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Abstract

The scaling limitations of conventional MOSFET necesegatew MOS device architecture
That can operate at low power applications. The study of InBM@S device architectures
that can replace conventional MOSFETS in ultra sub-micechnology is the main aim of this
project. “Tunnel FET (TFET)” is a promising device that caeoate in deep sub-micron regime
due to its low subthreshold swing and the absence of shonnet&ffects. Tunnel FET works
based on the principle of Band-to-Band tunneling, this &limg rate can be improved by us-
ing sharp doping profiles at source-channel interface. WNhexisting epitaxial growth of thin
film techniques sharp doping profiles can be achieved inoadirection, which calls for study
of vertical Tunnel FETs. Three types of vertical TFET dewacehitectures was proposed and
simulated, structure of the vertical TFET was optimizedsolasn device level performance. A
Solid phase epitaxial regrowth technique have been useptimiae the depositing conditions
of amorphous Silicon on heavily doped substrate in fakingate vertical Tunnel FET. An ad-
vanced tunneling model called as “Dynamic nonlocal tumgeinodel” was used in simulating
Tunnel FETSs.

When the channel length scales down to sub 20 nm regime, thectonal MOSFET
requires sharp doping profiles at source-channel and drannel interfaces in order to over-
come punch through effect. So the “Junction less transigT)” that do not have any junc-
tions along the source-channel-drain path is an intergsi@vice in ultra short channel regime.
ZnO is a transparent, wide bandgap semiconductor and ebdaiitor low cost opto-electronic
devices. We proposed a new device architecture for ZnO bss@econductor on insulator-
junction less transistor (SOI-JLT) and bulk planar junetiess transistor (BPJLT) that effec-
tively reduces the channel thickness by half. The propossitd has better scalability than
existing JLT. An attempt was made in fabricating ZnO basel dlLdetailed process flow of

ZnO based JLT and optimizing conditions for ZnO depositimdiscussed.
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Chapter 1

Introduction

1.1 Introduction

The advancement in the silicon based CMOS technology leguaiminent growth in semi-
conductor industry over last few decades. Invention ofdistor by William Shockley in 1949
created a revolution in the semiconductor industry. Latetd¥lOxide semiconductor Field
Effect Transistor (MOSFET) came in to industry and it cutkerules the VLSI arena. These
devices are very tiny and have less power dissipation cozdgarthe bulky vacuum tubes. The
Scaling of MOSFET has been following the Moor’s law so thagespand packing density gets
doubled for every two years. Transistors have been shigniwer the last few decades from the
micrometer scale, now it reached in to nanometer regime.

Scaling of MOSFET is governed to achieve high speed and mackimg density with
low cost per chip. Continuous down scaling of convention@3$FETs leads to fundamental
limits that can no longer be overcome by technology innavatilone. Scaling of MOSFETS
beyond sub 100 nm regime suffering from short channel effgdtwhich limit the physical
limit of scaling of MOSFETSs. Today semiconductor indussyaoking for low power and low
operating voltage, however scaling of supply voltage in NF@$ is limited by Sub threshold
Swing(SS) of 60 mV/dec which limitsoly/lorr ratio. The thermionic emission of carrier
injection in a MOSFET puts a lower limit on a SS at a value of 60/dec at room temperature.
This limitation necessitates study of new device architess that use different modes of carrier
injection.

“Tunnel FET” (TFET) which works based on the quantum meatarBand to Band Tun-
neling is a potential device and exhibit good propertiesamspared to MOSFETS. TFET can



achieve very low off currents as well as temperature indépensub threshold swing. So, the
study of this device is interesting for future VLSI applicais. Tunnel FET is nothing but a
gated p-i-n diode (Fig. 1 (a)) operated in reverse bias. ©hedff currents in the p-i-n diode
gives low standby leakage currents of TFETs. Moreover tlueitral symmetry of p-i-n struc-

ture with that of a MOSFET offers the ease of fabrication whih existing CMOS technology.

