﬂ_ 1 ( U-U, _U,-U +eU,,_e-U,,)
dx* 2L}
©)
[[n . .
where L, = VK T " theint rinsic Debyelength
seo
Integrating eqn. (9)in the standard manner,
Ax U
[% L) (‘E{) - - [le% e e —e ™ Jau (10)
2L, 4

Sinceat X = do, E = -dU/dx = 0 and U(x) = 0,

dU 1 u, ~u Up ~-U, U -Up
G?'L_D[e (el - +e’U+e (e’ -1)-¢ U]z (11)
kT dU kT FU,U_U
E(x) = - = U LU G L) for 0<x <d
q dx q Ly °
-_ESE__USBEM for d_<x<t, (12)

q dx 4 Lp

were F(U,U_,U,) = [eU" e V-D+e’rU+re (e’ - 1)-«:'”"U]’g

Now,
g __ « FU.U,.Ug) O<x<d,
dx Lo
(13)
FU,U,,U
I CACLLE B
I"D

Separating variables in the above equation and integrating from x=0 to x=do and X=do to
X=lg; respectively,
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0 d,

f—-—L--USng—x- O<x <d,
O F(U,U,,Ug) % Lp

(14)

u b

= dU d .

o= O [ d,<x<usi

0 KU,U,,U;) b4 Ly

Therefore, by combining the equations (14) we get,

U
SP U SB dU .
f—d—+f— = O, (15)
/ RU,U_U) 4 HUU,U;) Lo
since Usg = Usg = Us under dual-gate operation. Given the surface potentials Usf and
Usg, equation (15) determines the parameter U,. Once U, is determined, the potential
profileand the electron and hole distributions can be easily obtained using,

Usr du

{ F(U,U,U,) 0

SLA Osx=<d,
D
(16)
u
= du t.-Xx
and — U o d sxst..
ﬂ F(U',U,U;) s ° "

From Gauss' Law, the terminal relationships can then be written as,

kT K.e
VGF-T(USF+UF_U0)+ K. 2Ege + Dy

ox

17

kT K.t
Ve = ? (Ugp+Ue-U,) - K

ESB + ¢MS

(1} 3

Under symmetric conditions, dg = ts;/2 and the above equations simplify immensely.

Using the above analytical formulation it was found that, for .agiven SOI film
thickness, the inversion charge density inside the film became independent of doping when
the doping concentration was reduced below acertain critical value. Moreover, the cited
limiting case corresponded to the maximum volume inversion. Based on the foregoing
observations, the maximum bulk inversion charge density for agiven silicon film thickness
was obtained by simply dropping the bulk termsin the Poisson formulation. Fig. 3.6
shows the limiting-case electron distribution in the SOI film d asymmetrical dual-channel
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MOSFET for a sdect number of film thicknesses. The surface electron concentrationis
fixed at the band-edge vdue in dl cases; i.e Ec isassumed equa 1o E at the semiconductor
surface. Theratio o the eectron concentrationin the bulk to the electron concentration at
the surfaceis plotted asafunction of film thicknessin figure 3.7.

Examining Figs. 3.6 and 3.7 note that, for a film thickness of' 10004, the bulk
electron concentration is roughly threeordersof magnitudelower then the surface electron
concentration. Since the surface mobility is the same order o magnitude as the bulk
mobility, the bulk electrons are expected to make a negligible contribution to the p-n
integral. Effectively, the drain current flows almost exclusively in the surface channels
which extend about 1004 into the film on either side. For the effectsof volumeinversion
to be significant, the carrier concentration profile in the semiconductingfilm must be more
or less uniform. With referenceto Fig. 3.7, this would require very thin films (s 200A)
which are extremdly difficult tofabricate.[17].

Contrary to previous assertions, it was concluded that the dual-channel SOI
MOSFET would provideonly asmal incrementd (> 2X) current enhancement over the
single-channel SOI MOSFET when compared a equa VG-VT vaues. This conclusionin
itself does not detract from the potentia use of dua-gated SOI MOSFET's in CMOS VLSI
circuits. The presenced an independently controllablesecond gate givescircuit designers
a good measure of flexibility in circuit design. Whereas, the use of a single gated
MOSFET constrainsal devicesto operate at the same threshold voltage, the useof adual-
gated transistor allows the devices to operate at different threshold voltages.

3.2.3 Quantum Mechanicd Andyss

Theanaytical resultsin the previous section were applied to films that were 200 A
thick. At these dimensions there might be concern as to whether quantuim-effects become
important or not. To make sure quantum-effects did not change carrier distributions
significantly, 1-D Quantum-mechanica computations were performed for both the 1000A
and the 2004 films. The conduction band profilewas provided from the analytical solution
and hardwall boundary conditions were applied at the two ends to account for the
confinement by the oxideinterfaces. The computationsdid not incorporate a self-cons stent
Poisson solver, but provided fairly accurate first order results [18,19]. The forthcoming

——



sketch of the quantum-mechanical computationsdo not fal into the author'sexpertiseand
he acknowledges the help and support d R. Lake who ran these smulations.

The bare and essentid outlinesaof the computations are sketched below. The details
are provided in references[18,19]. Sincethe problem essentidly involvesan equilibrium
solution, the computations start with the finite difference solution of the equilibrium
Green's function definition d Schrodinger's equation,

( R, - .h) - = S
E + sV - V() +i— | G(r,t) = d(r-T) (18)
2m 2t

V(1) includesthe dectrodtatic potentia and any conduction band discontinuities.

< for this problem was chosen to be 0.5ps.

%t represents the random potentia due to the impuritiesand phonons.

m* was chosen to be thedendity of stateseffective massgiven by 1.182m,  However, for
calculating energy levels and wave-functions, the conductivity effective mass should be
used since thisis thedynamic part o the solution. Then oncethe energy levelsand wave-
functionsare computed, the eectron density should be calculated usng thedensity of states
effective mass. Unfortunately, the program wasonly set up to use asingle effective mass

x

m-.

T o determine the e ectron density, the following badc equations were used,

D(F.E) = 3, 3E-E,) (19)

This definesthe local postion dependent density o states. The usud definition o the
density of dtatesis then given by theintegrd,

DE) = fdf D(T,E) = YSE-E,) - fdE'XE)E-E)  (20)

=2
LeeH, = Epn_T + V(T). Expanding G(7,T’) in eéigenstatesof Ho,
G(F,}‘-’,E) - EM (21)
m E-¢g +1—
2t

The dengity of statesisthen defined as.
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D(f,E) = - 1 Im[G(F,T',E)]
n

(22

g kOl %,
) nz(E—em)z + ()

The quantity 1 isaLorentzian of full width at haf maximum equa to
Tt

%

/2T

(E-¢,)"+ (35)°
In the limit % — 0, the Lorentzian — 8(E-ep). In thislimit eqn. (22) reducesto

egn. (19). The finite vaue o % givesafinite width to the energy states o the system.

The program calculates G(r,t’,E) from egn. (18), D(r,E) from egn. (22), then weights
D(F,E) by f(E) and integratesover E toget n(T).

The results of the computation are shown in figure 3.8. The quantum-mechanical
simulationswere carried out for bath the 1000A and the 20081 films. In the 10004 film the
1-D density of states No(z;E) follows the conduction band profile. All the available states
are determined by the triangle potential wellsat either surfaceand no bound states due to
the'particlein a box' typeconfining potentia isfound. Thisis made moreclear in figure
3.9 where the shadow plots of the calculated strictly 1D density of slates (No(z;E) are
plotted, with the conduction band profile superposed. Thedark regionsare regionsof high
density of states. The contribution to the density of statesfrom the transverse energies
have been ignored in the plot due to clarity. In the 20081 case, asignificant contribution is
seen to arise from the "particlein a box' confinement as evidenced by the non-zero DOS
distributions aong the middle of the channel. However, the significant energy levels are
still determined by the states fixed at the two surfaces by the triangular potential. Once
again the shadow plot of figure3.9(b) confirm that thedominant energy states occur at the
two surfaces. This proves that while there isa quantum effect in the thin 20081 films, the
electron dengity distribution is not affected by them. Findly, figure3.10 that compares the
electron density distributions between the quantum mechanica picture and the anaytica
picture prove the accuracy d theanalytic computations.
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Shadow plotsof thecalculated, strictly 1D density of states No(z;E) with the
conduction band superposed for (a) a 10004 filmand (b) a 2008, film. Dark
regionsareregionsof high density of states
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3.2.4 A Fnd Noteon Current Enhancements

In dedling with drain current enhancements, it is very important toclearly define the
term 'enhancement’. In the above sections, the enhancement has been defined as the ratio
of the current in the dual-channel device to twice the current in the single channel device
where the drain current is calculated under strong inversion (Vg-VT1=2.6V) ad in
saturation(Vp=3.0V). Thisdefinition of enhancement is used because this is the 'useful’
enhancement in output current. Extreme care must be taken in comparing the output
currentsfor single and dua -gatedevices especidly for short channd lengths. If the device
design issuch that the single-gated devicesshow significant short-channel effectssuch as
channd Iength modulation, then the compared enhancementsdepend on thedrain and gete
voltages a whichthecurrents are measured.

At the lower gate biases, the single channel devices suffer from severe channd
length modulation. Thisis shown by the dope in the output characteristicsfor the single
channdl devicesshownin tig.3.11(a). The dua-channe devicesareimmuneto channel



123

2510 5

Drain Current {(Aljrm)

1.5 2

Drain Voltage
(@

05 1 15 2 25 3
Drain Voltage

)
Figure3.11  Output characteristics for a single-gated deviceand a dual-gated devicefor

(@) Vg-V1=0.3V and (b) Vg-V1=2.6V. Infig. (a) thesingle-gated device
showsevidenceof channel length modulation



enhancement
Gate Length = 1.0 pm

1-1 -T'Tl'll]rlrl""'TTT"Ill]l'r"l"lll'l'l=
3 3
~ 1 F r
N 3 -
M 0.9 E 3
) 3 3
% 0.8 F =
o - -
e E 3
- 0.7 F =
~ 3 ]
o 0.6 F <
& 3 —e—Vd=3.0 ]
- 0.5 | -
- : —8—Vd=0.05 3
0.4 F —o-Vd=0.6
a -

0.3 E

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Vg-Vt

Figure3.12 Enhancement in thedrain current d dua-geted devicesover sngle-gated
devicesasafunction o gate voltage for different drain voltages

length modul ation due to the stronger coupling between the gate and the channel. Thusa
the low gate biases the device (whose gate length is 1.0um) shows no enhancement. |n
fact the DG device exhibits a lower current than SGx2 in the figure. At the larger gate
biases, the channel length modulation is reduced due to the stronger coupling between the
gate and the channd (figure3.11 (b)) and the enhancement consequently increases. This
dependence of the enhancement on the gate bias is shown in figure 3.12. If the
enhancement were caculated at alower drain voltage (V4=0.05V), then the channd length
modulation effect is not seen. The enhancement defined at thislower drain voltageis dso
shown infigure3.12. Again the maximum enhancement is about 10%.

I'n order to confirm the channd length modulation effect, the same device structure
but with a gate length of 4.0um was used in the smulations. The channel length
modulation effects disappeared as expected and the enhancement was more or less
independent of the drain voltage at which they werecaculated. The output charactenstics
of the SG and DG MOSFETs with L=4.0pm under both wesk and strong inverson is

————————
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shown in figure 3.13. Theflat saturation regionsfor both the DG and the SG devicesin
both the curvesconfirms the absence of short-channd effects. The enhancement in current
isalso very similar.

Thus in conclusion due to severe short channd effects encountered in the SG
MOSFET, the enhancement in the drain current of the DG MOSFET is dampened & the
lower gate voltages and the enhancement gpproachesa maximum vaue a VG-V 1=2.6V.
The anayses and the conclusionsin the previous sectionshave therefore been restricted to
the strong inversion region d operation.

3.3  Short Channd Immunity in Dua-Geted SOl MOSFETs

In this section, the advantagesd duad-gated thin-film SOl MOSFETS, are described

with particular emphasis placed on its short-channd immunity. Short channd effectsin n

channd silicon-on-insulator (SOI) MOSFETswith P* polysilicon gates are andyzed using
two-dimensond devicesmulations. The analyses suggest that dual-gated MOSFET's with

P* polysilicon gates are more immune to short channel effects than conventional single-

gated devices. Digressing for a moment, the use of P+-polysilicon gates alows the
threshold voltage df conventiona single-gated Silicon-on-Insulator (SOI) MOS Feld Effect
Transistors to be fixed by ‘work function engineering' rather than by intrinsic device
parameters such as channel doping and SOI film thickness. Consequently, the channel

doping in these devices can be extremely low which resultsin superior gains and higher
channel mobilities. However, smultaneoudy the devices demondrate severe short channd

effects such as drain-induced-banier-lowering(DIBL) and premature punchthrough. Dud-
gated MOSFETs with P*-polysilicon gates control the short-channel effects while
simultaneoudy reaping the benefits of low channd doping concentrations. In addition, the
dual-gated MOSFET could significantly increase the design window options (in so far as
thechoice of film thicknessis concerned) availableso that the device could be designed to
counter both the large drain fields (which lead to hot-electron effectsand parasitic bipolar
action) as well as short channd effects such as punch-through and DIBL. Mahli et al [20]
and Daviset al [21] have extensively studied the applications o P+-polysilicon gatesin
thin-film SOI technology. Aoki et d [22] have aso investigated the design considerations
for thin-film fully-depleted devices and provided useful guiddines for the theoretically
allowablefilm thickness, channd doping, and gate work function. It was concluded that
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P+-polysilicongates provide a larger design window than do N+-poly gatesfor thin-film
SOI device applications. In addition, Pt-gated devices provide higher gain and improved
breakdown capabilities over similar devices with N+-gates[21].

The choice of gate materid affects the device performance of thin-film SOI1
MOSFETs. N+-polysilicon gates are the most commonly used gate material in CMOS
designs for both n-channel and p-channel SOI MOSFETs. However, in N*+-poly gated
thin-fil m full y-depleted n-channel SOI MOSFETS, the threshold voltage is a strong
function of both the channd doping and the SOI film thickness. As the film thicknessis
reduced the threshold voltage decreases till it finally achieves a negative vaue
commensuratewith normally-onoperation which is obvioudy undesirablefrom the point
of view of static power dissipation. The use of P+-gated buried n-channel devices
overcomes thisdrawback. P+-polysilicon gatesalow the threshold voltage to be fixed by
‘work functionengineering' rather than by the intrinsic device parameters such as channdl
thickness or doping. Thus, the threshold voltage of devices with P+-poly gates remain
approximately independentof the channd doping or thickness for arangeof vauesadf the
two parameters. The threshold voltage o n-channel SOI MOSFETs with both n*-
polysilicon and pt*-polysilicon gates are plotted in figure 3.14 as a function of doping
concentration and silicon film thickness. These values were obtained for long-channel
devicesfrom the analytical formulationdetailed in Section 3.2.2. The threshold voltage of
the n+-gated device shows a strong dependence on the channel doping and the SOI film
thickness. For normally-off operation the practica device threshold voltage must be in the
rangefrom 0.5-0.7 V. With reference to the figure, n-channd thin-film SOl MOSFETs
with n+-gateswould requireextremely high channel doping concentrationsin the order of
1017/¢cm3 to achieve threshold voltages in the vicinity 0.5V. The heavy doping
concentration affects several device characteristics. Specifically, the verticd electricfield
increasesand degradesmohility due to increased surface scattering. Besides, the low fidd
mobility isalso drastically reduced by impurity scattering. The low field mobility affects
both the transconductanceand the output drive current capability of the dlevice In addition
the gain of the device is also reduced. Moreover, the process variation tolerance is
extremely poor and smdl variationsin the channel doping profile or SOI film thickness
could causea large variation i n the threshold voltage. For ap*-gated n-channed MOSFET,
the threshold voltage showslittleor no variaion with channd thicknessor channd doping
for doping concentrationsin the range from 10!4-1015/cms3. The threshold voltage is
pinned at around 0.8-0.9V for channd thicknessesaround 100nm and channd doping
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concentrationsfrom 1x1014-5x 1015/cms3. Thus, normally-off operation is easily achicved
for very low doping concentrationswhich resultsin increased effective channel mobilities
and consequently improved device gain and transconductance. Also, the process variation
tolerance isconsiderably better.

The threshold voltage of p*-gated n-channe MOSFETSs, which is fixed at around
0.8V as seen above, is higher than the optimum 0.5V and has been considered a mgor
‘drawback’ of the above device [23]. The higher the threshold voltage the lower the
saturation current capability of the device. Therefore, it is advantageousto operate the
deviceat aslow a threshold voltage as possible without suffering from excessive off-state
leskage. In fig. 3.15 we plot the smulated output drain characteristics of the single-gated
thin-film n-channel MOSFET with n* and p* polysilicon gates. Two dimensional
simulations were carried out over a range of bias conditions and structural dimensions
using the PISCES-11B device smulator. In addition to field and doping: dependent carrier
mobilities, the effect of the perpendicular electricfidd on carrier mobility was incorporated
to account for surface mobility degradation associated with increased carrier scattering.
Variationsin structural dimensionsincluded varying the SOI film thicknesses and the front
and back oxide thicknesses. The SOI film doping concentration was <0 varied in al
smulations. The results were similar in al casesinvestigated so long as fair comparisons
were maintained between n+-gated and p*-gated devices. Only the results from sample
devices are presented herein. The simulated devices, unless otherwise specified, hed a
drawn gate length of 1 pm and oxide thicknesses (both front and back for the dua-gated
MOSFET) of 250A. Interfacial traps were neglected at the two interfaces. Fixed interface
charges were specified as 1010/cms3 and 10! }/ems3 for the front and back interfaces
respectively. Thesingle gated devices had a buried oxide thicknessaf 3000A. The SOI film
thicknesswas 0.1um. Abrupt source/drain junctions were assumed for al device structures
simulated. The device with the n+-poly gate hasa channd doping of 7x1016/cms3 and a
threshold voltage of 0.4V (whichis dightly lower than the optimally desired value) while
the p*-poly gated device has a channd doping of 1x10!5/cms3 and a threshold voltage of
0.9V. Thedrain currentsare plotted for the same value of Vg (=5.0V). Itisclear that
although the p*-gated device has twice the threshold voltage of the n+-gateddevice, the
output current capabilitiesof the two devicesare more or lessidentical. In fact, the p*-
gated device exhibits a higher saturation drain current, due mainly to itslarger gain evident
in fig. 3.15 by its larger dope in the linear region. The larger gain arises from the low
channel doping in the p*-gated deviceswhichin turn yieldshigher channel mobilities.
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Thus the Lage threshold voltagesd the p*-gated devices cannot entirely be considered a
disadvantage. In addition, the higher V- should yield better noise marginsfor the device

and lower off-state leakage currents.

A second major disadvantage with the use of p*-polysilicon gates noted in
references [21,23] is the poor off-state characteristicsdf the device. The poor off-state
characteristicsresult from the week gate control of the channd region by p+-gates. The off-
state characteristics are controlled by thefringing fieldsat the back interface. The fringing
field [24] dependson the channel doping at the back interface, the thicknessaof the SOI
film, the charge state of the back interface and the thickness of the buried oxide layer.
Increasing the channd doping, accumulating the back interface and reducing the buried
oxide thickness dl contribute to increasing the vaue of the fringing field. In [21,23] the
first two methods of increasing the fringing fields were provided as possible soiutions to

e e
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improving the off-state characteristicsa the SOI devices with p+-poly gates. Specificaly,
the two solutionsoffered were (i) to introduce a heavily doped channd region at the back
gate and (ii) to accumulate the back interface with an appropriate substrate bias. Both o
these proposed techniquesact to inhibit the penetration of the drain field in the channel
region a the back interface and increase the front gate control of the channel region.
However, neither o thesesolutionsare practicdly redizable. Due to the ultrarthin nature of
the SOI film (typicaly 100nm or less) it isextremdy difficult to control the channel implant
S0 as to obtain an extremely sharp profileat the back interface, while maintaining a very
low uniform doping concentrationin the rest of the channd region. Again, accumulating
the beack interface usng asubgtrate bias would require large biasesfor the thick back oxides
encountered (voltage vaues greater than 5 voltsare typicdly unavailableon CMOS chips).
Moreover, the substrate biaswould serve to deplete the bedk interfacesin complimentary p-
channel devicesunlessadditiona process steps were undertaken to isolate the subgtrates for
the individual devices.
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Figure3.16 Vaidionof the punchthrough voltage for thick and thin back oxide
thicknessesas afunctionof the SOI film thicknessfor n-channel SOI
MOSFETSs with neutrd gates
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Another scheme to increase the fringing fidlds a the back interfaceand never before
exploited explicitly for this reason is to reduce the back/buried oxide thickness. In fig. 3.16
we plot the variation of the punch-through voltage of p*-poly gated n-channd SOI devices
asafunction of channd thicknessfor two different back oxide thicknesses. It can be seen
that a reduction in the buried oxide thickness from 3500A to 750A causesa large increase
in the punch-through voltage. In the above calculations the punch-through voltage hes been
defined as thedrain voltage (with V5¢=0.0V) a which the drain current reaches InA/pm.

However, decreasing the back oxide thickness uniformly across the wafer (as was
proposed in reference [25]) would significantly increase the sourceldrain to substrate
capacitanced the devicesand result in poor speed performances. Moreover, it wes seen in
Chapter 2 that the inverse sub-threshold doped the SO MOSHET increased as the buried
oxide was made thinner. Thus thinning the buried oxide and using it as a parameter to
control short-channel effectsin conventiona single-gated MOSFETs would definitely be
detrimenta to the main advantagesoffered by the SOI devices, namely, lower parasitic
junction capacitance and improved sub-threshold dopes. Taking this argument a step
further, if the back oxide thickness could indeed be used as a parameter to control short-
channel effectsin p*-gated thin-film SOI MOSFETS, the buried oxide must be selectively
thinned down in the channd region doneas shown in fig. 3.17(a). This would take care
of the problem of increased parasitic source/drain capacitance. Operating the device under
dual-gate control would provideexcd lent gate control over the channe region and thereby
maintain extremely sharp sub-threshold dopes. A devicestructure that achievesthe above
constraintsis the dual-gated device. The devicestructureis schematicdly illustratedin fig.
3.17(b). The dua-gated device lends the designer the option d either kegping the back gate
grounded or using the device under dual-gate control. Dual-gate operation would be the
preferred mode of operation. The devicestructured figure3.17(a) wasin fact proposed in
reference [26] as the ultimate scalable MOSFET. The thinner oxidein the channd region
and the p*-substrate are proposed to aleviate problems rdated to punch through in the near
intrinsic channel. The p+-polysilicon gate replacesthe p*-substrate in the dua-gated device
structure. The need to self-align the top and bottom gates is apparent in figures 3.17(a) and
(b). Any overlap of the S/D regionsand the bottom gateonly adds to parasitic capacitance
which would ultimately dow down the device performance. In the following section a
process to form afully self-aligned dual-gated structure will be introduced for the firg time.
Like any self-aligned scheme, the proposed process aims at reducing device parasitics
while maintaining a high device performance.
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In fig. 3.15 we have a so plotted the output characteristicsof the dual-gated device
under dual-gate operation. The dual-gated device again has a channel doping of
1x10!5/cms3 and a threshold voltage of 0.9V 2, The current vector plots illustrating current
flow in the dual-gated device and the single gated device aredepicted in figure 3.18. The
figureindicates the presenced alarge sub-surfacecurrent due to volume inverson in the
dual-gated device. The single gated device however shows mainly surface conduction. In
spite of the additional bulk current flowing in the dual-channel device, a two times
increment in current is observed over the single gated device corresponding to the two
surface channels present under dual-gate operation, commensurate with the results
presented in section 3.2. The two-times current increase is however not the prime
motivating factor dictating the use of dual-gated devices. The impact of the dual-gate
deviceis felt in terms of its short-channel immunity. Figure 3.19 shows the potentia
contours for p*-poly single-gated and dua-gated devices when Vpg=5.0V and Vgg=0.0V.
Thefigureindicatesassignificantly smaler excurson of thedrain fidd in the channel region
of the dual-gated MOSFET. The lesser penetration by the drain field resultsin better
punch-through capabilitiesand lower off-stateleskage. The DIBL immunity offered by the
dual-gated MOSFET isclearly illustrated in fig. 3.20, which shows the conduction band
profilefor p*-gated single-gated (SG) and dual-gated (DG) MOSFETSs for both low and
high drain biases. The barrier reductionat the source by thedrainfield is seen to be lower
in the DG device than in the SG device. Also shown as insets in the figure are the
degradation in the sub-threshold dopes under high drain biases for the SG and DG
devices. These curvesfurther confirm the DIBL immunity offered by the DG MOSFET.
Fig. 3.21 shows the threshold voltage roll-off for the SG and DG devicesas a function of
gate length. The threshold voltage rall-off (whichisamessured the short-channd effect)
is lower for the DG MOSFET thaen for the SG device. Only at a gate length of 0.4pum
does the DG MOSFET begin to suffer from any short-channel effects. Thinner (front and
back) gate oxides must be used at these channel lengths to ensure good device
characteristics.