Source
(a)
Wi
Vs g_ vid
T Dielectric | > _Drain
Gate '
3 oxide : /
p+Source | i Channel n+ Drain Silicon
nanowire

Figure 1.1: Schematic representation of (a) TFET and (b) JLT

Several structures have been proposed for Silicon TFETstbedast few years. Vish-
wanath Nikam et al. [2] proposed horizontal SOI-TFET swpes. Krishna K Bhuwalka et
al. proposed vertical p-i-n structure TFET [3]. Even thodd¥ET has less SS compared to
MOSFET of comparable Gate length, Si-TFETs have low 'ONfents which fail to meat the
ITRS requirements [4] . Several device architectures wiffer@nt geometries and materials
have been explored to increase the 'ON’ currents. Kathy Bduwat al. [5] reported that Double
Gate Tunnel FET with High-k gate dielectric at least doulbhesl, r,, while lp - is still in the
fA or pA range. Krishna K Bhuwalka et al. [3] reported that@+ SiGe layer near the source-
channel interface lowers the tunneling barrier height aertth increases the ‘ON’ current but at
the same time ‘OFF’ current also increases. Hasanali Vegal. [7] proposed “Duak spacer
TFET structure” which gives bettep ), compared to the traditional TFETs. TFET has different
scaling rules in comparison to conventional MOSFETSs. Kr&ésK Bhuwalka et al. [8] reported
that parameter like ¥, subthreshold slope (SS) improved wigh$caling and independent with
Gate length scaling.

Another serious Short channel effect that limits the sgadihMOSFET below sub 20 nm
regime is punch through. As the channel length scales dovawli20 nm, the two junctions
formed at the source-channel, drain-channel interfacésnveirge and form a direct path be-

tween source and drain, thus may loose transistor actiomvd this one needs to use steep
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doping profiles at source-channel and drain-channel exted, but due to dopant fluctuation
in lateral direction achieving steep doping profiles is dahging task. The novel device like
Junction less transistor (JLT) that do not have any junstedong the channel will therefore be
an efficient device in nano scale regime. JLT is nothing bteédjaano wire resistor as shown in
the Fig. 1(b). The channel is heavily doped semiconductdigate controls the current flowing
through it. The Work function of gate material is such thahould deplete the entire channel
in the off state. The positive voltage at the gate brings theag out of depletion and there is a
direct conduction path between source and drain.

The concept of multi gate control can be applied to JLTs alean-Pierre Colinge et al.
[18] reported that the fabricated Si-nano wire gated resdtave full CMOS compatibility and
near ideal sub threshold swing of 60 mv/dec. J.P. Colinge gPlareported that simulated SOI
JLT offer better SS and DIBL than tri gated MOSFETs. Chi-Waelet al. [20] superimposed
the carrier concentration contour lines of JLT and MOSFETG @y scale representation of the
norm of the electric field. They found that in MOSFETS pealkctten concentration coincides
with the region of high electric fields, where as in JLT peadcton concentration coincides
with the region of low electric fields and thus mobility deg@tion can be relaxed in JLT once
device size reaches to nano scale level. Sung-Jin Choi §d aéxperimentally investigated
that V, is very sensitive to width of the Si-nano wire in JLT than tbatonventional MOSFET
because in JLT channel is heavily doped. Chi-Woo Lee et &) pPoposed a technique to
improve SS by impact ionization and they found that its impsanore pronounced in JLT
compared to normal MOSFET because region over which impatzation takes place is much
larger in JLT than that of MOSFET. Suresh Gundapaneni edl. groposed Bulk planar JLT
for the first time which can be made an idea of junction isolatather than dielectric isolation
used in SOI JLT. They found that BPJLT offers better scalgttihan the SOI JLT by reducing
effective device layer thickness by half of its physicatimess, also BPJLT offers wide tuning
range for b and by by tuning well bias and well doping simultaneously.

For particular gate material the off state leakage currédL® depends on channel thick-
ness. If channel is very thin it is easy to switch the JLT frol Slate to OFF state and vice-
versa and thus growing thin films on SOI substrate is an istegtopic. The transparency and
conductivity properties of Zinc oxide (ZnO) makes it suleafor fabrication of thin film tran-
sistors (TFT) [23]. ZnO is a wide and direct bandgap semiacta and has many applications

in optoelectronic devices. Moreover, higher electricalawctivity, mobility and larger binding



energy make ZnO films suitable for transparent thin film tistoss, laser diodes and photo de-
tectors. ZnO has wurtzite crystal structure with bandgap.8feV. Due to this large band gap,
device made up of ZnO can have higher breakdown voltageshality o sustain large electric
fields and high temperatures. Furthermore, bandgap of Zn®eauned in the wide range by
alloying with magnesium oxide (MgO) or cadmium oxide (Cd®5]. Since ZnO is reactive to
most acids, ZnO films can easily etched by wet chemical eficand adds better flexibility in
the processing and integration of electronic and optot@les devices. ZnO thin films can be
made by MOCVD, MBE, sputtering and sol-zel methods.

Irrespective of growth method, as grown ZnO films always ae&tran-type semiconductor,
hence the junctionless device architecture is of inte@sfhO transistors. As discussed in the
literature [25], the unintentional n-type conductivitydse to presence of native defects like
Zinc interstitials and oxygen vacancies. However most efgtguments based on hypotheses
that reduction of electrical conductivity as the oxygentiphipressure increases. According
to [33, 34], oxygen vacancies in ZnO are deep donors ratlar shallow donors and cannot
contribute any electrons to conduction band, so subjecaireoontroversial.