2Since the threshold voltageof p*-poly devicesisfixed by the gate work function rather
than the intrinsic device parameters, the threshold voltage of the p*-poly dual-gatedevices
is the sameas that of the single gate devices. When nt-poly gates are used, VT of the
dual-gated devices are typicdly alot smaler then the VT o corresponding single-gated
devicesand they consequently demand a higher channd doping concentration to maintain
normally-off operation and minimize off-date leskage currents.
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In Chapter 2, the effect of decreasing channe lengths on the sub-threshold characteristics
was discussed. As the channd length decreases, the sub-threshold slope gradually
degrades due to back channd leskage. At short channd lengths, thin-film single-gated SOI

MOSFETslose ther advantage (superior sub-threshold dopes) over bulk MOSFETSs. This
is made clear in figure 3.22 and 3.23, which illustrates the degrading sub-threshold
characteridicsfor both n+-polyslicon and pt-polyslicon gated n-channd SOI MOSFETS.

Finally, in figure 3.24 the improved sub-threshold behavior in dual-gated devices is
depicted.

In summary, dua-gated devices with p+-poly gates show improved short-channel
immunity over corresponding SG deviceswhile s multaneoudy maintaining the advantages
of low channel doping, high gain and large process tolerances. In addition, the dua-gated
device offersthe option of operating elther under singleor dua gate control.

The increased fringing fields (obviousfrom fig. 3.19(b)) which lends the dual-
gated MOSFET its short-channel immunity does not augur wdl with the device's hot-
electron immunity. In fact, as shown in reference [26], the multiplication factor increases
with increasing fringing fields. Therefore, it isimperative that lightly-doped-drain(LDD)
regions be introduced to the reduce the propensty for hot-electron effects. Lightly doped
source (LDYS) regionsshould dso be incorporated to minimize the likelihood of parasitic
bipolar effects. Another effective scheme to reduce the fidld strength and its related hot-
electron effects is to incorporate elevated sourceldrain structures. (A process flow
demonstrating the fabrication of a elevated source/drain structure in a dual-gated SOl
MOSFET isshown in the next section). Thedectricfidd in thechannd of SOI MOSFETs
decreases as the channd thickness increases. Thusin addition to drain engineering, the
channel thickness could also be increased to reduce the channel fields. The maximum
allowable channd thickness would again be determined by DIBL and punchthrough
requirements. The short-channel immunity offered by the two gates alows the channel
thickness of DG MOSFETSs to be doubled without compromising device performance.
Thus, thedua gated device providesalarger desgn window in termsof allowing both a
range of channd doping concentrationsand arange of channd thicknesses.

Lastly, in fig. 3.25we plot the avalanche generation ratefor the dual-gated device.
The maximum avaanche generation rate occursin the middle of the channel away from
either the front or back interfaces. Hot-electron generation and itsconsequent injectioninto
the front or back oxideinterfaces causes both threshold voltageshiftsand increased sub-

e
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threshold leakage. By confining the hot-electron generation away from the intcrfaces these
effectswould be minimized.

Before concluding this section it isimportant to reiterate that these smulations were
made on a number of device structuresand the trends established above were observed in
all cases. Further optimizations to the device structures would change individua device
parameters such as saturation current density, the onset o threshold voltage roll-off or the
amount of sub-threshold degradation. But the superior short-channel immunity in the dud-
gated device will be maintained under dl cases Smulated.

3.4  ProcessDesign for Fully Sdf-Aligned Dud-Geated SOl MOSFETSs

In this section we propose a nove processto fabricate a fully self-aligned dud-
gated SOI MOSFET incorporating el evated source/drain regions. The top and bottom gates
are salf-aligned to attain minimum parasiticcapacitances. The processflow isdetailed in
figs. 3.26-3.28. In the firs step , afirst SOI region isepitaxially grown over a bottom gate
either using epitaxial lateral overgrowth (ELO) [27] or confined lateral selective epitaxia
growth (CLSEG) [28]. Thelength of the bottom gate is immaterid aslong asit islarger
than the actual gate dimension. The detailed process cross-sectionsare presented in figure
3.26and 3.27. Theindividua processstepsare clearly labded in the figure. The top gate
materia is then deposited, defined and dry-etched down to the top gate oxide. After oxide
spacersare formed, etching is continued vertically through the SOI layer and down to the
bottom gate oxide to form the stack shown in fig. 3.28(5). Once again the individual
process stepsare described in detail in the figure. Nitride spacersare then formed to inhibit
oxidation at the exposed SOI film sidewalls and the bottom gate is defined through
continued dry-etching (fig. 3.28(7)). The bottom gate is oxidized so that it is completely
isolated. The nitridespacersare then removed from the sack to exposethe sidewallsd the
SOI film. These sidewalls are now used as seed holes for selective epitaxial silicon
deposition to form the source and drain regions. In-situ doping could be used to form the
lightly doped source and drain regions. The n+-region is then implanted from the top to
form the elevated S/D regions. The advantage of such a structure is the minimized
source/drain resistance even for ultra-thin channel regions. Both the top and bottom gates
are defined with a single lithography and are thus self-aligned. This reducesall parasitic
overlap capacitance between ether gate and the source/drain regions. The completed
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ProcessFlow for the Fully-self-aligned Dual-gated SOl MOSFET
1. Front end processing (ELO)

substrate substrate

1. Fidd Oxidation 4. Oxidize bottom gate- either oxideor
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substrate substrate

2, Pattern Gatel nask, etch oxide 5. Deposit and pattern planarization
trench etch stops

7 A

substrate substrate

3. Deposit Gatel and planarize tofill 6. Open seed holes
trench

substrate

7. Grow epitaxial silicon and planarize to
the etch stop

Figure 3.26 Self-aligned dud-gated SOI MOSFET process depicting front-end
processingfor ELO



2. Front end processing (CLSEG)
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1. Fidd Oxidation

substrate

2. Pattern Gatel mask, etch oxide
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substrate
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Figure3.27 Sdf-aligneddual-gated SOl MOSFET process depicting front-end

processingfor CLSEG
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Back End Processing (commonto ELO and CLSEG)

SOI film —

Bottom

poly gate

nitride
oxide

top poly gate

top gate oxide

oxide spacers

1.Start with SOI structure grown by
either ELO or CLSEG

2. Oxidizefor thetop gate oxide
and then d
paly/oxide/nitride stack
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etch through the entirestack
down to the baresilicon

4. Deposit about 1000A o LTO
oxideand RIE toform oxide spacers

5. Conitnue etching the stack with a
RIE. Etch through the SOI silicon
film and stop at the bottom oxide.

Thetopnitrideact s asan etch mask
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Figure3.28 Sdf-digned dud-gated SOI MOSFET process depicting back-end

processang for ELO & CLSEG



H gure 3.28, continued

6. Deposit about 200-300A of nitride and RIE
to form the nitride spacer on the walls of the
silicon film.

7. Continue etching through the bottom
oxide andthe bottom poly gate

8. Now oxidize the bottom gate. The
nitride spacers prevent oxidation on the
silicon sidewalls.

9. Remove the nitride and prepare the wafer
for selective epitaxy.

10. During epitaxy the n- region can be tailored
depending on the device design. The n+ region
can then beimplanted from the top. The
structure isan elevated Source/Drain structure
and istheonly instance of an elecvated S/D
structurein SOI material.
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device structureis shown in fig. 3.28(10).

3.5 Conclusions

The effects of volume inversion in enhancing the properties of dual-channel
MOSFETs were investigated using two-dimensional device simulations and one-
dimensional analytical computations. It wasshown that the output characteristics of dual-
channel devices were not significantly enhanced over thoseof single-channel devices when
the two devices were compared at constant Vg-Vr.

The design considerations involved in thefabrication of thin-film SOI MOSFETs
werediscussed. A new way to control short-channel effects in SOI MOSFETs by thinning
the back gate oxide was recognized. Optimum device performance with reduced hot-
electron-effects and reduced short-channel effects, require thefabrication of moderately thin
film transistors, with thin back gate oxides. Moreover, the channel doping must be low
(1-5x1016) for enhanced mobility and large transconductances. This precludes the use of
n+-polysilicon gates which would require very high channel doping concentrations for
normally off operation. P+ polysilicon could be used as the gate materia for n-channel
MOSFETs. P+ polysilicon exhibits significant advantages as far as threshold control,
breakdown and transconductances are concerned. However, in the off state. p-poly gates
tend to maintain the interfaces in accumulation and therefore do not exercise sufficient
control over the gate charge. Asaresult, p+-poly gated devices are prone to premature
punchthrough or DIBL effects, especialy at the back interface. Thinning the back gate
oxide again helps in controlling the DIBL and punch-through. But this scheme is
detrimental to the current drive, sub-threshold slope and the parasitic drain/source to
substrate capacitance. Simulations indicate that P+-poly gates show improved short
channel immunity over corresponding single-gated devices while simultaneously
maintaining the advantagesd low channel doping, high gain and large process tolerances.
In addition, thedual gate device offersthe option of operating under either singleor dua-
gate control.

A novel processsequence for self-aligning the top and bottom gatesin a dual-gated
SOI MOSFET was presented. The device has significant advantages over existing dual-
gated SOI MOSFET technologies. The two gates can be independently biased which is
essential for flexible design d SOI VLSI circuits. Furthermore, the top and bottom gates




are self-aligned. Thissdf-alignment minimizes parasitics and reduces active area. The
deviceis fully scalableand in fact conforms in device gructureto the proposad ultimate
scalableMOSFET.
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CHAPTER 4

PROCESS DEVELOPMENT FOR ELO AND CLSEG
SOI MOSFETS

Dua-gated devices extend device design optionsover conventional single-gated
devices. The virtuesdf dual-gated devices were voiced in Chapter 3. The immunity to
short channel effects in dual-gated devices comes about because of a more or less one
dimensional potentia distribution across the film. The same one-dimensiona potentia
contours can be achieved by using a single-gated SOI MOSFET fabricated on a
extremely thin (< 10004) silicon film. However, in terms of process development and
technological feasibility, ultrathin films are extremely difficult to fabricate. In
state-of-the-art SIMOX technology for example, high-dose multiple-implants and
multiple anneals have become standard process steps for achieving high quality buried
oxides. Thinning the silicon film and/or the buried oxide thickness would require lower
doses and lower energies, which would degrade the qudity of the buried oxide and the
overlying slicon film. Moreover, as the SOI films are made thinner, the film thickness
uniformity conditions become a lot more stringent. From the point of view o device
performance, the current drive of the individua MOS transistors fabricated on SOI
material are reduced as the film thickness is decreased, due to severely increascd
source/drain series resstance. It also becomes extremely difficult to adapt the salicide
technology (which lowers series resistancesin bulk MOSFETs) to such thin films. [t is
therefore clearly advantageousto use a dual-gated device fabricated in thicker SOI films
to control short-channel effects, while smultaneoudy avoiding the del eterious effectsof
ultracthin films,

The role played by the buried oxide thicknessin dictating the propertiesof SOI
MOSFETs were detailed in the previous chapter. In this regard, selective epitaxy
techniques play a crucial part. Selective epitaxy techniques such as Epitaxial Lateral
Overgrowth (ELO) and Confined Laterd Selective Epitaxid Growth (CLSEG) can be
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used to form extremely high quality thin-film SOI regions. The buried oxide design is
independent of the thicknessand materia quality o theoverlying SOI region. Therefore,
if the thicknessof the buried oxide were to be changed (to prevent short channel effects,
for example), it could be easily accomplished using selective epitaxy. SIMOX on the
other hand would require an extensive development of new implant profiles in terms of
both the implant energy and implant dose, to achieve the desired buried oxide thickness.
Thischangein the SIMOX implant parameters would affect not only the buried insulator
thickness and quality, but would also affect the quality of the overlying silicon-on-
insulator film. Theflexibility afforded by the selective epitaxy techniquesin this regard
can be harnessed into the design of nove devices such as the dual-gated SOI MOS Field
Effect Transistor.

A novel process to fabricate a fully self-aligned dual-gated SOI MOSFET
utilizing selective epitaxy was presented in Chapter 3. This process can be easily
modified to yield a variety o related SOI-MOS structures, two of which are shown in
fig. 4.1. Thedevicein fig. 4.1(a) is exactly similar to a dual-gated structure, with the
exception o the individually accessible back gate. The thin-oxide under the channel
region is self-aligned to the top gate to minimize the drain/source-substrate overlap
capacitance. The purpose of the thin oxide under the channdl is of course to provide
adequate short-channel immunity. The device sketched in fig. 4.1(b) is a quas-SO1
MOSFET. In this device, the source/drain regions are fabricated on SOI material
whereas the channd exists in the bulk substrate material. The source/drain regions must
be self-aligned to the channel region to minimize parasitic capacitances. Since the
channel region isformed in the bulk substrate silicon, unwanted effects i:nthin-film SOI
transistors such as premature device breskdown and floating body effects are avoided.
Such a quasi-SO1 design would not only yidd high performance MOSFETs that can be
formed in like manner as a conventiona MOSFET, but would also yield devices with
minimum parasitic elementsfor optimum speed performance. Finally, the process could
also be usad to fabricate quasi-SOI, dual-gated and regular SOI MOSFETs in the same
process flow, as a mgjority of the process steps required by the three device structuresare
thesame. In this work, the feasibility of using selective epitaxy techniques such as ELO
and CLSEG to form thin-film fully-depleted dua-gated and single-gated SOl MOSFETs
has been investigated. Thefeasibility sudy includes fabricatinga variety of deviceson

"
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Figure4.1  Different SOI-MOS gructuresthat can be fabricated with dight
modificationsto the fully self-aligned dual-gated process
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different starting material' and comparing their dc device parameters. To thisend, a
simplified process flow to fabricate the dual-gated device was pursued. The simplified
process , while not self-aligned, would yield material similar in quality to that achieved
by the fully self-aligned process. The only difference between the two processes is the
additional epitaxy step (that involves growth from a vertical seed hole) in the self-aligned
Process.

Vertical seeded selective epitaxial growth has been successfully fabricated in
paralel projects by Siekkinen [1] and Subramanian [2]. Some of these results are
presented in section 4.1 as satisfactory feasibility indicators. In section 4.2, thesimplified
process flow isdescribed and the devel opment of some of the key stepsin this processare
detailed. Section 4.3 finally summarizes the important aspects of the chapter.

4.1 A Structura Study of the Fully Self-Aligned Dual-Gated MOSFET

The motivation for fabricating dual-gated MOSFETs and the process flow for
fabricating the self-aligned dual-gated device was presented in Chapter 3. The first step
in the process involves growth over a recessed polysilicon gate. Growth over the
recessed gate is similar to growth over a planar oxide surface. This growth is fairly
routine and consistently yields very good material. SEM cross-sectional micrographs of
ELO and CLSEG grown over a planar oxide surface areillustrated later in this chapter.
Once the ELO and/or CLSEG growth is planarized, the top gate definition over the
bottom gate iseasily accomplished. The most crucia step in the processisthe formation
of silicon nitride sidewall spacers for selective oxidation. Silicon nitride is typically
deposited by Low Pressure Chemical Vapor Deposition (LPCVD). The capability for the
LPCVD deposition of silicon nitride was not available at Purdue University and had to be
developed during the course of this work. Initial depositions were carried out using
silane (SiHg ) and ammonia (NHz). Silane was used primarily to avoid the degradation
of the vacuum pump oil caused by Di-chloro-silane (SiH>Cl3). However due to
inappropriate mass transfer effects, all nitride depositions using silane yielded extremely

in chapter 5, results from device measurements on substrate bulk silicon, SIMOX, ELO
and CLSEG will be presented.
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non-uniform nitride layers. The wafers routinely exhibited a 'bulls-eye' effect due to
varying layer thicknesses in the radia direction. Significantly better results were
obtained usng DCSand the growth uniformity across the 3inch wafer improved to within
5%. Typical deposition parameters used in this work were - T=800°C,
Pressure=442mTorr, DCS flow rate=40sccm, NH3 flow rate=160sccm. [t isimportant to
note that best uniformitiesfor the deposited nitride layers were obtained for depositions
below 500mTorr,

The next step was to detennine a good dry etch profile so as to be able to form a
sidewall spacer. Fr115 wastypically used to etch both oxide and silicon in the DRIE 100
Drytech RIE system. A first attempt at etching SizN4 was therefore attempted using
Fr115. Theetch rate was extremely low (50A/min) and the profile was far from vertical.
SFg, however, yieded an extremely vertica profile and moreover, hed an etch rate close
to S00A/min. SFg was therefore chosen as the etch gas for &l subsequent nitride etches.
Table4.1 ligts the typical etch ratesfor the variousmaterial in SFg and Fr115. Itis

Table4.1 Etch Raesd Silicon, Oxideand Nitride in Fr115 and SFg

Materia to be etched Etch Gas Etch Rate
Silicon Fr 115 350 A/min
SFg 1- 1.5um/min

Oxide Fr 115 90 A/min

SFe 85 A/min

Silicon Nitride A 115 50 A/min
SFe 500 A/min
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readily seen that oxide has the dowest etch rate in both gases and is therefore a good
etch-stop when etching polysilicon or silicon with Fr115 or when etching nitride with
SFe. In the above process, oxide and polysilicon layers alternate and it consequently
becomes easy to the control the etch and discriminate between the different layer being
etched. The nitridespacer formed using SFg isshown in fig. 4.2(a).

Finadly, in order to mimic the dual-gated structure, a silicon substrate was
oxidized and alternate layers o poly and oxide were deposited to represent the bottom
gate, the bottom gate oxide, the SOI film, the top gate oxide and the top gate,
respectively. The top gate polysilicon layer was oxidized and finally a 30004 thick
nitride layer was deposited. The top gate mask pattern was lithographically defined and
the nitride, oxide and top gate polysilicon layers were sequentidly etched using SFe and
Fr115, respectively. Etching was terminated at the top gate oxide. After stripping the
resist, the poly gate sdewall was oxidized and subsequently etching in Fr115 was
continued till the bottom gate oxide was reached. Nitride was then deposited and SFg
was used to form the nitride spacer. The SEM cross-section at this stage is shown in fig.
4.2(b). Further processing to attain the dual-gated structure would consist of merely
etching the stack down to the bottom oxide using Fr115, oxidizing the exposed sidewall
o the bottom gate poly and removing the nitride sidewall spacer. Once the nitride is
removed the exposed SOI film sidewal would form a vertica seed for epitaxial growth.
Both CLSEG and ELO growth from vertica seeds have been successfully accomplished
and typica cross-sectionsd vertica seeded growth are shown in fig. 4.3. Thus, dl the
critical stepsin the salf-aligned process have been shown to be practicable:.

4.2  Simplified Processfor the Dud-Gated SO MOSFET

A mgor god d this work was to fabricate thin-film fully-depleted dual-gated
MOSFETSs using epitaxial lateral overgrowth and confined lateral selective epitaxial
growth. The structural feasibility sudy reported in the earlier section and other projects
undertaken a Purdue using similar self-alignment principles proved that the proposed
process would indeed yield the dua-gated device in a self-aligned manner. The man
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issue then was to study the quality o the SOI film formed during the first epitaxy step 2.
To this end, a simplified non-self-aligned process was developed. The front end
processing that involves the formation of the SOI layer usng either epitaxial latera
overgrowth(ELO) or confined lateral selective epitaxial growth (CLSEG) was
schematically illustrated in figs. 3.27(a) and 3.27(b) in the previous chapter. The front
end process used in the non-sdlf-adligned processis essentially the same as outlined in fig.
3.27 with the exception that the bottom gate is not recessed. A detailed process
description of the non-self-aligned processis given beow. Process cross-sections for the
front-end and back end process are provided in figs. 4.4(a)-4.4(c).

After the growth of a0.2p.m bottom (field) oxide, the bottom gate polysilicon was
deposited using the LPCVD system. Upon doping the polysilicon layer, the bottom gate
was defined usng MASK#1. Etching the bottom gate was carried out either with a wet
(HF:HNO;:DI) etch or adry (Fr115) etch since the length of this gate did not determine
the gate length of the dual-gated device. The bottom gate oxide was then grown. The
seed hole was opened usng MASK#2 and awet BHF etch. The wafer is now ready for
Epitaxia Latera Overgrowth (ELO). When using Confined Lateral Selective Epitaxid
Growth (CLSEG), the process continues with a brief oxidation to form a thin (150A)
oxide over the seed region followed by the cavity amorphous silicon deposition. The
thicknessd the amorphoussilicon layer determines the find thicknessdf the SOI layer.
The a-Si layer is then defined using MASK#3 and a thin 1200A therma oxideis grown
over the sacrificial layer. The oxidation step converts the amorphous silicon layer into
smooth grained polysilicon. A blanket LPCVD nitride is deposited at 800°C to a
thicknessdf 0.3um. Viaholes are defined usng MASK#4 and the nitride is etched in
theseregions using SFs. The underlying oxide is aso removed and the sacrificia layer is
etched using a ethylenediamine-pyrocatechol-water mixture (EDP) a 90°C. The etch-
rate is typically 1.5-2.0 um/min. Once the polysilicon layer is completely etched away,
the EDP is thoroughly washed out from inside the cavity. The thin oxide over the seed

2The first epitaxy stepforms the channd region of the transistor. The second epitaxy step
only forms the source/drain regions and could even be made of polysilicon without
significantly affecting the device properties.
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region isetched in BHF. An ultra-sonic dip is used to get the BHF into the cavity3. After
the conventional Piranha clean, both the ELO and CLSEG wafers are placed in the
epitaxial reactor for selective epitaxial growth. The top view of as grown ELO and
CL SEG after epi-growth isshown in fig. 4.5. Theexcess CLSEG growth emerging from
the via in the CLSEG wafer is removed with chemical mechanical planarization and
subsequently a hot phosphoric etch selectively removes the top cavity nitride layer. The
ELO wafer is processed differently. A thin polysilicon layer is deposited and is oxidized
to form an etch stop across the wafer. The thickness of the deposited polysilicon and the
ply-oxide determines the thickness of the etch stop and therefore the thickness of the
SOI film. The epitaxially grown silicon is planarized down to the etch stop. The poly
oxideis then removed with a BHF dip and an active area mask (thisis the same mask that
defines the cavity layer on the CLSEG wafer) is defined. SFg is used to etch the excess
polysilicon from the field and to mesa-isolate the EL.O islands. At this stage, the ELO
and CLSEG wafers are identical. The top gate oxide is then grown and polysilicon is
deposited to form the top gate. The polysilicon is patterned using MASK#5 and the
sourceldrain regions are implanted in a self-aligned manner. After the source/drain
anneal, MASK#6 isdefined to etch the contacts and MA SK#7 is used to define the metal.
The SEM cross-section of a finished dual-gated ELO MOSFET structure is shown in fig.
4.6. Thedetailsof theindividual process stepsare discussed below.

4.2.1 Bottom Gate Deposition and Doping

There are several key parameters associated with the bottom gate. The first of
these isassociated with the temperature of deposition. When polysilicon is deposited at
the routinely used temperature (580°C-600°C), the grain sizeof the deposited material is
large and the surface is consequently extremely rough. There are two reasons to try and
obtain a smooth surface. Gate oxides grown on the rough poly surface typically have
very low breakdown fields [3]. Regions with large topographical variations have
extremely non-uniform local field distributions and field crowding occurs at isolated

3The ultra-sonic dip at this stage is extremely important. If the ultra-sonic dip isomitted,
the seed regions are incompletely etched and this results in poor CLSEG growth.
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regions causing premature breakdown. Moreover, the ELO silicon must grow over this
surface and the region above the bottom gate forms the adl important channel region of
the device. The rougher the surface of the bottom oxide, the greater the propensty for
defect generation in the overlying epitaxial materia. In order to obtain a smoother ‘as
deposited' surface, the deposition temperature was dropped to 550°C, so that the
deposited material consisted of small grain amorphous silicon. At the low temperatures,
the deposition was extremely specular with no visible structure even under Nomarski
contrast microscopy. SEM cross-sectional micrographs of the polysilicon gate materid
are shown in fig. 4.7 for each of the two deposition temperatures. The difference in
surface roughnessis clearly discernible.

The choice between wet oxidation and dry oxidation to form the bottom gate
oxide was a second factor related to the bottom polysilicon surface roughness. A dry
oxidation would requirea 1100°C, 50 min. therma treatment for approximately a 1200A
thick oxide, whereas wet oxidation would involve a significantly smaller thermal budget
(1000°C, 10mins.) for about 1500A of oxide growth. Dry oxidation made the polysilicon
surfaces a lot rougher than the wet oxidation, due to the higher temperatureand longer
times involved. Consequently, wet oxidation was chosen as the preferred mode of
oxidation (especially since the oxide was thick) athough the dry oxide would more than
likely be abetter quality oxide.

The second parameter related to bottom ply-gate depositionis the gate thickness.
Initially, the polysilicon gate was deposited to a thickness of 45004, so that upon bottom
gate oxidation, the ELO silicon encountered a step height of about 5000A. It was found
that alot of defects were generated in the materid when growing over this height. Thisis
illustrated in fig. 4.8(a). The triangular shapes observed on the ELO edges are the edge
didocations. The mgority of the didocations are observed on the far edge of the gate.
Growth from the seed region on the side that does not have the gate step shows a
perfectly straight growth front with no vishble defects even under Nomarski contrast
microscopy. The edge defectsdo not propagate to the surface of the grown epitaxial film
and become visible only after the ELO has been planarized down to less than a micron
above the bottom gate surface as shown in the figure. When the polysilicon gate was
meade thinner (asdeposited 25004), such that the total polysilicon thicknessis 30004, the
overgrowth typically showed no edge defects. A finished device picture in which the
gate poly was thin isshown in fig. 4.8(b). No edge defects were observed in thiscase. In
contrast, a similar devicefabricated in didocated material grown over a thicker
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polysilicon step is also shown alongside in fig. 4.8(b). In order to prevent or at least
minimize these dislocations, it is imperative that the gate thickness be small. However,
there is a certain minimum thickness that must be deposited in order to be able to make
contact to it. This thickness is determined by the number of oxidation steps the bottom
polysilicon gate contact runner sees (bottom gate oxidation, sacrificial top gate oxidation,
top gate oxidation and finally sourceldrain oxidation). Heuristically, one arrives at
25004 as the minimum allowable bottom poly thickness, so that one can reliable contact
the poly and modulate the back interface. Inlight of the above discussion,,it is clear that
if the bottom polysilicon gate were recessed, then this problem and the ensuing constraint
on the bottom polysilicon gate thickness would not arise. However wc did not foresee
this problem at the time the masks were made and the bottom polysilicon gate mask
(MASK#1) was 'light field' in nature. If this mask were used to form a recessed
structure4 one would have to use negative resist to form the trench. But the negative
resist available at Purdue during this work, could not be used to define such narrow
trenches (4.5um) reliably and consistently, regardless of the combination of spin speed,
exposure time, intensity or develop time used in the lithography process. The problem
with not being able to recess the bottom gate is revisited when discussing chemical-
mechani cal-planarization (CMP) associated with CLSEG.

In order to contact the polysilicon it is necessary to dope it. Either n-type or p-
type doping could be used. The dopant choices are phosphorus, arsenic and boron. The
diffusion coefficients of phosphorus and boron are very high and these species are
therefore not used to dope the bottom gatein thiswork. The bottom polysilicon gate was
initially doped using an arsenic implant. The polysilicon was first deposited over the
bottom oxide and a blanket implant was utilized to dope the entire layer. Subsequently,
the polysilicon was lithographically defined to form the bottom gate. The CLSEG
process requires the deposition of an a-Si layer after gate patterning and seedhole
definition. It was found that each time the gate was doped using an arsenic implant, the
subsequent a-Si layer appeared extremely spotty and rough. The amorphous layer
appeared rough only in regions where the bottom poly was etched away (i.e.. over the

41n order to form a recessed structure, a 4000A deep trench is cut into a thick field oxide
region. The trench is then filled with approxiamately 5000A of polysilicon and the
excess polysilicon on the field region is planarized using chemical mechanical
planarization.
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ficld oxide regions). Regions of deposited a-Si appearing over either the bottom gale or
over the seedhole were however extremely smooth and showed no rough spots. This
eliminates the deposition temperature as the probable cause. The same phenomena was
true even with the subsequently deposited nitride layer which is deposited for cavity
support. This is shown in fig. 4.9 which depicts a CLSEG wafer with an extremely
spotted surface. The spotted or rough regions often acted as nucleation sites during
selective epitaxy growth. It isimportant to reiterate that this unexplained phenomena
occurred only in wafer that were implanted with arsenic. Unimplanted wafers which
were otherwise identical were introduced into the LPCV D furnace at the same time as the
implanted wafers, and they had extremely smooth and specular a-Si layers. The bottom
gate was therefore doped using an arsenic-spin-on-dopant, to avoid any potential
implantation damage caused by an arsenic implant. We do not understand this behavior
at all, because Zingg et al . [4] in their work also used an arsenic implant and did not
report any significant problems. But, we encountered this problem only on depositing an
a-Si layer after the implant, a situation not encountered in reference [4]. The details of
the arsenic spin-on-dopant process are presented in the process run-sheet in Appendix A.

422 Chemica Mechanica Planarization

Chemical mechanical planarization (CMP) isan essential part of the ELO process
as it determines the final thickness of the SOI film. CMP was addecl to the CLSEG
process to remove the excess growth coming out of the via holes as seen in fig. 4.6.
Typically, CMP was performed on a Buehler grinder with a Rodel type Suba H-1 12"
pad, with a polish pad speed of 150rpm. The head force was adjusted to 15 Ibs. force and
the head rotation speed was fixed at 30rpm. The slurry used was a 15:1 mixture of DI
water and colloidal silicon compound (NALCO 2350). The mechanism of chemical-
mechanical-planarization (CMP) is as follows. Initially, only the epitaxially grown
silicon is in contact with the pad and is rapidly etched through a combination of
mechanical grinding and chemical etching. Once the silicon is etched down to the etch-
slop (either oxide or nitride), the etching essentially stops because the area of silicon
exposed is very small compared to theareaof theetch-stop exposed.

In the ELO process, the chemical mechanical planarization step is carried out as
shownin fig. 4.10. A thin layer of polysilicon isdeposited and is subsequently oxidized
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to form approximately 2000A of ply-oxide. The thickness of the etch stop above the
field oxide was 5000A. The thickness of the ELO above the bottom gate is then
approximately 20004, which is sufficient for the fabrication of fully-depleted SOI
MOSFET. A fina 15 mins polish with NALCO 2355 was added to the planarization
process in order to improve the surface smoothness of the ELO. As will be seen in
Chapter 5, the subthreshold slopes on MOSFETSs plananzed in NALCO 2350 alone were
never as good as the device planarized with afinishing etch by NALCO 2355. Clearly, a
single-gated device madeat the same time as the dual-gated device would bea lot thicker
(5000A) and these device would be partially depleted. Thisisanother reason for making
recessed bottom gates - the single-gated devices and the dual-gated devices would have
the same SOI film thickness.

The uniformity achieved by the chemical mechanical planarization process here at
Purdue, was found to depend heavily on the density of the exposed silicon. Epitaxy runs
which were completely devoid of any nucleation did not planarize very uniformly, due to
an extremely small volume of silicon exposed across the wafer. On the other hand,
extremely nucleated runs did not planarize at all. There was found to be an optimum
degree of nucleation for which the planarization would be extremely uniform and yield
highly unjform SOI films across the entire 3inch wafer (except possibly at the center).
Thus the planarization process seems to depend on the mask design, which isin itself a
major drawback to the CM P technique. Further work needs to be carried out to optimize
the planarization process and a detailed investigation of other slumes needs to be carried
out to improve the uniformity of the CMP process.

In the CLSEG process, chemical mechanical planarization is used to remove
excess growth emerging from the vias as shown in the SEM cross-section of fig. 4.11.
Contrary to what we expected prior to fabrication, this turned out to be the most difficult
step ol the CLSEG process. The chemical-mechanical -planarization step relies on the
presencc d a good etch-stop to iron out the non-uniformities across the wafer. In the
dual-gated CLSEG devices (fig. 4.11) the excess growth from the vias often covered the
bottom gate and had to be completely removed. If the silicon were not completely
removed, then that region of thedevice would not receive any source/drain implant and in
effect one could not use the structure to form the MOSFET. But the via holes were lower
than the roof of the CLSEG cavity, which was raised up due to the presenceof the bottom
gate. Therefore, in the process of removing the excess silicon, the silicon over the bottom
gate, which forms thechannel of the device, was completely etched away. If the bottom
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gate were recessed the entire cavity would be at the same level and the cavities of the
single gated and dual-gated devices would also have the same height. 1t would then be

far easier 0 remove the excess growth. But since it was not possible to recess the gate,
trial and error was the only available recourse to be able to obtain a viable dual-gated
structure. As a result, very few working dual-gated CLSEG devices were found across
the wafer. The devices, moreover, had varying silicon film thicknesses even across a
single device, depending on the extent by which the overgrowth was planarized. These
processing difficulties associated with the fabrication of the dual-gated CLSEG devices
explain the results presented in Chapter 5. Nevertheless, the feasibility of utilizing
CLSEG to form high quality thin film single-gated fully-depleted SOI MOSFETs was
proven. The CLSEG islands of a single gated device after the excess planarization and
the cavity nitride is removed is shown in fig. 4.12. Since dual-gatecl devices with
recessed poly-gates would essentially have a planar surface for epi-growth, the results
obtained on these single-gated devices can be extrapolated to prove thefeasibility of thin-
film dual-gated SOI MOSFETs with recessed bottom gates.

4.2.3 CLSEG Cavity Construction

In thefirst studiesof CLSEG by Schubert et d. [5], silicon nitride/oxide was used
as the top layer of the cavity for mechanical support and a-Si was used as the sacrificial
layer material. The thermal oxide was 1000A thick and the nitride was 1500A thick.
However, with this combination, the maximum cavity length that could be reliably
fabricated was restricted to8um. MOSFET designs based on a very stringent alignment
tolerance of 1.0um and using a minimum feature size of 2.5um, required that the
minimum cavity size for the dual-gated SOl MOSFET be approximately 17um. Thus,
the CLSEG cavity width had to be extended to fabricate the dual-gated and single-gated
SOI MOSFETs. This was done by increasing the top layer nitride thickness to 3000A.
The maximum thickness of the nitride is determined by the stress cracking of the nitride
film which occurs around 4000A. As shown in fig. 4.13, a 3000A thick nitride layer
allowed theformation of cavity widths up to 24um. No evidence of sagging isvisiblein
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the figure 5. Based on the foregoing, the L nitride layer thickness was chosen to be
30008l An SEM cross-section of CLSEG grown in a22um long cavity isshown if fig.
4.14. As can be seen in the figure, there is no evidence of sagging and the film is
uniformly thick. Thisisespecialy important for thin-film SOI applications. Finaly, the
choice of the thicker nitride understandably raises concerns of stress dislocations being
formed in the epitaxial materia. TEM analyss of the as-grown CLSEG did not detect
the presence of any defectsin the material. A sampleTEM pictureis shown in fig. 4.15.
The CLSEG film in this case was approximately S000A thick and the nitride layer was
320081 The figure shows no visble disocations in the material, even along the top
surface where we expect maximum thermd stress. It is important to reiterate that the
sample examined by the TEM was a as-grown film and had its top nitride and oxide
layersintact. Thissample was not anneded after growth which could potentially hed the
stress related defects.

424 Facetsin ELO and CLSEG

A final note on the facets in Epitaxial Latera Overgrowth and Confined Latera
Selective Epitaxia Growth isin order. In the earlier work on CLSEG, low angled end-
facets were observed in the CLSEG material. The origin and cause of these facets was
undetermined. A modified seed hole pattern was developed to investigate the end facets
in CLSEG. The seed hole was extended out of the cavity as seen in fig. 4.16(a). Two
distinct regionsalong theend of the cavity areclearly discernible. The first facet makesa
45° angle with the seed hole and thisis the conventional <110> facet encountered during
selectiveepitaxia growth of silicon. The second low angle facet is merely growth from
the <110> facet and formsthe <311> facet. The materid quality of the growth from this
facet is very bad asis visblein the Nomarski picture. However, thisis not unique to the
CLSEG process. A similar picturedf ELO is shown in fig. 4.16(b). The ELO sample
again shows the presence d the same two facets as the CLSEG material. They form
exactly the sameangles with the seed holes. Thus, contrary to what was believed earlier,
CLSEG is no worse off than ELO in terms of end facets. The end facets in selective

5Sagging in the CLSEG cavity is made obvious by the occurrence of diffraction rings of
various colors.

o e
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seedhole

Figure4.15 XTEM micrograph of CLSEG. Ti:e film thicknessis SO00A.
defectsare observed anywherein the CLSEG film

No visibic



179

ELO

311>
facet

<110> facet
/

\

st
Tl T

|

&

l -‘;

(a

(®

and (b) CLSEG

Figure4.16  Top view phatograph indicating the<311> and <110> facetsin (a) ELO



epitaxia growth isa major concern to the gpplicationsdf the technology to SOI VLS. In
its defense however, the facetsare an extremely predictable phenomenaand iherefore one
can accurately pod tion devices such that they do not intersect the poor quality materia in
the faceted regions. Alternately, the edges of the SOI regions grown by either ELO or
CL SEG that show the <110> and the <311> facets (and the poor materia between them),
can be etched away using the active area mask as shown in fig. 5.41 in Chapter 5. The
active area mask is used to isolate devices in any process, and therefore this step would
not add any lithographicsteps to the process.

In al the devices fabricated in this work, the channel region intersected the
faceted regions along the ends of the device. No detrimental performance limitations
were observed. Since the materid along the edges is of extremely poor quality, its
mobility is expected to be extremely low. Hence, these regions of the device were not
considered when computing the mobility in the SOI devices fabricated usng ELO and
CLSEG.

43  Summary

Deposition parameters and etch profiles for LPCVD nitride deposition and
etching were investigated fro use as nitride spacers in the fully self-aligned dual-gated
SOI MOSFET process. Structural feasibility of the device and process viability were
proved upon successful fabrication of the nitride spacer for selective oxidation. A non-
self-aligned process to fabricate the dua-gated MOSFET by ELO and. CLSEG was
developed. The process requires only one epitaxy step compared to two in the self-
digned process. Since the materid characteristics of the SOI film fabricated in the non-
self-aligned manner is essentialy the same as that produced by the fully self-aligned
process, the ssmplified process was used for materia characterization.

Experimental fabrication required several problemsto be solved in order to attain
dislocation free material. CLSEG cavity widths were extended to facilitate the
fabrication of minimum geometry (2.5um) transistors. This was done by increasing the
top layer support nitride thickness to 3000A. The problem associated with the chemical
mechanical planarization of the overgrowth from the vias in the dual-gated CLSEG
process could not be solved reliably. The quick and reliable way around the problem is to
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fabricate recessed polysilicon bottom gates so that CLSEG growth is initiated over a
planar oxide surface.

Crass-sectional Transmission Electron Microscopy (XTEM) was used to confirm
the excellent quality o the as-grown CLSEG material. A new cavity seed hole design
confirmed that the end facets in CLSEG wereessentially the same as that in ELO and is
not something intrinsicto theconfined growth technique.

~
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CHAPTERS
ELECTRICAL MEASUREMENTS

51 Introduction

In the previous chapter, the process development for the dual-gated SOI MOSFET
was presented. The similarities and differences associated with Epitaxial Lateral
Overgrowth (ELO) and Confined Lateral Selective Epitaxial Growth (CLSEG)
processing were also highlighted. Some o the difficulties in fabricating dual-gated
devices with a non-recessed bottom polysilicon gate were discussed, and it was
established that afar smpler, reliable and planar process resultsif the bottom gate were
recessed to be planar with the field oxide. In this chapter, the electrical characteristicsdf
the dual-gated SOI MOSFET fabricated using both of the above selective epitaxy
techniques are presented. This establishes the feasibility of fabricating thin-film fully-
depleted dual-gated SOl MOSFETs. In addition to the dual-gated devices, single-gated
devices (partially depleted and fully depleted) were al sofabricated. The characteristicsd
these devices are compared to devices fabricated in the substrate material and to the
devicesfabricatedin commercialy available SIMOX wafers.

The main purpose of this chapter isto establish thefeasibility of fabricating thin-
film fully-depleted dual-gated SOl MOSFETs using Epitaxia Laterd Overgrowth and
Confined Lateral Selective Epitaxia Growth. A secondary and probably more important
purpose was to determine the properties o the epitaxial material through DC
measurements on the fabricated devices. To this am, devices were processed
simultaneoudly (in the same process run) on SIMOX and ELO materid and their effective
mobilities were compared. Such a one is to one comparison is more valid than a
comparison of the properties of ELO and CLSEG devices with the effective mobility
values of SIMOX reported in literature, because both setsd devicesare subjected to the
same non-optimal processing environment here at Purdue. As a prologue to the chapter,
we enumerate some of the new and important results presented in the text. Thin-film fully
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depleted SOl MOSFETs were fabricated on ELO materid for the first time at Purdue
Universty. Vauesd dectron and hole mobilities obtained egree rather wdl with typica
valuesin bulk silicon. The direct and systematic comparison between the properties of
SIMOX and ELO wes initiated for the first time. The study indicates that the ELO
materid is at least as good if not better than the commercid SMOX materid. The
advantages of ELO and CLSEG over SMOX is more pronounced due to the superior
quality o the buried (bottom) oxide in the devices fabricated usng selective epitaxy.
Indeed. the leskage currents across the buried oxidein SMOX were found to be at least
two ordersd” magnitude greater then that in ELO and CLSEG, where the buried oxideis
in fact a good qudlity thermal oxide. Findly, thinfilm fully-depleted NMOS and PMOS
fidd effect transistors were fabricated in ultrathin film (25004) CLSEG layersfor the
first time. Again. the propertiesd the CLSEG films agree vary wel with those of bath
the ELO and substrate materid. The remainder o the chapter is organized as follows.
Section 52 details the fabrication processes utilized for fabricating the different devices.
The comparison between the propertiesd ELO and SIMOX is presented in section 5.3.
(LSEG results are described in section 5.4 and the conclusions are summarized in
sction 5.5.

52 Device Fabrication

NMOS and PMOS devices were fabricated on ELO, SIMOX, CLSEG ad
substrate materid. All MOSFETs fabricated were self-aligned pd y-silicon gate devices.
Initia work began with the fabrication of NMOSFETs. SIMOX, ELO and CLSEG
material were grown doped to about 1-5 x 1015 /em3 (n-type). Therefore, in order to
convert the materid to p-type, they dl neaded to be implanted with alow dose o boron.
A typical dose of 1X1012/em2 and an energy of S0 KeV was usad to convert the doping
type In some cases the devices reguired a multipleimplant comprised of a Sx1011 /cm?2,
25 kev and a 1x1012 /cm2 , 100 kev implant. The degp heavier implant was necessary to
campensate the ntype dopant out-diffuson from the bedk gate. Once the polysilicon gate
materid was deposited and defined, the source, drain and gate regions were implanted
with As upto adosedf 5x10!5 cm2. The source/drain implants were then annealed at
1000 °C for 9 mins in a wet ambient to grow approximately 1200A o oxide.



The mask used in the work was designed to produce both substrate and SOI
deviceson thesamedie. The processemployed a photoresist N* implant mask to ensure
that the arsenic was introduced only in then* regions. However, it was found during the
course of this work (and independently by two other researchers working in the same
area) that the use of a photo-resist mask during the implant caused an inexplicable
increase in the leakage current of MOSFETSs fabricated in the SOI material. The
substrate devices fabricated on the same die also showed large amounts of' |eakage
currents. Very few devices were found across the wafer with low leakage currentsand
these devices had poor sub-thresholdslopes. The strong inversion characteristics were
normal however, and therefore valuesfor the effective mobility could be ill be obtained
on al the devices.. Monitor substrate devices fabricated on a different wafer but at
exactly the same time as the SOI devices showed excellent device characteristics. |t is
our conjecture that the type-conversion threshold adjust implant (especially the high
energy 100KeV implant) not only affects the mobility but also degrades the surface
propertiesdof the materia which in turn affects the sub-threshold characteristics. Before
any further optimization of the NMOS process could be carried out, the arsenic gas
source had run dry and consequently all subsequent devices fabricated were p-channel
MOSFETs. Itisgtill unclear as to why the sub threshold characteristicsof the fabricated
NMOS devices (whether it be off-state leakage currents or degraded inverse sub-
threshold slopes) were so poor. But since the same behavior was observed on the ELO,
SIMOX and CLSEG devices, the poor sub threshold charactenstics cannot. be considered
areflection of the materia property.

The p-channd MOS fidd effect transistors were also fabricated i n a self-aligned
manner. In order to minimize process complexity and lithographic steps and in order to
avoid the photoresistimplant mask process, monitor substrate devices were fabricated on
a separate wafer but at exactly the same time as the SOI devices. Boron sourceldrain
regions were implanted at a dose of 5x1015 /cm2 and an energy of 25KeV. The S/D
regions unless otherwise mentioned were annealed in a wet ambient at 900 °C for 40
mins. Thisagain grows about 1200A of oxide.

Prior to gate oxidation, the oxidation furnaces were cleaned with TCA for hdf an
hour at 1100 °C. The temperature was subsequently dropped to 1000 °C and the gate
oxidation was carried out for 45 minsin dry Oz without TCA. Thisyielded an average
gate oxide thickness of 550A on most wafers. The oxide thickness was measured using
profilometric measurementson different regions of each wafer. Likewise, the SOI film
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thickness was meesured after planarization for the ELO devicesand the CLSEG devices
and an average thicknessd 1400A was determined for most of the fully depleted ELO
devicesdiscussed in thischapter. The CLSEG devices werefabricated in dightly thinner
1200A SOI layers. The IMOX wafers were 1700-1800A thick prior to processing.
However, after the sacrificia layer oxidation and gate oxidation, its thickness reduced to
1400A.

The drawn gate length on the mask was 2.5um, but the gate length actualy
defined on the wafer was dmog dwayscoser t03.0um. Thisisaresult d the pre-bake
temperature and time and the exposure and develop time in the lithographic sequence,
which was not optimized for the amaller geometries. Although the polysilicon gates were
defined with a reactive ion etch, the wafers were dways postbaked after exposure and
developat 120 °C for 20 mins prior to etching. Postbaking could cause the resst to flow,
thereby increasing the defined gate length. No procedurd changes were made on this
account however, because this was not congdered aserious problem.

Findly, dl device measurements were mede usng a HP 4145B semiconductor
parameter analyzer and the individua devices were interrogated using a micro-
manipulator probe sation. The deviceswere placed in the dark and with a steady sream
of nitrogen flowing across it, to prevent anomaous leskage currents due to humidity
conpcerns.