Controllable n-type doping can be achieved by adding intiggrlike Al, Ga, In, F and CI
etc. The group Il impurities Al, Ga and In when substitutedzn sites, extra valence electron
of these impurities is loosely bounded, can easily excitedanduction band and is free to
move. Similarly the group VIl elements like F, Cl have one enaalance electron than O, when
substituted on O site act as shallow donors in ZnO. The p-aldp® is difficult to get, because
of low solubility of p-type dopants and their compensatigruinintentional n-type impurities.
In the literature [35], it is discussed that elements likeNla, N and Cu etc behave like p-type
impurities in ZnO, but getting Stable p-doped ZnO films if ender research.

Rf sputtering is a frequently used method for making ZnO filiitse film quality depends
upon deposition parameters like process gas pressurdraelt®mperature and rf sputtering
power. The increase in substrate temperature, rf power aagdse in process gas pressure
leads to enlargement in grain size and enhanced crystgl[@7, 28]. Increasing rf power
or decreasing pressure also leads to reduction of resyséimd hence improvement in carrier
mobility and concentration [28, 29]. But Wang Xiaojing et §6] reported that as pressure
increases, crystallinity and grain size of AZO film increwgfirst and then deteriorated. This
is due to the bombardment of high energy patrticles to filmasgfis less in the low pres-

sure regime, where as in high pressure regime as pressueases particles collide with gas



molecules and results in reduced sputter yield. The postaimy treatment enhances the crys-
tallinity of ZnO films, but annealing ZnO films to very high tperature creates a compressive
stress in ZnO films if thermal expansion coefficient of ZnOnsager than the underlying sub-
strate. Z. B Fang et al. [32] reported that ZnO films anneatethé temperature region of
450-60%’C has angular peak position (2 theta) nearer to its powdeeyaind films annealed
in this regime are stress free. The ZnO films annealed in thpdeature regime of 450-66C
have highest refractive index and packing density [31, 32].Q. Wei et al. [30] compared
quality of ZnO films annealed in vacuum, Nitrogen and Oxygeibignt and concluded that

films annealed in Oxygen ambient shows good crystallinty.

1.2 Organization of the Report

The report is organized in to five chapters. Chapter 2 detdidsit the working principle and

physics involved in the operation of Tunnel FETs and JLT< fEsults of device simulation and
issuses related to fabricating vertical TFETs are dis@igs€hapter 3. The ways to increasing
the switching capability of JLT and a detailed process fohiZioO based JLT are discussed in

chapter 4. The conclusion and future scope of the work atelisn Chapter 5.



Chapter 2

Tunnel FETs and Junction less Transistors

In TFET gate controlled tunneling determines the device @QiNent. Since probability of tun-
neling depends on tunneling barrier height and width, tidesgéces show temperature indepen-
dent characteristics. Moreover, the band to band tunnel@tgrmines the device performance
unlike MOSFETs where carrier mobility is dominant. This ragkt possible to scale down
channel length of TFET below 10 nm without decreasing peréorce. The basic operation of
tunnel FET involves tunneling of charge carriers from vataband to conduction band. Since
tunneling takes place in a small region, gate length of tldes#ces can be scaled to the dis-
tance of tunneling barrier width which is less than 10 nm in Gn the other hand, JLT has
no source/drain junctions so device is free from punch tiinoeffect and allows to fabricate
devices with smaller gate lengths. JLT eliminates the needlfra fast annealing and reduces
the thermal budget. Since there is no source, drain imptuge is less sensitive to underlap

and overlap gates.

2.1 Device structure and operation of TFET

The basic structure of TFET is a gatet-pn™ diode as shown in Fig 2.1, where gate is on an
intrinsic channel region. p and n regions are heavily dopleitewthe channel region is intrinsic.
Here p-type region acts as a source of electrons in n-chamoéé and n-type region acts as a
source of holes in p-channel mode of operation of TFET. I lbebdes of operation, current is
due to tunneling of electrons from valance band to condodiemd. Gate controls the surface
tunneling width and hence tunneling current. In the absefgmte bias reverse biased p-i-n

leakage current {l;;) flows which is below the ITRS requirement for sub 100 nm tetbgy



there by achieving less off currents. This current dependsl@vice geometry (L, W) and
doping profile in three regions. However, it is nearly indegent of {, and gate bias ¥s. For
low value of gate bias, band-to-band tunneling probabiitiow, 1., determines the standby
leakage current () of TFET. since the p-i-n diode structure results in fullrthal diffusion
barrier for electrons and holes as compared to only halfiferconventional MOSFETSg )1

is ideally low.