$3  Epitaxid Laed Overgrowth, SMOX and Substrate Devices

In this section, the éectrical data obtained on NMOS and PMOS devices
fabricated jn substratesilicon and those fabricated in SOI materid (ELO and SMQX) are
presented. The NMOS device data are presented primarily to provide the effective
mobility (ua,err) vaues for the ELO materid and compare them to the values in the
substratc and SI MOX materid. The subthreshold characteristicsof these devices were by
and large very poor, due to excessve leekage currentsin the devices. The PMOS device
data are more ided and adetailed look at the dud-gated device operationis provided only
for the p-channel MOSTidd effect tranggtors

e
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53.1 N-channed MOSTransistors

Figures5.1 t0 5.3 show the output characterigtics, the sub-threshold characteristics
and the transconductancecurvesd atypicd substrate NMOSdevice. Veay low vaues o
leakage currents were obtained for the source and drain junctions as evidenced by the
extremely low subthreshold leakage currents. Very good inverse subthreshold dopes of
around 93mV/dec were obtained on most devices. This indicates good gate oxide
interface properties and emphasizes the low leakage observed in-the devices. Table 5.1
summarizes the parametric values of the basdine substrate NMOS device where al
values have been averaged over at leest 25 devicesacross the wafer. The effective

Table5.1 Summary of Measured Datafrom Substrate NMOS Devices. Averages
are taken over 25devices. L=2.6um, tox (=450A

Parameter Average Vaue
| Ipsat : VD=Vg=4.0V 7.6x105 A/um
S 93.2 mV/dec
Leskage 14 pA
V1 0.28V
Gp @ Vp=0.1V 2.0 uS/pm
U off 574 cm?/V-sec

mobility in the substrate silicon wafer was determined from the measured drain
conductance (with the device biased in the linear region) to be on an average 574 cm?2/V-
sec. Typical values in bulk silicon range from 600-650 cm2/V-sec for doping
concentrations in the 1x1016 /cm3 range. This is a reasonable value for the electron
mobility in bulk silicon, considering that series resi stance effectshave not been taken into
account. A single gate length of 2.5 um (which isalso the minimum feature size) was
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designed for al devices fabricated, in order to minimize the lateral extent of epitaxia
silicon growth and hence the growth time. Typical series resistance estimation
techniques require devices with a sngle width but with varying gate lengths - a luxury
not afforded in the working mask set. As a result, estimation o the series resistance
became impossibleand it was consequently difficult to correct for it when computing the
effective mobility. Problems associated with the series resistance will be discussed in
greater detall, later in the chapter.

Figures 54 through 5.6 are illustrations of DC measurements for the output
characterigtics, sub-threshold dope and transconductanced a NMOS devi ce fabricated
on a SAIMOX wafer. The summary of meesured data from the SIMOX devices are
presented in Table5.2. Theaveragesubthresholddopeis rather large (351mV/dec)

Table5.2 Summary d Mesaured Datafrom SMOX NMOS Devices. Averagesare
teken over 25devices L=2.6um, tox ;=550A
Parémetcr IL Average Value Best Value
ID sat : VD=Vg=5.0V 4.7x105 A/um 53x105 A/um
S 351 mV/dec 326 mV/dec
Leakage 100nA-10uA 100nA
VT 1.27 -
Gy @ Vp=0.1V 1.0 uS/um 1.15 uS/um
_Mnefl 413 476
BVps @ Vg=0OV 8.8V 8.9V

compared to the value obtained in the substratedevice. Although the devicein fig. 5.5
shows very low subthreshold leskagecurrents, thiswas more the exception than the rule,
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Mogt fabricated devices showed excessve sub-threshold leskage currentsas that shown
in fig. 5.7. As explained in the previous section, the source o this ledkage is still un-
explained. A moredetailed explanation o the apparently poor subthreshold characteristic
will be provided after the data for the ELO devices have been presented. The average
mohility obtained on the SIMOX wafer was 413 cm?2/V-sec , which is significantly lower
than the vaue obtained in the substrate devices. However, one must redlize that the SOI
NMOSdevices (both ELLO and SIMOX) were fabricated on compensated materia which
saw an additiona threshold adjust boron implant. Suprem |V simulations of the NMOS
channel region are shown in fig. 5.8 for the dual-gated ELO NMOSFET !. The average
channel doping concentration is in the excess o 2x1016 /cm3, whereas the substrate
doping concentration is 8x1014 /cm3 corresponding to a resistivity of 15-20Q-cm. Thus,
one would expect the surface mohility of the substratedevicesto be larger than that of the
SIMOX devices. The second reason for the lower observed mobility values, which is
again equally applicable to the ELO devices, is the larger series res stanceassociated with
the thinner SOI layers. The larger series resistance could affect the computed mobility
values as will be seen later. The output curves o fig. 5.4 show wdl defined saturation
characteristics with no kinks in the measured drain current. This proves tlhet the SIMOX
devices fabricated in a 15004 thick SOI film were fully depleted. One may recall that
partialy depleted NMOS devices sufferfrom floating body effectsthat would result in a
kink in their output characteristics.

Dual-gated MOSFETs fabricated with Epitaxia Lateral Overgrowth were
fabricated at the same time as the conventiona single-gated devices. The only difference
between the two devicesis the absence o the bottom polysilicon gate in the single-gated
transistor. Since the dual-gated devices were not fabricated with a recessed polysilicon
gate, the single-gated devices were always thicker than the dual-gated devices. Since
CMP was used to define the thin SOI layer, the single-gated devices were typically
4500A-5000A thick as compared to the dual-gated devices which had an average SOl
film thickness of 150081. Consequently, the ELO single-gated devices wcrc
predominantly partialy depleted and exhibited a kink in their output characteristics

In order lo maintain a vaid comparison between the ELO and SIMOX walfer, the
SIMOX devices were implanted with exactly the same boron energy and dose as the ELO
wafer. Therefore fig. 5.8 provides a reasonable estimate of the boron profile in the
SIMOX wefer aswell.
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clearly discernible in fig. 59. The output characteristics, sub-threshold curvesand the
transconductance gy, ol the ELQ partidly depleted device are shawn in fig. 5.9 through
5.11 Onceagain, the poor sub-threshold characteristicsare immediately obvious. Just as
in the case o the SIMOX wafer, the low leskage currents of fig. 5.10 was a rarity and
mogt devices exhibited the large leekage currentsof fig. 5.7. Thesummary d measured
dataon the single-gated partidly depleted NMOS devicesfabricatedon EL.O materid are
listed in Table 5.3. The poor subthreshold characteristics observed in the NMOS SQI
devices arein sharp contrast to the excellent characteristicsd the substrate devices.

Table5.3 Sunmary o Messured Dataon Single-Gated Partially-Depleted ELO
NMOS Devices Averagesarg taken over 25devices. L=2.6pum, tox ;=550A, t;=4500A

Pmrfxeter AveragValue ‘ Best Value
IDgat: Vp=Vg=50V_~_ 5.1x10°5 A/um __58x105 Alum
] S ‘ 346 mV/dec _ %42 mV{dec
7 Wl{epka& i} 100nA-10pA , 100nA
, Vi 1.5V -
_Gm@ Vp=s0.1V 1.1pS/pm 1.3 pS/pm
Pneff _ ' 473 cm?/V-sec 528 cm?2/V -sec
BVps @ Vg =0V 12.6V 13.0V

™ v

Since the oply differencein the processing of the SOI (ELO and SIMOX) devicesand jhe
NMOS substrate devicesis the additional boron implant required by the $liransistors,
one is apt to blame this extra processing step for the differences in the measured
subthreshold charactertstics. It would be incorrect to assume that the degraded
subthreshold dopes are a result of bed materid since later in this chapter p-chanpel



MOSFETs demonstrating dmost idedl behavior are presented, whose fabrication did not
require a threshold adjust implant.

Our conjecture is that the non-ideal subthreshold slope is the result of a non-
uniform boron doping profilein the mesarisolated SOI idands. It is well-known that in
mesa-isolated devices, if the edges of the mesa have either a thinner gate oxide or a
dlightly lower doping concentration, then these regions along the edges o the device
would have a lower threshold voltage due to charge sharing effects. The edges could
therefore turn-on prior to the man transistor such as depicted schematicaly in fig. 5.12.
This extraneousleakage could significantly degrade the measured sub-threshold slope. It
isalso possble for thesingle kink of fig. 5.12 to become smeared out over arange of gate
voltagesdepending in the boron doping profile. The ELO device of fig. 5.10 depicts a
single kink just as qualitatively portrayed in fig. 5.12. The SIMOX device, likewise,
demonstratesthe dightest hint of a kink in its subthreshold curve. Further optimization
of the implanted boron profile and the mesarisolation technique may produce more ided
devices with sharper turn-on characteristics. The high vaues o the subthreshold leskage
could only be attributed to some sort o impurity transfer between the photoresist mask
and the silicon wafer. The substrate devices which were processed using an oxide mask
indicate that extremely low leakage currentsare possiblein a photoresist free process.

The thickness o the SOI layer fabricated by Epitaxial Lateral Overgrowth is
determined by chemica mechanicd planarization. Non-uniformitiesin the planarization
often resulted in regions o the wafer where the dual-gated devices were over-planarized.
The single-gated devices were consequently thinner in these regions and yielded fully
depleted devices. Fig. 5.13 depicts the output characteristics of a fully depleted single-
gated device fabricated in ELO. Table 5.4 summarizes the measured data on these
devices. The fully depleted devices again show no kinks in the saturated output
characteristics. The eectron mobility vaues obtained on the single-gated ELO devices
were on an average greater than that obtained in SIMOX but less than the substrate
devices. It must be reiterated however tha al the mobility values are uncorrected
numbers and while they indicate that the ELO quality is definitely as good as SIMOX, in
terms of absolute numbers, the ELO, SIMOX and substrate devices may in fact
demonstrategreater mobilities than the vaues computed above.
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Table5.4 Summary o Measured Data on Single-Gated Fully-Depleted ELO NMOS
Devices. Averagesare taken over 5 devices. L=2.6um, tox (=550A, 15;=2500A

Parameter Average Value Best Value
oo | wewwe |
ID sat ! Vp=Vg=50V 5.25x10-5 A/um 5.4x10-5> A/um
S -
Leakage 100nA-10pA 100nA
VT 1.35V
Gm @ Vp=0.1V 1.21 uS/um 1.3 uS/um
g eff 477 cm?/V-sec 490 cm?/V -sec

Finaly, to conclude this section, figs. 5.14 and 5.15 depict the output
characteristics and subthreshold characteristics of a perfectly operating dual-gate
transistor with the top and bottom gates biased independently. Table 5.5 presents the
relevant data for the dual-gate devices. Even though the subthreshold slopes were
consistently bad, very good vaues of €ectron mobilities were obtained in ELO material.
The best ELO dual-gated devices showed mobilities as high as 512 ¢cm?2/V-sec even
though the SOI film in the dual-gated devicesis doped a lot higher that the single-gate
device doping concentration due to arsenic out-diffusion from the bottom gate. The
higher n-type doping in the dual-gated transistors is not fully compensated for by the
boron threshold implant. Therefore, the threshold voltages in these devicesare typically
alot lower (more negative) than those in the single-gated ELLO devices and the fully
depleted SIMOX devices. The differencein threshold voltage also partially proves the
existence of alarger n-type doping in the SOI film of the dual-gated transistor. In the
next section, a more detailed look at the dual-gated deviceis presented through p-channel
transistorsfabricated in ELO. Again, the excessout-diffusion of arsenic from the bottom
gate becomes obvious which in this case causes the bottom gate to have a much larger
threshold voltage( a more negative value) than the top gate. Such a non-uniform doping
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profile due to dopant diffusion from the bottom gate is clearly undesirable. Alternate gate
dielectrics such as oxy-nitrides and nitrided oxides must then be used to minimize the
outdiffusion of the dopant impurities.

Table 55 Summary of Measured Dataon Dual-Gated Fully-Depleted ELO NMOS
Devices. Averages taken over 20 devices. L=2.6um, tox (=1200A, tox 5=1500A,

ti=1250A
Parameter Average Value Best Value
— Top Bottom Top Bottom

Ipsat 5.1x10-5 A/um [ 3.8x105 A/um | 63x10-5 A/jum | 4.9x10-5 A/um

S 342 mV/dec 615 mV/dec 235 mV/dec 455 mV/dec
Leakagg 1IpA 1pA 1uA 1IuA
V1 2.61V -3.08V - -

Gy @ Vp=0.1 0.45 mS/mm 0.4 mS/mm 0.6 mS/mm 0.48 mS/mm

Poeff 423 cm2/V-sec | 414cm2/V-sec | 512cm2/V-sec | 511 cm2/V-sec

The above results prove the feasibility of the dual-gated devices fabricated using
epitaxial lateral overgrowth. The material quality isexcellent not withstanding growth
over a step caused by the bottom polysilicon gate. The output characteristics of the top
gate and bottom gate devices show no discernible kinks which indicates a fully depleted
film, Thedrain conductanceof thetop and bottom gates with the'other' gate grounded or
accumulated is portrayed in fig. 5.16. The threshold voltage of the top gate (bottom gate)
increases significantly when the bottom gate (top gate) is accumulated as compared to its
value when the bottom gate (top gate) is grounded. Thisistypical of afully depleted film
in which the two gates interact with each other through thefully depleted SOI layer ; the

.
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result of electro-statically coupled interfaces. In order to improve the subthreshold
characteristics of the various devices, we fabricated p-channd MOS field effect
tranggtors. These resultsare presented in the next section.

5.3.2 P-Channd MOSTransistors

The discussion again begins with substrate devices. The output characteristics,
the subthreshold dope and the transconductance d a typica device are shown in figs.
5.17, 5.18 and 5.19. The mobility pp efr obtained on the substrate PMOS device is
approximately 240 cm?2/V-sec which isagood number for bulk silicon. The inverse

Table5.6 Summary of Measured Dataon Substrate PMOS Devices. Average teken
over 25devices.L=2.2um, tox ;=5S0A

Parameter Average value
| Ipgsat: Vp=Vg=50V [ 6.1x10°5 A/um
S 100.5 mV/dec
Leakage < IpA
V1 0.25V
Gy @ Vp=-0.1V 0.69 uS/um
Yp off 240 cm?/V-sec

subthreshold slopes and subthreshold leskages both show extremey low values,
indicative of a good device operation. The messured device parametersare summarized
inTable5.6. FHgs 5.20-5.22 are representativecurves depicting the output, subthreshold

e
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and transconductance characteristics o the SIMOX PMOS fidd effect transistor. The
PMOS devices do not typicaly suffer from the kink effect since the ionization rate of
holes is much less than that of electrons. The absenced the kink is not indicative of a
fully depleted PMOS FET. However, if the SMOX substrateis used as a'back gate' and
biased respective to the source, the front gate characteristicsare modified as depicted 1n
fig. 2.23 (8). This proves that the film is fully depleted through the mutua coupling of
the front and back interfaces. Therearea few pointsdf interest to note in fig. 2.23 (a).
The subthreshold slope and the threshold voltage change with the applied back gate bias.
When the back gate is strongly accumulated, the curves do not shift to the right any more
as the transistor begins to behave more like a partidly depleted device. The subthreshold
slope remains the same so long as the back gateis depleted, but degrades once the back
gate begins to get accumulated. Fig. 2.23 (b) isa plot of the back gate subthreshold
characteristicsas the front gate voltageis varied. The back gate subthreshold oped a
SIMOX wafer is exceedingly bad - typicaly in the excess of 500mV/dec. The buried
oxide, moreover, is very thick and not readily amenable to changes in thickness. These
points highlight the usefulness d dual-gated devices fabricated using selective epitaxy.
A summary of the measured dataon the SMOX PMOS FET is presented in Table5.7.

Table5.7 Summary d Measured Dataon SIMOX PMOS Devices. Averages taken
over 25devices. L=0.24pum, tox ;=550A

Parameler ll Average Vaue Best Vdue
Ipsat : Vp=Vg=-5.0 4.5x105 A/um. 49x10-5 A/um
_ S 109 mV/dec 108 mV/dec
Leakage 4 < IpA ‘ < IpA
V1 1.08 V -

Gy @ vD=-b. 1V 0.4 uS/um 0.414S/pum
 Up. eff 151 cm?2/V-sec 164 cm2/V-sec
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Fig. 5.24 is an exampled the back gate output characteristicsdf the SMOX PMOS
trangstor. The extremely low saturation drain currents obtained are due mainly to the
thick gate oxide (3200A), which is aso the primary cause o the premature short channd
effectsvigble in the characteristics. The mobility aong the back interface of the SMOX
device is on an average about 142 cm2/V-sec, and is comparable to the vaue dong the
oop interfacequoted in Table5.7.

Both fully depleted single-gated and fully-depleted dua-gated PMOS trandstors
were fabricated on ELO slicon. Tables 5.8 and 5.9 summarize the relevant dataon these
devices. Fig. 5.25-5.27 present the output, subthreshold and transconductance curves for
the single-gated fully-depleted ELO-SOI PMOS transstor. The low value of the sub-
threshold leakage current and the smdl inverse subthreshold dope are indicative o a
superior materia and interface.

Table5.8 Summary o Meesured Data on Single-Gated Fully-Depleted ELO PMOS
Devices. Avengesaretakenover 25devices. L=0.24um, tox ;=550A, t=1500A

Paxametg‘ AveLage Value Best Value
IDsat : VD=VgG=-5.0V 3.6x10°5 A/um 5.3x10-5 A/jum
S 103 mV/dec 86 mV/dec
— Leakage < 1pA < 1pA
VT -0.564 V -
Gy @ Vp=0.1V 0.48 uS/um 0.6 uS/pm
_Hpefl 177 cm?/V-sec 215 cm?/V-sec




1D

(UAd
| Vg=-10.0V
-291.9 Bottom /
=
] —|
29. 19 = e
/div / L —
— A
L >
/ "
// ]
L —
1
G=-5.0V
) Dngoo —S. 000

vDsS . 5000/div (. VO

Figure5.24  Back gate output characterigics for the SMOX SOI PMOS device

D
<mA)
-2. 538 VG=-5.0V
r,A,,Si:._----
7
P
. 2537
/div _Lg——
7 <
///
// _
v/
n Vg=-1.0V
. D0DD —
. 000D -5. 00D
VDS .5000/div ¢ V)

Figure5.25 Output characterigicsd a fully-depleted single-gated ELO-SOI
PMOS device



212

~-18-02
D
,1 ¢ A ]/W/’"
dacade /
/div
S=86mV/dec
[
Vg=0.1V]
~1E-14 1
1. 00O (a] -4.000
VGE  ,S000/diV. ¢ V)
GRAD 1/GRAD Xintercapt| Yintarce
LINE1l| -131. BE+00| -86. 0E-03| - /1 OE-03 -8, SIE~-08
[LINEZ
Figure 5.26  Subthresholdcharacteristics for the single-gated fully-depleted
ELO-SOI PMOS transgor
V, —(; 5v
189, 7 4=0.
E-D8 <]
_ N
CM
18. 28
/div % \r \\
Z ~ \X‘N
I~
——-_‘_\ \
\
— [—
- Vg=0.1V
6. 965 |
. 0000 -5, 000
VGF .5000/div ¢ V)

Figure5.27  Transconductance curvesfor thesingle-gated, fullydepleted ELO
P-channd SOI MOSFET

——



213

The top interface of the ELO silicon is determined by the chemical mechanical
planarization process. Any surface roughness or impurities left behind by the
planarization process would affect the mobility and the subthreshold slope o the
fabricated device. There are two primary slumes available for chemical mechanical
polishing at Purdue University - NALCO 2350 and NALCO 2355. A 1:15 mixture of
NALCO 2350:DI water is typically used to planarize the ELO, and yields opttmum
results when planarizing large overgrowths. Characteristic etch rates arc. about a micron
per minute. The NALCO 2355 slurry, to be used in a 1:10 ratio by volume of slurry:DI
water under the same pad pressure and pad rotation conditions, provides an etch rate of
only about 1000A/min. Consequently NALCO 2350 was the preferred etch slurry for
ELO planarization. Microscope observations indicated that a smoother and more
specular finish was obtained with the NALCO 2355 etch slurry. Therefore we employed
NALCO 2350 to planarize the down to the etch-stop and then incorporated a 10-15 mins.
finishing etch with NALCO 2355 to yield the best possible results. A single gate fully-
depleted ELO process was carried out at the same time as the process whose measured
data was presented above, with the exception of the finishing NALCO 2355
planarization. The measured subthreshold slopes were consistently greater on this wafer
and yielded average values of about 155mV/dec.

Figures 5.28 through 5.35 adequately describe the behavior of the dual-gate
transistor. Figs. 5.28 and 5.29 present the output characteristics of the thin film fully-
depleted PMOSFET under top gate control and bottom gate control respectively. The
output characteristics of the device under dual-gate operation is shown in fig. 5.30, which
indicates a significantly larger current flowing across the device. As seen through
numerical simulations in Chapter 3, when compared at a constant VG-V however,' the
observed enhancement in current of the dual-gated transistor iseffectively eliminated and
the current under dual-gate operation exceeds the sum of the currents of the top gate and
the bottom gate by approximately 15%. Thisisshown in figure 5.31 for two different
dual-gate devices. In chapter 3, comprehensive numerical simulations using PISCES
were carried out and it was concluded that the current under dual-gate operation would
exceed the sum tota of thecurrentsof the top and bottom gates by a maximum of 3%, so
long as al values were compared at constant gate voltage excursions above threshold.
This conclusion refuted the claims made by other researches of a greater than 50%
enhancement in the current under dual-gate operation. While the results presented above
definitely do not indicate the preposterous 70-75% enhancements often quoted, it is still
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Table 5.9 Summary of Measured Dataon Dual-Gated Fully-Depleted ELO PMOS
Devices. Average taken over 10devices. L=0.24um, tox =550A, tox 1=15004,

t=1500A
Parameter
| Top Bottom Dua
1
Ip, sat : Vp=Vg=-5.0 2.9x10-5 A/um 1.1x10-5 A/jum 5.2x10-5 A/um

S 117 mV/dec 146 mV/dec 95mV/dec

Leakage < 1pA < 1pA < 1pA
Gy @ Vp=-0.1V 0.4 pS/um 0.31 uS/pum 0.65uS/um

A% -0.65V -1.58V -0.08V

Wp, eff 149 cm?/V-sec 145 cm?2/V-sec

larger than the 5% predicted by the numerical simulations. The discrepancies could
potentially be due to experimental errors in computing the threshold voltage. As was
seen in chapter 2 and earlier in this chapter, the threshold voltage of the top gate depends
in the back gate voltage and vice versa. The threshold voltage decreases as the back gate
moves into depletion and it increases when the back gate is accumulated. 1n the PMOS
transistor, this can be trandated into surface potentials by stating that the more negative
the back surface potential, the lower (more positive) the threshold voltage of the top gate.
As the back gate is accumulated ad the surface potential becomes zero or slightly
positive, the larger (more negative) the threshold voltage of the top gate becomes. Then,
the comparison of the curves at a constant Vg-VT becomes dependent on what value of

the back gate (top gate) voltage the threshold voltage of the top gate (back gate) is
measured.
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In the numerical simulations the back interface of the single-gated device was
defined by a neutra contact (in contrast to a n*-poly, p*-poly or Al contacts) and thus
grounding the back gate ensured that the back interface was under flat-band conditions
(zero back surface potential)2. Thisis the optimum condition to make a good comparison
between the dual-gated device and the single-gated device. However, in the experimental
measurements of fig. 5. 31, we had no way of fixing the band bending at the back
interface, so that it became difficult to measure the threshold voltage of the top (or
bottom) gate while maintaining the other gate under flat-band conditions. Therefore, we
measured the threshold voltage of the two gates by merely grounding the other gate,
knowing full wel that the back interface under these conditionsis not in flat-band. |f the
threshold voltage were measured under more accumulated conditionshy applyingasmal
positive voltage to the back gate, the measured threshold voltages of the top and bottom
gates would be higher and this would reduce the measured enhancement in current under
dual-gate operation. This discussion merely highlights the importance of exercising
caution when comparing the characteristicsof single-gated and dual-gated devices.

The subthreshold characteristicsdf the dual-gated device are shown in fig. 5. 32
The sub-threshold slope is significantly improved under dual-gate operation as compared
to the values obtained under either top gate control or bottom gate control. The dua-gate
transistor in this case is non-optimal due to the large differential in the threshold voltage
between the top gate and the bottom gate. Thisisdue to the large amount of arsenic out-
diffusion from the bottom gate polysilicon at the back interface. In situations where the
threshold voltage of the top gate and bottom gatesare equa and the device is Symmetric,
asignificantly more improved subthreshold dope under dual-gate operation results. Figs.
5.33 and 5. 34 present the subthreshold curvesof the top gate and bottom gate transistors
with a varying bias applied to the other gate. The changing subthresholld characteristics
o the top gate with varying back gate bias and vice versaisindicativeof a fully depleted
film. The degraded subthreshold slopesdf the top gate when the bottom gate is strongly
accumulated is also clear in fig. 5. 33. Finaly, the transconductance of the device under
top gate operation, bottom gate operation and dual gate operation are presented in figs.
5.35 through 5. 37. The transconductance under dual-gateoperation isdightly less than

4n redity thereisa non-zero back surface potentid due to the smal band bending forced
by the fixed charge density specified at the interface.

—
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the sum of the transconductancesin figs. 5.35and 5.36. This is again due to the
asymmetric device under test, which results in a spread out transconductance curve
rather than a single sharp pesk asobserved in the other devices. In a symmetric device
one would expect the transconductance of the dual-gated device to be about 1096 larger
than the transconductancesof the top and bottom gate transistors.

The advantages of the dual-gated device fabricated with ELO are immediately
obvious upon noting the extremely low value for the back gate subthreshold sope
attainable in the process. The value of approximately 150mV/dec is norma for the
device structure whose gate oxide is 1500A thick and whose channel doping is about 2-
4x1016 /cm3. The advantages of ELO are even more enhanced if one observes the back
gate to sourceleakage of the SIMOX device as compared to the oxide leakage of the ELO
device. The back oxide leakage currentsfor the SSMOX device and the ELO device are
shownin fig. 5.38. It isobvious that although the SIMOX back gate is twice as thick as
the ELO back gate, the leakage current through the SIMOX buried oxide is about 2-3
ordersof magnitude greater than that through the ELO's buried ply-oxide. Thissuggests
astronger integrity for the buried oxide when using epitaxial lateral overgrowth. Another
advantage of ELO towards making dual-gated devices involves the choice of the buried
insulator. Since ELO involves epitaxial growth over an insulator, advanced dielectrics
such as nitrided oxides can be easily used in the selective epitaxy process. This should
further improve the dielectric integrity of the buried insulator in ELO. SIMOX
technology falls palpably short in this regard.

5.3.3 Series Resistance Concerns

The mobility values ppeff reported in Tables 5.7-5.9 are smaller than the values
obtained in the substrate devices, except in specid cases as reveded by the best values
listed in the tables. Thesameistrueof the NMOS devices presented in section 5.3.1. It
isour conjecture that the lower mobility values computed throughout this chapter are a
result & high source-drain series resistances, more so in the thin-film SOI devices. In
Table5.10. we list the measured resistance valuesdf P+ resistorson the substrate, ELO
and SIMOX wafers. Ascan be seen, the resistance valuesare rather large given that the
distance between the two contactsin only 20um. The resistanceislargest for the SIMOX
wafersand issmallest in the substrate. Thisis also consistent with the fact that the
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Table510 Summary d Messured P+-region Resstanceson Substrate, ELO and
SMOX Wafers. L=20um, W=14pm

Weler S/D anned temp. Thickness Resistance
Subgtrate 1000 °C 4000A 808
SMOX 900 °C 1400A 450Q

ELO 900 °C 4000A 1758

S MX wafer has the thinnest film (1500A) whereas the ELO films ranged in thickness
from 40004 to 5000A. We couldnt measure the series resistance in the dua-gated
structures but we expect their resstance to be larger since the filmsare thinner than the
ELO resgtancedructures. Thelarger resstancein itsdlf would not cause large reductions
in the mobility because the distance between the contact edge and the top channd isonly
2.5 um. The problems associated with the series resistance are inherently tied to the
layout of the mask ussd in thiswork.

The mask layout of the SOI MOSFET is shown in fig. 5.39. The defined active
area width on the mask in this case is 75um, but there are only two contacts across the
middledf the SOl mesathat are 10um long and 2.5um wide. With the resstances across
the P+ source/drain regions being as large as those listed in table 5.10, there is a
substantial spreading resstance associated with the current flow dong the width o the
device. If the contacts were defined acrasstheentirewidth o the device, then the current
flow across the transi stor would be uni-directiona from source to drain, not withstanding
the series resstance. Theactud widthd the current flow would then be truly represented
by drawwn mask width. But in the fabricated devices, the spreading resistance forces a
more two-dimensiond current flow as schematicdly illustrated in fig. 5.40. Theeffective
width of the device would then be less than the actud drawn width of the device, ad it is
thiseffectivewidth that must be usad in the mobility computations. |t therefore sands to
reason that under these conditions, gpplying the drawvn mask width to the mohility
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computations would result in an underestimated mobility value as observed in the
previous two sections.

Extremely smplistic PPISCES smulations of the two structures, one with the
contacts as designed on the mask and the other with contacts across the entire width of
the structure were carried out. The smulations suggest that the structure with the
contacts defined across the width o the device, have an average resstance that is at least
a factor of 3 lower then that of the structure with the smaller contects. Alternately, the
effective width of current flow in the structure with the smaler contacts is three times
smdler than in thestructure with the larger contacts. Therefore, in order to determine the
true effective mobility, a consarvative estimate for the ELO and SIMOX devicescan be
obtained by multiplying the mohilities listed in the tables above by afactor of 2. The
mobility vaues of the substrate devices should also be corrected for, but the degree to
which the different mobility vaues are corrected would depend on the resstance values
measured in table 5.10. Likewise, the mobility values pq efr OF electrons determined in
section 5.3.1 would aso be larger then the measured vaues due to the two-dimensiona
naturedf current flow in theill-desgned devices.

In order to confirm or at least lend credence to the above argument, we fabricated
a smple single-gated fully-depleted ELO SOl MOSFET but reduced the active area
width to 21um. A top view o the deviceisshownin fig. 5.41. The contactson this
device cover a sgnificantly larger portion of the width of the device. The output
characteristicsand subthreshold characteristicsd the device are shown in figs. 5.42 ad
5.43. The measured data are summarized in table 5.11. Ascan be sen in the table, the
computed values of the effective mobility pp efr devices exceed 250 cm2/V-sec on an
average and the best value obtained isamost 310cm?2/V-sec. Thisconfirms the excellent
qudity o theepitaxid laterd overgrowth SOI film.

54  Confined Laterd Sdective Epitaxid Growth

Confined Laterd Sdective Epitaxiad Growth (CLSEG) is an another form of
selective epitaxy in which crysd growth is confined in a pre-determined cavity defined
on the wafer. In this section, the materid quality of CLSEG is investigated for
applicationsto thin-film, fully-depleted SOl MOSFETs. S0 far the CLSEG materid has
been grown to heights o 1.0um and its materid quality has been shown to be very good.



227

A
A

‘o J aclive area
B

seedhole

edge of ELO growth

Figure541 Top view of thenarrow width ELO-SOI single-gated MOSFET. The
narrow width gructure facilitatescomputation of the effective mobility
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of Measured Data on Small Width Single-Gated Fully-Depleted

ELO PMOS Devices. Averagetaken over 25devices. L=2.4mm, tox =SS0A, t5i= 13004
Parameter __[ Average Best
IDgat : VD=Vg=-5.0V 5.3x1-5 A/um 5.7x10°5 A/um
V1 0.128 V ;
S 99.9 mV/dec 97.7 mV/dec
Leakage < IpA < lpA
Gm @ Vp=-0.1V 0.63 uS/pum 0.67 uS/um
Lp, ff 264 cm?/V-sec 310 cm?/V-sec

In this section, resultsfrom CLSEG grown in 25004 cavitiesare presented for the first
time. Devicesfabricated in the CLSEG materiad include diodes, N-channel FETs and p-
channel FETs. All the three devices were fabricated on three separate wafers to maintain
low process complexity and to maintain a photo-resist free implant step. Once again, the
NMOS process demonstrated extremely low subthreshold |eakage currents but poor
subthreshold slopes. However, because the subthreshold leakage is minimal, the
characteristicsare indicative of a good quality material. Nove dual-gated devices were
also fabricated using CLSEG. Asin the case of the ELO devices, CLSEG dual-gate
devices also involve growth over a polysilicon gate. The CLSEG growth over a step
defined inside a cavity was attempted for the first time. While the growth was successful,
logistics of processing and a non-optimal mask design kept us from obtaining high-
performancedevices. Nevertheless, the feashility of the concept wasdemonstrated.
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In the following sub-sections, results from CLSEG diodes, single-gated NMOS
and PMOS devices and dud-gated NMOS devices are presented. The CLSEG sliconin
which these devices were fabricated was only about 1500A thick because they were
thinned down after growth by a short 1-2 min CMPstep using NALCO 2355(to ensurea
smooth top surface) and a post growth oxidation and strip. The CMP step did nat
produce any non-uniformitiesin the as.grown CLSEG layers, because o the short
duration of the planarization process. The excelent uniformity of CLSEG was
maintained across the wafer. Thisisa mgor advantaged CLSEG, as it avoids the non-
uniformity concerns o chemical mechanicd planarization through the definition of a pre-
determined cavity with excdlent uniformity (5%b6)across the wefer.

541 Diodes

The diodes were fabricated udang a photoresist free implant process in which
thermal oxide was used as a mak during the arsenic implant. Typica diode
characteristicsare shown in fig. 5.44. The diodes demondrated extremdy low leskage
currents which were bdow the measurement sengitivity (< 1pA) d the HP 4145B. The
best idedlity factor obtained was 1.16 and an average vaue o 1.28 was measured across
25diodes. The high idedity factorsare possibly theartifact o the large series resstance
that exists in the device, which is inherent to the nature o the thin-film SOI Sructure.
The large series resstanceis also evident by the low voltage(0.5V) a which the curve
beginsto bend over and saturate. The low junction leskage currents, however, prove the
excdlent quaity o the CLSEG materid. Table 5.12 summarizes the measured device

parameten.

Table 512 Summary of Messured Daaon Thin-FHIm CLSEG Diodes

Parameter ' Average Besir
Ideality Factor i 1.28 1.16
Leakage @ -2.5V < 1pA < lpA
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5.4.2 SingleGated NMOSand PMOS Devices

The output characteristics and the subthreshold curves for the representative
NMOS and PMOS devices are depicted in figs. 5.45 and 5.46 respectively. The
transconductanced the NMOS and PMOS device are shown in fig. 5.47. Tables5.13
and 5.14 summarize the measured dataon the CLSEG MOSFETs. Asis evident from the
tables and the figures, excellent device characteristics were obtained for the CLSEG
MOSFETs. The NMOS deviceagain demonstratespoor subthresholdslopes athough the
subthreshold leskages were consistently very low. The subthreshold characteristics of the
NMOS device show a discernible kink just like the single gated ELO NMOSFETs o
section 5.3.1. Thiscould again be indicativedf some sort of an edge leskage problem,
either due to the nature of the mesarisolated structures or smply an inadequate boron
threshold adjust profile. Isolated devices were however found across the wafer with
sgnificantly better subthreshold dopes such asshown in fig. 5.48. This proves that the
bad subthreshold characteristics are not due to poor materia or surface properties, but due
to a non-optimum process design for the NMOSdevices. Moreover the PMOS devices
showed very good subthreshold d opesthat are comparableto those obtained in the ELO

Table5.13  Summary of Measured Dataon Thin-FIm Fully-Depleted CLSEG PMOS
Devices. Averagetaken over 20devices. L=2.2um , tox ;=550A

Parameter Average Best
| Ipgar: Vp=-50, V=20V 4.42x10°5 A/um 6.0x10-5 A/um
S : 110 mV/dec 99 mV/dec
Leakage 15 pA 1 pA
VT 208V .
Gy @ Vp=-0.1V 0.65uS/pm 0.69 uS/um
Up_ eff 238 cm?/V-sec 250 cm2/V-sec
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Table 5.14 Summary d Measured Dataon Thin-Film Fully-Depleted CLSEG NMOS
Devices. Average taken over 20 devices. L=2.6um, tox (=60CA

Parameter Average Best
: Vp=4.0V, VG=7.0V 6.8x10-5 A/um 7.7x10-5 A/um
S - 132 mV/dec
Leakage SpA 1pA
Vi 25V
Gp @ Vp=0.1V 089uS/um 1.2 uS/um
Up, eff 429 cm?/V-sec 465 cm?/V-sec

and SI MOX devicesof the previous section. Large mobility values were obtained in the
thin-film CLSEG material. It should be reiterated that thisis thefirst time electron and
hole mobility values have been reported for ultra-thin film CLSEG material.

543 Dual-Gated CLSEG NMOS Devices

The successful fabrication of the dual-gated CLSEG device was constrained by
inherent processing difficulties due primarily to a lack of foresight when designing the
masks. The problems associated with fabricating the dual-gated devices did not result
from difficulties in the selective epitaxy process, but rather from difficulties encountered
in the post-epi growth processing. Epitaxial growth was typically of excellent quality as
evidenced by the observation of extremely straight growth fronts and the emergence of
well-faceted ELO from cavity vias. Inorder to explain the difficultiesinvolved with the
post-growth processing of the CLSEG wafers, a typical cross-section of a CLSEG dual-
gated deviceisshown in fig. 5.49. Also depicted in the figure isa schematic sketch of
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Figure5.49 A dual-gated CLSEG dructure immediately following confined epitaxial
growth. (&) a focused-ion-beam cross-section of the dual-gated Sructure
and (b) a schematic crosssection indicating the required level of
planarization
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the structure. In most cases, the nucleation emerging from the via holes grew well over
the bottom gate a

In order to fabricate the dual-gated structure, the overgrowth from the via holes
must be planarized down to the level indicated in fig. 5.49(b). It is not enough simply to
remove the silicon from over the bottom gale region, because then there would cxist
regions of unetched nitride under the overgrown silicon to the left of the bottom gate in
the figure. The source/drain regions cannot be implanted in this case. Since the level of
the cavity over the bottom gate is higher than the level to which the silicon must be
planarized, the nitride layer that defines the cavity over the bottom gate: (thisis also the
channel region if the MOSFET) is removed and the underlying epitaxial silicon is
exposed to the planarization. Once this stage is reached it becomes extremely hard to
control the planarization process 4. and the epitaxially grown silicon often gets over-
etched. Alternate schemes to remove the overgrowth using dry SFg etching or a wet
K OH etch did not provideany positive results either.

The above structural difficulties associated with dual-gated device processing
using CLSEG, highlights the importance of using a recessed bottom gate. Once the
bottom gate is planar with the field oxide, CLSEG growth is simple and the devices can
be fabricated in like manner as the single gated devices. Despite the processing
problems, a few dual-gated CLSEG devices did work and their characteristics are
presented in figs. 5.50-5.52. The subthreshold characteristics and the computed mobility
values were extremely poor, probably due to the extremely non-uniform epitaxial silicon
SOI overlayer. As an example depicting the non-uniformity of the overlayer, fig. 5.53
depicts the transconductance of the top gate with the bottom gate groundled. Two peaks
are evident in the transconductance curve indicating the presence of two devices in
parallel with different threshold voltages!

3A majority of the epitaxial growth on the dual-gated CL SEG wafers were carried out
during a period of time when the epitaxial reactor was extremely erratic in its growth rate.
Consequently, the overgrowth emerging from the vias were often of gargantuan
proportions.

40ne must note that there is no etch-stop in this planarization process, and the
planarization must be controlled manually. This is extremely hard to do given the non-
uniform and erratic etch rates of the CM P system.
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55 Conclusions

N-channel and P-channel devices were fabricated in ELO and CLSEG material.
Simultaneously, device were fabricated in substrate silicon and commercially available
SIMOX material. The results indicated that the SOI layers formed by selective epitaxy
areat least asgood if not better than the SIMOX material.

Thin-film fully-depleted SOI MOSFETs were fabricated by CLSEG for the first
lime. Although the dual-gated devices did not work very well, the results from the single
gated devices pointed to material of excellent quality. These results were vindicated by
measurements on diodes fabricated in CLSEG material. The diodes showed very low
leakage currents. However the measured ideality factors were larger than expected due to
theinherently large series resistances presentin the CLSEG diode structure.

Experimental evidence validating the theories regarding volume inversion
presented in Chapter 3 were provided by measurements on asymmetric dual-gated
devices fabricated by epitaxial lateral overgrowth.' The results denied the existence of a
50-75% enhancement in the current of fully-depleted dual-gated devices. The measured
enhancements, when compared at constant gate voltages above threshold, were barely
15%. This enhancement would be further reduced if the threshold voltages d the
individual gates were measured with the other gate maintained close to flat-band
conditions.
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CHAPTER 6

GENERATION LIFETIME MEASUREMENTS IN THIN-FILM
SILICON-ON-INSULATOR(SOI) MOSFETS

The generation lifetimeisa very important device parameter. The switching time
of bipolar devices, the leakage currents of p-n junction diodes and charge-coupled
devices(CCDs), and the refresh time d dynamic RAMs dl depend on it The gencration
lifetime of the semiconductor material depends directly on such parameters as the
concentrationof deep-levels which may result from foreign impuritiesor crystal defects.
Therefore, the generationlifetime can and is often used as a processcontrol monrtor. |t s
also a very good figure of merit to compare the properties and the quality of
semiconductor materials. It is therefore important to get an accurate value of the
generation lifetime, tg.

In this chapter, we describe a new technique to determine generation lifetimesin
thin-film, partially depleted or fully depleted SOI MOSFETS. In section 6.1, the basic
concepts of generation lifetimes are established and the widely used techniques for
determining generation lifetimes in bulk silicon MOSFETs are described. The
differences in thin-film SOI MOSFETs and the review of measurements made on SOI
devices are presented in section 6.2. Findly in section 6.3 we describe the new linear
sweep technique applicable to thin-film SOI MOSFETs and present the experimental
resultsobtained on thin-film fully-depleted devicesfabricated on SIMOX material.

6.1 TheGeneration Lifetime1:g

The generation lifetime (tg) is the average time required to generate an electron-
hole pair (e-h pair) in adepleted region of the semiconductor device. The generation
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lifetimeisapplicablein regionsd the device where there isa paucity ot'caniers, such as
in the space charge region d areverse-biased junction.

(a) (®) (©)

Figure6.1 (&) Schockley-Read-Hal generation (b) optical and (c) impact ionization
electron-hole pair generation

The generation mechaniams in a semiconductor are schematicaly illustrated in
figure 6.1 [1]. The Schockley-Read-Hall (SRH) process of figure 6.1(a) is the mos
important generation process in silicon under dark, low eectric field conditions. The
thermal generation of e-h pars proceeds via intermediate energy levels for most
semiconductors. The radiative generation mecheniam (Fig. 6.1(b)) involves the optica
generation 0 e-h pairs usng a photon with energy greeter than the bandgap energy o the
semiconductor. The optical or radiative process is absent in the dark, since the black
body radiation from the surroundings is negligible under these conditions. Findly, the
inverse-Auger generation mechaniam (better knoawn as avalanche multiplication) involves
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three carriers. A high energy eectron loses itsenergy by creating an e-h pair. Avalanche
multiplication is dominant only under high electric field conditions and can be neglected
at low fields. The generation lifetime in silicon is essentially determined by therma
generation processes given by the SRH theory and the remainder of this chapter dedls
with thermd generation alone.

The generation rateisdefined as the rate at which carriersare generated in agiven
volume of the semiconductor. From the Schockley-Read-Hall (SRH) theory, the
generation rate can be expressed as,

z—
- (n,”- np) 1

['cpo(n +n,) + T (p+p)l

where n; is the intrinsic carrier concentration, n is the electron concentration, pis the
hole concentration, nj and p; are trap rdated parametersgiven by,

E. - E : E.-E
n, = nexp=i=—=]: p = mexp[—*—ﬁ—'ﬁ] 2)

where tpo and tpo are the respective eectron and hole lifetimes. Under reverse bias
conditions, in a depleted region of the device, the mobile carrier concentration is
neglected and,

G- 3)
1:8
E; -E —(Er -E))
where T, = T,.exp[ TkT ]+ 1,°exp[—?r——] 4)

Thisis the most general expression for the generation lifetime and will be used later in
the chapter during the development of the new generation lifetime measurement
technique.

Any generation lifetime measurement scheme requiresthat (i) the device be
placed in non-equilibrium (deep depletion). This involves splitting the minority and
majority quasi-fermi levels (ii) an excess generation width be created which attempts to
bring the device back to steady-state or equilibrium through excesscarrier generation and
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(ii1) the generated charge be monitored through the choice of appropriate test structures
and instruments.

In bulk silicon, the MOS capacitor is the most widely used device structure [3]
and the measured capacitanceis used to monitor the generated charge. The pulsed MOS-
C lifetime measuring technique is the most popular technique to measure t; [4-8]. The
method was first proposed by Jund and Poirier [4] and it involved a capacitance-time
(C-t) transient measurement following an accumulation to inversion pulse. This
technique was subsequently analyzed in great detail by Zerbst [S] and Heiman [6].
Various interpretational and experimental variations to this basic technique have been
proposed and areview of the various methods can be found in [7] and [8]. Figure 6.2(a)
illustrates the experimental conditions and figure 6.2(b) depicts the experimental C-t
response and its related Zerbst plot which determines the value of t;. The MOS capacitor
is pulsed into deep depletion and the capacitance d the device is monitored as a function
of time as shown in figure 6.2(b). The inversion carriers cannot be generated
immediately in response to the applied pulse. Consequently, the device is forced into
non-equilibrium (deep depletion). Eventually, thermal generation within the depleted
volume of the semiconductor beginsto generate the requisite inversion charges to balance
the charge added to the gate and the device relaxes back to equilibrium. In the non-
equilibrium condition the depletion region is larger that its equilibrium value and
conseguently the measured capacitance islower than the value at equilibrium. The larger
depletion width provides the excess generation width which results in the excess
generation that drives the device back to equilibrium. As the device approaches
equilibrium, the depletion region shrinks asisevidenced by an increasing capacitance.

The capacitance relaxation in figure 6.2(b) is determined solely by thermal
electron-hole pair generation. The e-h pair generation rate consists of both space-charge
generation and quasi-neutral generation components {7] and isgiven by,

dQ, -qn,(W-W.) qns A, -qn, (W-W))
dt = 1: L - A: - qn;Sy = L < L - qn; Sy (5

seff 1S the effective surface generation velocity and contains both the front and back
tnterface generation terms in addition to the width-independent quasi-neutral generation
paramelers. Similarly tg' is the effective gencration lifetime and contains both bulk
generation (space charge region generation under the gate) term and the width-dependent
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edge generation component characterized by a surface generation velocity. W is the
time-dependent depletion region width and Wr is the final equilibrium depletion region
width. The term (W-Wy) determines the 'effective generation width', which isthe region
of the semiconductor that actually generates camers. Itiswell known that using W for
the effective generation width overestimates the generating volume because there is a
significant region near the surface of the semiconductor that does not generate any
carriers. Similarly, (W-Wy) underestimates the effective generation width. Thisis made
clear in figure 6.3 which qualitatively depictsthe energy bandsin a p-type semiconductor
under deep-depletion conditions [9,10]. Rabani and Lamb [9] made a first order
correction to the effective generation width as shown in the figure, The effective
generation width can also beexpressed as [11]

Wge = (W-EW,) where 0<E<l (6)

The major uncertainty in estimating the true generation width arises; from a lack of
knowledge of the quasi-fermi Levelsduring the transient. Other expressions have been
derived for a more accurate determination of the effective generation width [10], but
typically (W - Wg) has been accepted as a reasonable approximation in bulk devices.