Oxide

Source Ma/ﬂrain |

Figure 2.1: Schematic representation of a tunnel FET [2]

To operate p-i-n* diode in reverse bias, a positive voltage should be apptied tSi
region in Fig 2.1. Applying a positive voltage at the gatesemuaccumulation layer of elec-
trons at Si-Si@ interface and thus acts like N channel FET. As shown in Fig., 2pplying
positive voltage at gate causes the conduction band andoeatgand bend down ward in the
channel region thus lowering the tunneling width nearspurce and channel interface. This
results in tunneling of electrons from valence band ofspurce to conduction band of chan-
nel. Increases in gate voltage further pushes down the ctinduband and valence bands in
the channel region, tunneling width at source-channelfete further decreases and current
increases exponentially. Similarly in p-channel operatiapplying negative voltage at gate
forms accumulation of holes and causes the conduction bahdadence band bend up ward in
the channel region, thus lowering the tunneling width neasource and channel interface. So
electrons tunneling from valence band of channel to condindtand of i Si as shown in Fig
2.2.

Unlike conventional MOSFET, where the terms n-channel actignnel refers the elec-
tron induced or hole induced current flow, for a TFET the tears to distinguish whether
the tunneling junction is created by electrons (n-chanaelpy holes (p-channel) in the in-
trnsic channel region. The current flow in both n-channel psathannel is due to electrons

tunneling from valance band to conduction band. Thus withidabrand gap material, intrinsic



channel and symmetric drain and source doping profiles, BteTTon silicon has symmetric
n-channel and p-channel current-voltage characterisiibss is an advantage over the MOS-
FET where current-voltage characteristics are not symon@tie to difference in electron and
hole mobilities.So for a given technology node, channeltwvi@v’ is different for n-MOSFET
and p-MOSFET. But for TFET same channel width can be used. ttmael FET same de-
vice can be operated in either modes of operation by apptyppgsite polarity of gate voltage,
which makes the device ambipolar. For a symmetric sourcedaaich doping profiles,either
n/p-channel TFET is ON, while other is OFF. This results ig¢aleakage currents if the device
is in off state. So it is common practice to use heavily dopmdce and lightly doped drain to

decrease ambipolar leakage.
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Figure 2.2: Band diagram for zero, positive and negative galtages [3]

2.1.1 Transfer characteristics and electrical parameters

TFET has different current-voltage characteristics that bf MOSFET. In a conventional
MOSFET, diffusion current is dominant in the subthresh@dime where as drift current is
dominant in the ON condition. However in TFETS, tunnelingreat is dominant. The transfer
characteristics of a n-channel TFET is shown in Fig 1.3. Daairrent consist of two compo-

nents.

I = [pin + [B2B
At very low value of gate voltage i.e. in the flat portion of thensfer characteristics, p-i-n diode

leakage current f},) dominates the Band-to-Band tunneling current.At re&yihigher gate
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voltages, band to band tunneling curreni;fJ) dominates and it increases exponentially with
applied gate voltage. Since TFET has different current raeism as compared to MOSFET,

the electrical parameters like, ¥nd SS are redefined. Threshold voltage based on the constant
current method is defined as the gate voltage required tim ditad drain current of 10°A.

Since energy barrier narrowing is function of gate and dvaittages, gate threshold voltage
and drain threshold voltages were defined [9]. Gate (Drdirgshold voltage VW, (V:p) is
defined as the gate(drain) voltage for which energy barréerowing starts to saturates with
applied voltage. Sub-threshold Swing (S) is an importartup&ter which describes thgy/

lorp ratio. It is defined as the gate voltage required to change drarent by one decade.
Smaller the S, better will be the device performance. Froenktanes model the value of S is

given by

_dVes g Vs
leg(IDS) N 2Vas + Bkanewglﬁ/D

where W, is the band gap and D is device geometry parameter. In thecadquation, VY

STUNNEL =

is the only temperature dependent term which is weak funafdemperature. So TFET can
exhibits almost temperature independent subthresholdgswinlike MOSFET, in TFET 'S’

is dependent on gate voltage, because there is large reductiunneling width at a lower
gate voltages and the reduction of tunneling width gets lemak gate voltage increases. So
there are two definitions of subthreshold swing were defimedlFET[5]. The Point SS is
defined as the minimum swing value at any point in transferagtaristics. For calculating
average subthreshold swing, SS is calculated for everydgefitam |; to 1o and then taken

the average.