Relating the depletion width W to the measured capacitance C, one can derive the
following final expression,

1
-.g_(gu) - 2n, &&(Ef._l) + .I.(_u._.l_sﬂ.zn's . Q)
di\ C TN, G\C K, t N,

2

Thisequation is the basis of the Zerbst plot. - g‘-(%i) is plotted versus (%’--1) and
t

Tg'i's determined from the slopeas shown in figure 6.2(b).

A non-pulse linear sweep technique for bulk MO capacitors [12] has also been
developed. This technique promises interpretational simplicity, eesed implementation,
and does not require differentiation of the experimental data. In the linear sweep
technique, a linear ramp instead of a pulse, is used to drive the device into non-
equilibrium. If the linear ramp applied to the gate of the MOS capacitor isvery slow,
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Energy band structureof a p-type MOS capacitor at (a) equilibrium

inversion and at (b) non-equilibrium deepdepletion

Figure6.3

-
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Figure6.4  Equilibrium inversion curve at extremely slow ramp ratesand deep
depletion saturation curvesfor higher sweep rate

then the generation of carriers in the MOS-C can at dl times balance the rate at which
charge is added to the gate. Theinversion layer can then be formed in response to the
ramp and the measured C-V curve traces the equilibrium value. As the ramp rate is
increased, the generation rate cannot form the inversion layer fast enough and the device
enters non-equilibrium. In this condition the measured capacitance is smaller than the
equilibrium value. If the ramp iscontinuously maintained, eventually a stageis reached
when the excess generation rate equals the rate of change of charge on the gate
(determined by the ramp rate) and the device reaches a quasi-steady-state situation. The
depletion region width saturates and the measured capacitance al so saturates, albeit at a
lower value. This is depicted in figure 64. The measurement can be repeated for
different ramp rates and the different saturated capacitance values can be obtained.
Under the saturated condition, the rate of change of charge on the gate (CoxR) exactly
balances the rate at which charge is generated in the depleted semiconductor region

L8 (W, - W,,). W is the depletion wicth at the saturated condition, and Weg is the

s
depletion width at equilibrium. Again the excess depletion width is chosen as the
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effective generation width. Equating these two terms, and expressing the depletion width
in teermsd the measured capacitanceone can readily arrive at,
R = qKseoni (&__ 1) (8)
C..C,.t.\C,,

eq ~ox g

: (C_
Then the linear slope o the R vis — -1] plot determines the effective generation

lifetimet,'.

The gate-controlled diode (GCD) is the second most commonly used device
structure to measure the generation lifetime (13]. A cross-section of the device is shown
in figure 6.5(a). A reverse bias gpplied to the diode is used to place the device in non+
equilibrium. The diode current (instead of a capacitance) is used to monitor the charge
generation in thedevice. For agiven diode bias, the current is monitored asa function o
the gate bias. The measurement procedureis depicted in figure 6.5(b). When the gateis
in accumulation, the measured reverse-bias current is solely the reverse-biased junction
leakage current. Thereis no surface or bulk generation under the gate. When the gate is
biased in depletion then there is a surface and bulk contribution to the measured drain
current as shown in figure 6.5(b). As the gate bias increases with the diode still biasad in
depletion, the diode current also increasesdue to the increased bulk generation associated
with the increased depletion width. Finaly, when the surface is inverted, the surface
generation term dropsand the measured diode current becomesa constant and is the sum
of the bulk generation under the gate and the diode leakagecurrent. Asthe diode biasis
increased, the bulk generation component al so increases because the maximum inversion
depletion width increases with increasing diode bias.

dyun

A, n
- %L(wmq_wcq) (9)

where Wh ¢q is the non-equilibrium depl etion layer width dependent on the diode biasad
Weq is the equilibrium depletion width when the diode voltage is zero. The effective
generation lifetimetg' can be determined from the above expression.
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Figure6.5 (@) Schematiccross-sectionof a gatecontrolled diode(GCD) and (b) a
GCD in (i) accumulation, (ii) depletionand (iii) inversion ; (iv) shows the
?_J)rrené voltage characterigic with pointsA, B and C corresponding to (i),
1) and (iii)
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6.2 =t Measurementin ThinrfHIm SOI MOSFETs

The two mgor eectrica lifetime measurement schemes in bulk devices were
discussed in the abovesection. In addition there are optical lifetime measurement

substrate - substrate

() (b)

Figure6.6 a) Theverticd inverted MOS cgpacitor on SOl materia and (b) laterdl
capacitor on SOI subgtrates. The n+ junctions could reach through

to the bottom oxide interface

techniquessuch as the photoconductivedecay technique [14] and the photoluminescence
(PL) decay technique (15]. The optica measurement techniques are extremely useful

because they are in generd non-contacting in nature. However all optical schemes
essentially create excesselectron-holepairs and therefore they meesure the excess carrier
lifetime or the minority carrier lifetime (recombination lifetime). The optical excitation
source is abruptly terminated and the excess carrier decay rate is measured to determine
the recombination properties or the recombination lifetime. Since we are dedling with
generation lifetimesin this chapter, we shal concentrateonly on the electrical schemesto
measure the generation lifetime.
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The mgor difference between bulk semiconductor devicesand SOI devices, apart
from the presence of the buried oxide, is the ultra-thin nature of the overlying silicon
film. However initia characterization schemeson SOI substrates were directly adapted
from the techniques usad in bulk MOSFETs. The SOI films studied were thick (1.0 - 2.0
um) so that conventiona 'bulk’ devices could be fabricated in them. For all practical
purposes the devices behave like their bulk counterparts. Pulsed MOS-C measurements
such as described in the previous section were made on inverted MOS capacitors as
schematically illustrated in figure 6.6(a) [16-19]. Lateral MOS capacitors (fig.
6.6(b))with reach-throughdiffusions werealso used in pulsed C-t transient measurements
{20]. Capacitance measurementstypically require extremely large area devices so that
the measured capacitance is large enough for accurate measurements. Moreover
inaccuraciesin the capacitance measurementsresult when the seriesresistancesare large.
Thin-film SOI devices usualy have large series resi stancesassociated with them and this
makes the interpretation of capacitance-basedresults more difficult. Thin-film transistors
offer distinct advantages for defect characterization in SOI films. These advantages
(when compared to capacitance measurements) include (1) no loss of sengitivity with
reduced device dimensions, (2) natura utilization o the laterally distributed substrate
contacts, (3) no detrimental effectsdue to the large series resistanceand (4) test devices
that are smilar or identical to actua circuit components.

Depletion mode devices (deep-depl etion devices or accumulation mode devices)
operate on the same principle as JFETs in bulk silicon. Figure 6.7 shows the device
cross-section of the depletion mode transistor (DMT). DMTs were the first transstors
used to characterizegeneration lifetimesin thin-film SOI materia [21-25]. The essential
principle behind the use of DMTs to measure t4 is the same as the pulsed MOS-C
technique. A pulseisapplied to the gate which places the devicein deep-depletion (non-
equilibrium). The device then relaxes back to equilibrium through the thermal generation
of inversion charges. The relaxation transient is monitored by measuring the drain
current in a DMT as opposed to a capacitancein a pulsed MOS-C measurement. The
principles of the measurement and the experimental configuration are also shown in
figure 6.7. Thetheoretical trestment follows directly the one described for pulsed MOS-
Csin the previoussection. If the transgent depletion width is W, then the thicknessof the
conducting channel between the sourceand drain is,
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Figure6.7  Schematic cross-section of the depletion mode transistor (DMT) and
the experimental configuration for generation lifetime measurements
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where p = sheet resistivity of the material, L = channel length and Z = channel width. Vp
and Ip are the drain voltage and drain current, respectively. From the equation of charge
conservation in an MOS system, the sum of the inversion charge Qinv and the interface
charge Qi is,

N. C
Qo = Co(Vg- Vi) = QN W - qu—a%wz (11

and W =t - kIp (12)
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Assuming (as in the bulk MOS-C case) that the total generation rate is the sum of the
bulk generation component and the surface generation component, the generation rate is
given by,

dQ qn,

= - i w-w)) + qns 13

where W¢ is the final equilibrium value of the depletion width given by W¢ = tsi-klps .,
and Ipg is the final saturated value of the drain current at the end oi the transient,
Differentiating eqn. (11) with respect to time and then equating it to eqn (L.3)esultsin,

2n; g, dt

Bl

C

2
)_kID(t)} - ﬂlu‘;l—b(t)] + sdl'

[(W,+ (14)

ox

By plotting the left hand side of eqn (14) versus [Ipr - ID], one obtainsastraight linefrom
which <g' can be extracted using the slope. This measurement isessentially an extension
of the Zerbst technique used in pulsed MOS-C measurements, except that a current is
used to monitor the generated charge instead of acapacitance. One of the requirements
d this method is that the film thickness must be greater than the maximum depletion
width under the gate. In other words, thefilm must be partially depleted. Therefore this
method cannot be used to measure generation lifetimesin thin-film fully depleted SOI
devices. Clearly, apulsed MOS-C measurement technique cannot be used in that case
either. because the film would befully depleted at all times with no change in depletion
layer width and hence no changein the measured capacitance.

A recent measurement scheme for measuring generation lifetimes in thin-film
enhancement mode devices was proposed by Barth and Angels [26] and subsequently re-
analyzed by Mukherjee et. a. [27]. Again, the measurement is made by adapting the
Zerbst technique to current transients. This avoids the effect of large series resistances
and parasitic capacitances, which make capacitance measurements in thin SOI films very
difficult. The measurements are made on enhancement mode MOSFETs which isagain
advantageous because most integrated circuits use enhancement mode MOSFETs. The
cross-section of apartially depleted enhancement mode MOSFET isshown in figure 6.8.
In the experiment, the back gate is biased from depletion or accumulation to stronger
accumulation. It must be noted that the only source of accumulation chargesin the
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Figure68  Schematiccross-sectionaf the enhancement mode transistor and the
experimental setup for generation lifetime measurements

device is from therma generation (thisis in contrast to the conventional MOS-C case
where the only source of inversion charges is due to thermal generation). The
source/drain regions supply and remove the inversion layer charges immediately. The
front gate is maintained in strong inverson at dl timesand thedrain is biased to 100mV.
This places the top-gatedevicein the linear region. Immediately after application o the
pulse [+ve to -ve in this caseg], the accumulation charges cannot be generated
immediately. The quasi-neutral body region present in the partially-depleted device
developsa negative potentia Vg(t) in order to maintain charge neutrality across the back
interface. The change in body potentia affects the threshold voltage of the front gate
transistor which in turn affects the measured drain current . The negative Vg(t) increases
the threshold voltage (its effect on the threshold voltage is similar to the body effect in
bulk MOS transistors) and hence the measured drain current drops. As the accumulation
layer is formed by therma generation, the body potential dowly relaxes to zero and the
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drain current increases to its equilibrium vaue tracing a relaxation transient. The
theoretical analysisfor the partidly depleted case is presented in reference [27]. |In the
above pulsed technique the generated carriers not only supply the accumulation layer at
the back interface but also the shrinking depletion charge at the front interface as the
body potential relaxesto equilibrium. The basicequation is given by

6 -9, 9 WoW)
dt dt T

+ qn;Sy (15)

where G is the generation rate, Qp is the front surface depletion charge, Q4 is the back
surface accumulationcharge, Tg' is the effective generation lifetime (accounting for bulk
and sidewall generation) and sy is the effective surface generation velocity (accounting
mainly for front interface generation and also for back interface generation and quasi-
neutral diffusion processes). The effective generation width is obtained in a similar
manner asin the bulk theory as (W - Wy). Thedepletion chargeisgivensmply by,

2K '
Q - qNAW - qNAVr ‘80(2q¢I\JL !( :

(16)

The depletion region is expressed as a function of the body potential Vg. The
accumulationcharge at the back interface can likewise be expressed as,

QA - 'Cox,(vc.' VFB.—VB(t)) (17)

Finally applying Gauss law to the front gate, the totd gate charge is related to the
depletion charge and the inverson charge by,

- QD(t) - Qinv(t) - Coxf (VGf—VFBf—%F) (18)

Equations (15)- (18)can be solved smultaneoudly and using the additional fact that the
device is operated in the linear region so that the drain current is easily related to the
inversion chargedengty by Ip = (W/L)uQiny Vp Oneobtains,

2n;e, C qN, T

oxy [

2
SNe -gt-{K(lD,—ID(t)) +fe -———4"%} - Ml oL® o)

where K-1 = gNA(W/L)uVp. Thisequationis very similar in form to eqn. (14). Again
following the Zerbst technique, the left hand side of egn. (19) is plotted versusK(Ips-Ip)
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and ' is obtained from the dope of the resulting straight line. The above analysis wes
carried out for a partiadly depleted MOSFET.

In a fully depleted MOSFET the SOI film is depleted a dl times. Unlike, in the
case of a partialy depleted structure, the generation rate due to bulk generation cannot be

writtenas V=W o case W= Wy =1 a 4l times A biind application of the

formula would yield a zero generation rate at dl times. On the other hand, it is incorrect
to assume that the effective generation width is tgi, the film thickness, because then the
formulation would provide a non-zero bulk generation term even under equilibrium
conditions. Thus, the analysisfor a fully depleted MOSFET is made extremely arduous
because o the difficulty in determining the effective generation width. Experimentally,
the measurement is carried out in the same way for the fully depleted device [28,29] as it
wes for the partially depleted device (figure3.8). A more detailed qualitativedescription
of the experiment is provided in the next section. Due to the fully depleted nature of the
silicon film, there is no quasi-neutral region in the fully depleted MOSFET. The front
and back surfaces are coupled together through the depleted film. When the pulse is
applied to push the back interface into accumulation, the lack of accumulation charges
immediately after the pulse forces the back surface electric field to increase so as to
maintain the continuity of dielectric displacement across the back interface. Since the
back and front surfaces are coupled, the front surface electric field also increases. This
causes the front surface inverson charge density to decrease causing a decrease in the
measured drain current. As the therma generation in the semiconductor bulk provides
the accumulation layer at the back interface, the drain current relaxes back to its
equilibrium value.

Theoretical analyses of the dual-gate deep-depletion method to measure the
generation lifetimein fully depleted MOSFETs have been provided in references|28,29],
for the case when a pulseis gpplied to the bedk interface. However in both the references
incorrect assumptions were made in computing the effectivegeneration width. In [28],
the generation rate was assumed to be constant throughout the transient. Clearly this is
incorrect because the effective generation width in the semiconductor region changes
with time. In [29] the trap related parameters ny and p; were chosen equal to nj. In
addition, the capture cross-sectionsof electronsand holes were also assumed to beequal.
Neither of these assumptions are valid and could potentialy result in, errors in the
computed generation lifetime tg'. Moreover, in [29], the depletion approximation was
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used to determine the relationship between the accumulation layer charge and the
inversion layer charge, aformulation that may not be vdid for thin films. In addition, the
electric fidd in the depleted semiconductor film was assumed to be equal to a congtant
value given by the front surface dectricfidd. Thisisagan an unjudtified goproximation
in the formulation that could resultin an incorrect vaue for the effective generation width
and hence the computed generdiion lifetime.

6.3  TheLinear Swegp Technique

The widdy ussd measurement techniques to determine generation lifetimes in
buk and thin-film SOl MOS—ETs weare detaled in the above sections. [ n the previous
section the dud-gate degp-depletion measurement scheme to measure 1, in partidly
depleted and fully depleted SOI MOSHETSs ws introduced. In this section the linear
sweep technique which was first gpplied to buk MOSCs in section 6.1, is adapted for
the first time to the dud-gate deep depletion technique. Instead of applying an
accumulating pulse to the back gate, a linear ramp is initiated and maintained under
accumulation biases. The linear siveep technique smplifies the theoretical interpretations
and providesease d implementation.

Theremainder d thissection isorganized asfollows. In section 6.3.1, acomplete
solution of a1-D Poisson's formulation is provided for thin-film SOl MOSHETS under
equilibrium and nonrequilibrium conditions, to explain the behavior of partialy depleted
and fully depleted SO MOSFETs under linear sweep conditions. A qualitative
description of the measurement is provided in section 6.3.2. Section 6.3.3 contains the
quantitative solution of the problem as goplied to partidly depleted MOSFETs. A
comparison at this point to the pulsed technique described in the previous section for
partidly depleted MOSHETS proves the interpretationd ease offered by the linear sveep
technique. The quantitative formulations for the fully depleted MOSHET are ddtailed in
section 6.3.4. Findly, the experimenta results obtained on fully depleted SOI MOSFET s
fabricatedon SIMOX subgrates are presented in section 6.3.5.
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6.3.1 Andyticd Formulations

The energy band diagram of a fully-depleted thin-film SOI MOSFET with its
front surface in strong inverson and its back surfacein accumulation is shown in figure
6.9. Whenever the surface potential changes sign from the front surface to the back
surface, thereis an inflection point in the energy band diagram (denoted in the figure as

do). Attheinflectionpoint% = 0, whichimplies that the charge density p is zero at

that point. When both the front and back surfacesare in inversion, as seen in Chapter 3,
the energy band displays a point of zero electric field, but there is no inflection point
because the surfaces potentidsat the front and back interfaceshave thesarnesign. At the
inflectionpoint do, the electric field E in thefilm attainsits minimum value given by E.

Expressions for the charge density, electric field and potential as a function of
position inside the semiconductor are obtained by solving Poisson's equation. In onc
dimensions, Poisson'sequation smplifiesto,

dE P q
dx K,e, Ke [p-n-N, al (20)

80

In the present case, we choose the inflection point d, as the reference: point for the
potential. Also, expressing the potentia in termsd its normdized units,

U(x) = ¢k(x) _ E(d)-E(x @1)
A kT
U, - 95, _ Ei(d,)- E,(front surface) 22)
f k'[/q kT
. - 4:% _ Ei(do)—Ei(kb—l?ckerface) (23)
9
U, - ?TF ) Ei(d}:;—EF
7 (24)

Also by definition, N,-N, = n,(e"""-¢"")
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type cha}nnel and inversion at thefront interfaceand accumulation at the
interface
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() Equilibrium Formulation

The electron and hole distributions can be expressed in terms of the normalized
potentials as,

P = n,exp [M] = n, exp[U, - U(x)]
kT
(25)
n = n exp [Epﬂ)-] = n, exp[U(x)-U,]
kT
Moreover, since p=0 and U=0 at the inflection point d,
p = qn (eU.-U(x) —eU®-U. L o-Tr -—eU") - () = qni(eU' —e Ur+elr __cl'p) (26)
or eU, _ e—U,, - eU,. _ e-uF (27)
Therefore, Up=Ufrand the charge density p can be expressed in thiscaseas,
p = qn(eF "W ¥V Uy _elr) (28)

(i) Non-equilibrium Formulation

The electron and hole distributions must be expressed in terms of the majority and
minority carrier fermi levels.

- Ei(x)—FP]
(29)

For a top gate front n-channel device, i.e. a p-type SOI film, FN = Ef, because the
electronsare in equilibrium with the source and drain regions. The source/drain regions
can instantaneously supply electrons to the inversion layer or remove electrons from the
inversion layer. Again we define the normalized potentials as,

_ Ed)-E®] (300

U
kT
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- [Ei(do)"EF]

U,
kT

(30b)

§ - [FP"F&] - [Fp‘Ed
KT KT

Using these expressions, the electron and hole concentrations become,

p - niexp[_E_iO‘_)-_Fz] - niexp[Ei(X)—Ei(d.,)+Ei(<L,)-Ep+EE-—FE
kT KT

= nexp[-U+U_ -E]
(1)

n = niexp[FJ%] - niexP[EF'E‘(d°)+Ei(do)‘Ei(x)]

kT
= n,exp[-U_+U]
Thus, the charge density is given by,
p = qn eV " e Ve er) (32)
Again, at theinflection point do, p=0 and U=0. Therefore,
Pl tection poimt = AM; (€U-E _ U Ve -e') = 0 (33)

If we can now neglect the terms e % and e’V* , especially since during the
measurement Ug>0 and E>0,

e’ - e'" = 0or U, = U +§ (34)

The above formulation says that Ej(do)-Fp isaways the same regardless of the system
stateor where d, lieson the x-axis. We may therefore write,

p = qn eV Vs eV +e —eu"g) (35)

p = qn e’V -e" Ut e elr) (36)

Thus U, is again totally eliminated from the formulation and U is always measured
relative to the do point. Thisisimportant because the reference point must remain the
sameat all times. If in egn. (36) wesubstitute £=0, the equation simplifies to egn. (28),
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the expression for charge density under equilibrium conditions. We can therefore
continue the derivation o the anaytica expressionsstarting with egn (36), knowing full

wdl that the equilibrium solution can be obtained merdy by substituting £=0 in the fina

result. 'g' is referred to as the quasi-fermi-level splitting parameter and can be considered
a measure of the state of non-equilibriumd the device, i.e. a measure of how far from
equilibriumthedeviceisoperating. In thegpplication o the anaytica expressions to the
linear sweep technique, the quasi-fermi-level splitting parameter, detenrnines the ramp
rate and the effective generation widths under the different saturation conditions as will

be seen in the next section. The larger the vaue o &, the larger the ramp rate and the
generation rate.

Maneuvering to recast Poisson's equation into a form more amenable to solution,
we note,

E = ——if 2 = (37

Poisson's Equation is then expressed as,

:zg - (KqZ;T)(c”‘”P‘E-c“-‘”+e"' —e™ ) (38)

The next step isto solve the above equation subject to the boundary conditions

U - U, ; x=0 U=0, x=d,
du dU
dx de /kT °

Multiplying both sides of egn. (38) by (dU/dx) and integrating from x=d,, to a arbitrary
point X,

us)
f(CU‘U"'E —er Ve e Hdu  (39)
0

d
gy
d%& dx 2L,

dx
2 2
L(dy’_1(au
2\ dx 2\ dx g,

I

- - - “Up - U
- — [c” Ve eV Ve U-e U tU-e "t —e ”] (40a)
2L,
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[eU" (eV+U-D+e V" -U- l)] (40b)

2L,°

dU %
gl (41)

2
dU 1
(gL.) ¢ LAl U e R -U-D)

We can choose either a positive or a negative sign for the square root. A look at thefigure
shows that the field is positive everywhere. Moreover, the front surface potentia is
positive. If the front surface potential were negative and the back surface potential
positive, then the field would be negative everywhere. Based on thisobservation,

%
du -

- 42
ax S0 (42)

g

2
1 U -U ~(Ug+E), U |
—le*F U-1 F -U-1
T d.) + LDz[e (e + )+ e (e )]

where Oge=1 if Ugs>0 and Ogr=-1 if Ugr<0. Theelectricfield in thefilmisthen
given by,

g . _XLdU (43)
q dx
Let us now denote the F-function as,
F(U,U,E) = [e”"(e'U+U-l) + e*”r“’(e”-u-l)]” (44)
du au ) F(UU,.E) %
— - U |[= — = Fo/ 45
Then, dx S [dx d_) * LD2 43
Separating variable and integrating,
0 d
dU A
2 2 L] - -US' fdx (46)
Us, _d_U_ . F (U,U ’g) [}
dx d, LD2
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Us t,

- U 7 - -Us, fax (47)
’ 9EL ,FUULE t
dx by, Ly

Adding equations (46) and (47),

U,

du

2 ¥ - Li (48)
Us, |{ dU F’ (U, Ug,B)
L] T L
£ D

The inflection point d,, is determined from equation (46). Finally, the potential
distribution across the film can be computed from

Us,

: dU

= X Osxsd,

U 2 2 }’2

du L (U ULE)

dx g, Ly

(49)
u
f - v 7 = X d,sxst,
2

s 1(du| |, F(U. U8

dx Lt

Once the potential distribution is determined, the electron and hole concentrations are
determined from eqn. (31). The termina voltage relationships are given by,

kT K.,
VG' - VFB, + T(US' -E) + TOLES'
A (50)

E, = kT
b

The methodology for the solution of the above equationsis as follows. The front gate
voltage Vgt and the back surface potential ¢sp are chosen such that the front surfaceisin
strong inversion and the back surface is in strong accumulation. The back surface
potential ¢sp ischosen such that the front surface inversion charge density issaturated for

2 © FUsUpn®
dxl, L,
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Figure6.10 Algorithm used todeterminethe integr ated electr on density for thefront
n-channel device using theanalytical formulation
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the given choice of the quasi-fermi-level splitting '€'. Given Vg, ¢spand § and knowing
the device parameterssuch as the front and back oxide thicknesses, the channel doping
concentration and the silicon film thickness t;, egns (48) and (50) are solved by the two-

dimensional bisection method to determine ¢sy¢ — Once %L is determined,

the value of E,, isdetermined usng egn. (46). The vaued the front surface eectric field
is also determined using egn. (50). The potentia distribution across the film is obtained
using egn. (49)and the eectron and hole concentrationsare obtained using egn (3L). The
solution algorithm is shown in fig. 6.10.