2.2 Device structure and operation of JLT

The basic structure of JLT is a gated nano wire resistor. Fighiows the structure of n-channel
SOI-JLT. The channel is heavily doped si-nano wire so thaicges capable of getting good
ON currents. A n-channel JLT requires a high work functiotegaaterial such as platinum
or p* polysilicon in order to deplete the entire channel in the Qffe. So when Zero bias is
applied to gate, channel is depleted of carriers, resuitingp conduction between source and
drain. By applying positive voltage at gate, the channele®out of depletion and results in a

conduction path between source and drain. As like convealtild OSFET V, strongly depends
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Figure 2.3: Transfer characteristics of n-channel TFT [3]

on channel doping and gate work function.

2.3 Summary

Working principle and physics involved in the operation 6T and JLT was studied.
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Chapter 3

Simulation and fabrication of vertical
Tunnel FETs

3.1 Introduction

Tunnel FETs work based on the principle of Band-to-Band éling. The tunneling rate can
be improved by using sharp doping profiles at source-chantegface. In the horizontal TFET
shown in Fig 1.1(a), source and channel can be doped withripantation where we cannot
achieve abrupt doping profiles. But with the existing epabgrowth of thin film techniques
sharp doping profiles can be achieved in vertical directidrich calls for the study of vertical
Tunnel FETs . In this chapter three types of vertical tunt€l $were proposed and compared
based on the simulation results. The Dynamic nonlocal timmnenodel was used for the first
time in Simulating Tunnel FETs. The solid phase epitaxigtoaith technique was discussed
to fabricate vertival TFETS.

The Synopsis TCAD tool SENTAURES was used to carry the 2-Dogesimulations.
The structure was drawn in the SENTAURES tool called Senga&tructure Editor (SDE).
Constant doping profiles were used for source, channel aid.drhe structure was simulated
in SENTAURES tool called Sentures Device. The ‘Non-locahifeling model’ is used which is
more accurate than Kane’s model used in [3]. The parametenpaletermines the tunneling
masses mand m, [17]. These values were calibrated to 0.65 [7]. SRH dopingededence
recombination model was used. Besides doping dependengernial mobility model and
energy bandgap narrowing models were used. The circuitlatron of optimized vertical

TFET was done in two steps. First extract the device paraséte terminal currents and
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capacitances at all possible operating ranges and cohektenisive data tables. These Look-up
tables was implemented in Verilog-A language and subseauienit simulations was carried
in a tool called CADANCE IC STUDIO.

3.2 Structure and working principle of vertical TFETs

The main test structures used for the simulation are showigiB.1. The working principle of
all the structures is the same. Until and unless specifigd@kxplanations given in this chapter
with respect to structure 1 with channel thickness of 2 nnrmesaxplanation can validates to
others also. In all the structures underlying substrate asta source. So, a lowest resistivity
sample is preferable to get more tunneling currents. Theradand drain can be grown epitax-
ially on the source. An oxide of 1.1 nm thickness can be théyngaown on the channel. A
metal with a work function of 4.1 in case of n-channel TFET wa$fined on the oxide which
acts as a gate. Here source is of p-type where as channel aindade of n-type as like con-
ventional TFETS. In this study source, channel and drainndpgoncentrations of 1E20,1E14
and 1E18 cm?® were used. Structure 1 and 2 were simulated for channelrtbggdes of 2 nm,
4 nm, 6 nm, 8 nm and 10 to optimize the device current. Thetstrad is more realistic where
the deposited thickness on the flat surface (4 nm thick chamak2.2 nm thick oxide) is twice

that of on the slant surface (2 nm thick channel and 1.1 nnk twade).

Gate

Oxide

Drain (1E18)

/ / / Source (1E20)

Channel (1E14) Source (1E20) Channel (1E14) Source (1E20) Channel (1E14)

Figure 3.1: Device architecture of tunnel FET (@) structutb) structure 2 (c) structure 3.

The working principle of the device is same as the conveatiborizontal TFET that is
shownin Fig 2.1. The device can be operated in reverse biapfilying +1 volts to drain. Gate
voltage is sweeping from 0 to 2 volts. Applying positive agjé at gate creates an accumulation
of electrons which causes the conduction band and valemoetdeand down ward in the channel

region thus lowering the tunneling width near pource and channel interface. This results in
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tunneling of electrons from valence band of pource to conduction band of channel. The
electrons that are tunneled in to the channel are collegjetthd drain. As the positive gate
voltage increases tunneling width reduce further as showrig 3.2 (a), as a result current
increases exponentially. Tunneling width is also functdthe drain voltage. Fig 3.2(b) shows
the effect of drain voltage on tunneling width. Inset in F&2(b) shows that as drain voltage
increasing from 0 to 0.4 v, there is a large reduction of tlingevidth, after that drain bias has

no effect on tunneling width which shows clear saturationaweor.
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Figure 3.2: Tunneling width modulation with (a) Gate vokaand (b) Drain voltage.