6.3.2 Quadlitative Description of the Linear Sweep Technique

The schematic cross-sections o a partialy depleted and fully depleted N-channd
MOSFET areillustrated in figure6.11. The front surface of the SOl MOSFET is placed
in strong inversion. The inverson charge density across the front interface is monitored
by placing a smdl bias(Vp=100mV) on the drain and measuring the drain current (ID).
The bias on the drain is maintained at a small vaue for two reasons. (a) it allows
continued use o the gradual channd approximation and the device behavior can be
modeled by the 1-D formulations presented in the previoussection and (b) higher drain
voltages could potentially cause impact-ionization to occur near the drain which then acts
as asource for additiona carriers. In order that therma generation be the only source of
carrier generation, the drain field must be minimized which is achieved by keeping the
drain voltage assmall as possible. A linear voltage ramp of variable ramp rate is applied
at the back interface. The ramp isinitiated and maintained under accumulation biases, so
that the back interface is constantly being pushed towards greater accurnulation. It is
important to note that in both the partialy depleted and fully depleted MOSFETs, thereis
no source of accumulation charges (such as a body contact) so that al accumulation
charges must be thermdly generated. Moreover, the inversion chargesarein equilibrium
with the source and drain regions. That is to say that the source/drain regions can
instantaneously supply the inversion carriers to the inversion layer or remove electrons
from the inversion layer.

The measurement involves monitoring the drain current (1d) at the fixed front gate
voltage. During theinitia stagesdf the sweep, the accumulation charges at the back
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Figure6.11 Schematic cross-section of the partiallyand fully depleted SOl MOSFET
under thelinear sweep technique. Also shown in the figure are thecharge
density and electricfield distributionsunder the equilibrium and non-
equilibrium saturationconditions
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interface cannot be generated fast enough to offset the charge being placed on the back
gate. In the partialy depleted device, the quasi-neutral region develops a positive
potentia (for a n-channel device) in order to maintain charge neutrality across the back
interface. For example, assume for the moment the delta depletion approximation shown
in fig. 6.11 The fidd in the semiconductor at the beck interfaceis zero. Thefidd in the
oxide then determines the amount d accumulation charge asdictated by Gauss' Law. |f
the back gate voltage continuously decreases (goes more negative), but there is no
corresponding accumulation charge formation, then the field across the back oxide cannot
increase which forces the quasi-neutral region to develop a positive potential as seen in
the figure. The quasi-neutral body potential has the same effect on the front-channel
transistor, that the body voltage in a bulk MOSFET has on its device performance. The
threshold voltage of the front channel transistor decreases due to the widening o the
depletion layer under the front interface. The measured drain currenl consequently
decreases due to a decrease in the front channd inversion charge density. In a fully-
depleted MOSFET the front and back interfaces are electro-statically coupled together.
When the back gate voltage decreases but there is no attendant increase in the back
surface accumulation charge density, the back surface electric field increasesin order to
maintain the dielectric displacement continuity across the back interface. Due to the
coupling between the two interface, the front surface e ectric field al so increases as seen
in fig. 6.11. Thefield across the front oxide is however constant. Therefore the field at
the front interface in the silicon film must be baanced by a decrease in the inversion
charge density at the front interface in order to maintain the displacement continuity
there. Consequently the measured drain current again decreases just asin the case of the
partially depleted MOSFET.

The inversion charge density in the semiconductor volume decreases in both the
partially depleted and the fully depleted MOSFETs until such time that the generation
rate within the semiconductor exactly baances the rate at which chargeis being added to
the back gate by the linear voltage ramp. Once the dynamic steady state is attained,
where for every charge added to the back gate there is a compensating accumulation
charge generated in the semiconductor, the inverson charge in the semiconductor (Qn)
saturates. The measured current (Id) would also saturate. If the linear ramp were
extremely sow, then there is sufficient time for the accumulation layer to form at dl
times. In this case the measured drain current wouldn't change very much. (The drain
current would show a dlight decrease with increasing back gate bias even under



272

equilibrium conditions because d the amal dependence o the front channd current on
the back surface potentia, which though idedlly pinned at zero, does increase a smdl

amount with increasing back gate voltage). For increesng vaues d the ramp rate the
drain current saturates at decreasing vaues as it takes longer for the semiconductor
generation to meatch the rate of changed chargeat the back gate. This conduct is shown
in figure 6.12 which depicts the smulated dependence d the inverson charge densty
(whichis proportiona to thedrain current 1d) on the back gate voltage for increasing rates
of linear sweep (R). The mog important festure o thelinear sweep characteristics shown
in fig. 6.12 is the exigence of a readily observable saturation inverson charge density
(Qnga). The smulations were carried out usng the andlytica expressonsderived in

section 6.3.1.
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Figure6.12 Smulated linear sweep characterigticsfor afully depleted SO MOSFET
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Since the back gateis always in strong accumulation and the front gate is always
maintained in inversion, the two interfaces do not contribute to carrier generation and the
only viable generation mechanism is bulk generation. In this regard it is important to
note that there is a distinct possibility that the front surface could come out of strong
inversion if the ramp rate applied were too large. In this case the front interface will
contribute to the total generation and the generation lifetime measured would be
incorrect. If there is any additional generation in the semiconductor such as field-
enhanced generation or oxide leakage, then the curves would not saturate but would
instead show a tendency to gradually increase. Henceusing the linear sweep technique it
is possible to detect these non-ideal situations, which would not have been detected were
the pulsed technique used.

Finally, we must develop the relevant equations which would aid the application
of the analytical formulation above to the linear sweep technique. The generation rate
according to the Schockley-Read-Hall theory is given by eqn. (1) and is repeated here as
eqgn. (51).

- (n - np) (51)
Ft,.(n+n) + T, (p+ p)l

Since € is the quasi-fermi-level splitting parameter, the np product can be written as
ni2e-8. Gis thegeneration rate per unit volume per sec , and can now be recast as,

- n’(1-¢*) - n;(1-e®)
T,o(n+n,)+7,. (p+P,) (Tpor +‘tn°§'i-)+(‘tp°7\"—+ Tpono)
n, (1-¢¥) (52)

T
T, 1+ hﬂ + _El
T, n, TN

Tg IS given by egn. (4). The generation rate per unit area per sec is then obtained by
integrating eqgn. (52) across the entire film . The rate of generation of accumulation
chargesis then given by,

dt T,

where the effective generation width Wesr isdefined from first principles by,

(53)

eff
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. (1-e7%) dx
W, = J‘ 7 o n (54)
01 + L + 22
T, 0, L

Therefore, for a given choice of the quad-fermi-levd splitting € (which defines the ramp
rate R), the eectron and hole distributions across the SOI film can be determined
following the dgorithm outlined in figure 6.10. The effective generation width can then
be obtained using eqn. (54).

633 Patidly Depleted MOSFET

A quditativedescription of the linear siwvegp measurement for a partidly depleted
MOSFET was presented in the previous section. In the following, we develop the
relevant equations to be able to extract the generation lifetime.

For a partidly depleted SOl MOSFET, the steady-state charge generation rate
within the semiconductor can be written as,

qn, qn
G = — - —L(W_-W 55
‘[‘ ofl T. ( sat eq) ( )

Theeffective generaion width isexpressed as in the bulk case as (Wgat-Weg)- Only bulk

generation is consdered because surface generation is avoided by the nature of the
measurement. Quasi-neutral region generation in the volume of the semiconductor
within one diffuson length o the depletion region isaso neglected in theanadysis. In
eqn. (55), Wsy,, is the saturated depletion width beneath the front gaete under dynamic
steady-state and Weq is the equilibrium depletion width. When the quasi-steady state
condition is reached, the generation rate of accumulation carriers in the volume of the
semiconductor exactly equals the rate a which chargeis added to the back gate by the

dv
tinear ramp. Charge is added to the beck gatea a rate given by C,, - dtG. - C,.R.
Therefore, under Seady-sate the charge bdanceequation is,
CaR = L(W,-W,) (56)

8

Since the device is biased in the linear region d operation, the drain current is given by,
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w w
I, = qunVD = fucw(vq -ViI)V, (57)
The threshold voltage of thefront gateis given by the bulk MOSFET theory as.

VT, - 20+ ZNAW - 2¢F+qNAJ2K‘£"(2¢F—Vﬁ2 (58)

C qN,

oxg oxy

If the current under the non-equilibrium saturation condition is Ip sat and the equilibrium
current isIp eq, then from egn. (57),

w
ID.nl - ID,eq = —L—u Cox, VD v Tom Vi r,.,) (59

The threshold voltage under equilibrium and non-equilibrium conditions are,

N

VTr.q = 2¢F + qC chq (60)
N

VTrn = 2¢F + (é A Wszl (61)

Therefore, the difference ID sarID,eq iS given by,

w N
- —nC, Vp,iAw, -w,) (62)

]D,nl -lD.eq L oxr D C

H omeguations (56)and (61),

C Rz N.C =
ox, T* g EHVD_A_‘&_‘. R (63)
L n.

w
ID.lal —ID.eq = _L:.u'VDqNA

Thus, g can bedetermined from the linear slope of alpsat versus R plot. Results based
on the exact 1-dimensional analytic model are shown in fig. 6.13 for a partially depleted
MOSFET.



276

T..=50.0um ; Np=1x107em3; vg =100V
12 st f
9010 [T T
12 :
8510 | ®eq -
® o
® 4
8010 “~ :
& ® Ty b
12 :
S 7510 . \</ v
[ L
2 L ]
‘g 7.0 10 \ r
o 1 \ :
6.5 10 "
12 \ k
6.0 10 \ .
1 N T BT S T :
5510
0.000 0.004 0.008 0.012 0.016 0.020

Ramp Rate (VIs)

Figure 6.13  Qnga Versus Ramp Rate plot for a partially depleted SOI MOSFET. The
linear slopeof the plot yieldstg. Qnsac IS proportional to the measured
drain current Idga



2717

6.3.4 Fully Depleted SOl MOSFETs

The measured drain current in the linear region for the fully depleted SOI
MOSFET is given by,

GD
C.., Vg, - Vy,)

ox

I, = (Fuvy)Q, = V,Q. (64)

The generation rate of accumulation charges per unit area per sec. is,

(65)

where Wesp is again the effective generation width. Again, al surface generation
components are suppressed in the measurement. As seen in section 6.3.2,thereis a
potential difficulty in determining the effective generation width. Clearly, the bulk
approximation cannot be used in thiscase. The generation lifetime must be determined
from the basic equation(s) derived from the SRH theory as given by egn. (54) and
repeated herefor clarity.

t.
p (1-e7%) dx dx
w“gf T, P Tonsf T, P Ty RN (66)
T, N T, N, T, N, T, N
where Teo_ TeM P T | M, TP 6
'no 'no ni rli ‘tpo ni tpo ni

Thus, Wefr depends on n(x), p(X), Tao/tpo and (ET-E). Ttao/tpois the ration of the capture

cross-sectionsof electrons to holes, and (Et-E;) determines the trap related parametersny

and p1. The électron and hole distributions can be determined using the analytic
expressionsaf section 6.3.1. We can therefore compute the exact Wefr using egns. (66)
and (67) provided the values of tpo/tpo and (ET-E;) are known. Let us assume for the

moment that we do know to/tpo and ET-E; and that Wegr could be exactly computed.

Then under the dynamic steady-state condition, the rate of accumulation charge
generation given by egn. (64) must exactly equal the rate of change of charge on the back
gate.

e T
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. C,.T
Liwg = C.R = W, - —21p (68)
T qn,

]
1o Can then be determined from the linear slopeof the Weg VISR plot.

In the experiment the two measurable parameters are R, the ramp rate and Ipgat,
thesaturated drain current. In thecaseof the partialy depleted device it weseasy todraw
an explicit relationship between Ipsa and R. However, in the fully depleted device, the
relationship isimplicit through the effective generation width. Different valuesof Ipsat
correspond todifferent values of Wegr Which in turn is related to the ramp rate.

6.34.1 Determining the Effective Generation Width

In order to get an insight into the behavior of Wegs on the trapping parameters

. - 16, 3. -
Tsi =0.1 pm ; N, =1x10 "~ /em ,ng-l0.0V

50,

4.0
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0.0
. 10.0

Figure6.14 R versus Wegr plot for different assumed values of Et1-E;. Thecomputed
tg from the linear slope of this plot varies with the choice of Er-E;
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Tno/Tpo and Er-E;j, we use the analytic simulation detailed in fig. 6.10 and work
backwards. We begin by assuming a known device which fixes the vaues of tyo/tpo.
Er-E; andtg. The Structural device parameterssuch as the front and back gate oxide, the
channdl thicknessand the channel doping concentration are also assumed to be known.
One can then compute the effective generation width W egr using egns. (66)and (67) and
the ramp rate using egn. (68). Clearly a plot of Wegr v/s R for thisided case would result
in straight line going through the origin. Thisisillustrated in fig 6.14. The assumed
device parameters are indicated in the figure (1g=20.0 ps, Tyo/Tpo = 1.0. ET-E; = 0.3eV).

It is worthwhile to note that the computation of Wegr does not involve the
generationlifetimetg. The vauesd the ramp ratedetermined in the above calculations
could now be considered the 'measured’ ramp rates corresponding to the saturated

- ‘N = 16 ;. 3. Vo=
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'cg=20p,sec : EI.-Ei.=O.O
(RampRate computed assuming ‘I:n/‘l:p—l.O)

1.0 103

5.0 10 L] L] A ] l L oy 1 § I 1 L] L T' ¥ L4 l LJ T L o
—0—-‘|:nftp=l.0 E

4.0 103 1,f5,=10.0 -
Ty — & —1 /t =100.0 <
-] n p 4
s 3.0 10° 3p| = ‘cn/tp=1000.0 h
B .
5 2.0 10°3 .

l 1 I Il 1 l 2 i L I ]

10020 10960 100680 10510 105
weff (x10'6 cm)

0.0 10° et
0.0 10° 20

Figure 6.15 R versus West plot for different values of tao/tpo
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inversion charge densities (drain currents). If one now chooses an ‘incorrect’ vaue of
Er-E; and then re-computes the effective generation width, the plot is no longer a perfect
line. Thisisalsoshownin figure6.14 for Er-E; = 0.1eV and Et1-E; = 0.2eV(these are
'incorrect’ assumptions for Et-E;, the 'correct’ value being 0.3eV). Similady, if we fix
Er-E; and choose 'incorrect’ vauesd o/ tpo, the Wegr v/s R plot again deviatesfrom the
straight line dictated by egn. (68)asilludrated in fig. 6.15. It isclear after Sudying figs.
6.14 and 6.15 that an incorrect assumption in the value o Er-E; and/or tgoftpe could
potentidly yield erroneous vaues for the computed generation lifetimes.

If one assumes the correct values o Et-E; and tmoftpo, then the Wegg v/s R plot is
astraight line through the origin. For dl other choices, the plot develops a non-zero x-
intercept. This observation gives us a methodology to get at the correct value of the
generation lifetime. For afixed vaue d o/tpe, Wecan vary Er-E; until the x-intercept
of the West v/s R plot becomes zero. Thedoped theline with the zero x-intercept then
determines the generation lifetimet, This methodology is demondrated in fig. 6.16.
Er-E; is varied for different choicesof woftpe. IN €ach case the x-intercept obtained is
plotted in fig. 6.16(a). The corresponding generation lifetimes obtained from the dope of
the line are plotted in fig. 6.16(b). It isobserved that when the x-intercept is zero, the
corresponding generation lifetime vaueis 20.0 us, which wes the vadueinitialy assumed
in thesmulations(fig. 6.13).

Another interesting point emergesfrom fig. 6.16. 1t can be seen that there exists
pairsof vauesdf o/tpo ad ET-E; that provide the same correct value of the generation
lifetime. With reference to the figure, for example, the 2-tuples (1000,0.21) ad
(0.001,0.03) both yidd curveswith a uniquetg=20us. Therefore, in conclusion, athough
we cannot uniquely determine al the parameters tno/tpo, ET-Ei and g, we can
unambiguoudy determine the generdtion lifetimer,.

In order to throw further light on this matter, we first look at the electron and hole
density distributions across the film as plotted in fig. 6.17. The electron dengity
digtribution plotted on asemi-log scale is non-linear near the two surfaces but is more or
less lincar near the center of the film, more so under the non-equilibrium deep depletion
conditions. Thisimplies that the ectron and holedistributionsbecome exponentia near
the center d thefilm. Since the contribution to the effective generation width essentialy
comes from the center of the film, little error is made in assuming that the carrier
distributionsare exponentia across the entire film. An exponentia carrier distributionin
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Figure 6.17 Electronand holedigtributionsin afully depleted SOl MOSFET under
equilibrium and non-equilibriumconditions



turn impliesa linear potential distribution or a constant field distribution across the film.
Under these assumptions the effective generation width W given by egn. (66)can be
simplified asfollows. Let a=moftg and y = tpo/tg. Then,

p dx 5 dx

w = - 69

i olvaLay 2 ‘[1'*(’leu”'u+Yeu'“"’E (69)
n, - n

1 1

Without making any error in the computation, the limits of integration can be extended
from -o to +,

p dx ] du
W, = £1+ pre ) [“ L (70)
duU
& = ——kfl? - —% (B=qu) isthe value of dU/dx at the inflection point and this

value isassumed to be constant across theentire film. Thisassumptionis valid since the
surfaces do not contribute to theeffective generation width.
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Thediscriminant of the quadratic expression in the denominator is,
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Let (o,y ) be the'true’ valuesfor the devicefixed by the true valuesof (tno/tpo , ET-E)).
Then, the measured ramp rate could be writtenas R~ Cq—n‘t-g—[g ~In(ay)]. Letus

on g (-3
choose two arbitrary values of (tao/tp0 , ET-E;j) Such that the chosen pair yields the 2-
tuple (a,, Yo)- The effective generation width for this choice of trap parameters is

We = Eg[g-ln(aﬁ)].Theslopeof theR vis Wegrlineis

dR dR/dg qn, | E,-(-In(oy)) ™/
dweﬂ' dwdf / dg Cox, t' Eo - (E - ln(aoY o)) E%E

(74)

In order for the slope to be unique, ay = aoyo. Thusany choiceof (tno/tpo , ET-Ej) that
satisfiesthe above condition will yield a unique vaue of g, the generation lifetime.

6.3.4.2 Determining the Generation Lifetime
This section sketches the necessary steps to obtain the generation lifetime.

Step 1. Carry out the linear sweep experiment as detailed in section 6.3.2. Measure the
saturated drain currentsand the corresponding valuesof the ramp rate R.
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Step 2. Measure the threshold voltage of the device under strong accumulation. Also
measure the drain conductanced the MOSFET while operating the devicein the
linear region and at the same drain voltage a which the linear sweep
measurement vas made.

Step 3. Caculate the saturated inverson chargedensity Qng,e USNG eqn. (64).

Step 4. Simulate the device for different values o '€ and determine the smulated
saturated inversion charge density Qngar sim- The channd doping concentration
and the oxide thickness could be varied to fit the smulated inversion charge
density to the experimentaly obtained vaue under equilibrium conditions.

Step 5. Use interpolation on the smulated & VIS Qngar sim CUrve to determine the vaues
of & that correspond to the experimentally determined values of Qngg,.

Step 6. Compute the electric field (E,) at the inflection point (d) for each value of &
obtained in step 5, by running the anadytica Smulationsagain.

Step 7. For an arbitrarily chosen vaue o tao/tpo, Wefr is calculated using equation (73)
foraranged vduesof Er-E;. Thevdued Er-E; a which the x-intercept of the
Wesr v/s R plot becomes zero is determined.

Step 8. The slope of the Wesr VIS R plot is usad to calculate the generation lifetime
according to egn. (68).

6.3.4.3 A Find Note

The linear sweep technique has its advantages over the pulsed technique because
it is easy to analyze and it becomes possible to determine Ty without making any
assumptions on the values of trap parameters. Typicaly, the pulsed measurement
techniques require differentiation of experimental data which can produce extremely
noisy results. Thelinear sweep technique avoidsany such differentiation. Findly, in the
above analysis, surface generation is not taken into account. If therewereasmal surface
component to the generation, or thereisa smal constant generation term either due to
oxide leakage or drain field effects, then the Wegr v/is R plot would not Ihave a zero x-
intercept. In thiscase, thedgorithm is modified to pick out the Et-E; for which the W egr
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v/s R plot shows the smallest deviation from the straight line. (i.e. for which the relative
error of theleast squaresfit is minimum).

The methodology used to determine Wegr can be easily adapted to generation
lifetime measurements made on gate contolled diodes fabricated in fully depleted SOI
MOSFETs. Indeed in agate controlled diode, thequasi-fermi level is directly determined
by the applied idode bias, and the effective generation width can be obtained in a manner
similar to that discussed above. In this case, however, the generation lifetime is
determined from the linear slope of a Wegr v/s Ip plot where Ip is the measured reverse
bias diode current, which is predominantly determined by bulk generation, provided the
gate is biased suitably.

Finaly, in the above analyis the channel mobility isassumed to be constant under
the different non-equilibrium conditions. Thisis not a bad assumption provided the gate
oxides are thick and the effect of the perpendicular electric field on the mobility is
minimal. However for thinner gate oxides the channel mobility could show a significant
dependence on the transverse surface electric field which could result in an
overestimation of the generation lifetime. The linear sweep technique., by virtue of its
quasi-steady state computations, lends itself to the potential for correcting for the
decreased channel mobility at each saturated point.

64  Experimental Results

Fully depleted p-channel SOI MOSFETs were fabricated on SIMOX substrates.
The process flow was presented in Chapter 4. The schematic diagram of the fabricated
MOSFET is shown in figure 6.18. The device is a mesa-isolated edgeless MOSFET.
Excess carrier generation at the device edges is avoided in an edgeless geometry. The
gate length isapproximately 2.0 um. A total of four devices on two SIMOX substrates
were mcasurcd, three from one wafer and one from theother. A summary of the device
paramcters for the four samples are shown in Table 6.1. In sample G, which was
fabricated on a n-type substrate, the substrate was implanted n+, prior to metallization.
The film thickness was determined from profilometric measurements. The back oxide
thickness was provided by the vendor. The nominal value of the back oxide thickness
was changed to match the simulated and experimental inversion charge density. The
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front gate oxide thickness was again determined from profilometric measurements on
thickness measurement bars fabricated on the samedie.