3.3 Current-Voltage characteristics

The n-channel and p-channel TFET transfer characterigteshown in Fig 3.3. Here work
function of the gate metal is 4.1 eV and 5.2 eV for n-channdlgwhannel respectively. In n-
channel TFET, the ON curreny\; at Vps=1V and V=2 V for 2 nm channel thickness is of
20 uAlpum. This is very much less than the technology requiremeng. |&akage currenplr
is the p-i-n diode leakage current value of 0.02/f& at V;s=0 v. The threshold voltage,;V
observed atjs= 0.1 A/pm is nearly 1.15 v. The gate voltage,¥r, at which Band-to-Band
tunneling starts to dominate is 0.45v. Up to 0.45,ys Is at a value of -, after that drain
current start to increase exponentially because of cootisweduction in tunneling width.

The output characteristics of n-channel TFET for differgate voltages is shown in Fig
3.4. For \[;5=0 v, reverse bias p-i-n diode leakage current flows whicn ihé order of few
fA. For Vgs > 0V, as drain voltage increases, current increases in amexpial manner up

to particular voltage called saturation voltage and aftat turrent saturates. This is because at
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Figure 3.3: Transfer characteristics of (a) n-channel TBEd (b) p-channel TFET.

low drain voltages, as drain voltage increases tunnelirtjiwdecreases and current increases
exponentially, once it reached saturation voltage inflearfadrain voltage on tunneling width
get reduced, so drain current slowly saturates. Fig 3.5@jys Energy band diagram in vertical
direction for different drain voltages at a gate voltage @& Y. The tunneling width abruptly
decreases up to saturation voltage of 0.1 V, after that draltage has almost no effect on
tunneling width. Moreover, this saturation voltage inaesmwith increases in gate voltage. Fig
3.5(b) shows that for gate voltage of 2 V, saturation voltageeases to 0.15 V from its value
of 0.1V at gate voltage of 1.6 V. The proposed structure stgmuesl saturation behavior so, an

inverter designed with this structure can have sharp Velteansfer characteristics.
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Figure 3.4: Output characteristics of n-channel TFET féfiedent gate voltages
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Figure 3.5: Saturation of reduction in tunneling width (@) ¥s=1.6 V and (b) \¢,s=2 V.

3.3.1 Dependence of drain current on channel thickness

Drain current is aggressively dependent on channel thgknéig 3.6 shows the n-channel
transfer characteristics for the structure 1 with the clehtimcknesses of 2 nm, 4 nm, 6 nm,
8 nm and 10 nm. As expected)¥, get shifted to right anddy decreases with increase in
channel thickness. From the Fig 3.6, it can be observed thatelwith channel thickness of 2
nm follows a different trend that of others. In 2 nm case th&en inflection point around gate
voltage of 1 v. The reason to this can be explained with thedydunneling contour plots. Fig
3.7 shows the e-barrier and h-barrier tunneling contoutsgdlar gate voltages of 0.4 v, 0.6 V,
0.8 Vand 1V. At a gate voltage of 0.4V, there is no tunnelinglison current is at p-i-n diode
leakage current. While gate voltage changing from 0.4 V 6&\0).tunneling happens at the
slant portion of the channel region because at these lesyglidges electric field at the corner
is more enough to create tunneling. So drain current stancteases from the gate voltage of
0.45 V. Moreover, at these less gate voltages electric Batdi enough high for the tunneling to
happen in a flat portion of the channel above the source. Hnerh-barrier tunneling contour
plot of Fig 3.7(b), it can be observed that tunneling starhappen in the flat portion of the
channel region at a gate voltage of 1 V. Therefore drain atiagain start to increase with the
increased slope results in an inflection point ats\# 1 V. The same can be explained with the
help of Fig 3.8, which shows the transfer characteristidbefdevice with channel thickness of
2 nm, having oxide thickness of 1.1 nm in the slant portioregion, 2.2 nm in the flat portion of
region and its corresponding e-barrier tunneling contdotsgdor different gate voltages. Here

there is no inflection point in the transfer characterisiesause tunneling in the flat portion
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of the channel region not starts at all even ats\= 2 V. So, unlike previous case tunneling
increase monotonically without any inflection. In the tf@nsharacteristics of Fig 3.8(a), it
can be noticed that yrr increases to 0.55 V because increase the oxide thicknesdlatve

channel region may slightly change the electro statisti¢hé slant portion of region.
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Figure 3.6: Transfer characteristics of n-channel TFEThwhannel thickness of 2 nm, 4 nm,
6 nm, 8 nm and 10 nm.
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Figure 3.7: (a) e-barrier tunneling and (b) h-barrier tumgecontour plots of the structure 1
with channel thickness 2 nm for gate voltages of 0.4 v, 0.6.8\0and 1 V.