Table6.1 Device Parametersfor the Four Samples used in the Linear Sweep
M easurement

Substrate toxf toxb Isi Np Gp VTfacc

Sample C (| p-type | 550A | 3100A | 1500A [1.8x1015| 52.8¢-6 | -65

Sample D || p-type | 550A | 3085A | 1500A |1.8x1015| 442e-6 | -6.44

Sample E | p-type | 550A | 3100A | 1500A |[1.8x10!5| 489¢-6 | -6.68

Sample G || n-type | S500A [ 4100A | 1400A |1.6x1015| 43.6e-6 | -9.05

All the electrical measurements were made usng the HP4145B. The ramp rate in the
4145B was adjusted by varying the number o pointschosen for a given sweep. The time
taken for the sweep was measured using a stop watch. Each sweep was carried out five
times and the measured time was averaged so that any errors in the measurement o the
ramp rate would be minimized. Contrary to the measurement description presented in the
earlier sections, the back gate was maintained in strong inverson while the front gate was
swept to greater accumulation with varying ramp rates. Since the back gate oxide is very
thick, the effect of perpendicular electric fields on the back gate characteristics is
minimized. This strengthens the constant mobility assumption made in the theoretical
analyss.

The front gate and back gate sub-threshold characteristics for sample E are shown
in fig. 6.19. The front gate sub-threshold characteristics vary with the back gate voltage
and viceversa. This confirms that the SOI MOSFET is indeed fully-(depleted. The
subthreshold dlope al so depends on the charge state of the other interface, which isagain
indicativedf afully depleted film. The back gate subthreshold curves cease to vary once
the front gate voltage reaches 2V. Thus the front interfaceis strongly accumulated at 2V
and the linear sweep was thereforeinitiated a 3V. The back gate drain conductance

"
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Figure6.18 A schematicillugration of the edgeless mesa-isolated SOl MOSFET
fabricated on aSMOX subdrate

]
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curve with the front gate biased in accumulation is shown in fig. 6.20 for the same device.
The linear drain conductance region shows no deviation from linearity even for large
back gate voltages. This confirmsthe week dependenceaof the channel mobility on the
perpendicular electricfield.

Thelinear sweep characteristicsfor sampleE are presented infig. 6.21 (a) and the
corresponding Wesr v/s R plot is presented in fig. 6.21 (b). The linear sweep
characteristics show well saturating curves just as was expected from the theory
developed earlier. In computing Wegf, T/t Was assumed to be 100.0, since the ratio of
the capture cross-sectionsof electronsto holesis typically 100.0. Er-E; was varied till
the relative error of the least squaresfit became minimum. This aso gave a x-intercept
very close to zero. The x-intercept could not be made exactly zero, possibly due to an
extraneous generation term as discussed in the previous section. The generation lifetime
is determined from the slope of the line to be 1.7 usec. This value agrees with typica
numbers quoted for SIMOX wafers.

Linear sweep measurementswere also made on two other devices fabricated on
the same wafer. The measured linear sweep characteristics and the Wegf-R plot for
samples C and D are shown in figs. 6.22 and 6.23. Finally, the technique was also
applied to adevicefabricated on the second SIMOX wafer (sampleG). Its characteristics
are shown in fig. 6.24. The measured generation lifetime valueson al the samples arc
summarized in Table6.2.

Table6.2 Summary of Measured Generation Lifetimes

Generation Lifetime
Sample C 2.3 pus
Sample D 2.4 us
Sample E 1.7 us
Sample G 0.3 pus
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6.5 Conclusions

A new generation lifetime measurement technique was proposed and verified.
The analytical formulations that described the device behavior under linear sweep
conditions were developed and the device behavior was successfully simulated. The
linear sweep technique was applied to both the partially depleted and fully depleted SOI
MOSFETSs and the theoretical derivations of the appropriate formulas were presented.
Finally a novel algorithm to accurately determine the generation lifetime without a
requiring unique knowledge of the trap related parameters in the device was detailed and
the measurement technique was experimentally verified by applying the procedure to
fully depleted SIMOX MOSFETs. The generation lifetime values achieved on the
SIMOX devices ranged from 0.3 us to 2.4 ps, which isafairly typical range for SIMOX
material.
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CHAPTER7
CONCLUSIONSAND RECOMMENDATIONS

7.1 Conclusons

Microelectronics has in recent years seen a relentless drive towards aggressive
scaling of semiconductor device dimensons. The minimum feature size of devices,
which in CMOS technology is determined by the gate length, is already down to 0.4um
and active research is being carried out to advance technology to the 0.25um regime.
Further scaing of device dimensonsis however yidding diminishing returns, largely due
to the prohibitively increased cost of CMOS process development, increased process
complexity and the nead to revampand retool the manufacturing technology for each new
generation of microprocessorsl. In order to make further advances financially profitable,
what is redlly needed is a way to maintain the current manufacturing sophistication and
the current feature sizes, while a the same time achieving a futuregeneration in terms o
speed. Silicon-on-insulator technologies satisfy this rather challenging criteria. The
reduced parasitic capacitances in SOI (both individual device parasitics and globa
parasitics such as wiring and line capacitances) result in speed performances which are on
an averageabout threetimes faster then that in acomparable CMOS technology.

SIMOX technology currently represents the state-of-the-art in SOI development.
However sdlective epitaxia techniques such as Epitaxia Laterd Overgrowth (ELO) and
Confined Lateral SelectiveEpitaxia Growth (CLSEG) provide asmpler and far cheaper
option as compared to SIMOX, while smultaneously providing circuit designers vast
freedom in designing circuits with mixed substrate and SOI device components.
Consequently, the prime objectiveof this research was to advance the state-of-the-art of

IMicroprocessors like DRAMs , form the technology driver for new generations of
process technologies.
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ELO and CLSEG for competitive SOI VLS applications. In this regard, fully-depleted
SOI devices were fabricated smultaneoudy in ELO, CLSEG and SIMOX in order to
maintain a fair comparison between the propertiesof the three materials. Resultsfrom
thiswork indicate that ELO and CLSEG ared at least asgood if not better quality than
SIMOX. This conclusion coupled with the flexibility offered by the selective epitaxy
techniques makes ELO and CLSEG afar more competitivetechnology for SOI VLS.

Thin-film (= 15004) fully-depleted SOI MOSFETs fabricated in CLSEG grown
in pre-defined 25004 cavities were fabricated for thefirst time. Both n-channel and p-
channel devices exhibited excellent device characteristicsand effective hole mobilities
approaching 240 cm?2/V-sec were extracted from the PMOSFETs. The absence of the
kink-effect in the n-channd transistors proved that the devices were indeed fully-
depleted. In addition, fabrication o thin-film fully-depleted dual-gated devices were
attempted in CLSEG for thefirst time and margind success was achieved.

In order to take advantage of the flexibility offered by ELO, dual-gated fully-
depleted SOI MOSFETs werefabricated at Purdue for thefirst time. The devices showed
excellent propertiesand the effectiveel ectron and hole mobilitiesobtained on the devices
were comparableto thedevicesfabricated withasinglegate. The qudity o theepitaxial
material wasfound to depend on thestep height d the bottom polysilicon gate. \When the
step height was about 50004, the materid developed a lot of edge defects along the
growth front that encountered the step. The defectswere considerably reduced if the step
height was maintained less than 3000A. Thus for best material, ELO growth must be
initiated and maintained along asmooth planar surface. In this regard, the bottom-gate of
the dual-gated devices must be recessed in the field oxide.

A new linear sweep technique to determine generation lifetime measurementsin
thin-film SOI material usng a fully-depleted thin-film SOI MOSFET was devel oped.
This technique provides an accurate measure o the generation lifetime and makes no
approximations in its theoretical development, unlike the other electrical techniques
proposed in the literature. An accurateanayticd formulationfor the 1-D dual-gated SOI
MOSFET wasdevel oped for both equilibrium and non-equilibrium conditions. Theexact
solution to Poissons equation was then used to simulate the behavior of the SOI
MOSFETs under the proposed linear sweep conditions. The new technique was then
applied to fully-depleted thin-film SOl MOSFET's fabricated on SIMOX materid and an
averagelifetimed 2ps was extracted from devicesacrossthe wefer.
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The effects of volume inversion in enhancing the properties of dual-channel
MOSFETs were investigated using two-dimensional device simulaticns and one-
dimensional analytical computations. It was shown that the output characteristics o
dual-channel devices were not significantly enhanced over those of single-channel
devices when the two devices were compared a congtant Vg-Vr.

A nove process sequence for self-aligning the top and bottom gates in a dual-
gated SOI MOSFET was presented. The device has significant advantagesover existing
dual-gated SOI MOSFET technologies. The two gates can be independently biased which
is essential for flexible design of SOI VLS circuits. Furthermore, the top and bottom
gates are self-aligned. Thissdaf-aignment minimizes parasiticsand reduces active area.
The device is fully scalable and in fact conforms in device structure to the proposed
ultimate scalable MOSFET.

7.2 Recommendations

A major difficulty in fabricating the dual-gated devices usng CLSEG arose from
the fact that the bottom gate was not recessed. Using a recessed bottom gate would
ensure a planar growth surface for CLSEG and ELO and would significantly ease the
process development. However, the current mask design could not be used to fabricate
the recessed structure. Consequently future research on dual-gated devices should
incorporate recessed bottom gate for improved materia quality as wel as ease of
fabrication.

A second mgor drawback of the dual-gated devices was the fact the top and
bottom devicesin the dud-gated structure were not symmetrical. The bottom gate oxide
was adways grown thicker than the top gate oxide, and to be absolutely certain that the
oxide didn't degrade under the adverse selectiveepitaxy conditions, the oxide was mede
15004 thick. In addition, there was a lot of arsenic out-diffusion from the bottom poly
gate which pushed the threshold voltage of the bottom device higher than that of the top
gate. In order to counter both these problems, further investigations must be made on the
possibility of using dternate dielectrics such as nitrided oxidesor oxide/nitride stacks.

Although it was the original intent to study the interface traps at the front and
back interfacesaof the ELLO devicesand compare them to the SIMOX devices, difficulties

]
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encountered in processing precluded the fabrication of the five-terminal devices that
could be used for making charge-pumping measurements. Alternate schemes to measure
the front and back interface state densities must be exploited. The process flow for
fabricating the SOl MOSFETs must be modified so that photo-resist need not be used as
an implant mask. Moreover, the mesa-isolation process must be optimized for making
better quality NMOS devices with sharp subthreshold slopes. In this regard, the optimum
mask design for ELO and CLSEG would betofirst grow theepitaxy material from along
seedhole and then segment this epitaxial region into requisite active areas. This is
opposed to the mask design which was adopted in the current research in which each
device had its own respective seedhole.

The generation lifetime measurement technique must be applied to both the ELO
and CLSEG material to determine the lifetimes in the selective epitaxy material and then
compare them to those in the SIMOX material. The modified linear sweep method that
incorporates a feedback |oop can be applied in cases where the ramp rate is very small.
This would speed up the data acquisition process.

Finally, the fully self-aligned process detailed in the thesis can he attempted to
achieve the ultimate scalable MOSFET structure.



APPENDICES



Appendix A - Run Sheets
RUN SHEET

DUAL-GATE SOI MOSFET USING

HO
Process Steps
1. Start with p-type <100> wafers. Number of wafers

Process run nomenclature
Resistivity

2. Degrease the wafers
(a) TCA - ultrasonic - 10 mins
(b) ACE - ultrasonic - 10 mins
éc METH - ultrasonic - 10 mins
DI Rinse - Smins

3. PIRANHA clean. 2:1 :: HyO3 : H2SO4 - 10 mins
DI Rinse- 10 mins

4. FIELD OXIDATION - Tube#4 - Hp Burn - 2000A

Time Temp
Color Approx. Thickness
Comments:

5. PIRANHA clean - 2:1 :: H202:H2S04 - 10 mins
DI Rinse - 10 mins

(unlessthe processis continued immedialtely after field oxidation)

6. Polysilicon deposition for Gatel. (3000A)
Temp: 550°C Time: Pressure:
Gas Flow rates: SiHg
Comments:

7. Polysilicon Doping. Use Spin-on dopant for Arsenic

Prebake at 150 °C for 20 mins. Wait for the wafer tocool.

Spin the dopant on at 1000rpm for 20 secs. Bake at 150 °C for
15mins. Introduce slowly into the furnace at 1100 °C and anneal
for 1 hour. Wait for the wafersto cool completely before dipping

in BHF.
Parameters :
Sheet Resitivity :

8. PHOTOLITHOGRAPHY #1
(a) Expose waferstoHMDS - 5mins

(b) Spin positive photoresist Speed: 4000rpm, Time: 40 secs

(c) Prebake Temp: 95°C  Time: 30 mins

(d) Expose Time: 7.5secs POLY GATE1MASK
(e) Develop in AZ351 1:5

(f) Post bake Temp: 120°C  Time: 20 mins

9. RIE Materia etched: Oxide, Gas used: Freon 115,

303

Date/Time
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Time: , Power: , How:
Etch Rae
Comments,

10. Remove the positive photoresist with acetone.
TCA, ACE, METH, DI clean

11. PIRANHA clean- 21 :: HyO2:H2SO4 - 10 mins
DI Rinse- 10 mins

12. Remove surfaceoxide with a BHF dip.

13. Bottom Gate Oxidation. Tube#1, Dry/Wet Oxide. (1500 A)
Temperature.____ Time: , Ot
Color:
Comments:

14. PIRANHA Clean. 21 :: Ho02:H2SO04 - 10 mins
Dl Rinse- 10 mins
(unlesscontinuingthe processdirectly after gateoxidation)

15. PHOTOLITHOGRAPHY # 2

%a% Expose waferstoHMDS

b) Spin AZ 1350 Positive Resist on.

Speed: 4400 rpm, Time: 40secs

(c) Prebake. Temp: 95°C Time: 30 mins

d) ExposeTime: 7.5secs SEED HOLE MASK

€) AZ 351: Ho0 :: 1:5 Deveopfor 40 secs. Agitate.
() Postbake. Temp: 120°C. Time: 20 mins

16. Wet eich Materid Etched: Oxide, BHF
Etch Rate:
Comments,

17. PIRANHA Clean. 2:1:: H202:H2S04 - 10 mins
DI Rinse- 10 mins

18. BHF dip toclear seed hole (15-20secs) Agitate

19. PIRANHA Clean. 2:1:: HoO2:H2S04 - 10 mins

DI Rinse- 10 mins

Extremely important step. Make sure the wafersare thoroughly

cleaned and blow dried.

EPITAXY STEP.

Growth Length: 13 microns. Growth Rate:
Temp: Pressure:
Time:

Comments. Determinethe n-type doping based on threshold
requirements.

21. Rd ysilicondepositionfor the etch stop. Thickness3000A
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Temp:550°C Time: Pressure:
Gas Flow rates: SiHg
Comments:.

22. Oxidize the polysilicon 2000A
Temperature: __ , Time: O
Color:
Comments,

23. Chemica Mechanicd Planarization.Use afind 2355 planarization
Parameters:

24. DetermineThicknessof the SOI layer from a phastep measurements.
Thickness:

At this stage, depending on whether the devicesare PMOS or NMOS, there would have to
be a boron counter-doping to make the channd doping p-type.

25. Definetheactive areamask. PHOTOLITHOGRAPHY # 3
() Expose wafersto HMDS
(b) Spin AZ 1350 Positive Resist on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 95°C Time: 30 mins
(d) ExposeTime: 7.5secs A/A MASK
(e) AZ351: H20 :: 1:5 Deveop for 40 secs. Agitate.
(f) Postbake. Temp: 120°C, Time: 20 mins

26. GATE OXIDATION. Tube #5, Dry oxide, TCA.. (550 A)
Temp: , Time: , O
Color: Thickness:
Comments:

27. Polysilicon deposition for Gate2. (4000-45004)
Temp: 550°C Time: Pressure:
Gas Flow rates: SiHg
Comments:

28. PHOTOLITHOGRAPHY # 4
() Expose wafersto HMDS
(b) Spin AZ 4110 Positive Resst on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 90°C Time: 30 mins
(d) ExposeTime: 6.5secs POLY Gate2 MASK
(e) AZ351: H20 :: 1:5 Developfor 40 secs. Agitate.
(f) Postbake. Temp: 120°C, Time: 20 mins

36. RIE. Materia Etched: Poly, Gas Used: Fr115
Time: , Power: , Gas How:

37. Remove Photoresist. ACE, METH, DI Rinse
38. PIRANHA Clean. 2:1 :: HyO3:H2SO4 - 10 mins



Dl Rinse- 10 mins

39. Source/Drain Implant for self-aligned process

Dos= Energy:

40. Source/Drain Anneal
Temp: , Time: , Oy
Calor: , Thickness:
Comments:

41. PHOTOLITHOGRAPHY #5
(@) Expose wafersto HMDS
(b) Spin AZ 4110 Positive Resist on.
Speed: 4400 rpm, Time: 40secs
(C) Prebake. Temp: 90°C Time: 30mins
(d) ExposeTime: 6.5secs CONTACT MASK
(e) AZ35L H20 :: 1:5 Deveopfor 40 secs. Agitate.
(f) Postbake. Temp: 120°C, Time 20 mins

42. BHFdip.

43. PHOTOLITHOGRAPHY # 6
(a) Expose wafersto HMDS
(b) Spin AZ 4110 Positive Resist on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 90°C Time: 30 mins
(d) ExposeTime: 6.5 secs Metalization MASK
(e) AZ 351: H20 :: 1:5 Deveopfor 40 secs. Agitate.
() Postbake. Temp: 120°C, Time: 20 mins

44. METALLIZATION.
Parameters:
Thickness:

45, Lift-Off meta. Agitatein Acetone.
46, Remove Photoresist. ACE, METH, DI Rinse.

47. Metdlization Anneal. Tube# 8.
Temp: ___ Time

48. ELECTRICALTESTING.

RUN SHEET
DUAL-GATESOI MOSET USING
CLSEG

Follow stepsdetailed in the ELO processtill step # 17

18. Oxidation to protect ssed region (2004)
Temp: 1000 °C, Time: 8 mins, Dry Oz

19. Amorphoussilicon deposition. (3000A) SiHg: _
Temp: 550°C, Time: , Pressure: ,
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Comments,

20. PHOTOLITHOGRAPHY #3
() Expose wafersto HMDS
(b) Spin AZ 1350 PogtiveResist on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 95°C Time: 30 mins
(d) ExposeTime: 7.5secs AIA MAK
(e) AZ351: H20 :: 1:5 Deveopfor 40 secs Agitate.
(f) Postbake. Temp: 120°C, Time: 20 mins

21. RIE. Materid Etched: Polyslicon, Gas: Freon 115

Time , Power: , Gas How:

Etch Rate

Comments, Etch to the fidd oxide. Remember the color ol the
field oxide after the last oxidation.

22. Remove Photoresist. ACE, METH, DI Rinse

23. PIRANHA Clean. 2:1:: HpO2:HSO04 - 10 mins
Dl Rinse- 10 mins

24. OXIDATION to convert the A:Si to Poly. Tube # 1, Wet Oxide (1000 A)
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Time: , Temp: , 02
Comments:
25. NITRIDATION. Deposit Cavity support nitride. (3000 A)
Temp: 800°C, Time: , SiH2Clp: , NH3: _
Coalor:
Comments:.

26. PHOTOLITHOGRAPHY # 4
(a) Expose wafersto HMDS
(b) Spin AZ 1350 Positive Ress on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 95°C Time: 30 mins
(d) ExposeTime: 7.5scs VIA HOLE MAXK
(e) AZ351: H20 :: 1:5 Developfor40secs. Agitate.
(f) Postbake. Temp: 120°C, Time: 20 mins

27. RIE. Materid Etched: Nitride, Gas, SFg
Time ,Power: __  GasHow:
Etch Rt e

28. Remove Photoresist. ACE, METH, DI Rinse

29. PIRANHA Clean. 2:1:: H202:H2S04 - 10 mins
Dl Rinse- 10 mins

30. BHF Dip to clear surface oxide
31 EDP Etch to clear the polyslicon and open the cavity

EDPcomposition
Temp: , Time: , Etch Rater

Comments.
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32. PIRANHA Clean. 2:1:: Hy02:H2SO4 - 10 mins
Dl Rinse- 10 mins

33. BHF dip to clear seed hole (200 A, 15-20 secs) Ultrasonic

34. PIRANHA Clean. 2:1:: H07:H2S04 - 10 mins
DI Rinse- 10 mins
Extremely important step. Make sure the wafers are thoroughly
cleaned and blow dried.

35. SILICON EPITAXY STEP.
Growth Length: 13 microns. Growth Rate:

Temp: , Pressure:

Time:

Comments. Determinethe n-typedoping basad on threshold
requirements.

36. Chemical Mechanicd Planarization.
Parameters:

37. Remove nitride. Bail in Hot Phosphoric Acid.
Time: , Temp:
Remove Oxide. BHF Dip.
Time; , Temp:

33. [_?_%t'er&ni neThicknessdf the SOI layer from a phastep measurements.

ickness:
At thisstage, dependingon whether the devicesare PMOS or NMOS, there would have to
be a boron-counter-dop&  to make the channel doping p-type.

39. GATE OXIDATION. Tube#5, Dry oxide, TCA. (550 &)
Temp:_________,Time , O
Calor: , Thickness:
Comments:

40. POLY SILICON DEPOSITION. Gate 2.
Temp: 550, Time: , Pressure:
Comments:

41. Polysilicon Doping. IF NECESSARY
Parameters:
Sheet Resitivity:

42. PHOTOLITHOGRAPHY #5
(a) Expose wafersto HMDS
(b) Spin AZ 1350 Positive Resist on.
Speed: 4400 rpm, Time: 40secs
C) Prebake. Temp: 95°C Time: 30 mins
) ExposeTime: 7.5secs POLY Gae 2 MASK
(e) AZ351: H20 :: 1:5 Developfor 40 secs. Agitate.
(f) Postbake. Temp: 120°C, Time 20 mins
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43. Poly Etch. Remove the excess polysilicon usng awet etch. Could aso
use the RIE. -
44. Remove Photoresst. ACE, METH, DI Rinse

45. PIRANHA Clean. 2:1:: Hy02:H5SO4 - 10 mins
DI Rinse- 10 mins

AT THISTIME THERE ISA CHOICE OF TWO PROCESSES. ONE ISA 7-MASK
PROCESS WHICH COULD YIELD PMOS DEVICES (iedud-gated PMOSFETs). BUT
IT WOULD YIELD NOTHING ELSE. THEOTHER ISA 8-MASK PROCESS WHICH
WOULD YIELD NMOS DEVICES, SUBSTRATE MOSFETS, DIODES, GATE-
CONTROLLED DIODES AND SUBSTRATECONTACTED DEVICES

46. Implantation for Source/Drain regions

Parameters.
47. OXIDATION/ANNEAL. Tube # 4. Hp- bum. (12004)
Time: , Temp: , Calor:
Comments:

48. PHOTOLITHOGRAPHY # 6
() Expose wafersto HMDS
(b) Spin AZ 1350 Postive Resst on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Temp: 95°C Time: 30 mins
(d) ExposeTime: 7.5 secs CONTACT MAK
(e) AZ351: H0 :: 1:5 Deveopfor 40 secs Agitate.
(f) Postbake. Temp: 120°C, Time 20 mins

49. BHFdip.

50. METALLIZATION.
Parameters. _
Thickness:

51 PHOTOLITHOGRAPHY # 7
() Expose wafersto HMDS
(b) Spin AZ 1350 Podtive Resist on.
Speed: 4400 rpm, Time: 40secs
(c) Prebake. Tamp: 95°C Time: 30 mins
(d) ExposeTime: 7.5secs Metialization MAK
(e) AZ351: HyO : 1:5 Deveopfor 40 secs. Agitate.
(f) Postbake. Temp: 120°C, Time: 20 mins

52. Lift-Off metd. Agitatein Acetone.
53. Remove Photoresist. ACE, METH, DI Rinse.

55. Mddlization Anned. Tube# 8.
Temp: , Time:

56. ELECTRICALTESTING.
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Appendix B - Layout and sizes of the different SOI sructures

The following figur es shows the layout and the widths of the four different devices used

in the test nask set.

k\\\\\\\\\\\\\\\\\\\\\\\\

W =75microns
W =90 mcorns

@@

[\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ NN

@@

-] W =108 microns

@@@

DNNNN \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\21

@@@

=W = 120 microns

FigureB.1  Layoutand sizesof thedifferent SOI Sructures
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