However, device with channel thickness of 4 nm, 6 nm, 8 nm &nhdn follow the same
trend in which current monotonically increases without arflection point. Fig 3.9 shows the
e-barrier tunneling contour plots of the device with chdniniekness of 4 nm for different gate
voltages. Increasing Gate voltage up to 0.6 V does not caus¢uaneling, so drain current
is dominated by p-i-n diode leakage current. Increasin¢gggel from 0.6 V to 0.8 V, causes

tunneling to happen in the both slant portion and flat portibregions at the same voltage i.e
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Figure 3.8: (a) Transfer characteristics and (b) e-batueneling contour plot of the structure
1 with channel thickness 2 nm, having oxide thickness of inlimthe slant portion of region
and 2.2 nm in the flat portion of region for,¥0, 0.8, 1.8 and 2 V.

around 0.61 V. Unlike in 2 nm device, here electric fields ithbegions are high enough for
tunneling to start at the same voltage. Therefore currantttincrease beyond 0.61 V without
any inflection point. The same reason can also be validats/ioes with channel thickness of
6 nm, 8 nm and 10 nm. Moreover from the Fig 3.6, it can be obskthat for the gate voltages
less than 1 V (approximately) current in 4 nm device is highan that of 2 nm. Because at
these gate voltages tunneling happens only in small (slaniop) region of channel in 2 nm
device, but in 4 nm device it happens all over the channel. é¥ew beyond 1V tunneling
happens all over the channel in 2 nm device also, so draiemuis more than that of 4 nm

device due to high electric fields.
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Figure 3.9: e-barrier tunneling contour plot of the struetl with channel thickness 4 nm for
v,=0,0.6,0.8and 2 V.

Transfer characteristics of structure 2 with differentrofe thickness and structure 3 is
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shown in Fig 3.10. The structure 2 with channel thickness ofifand structure 3 have an
inflection point in their transfer characteristics, thibecause of the same reason explained in
the case of structure 1 with channel thickness of 2 nm. Outpartacteristics of all the devices
follow the same trend as shown in Fig 3.4. So far operationkaidhvior of n-channel TFET

were discussed, same behavior can be seen in p-channel T&ET a
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Figure 3.10: Transfer characteristics of structure 2 witfeent channel thickness and struc-
ture 3.

3.4 Device optimization

In the previous subsection working principle of differemtvate structures have been studied.
Among all the structures the better device has to optimizskt on thedy and electrical
parameters like Yand SS. Optimization may also be carried out in terms of titevel perfor-
mance, but scope of this report limited to the optimizatiasdxd on device level performance
only.Among all these structures, structure 1 and strucusgth channel thickness of 6 nm, 8
nm and 10 nm are not of interest because of their worse ONrasrie spite of their better
subthreshold swing. Remaining five devices : structurerticitre 2 with channel thicknesses
of 2 nm, 4 nm and structure 3 denoted as &tin, st14nm, st22nm, st24nm and st3 are of
interest to optimize in terms of,ly and subthreshold swing. The threshold voltage is defined at
adrain current of 1 X 16" A/um. For calculating average subthreshold swing, SS is Gtked!
for every decade from 1 X 13 A/umto 1 X 10-'” A/um and then taken the average. Fig 3.11
compares the five structures with respectdg kand subthreshold swing. Though the device

st2.2nm gives better ON current, it has worse subthreshold svlBogwith the device stdnm

18



Subthreshold swing can be reduced by approximately 30 mtjowt degradingdy by not
more than one order of magnitude. Therefore the devicdisii works well in terms of both
lon and subthreshold swing, also its transfer characteridiccaot have any inflection point as

shown in Fig 3.6.
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Figure 3.11: Effect of device architecture on (a) ON currantl (b) Average subthreshold
swing.

3.5 Circuit simulation

Circuit simulation plays an important role in design of thdias well as analog circuits. De-
vice level optimization validates only if the circuit perfoance improves as the result of opti-
mization. Though the device optimization gives good penfance at the device level it is not
guarantee that it gives good performance at circuit levs.al' he circuit level performance of
structure 3 was estimated using Look-up table method.

Using the LUT based modeling of circuit simulation, symbai$-TFET and p-TFET of
structure 3 was created. Using the symbols of nTFET and pT&kEhverter was designed.
The voltage transfer characteristics (VTC) of inverterhiewsn in Fig 3.12. This smooth char-
acteristics has rail-to rail swing and convincing that TF&Ecture works well at circuit level
also. The Inverter threshold,yis 0.52 V, which is slightly deviated to right from its thetire
cal value (0.5 V) because pTFET offers slightly higher cartban the nTFET. The values of
Vg and V;,, calculated from that noise margin of an inverter is obtaae#iMy =0.38 V and
NM;=0.45 V. Fig 3.13(b) shows the transient response of a TFE&riar with a fanout of 1
(as shown in Fig 3.13 (a)) for a pulse input voltage of 1 V withrs of rise and fall times. The

pulse width was chosen to capture transient behavior oftrextier very well. The average de-
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lay of aninverter is 174.5 ns and peak overshoot of 40.7 %.dbserved that TFET inverter has
large overshoot due to its higher gate to drain miller capace. In a MOSFET Inverter, during
normal operation when the transistor is ON, the gate cequamit (G, ) is mainly contributed by
gate to source capacitance,(§ where as in TETs the gate to drain capacitancg)(@flects
the entire gate capacitance and gate to source capaci@nges(very small. This is because
in MOSFETSs, band bending is high at the drain-channel jongtresults in higher potential
drop which in turn results in lower gate to drain capacitafi@e,). Where as in TFETSs, band
bending is low at drain-channel junction results in lowetgmial drop which in turn results in

higher G, and G is very low due to presence of source side tunnel barrier[12]
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Figure 3.12: oltage transfer characteristics (VTC) of &THnverter.
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Figure 3.13: Transient response of a TFET inverter.

Ring oscillator circuits are commonly used as test circisitscomparing devices of dif-

ferent architectures and technologies. Stage delay andmdigsipation are two main perfor-
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mance criteria used for comparing various Device architest Here 15 stage ring oscillator
using TFET was simulated for the following Power-Delay gsa. Fig3.14(a) shows the output
of ring oscillator circuit for the representative case ¢fp=1 V. The time period of oscillations
is 22.44us which translates to stage delay of 748 ns. Power-Delaysisak carried out by
plotting Average Power Vs Stage Delay of the ring oscillaiozuit for different Vpps. As the

V pp is increased the stage delay reduces where as the averageipomeases. A straight line
with -ve slope in a log(power) vs log(Delay) plot in Fig 3.b#{ndicates an hyperbolic relation
between power and the delay. Fig 3.14(b) also shows thatg@eakhoot decreased as thg Y
decreased. Similar analysis has to be done for remainingtstes also so that circuit level

performance of the device can be uniquely optimized.
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Figure 3.14: (a) Ouput voltage (b) Power-Delay analysisso$thge Ring oscillator.

3.6 Dynamic Non-local tunneling model

All the results discussed so far has done using Nonlocadsannneling which involves charge-
transport process at interface or contacts. It needs toedafapecial purpose nonlocal mesh for
each part of the device where tunneling takes place. A nahtoesh consists of nonlocal lines,
each of which connects the vertex of normal mesh to the exerfor which nonlocal mesh is
created by a shortest path. These nonlocal lines reprefentanneling path for the carriers
I.e tunneling path does not depend upon actual band edgéepdioreover in the device like
TFET, tunneling current consist of point tunneling (occatrsource-channel interface) and line
tunneling (occurs with in the source)[13]. Since nonlocareling is an interface specific, it

can captures the tunneling at source-channel interfategdas not capture the tunneling within
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the source. Therefore an advanced tunneling model is needduch tunneling path depends
upon actual band edge profile. From 2009 version on wardsa6ers device simulator offered
a “Dynamic non local band-to-band tunneling model” whicla igotential tunneling model for
devices like TFETS.

Dynamic nonlocal band-to-band tunneling model impleméots direct and phonon as-
sisted tunneling processes[14] i.e it involves the norllgeaeration of electrons and holes in
direct and indirect band gap semiconductors. Here the sobdescussion is limited to only
phonon assisted tunneling process. Tunneling happensviatance band of one region to con-
duction band of other, and electrons and holes generatddasily at the ends of tunneling
path. The good thing in this model is that the tunneling pattietermined dynamically based
on the potential profile rather than predefined nonlocal nassh the case of nonlocal tunneling
model. So it does not require user defined nonlocal mesh.nmadel dynamically determines

the tunneling path based on the following assumptions.

* The tunneling path is a straight line whose direction isagie to the gradient of the

valence band at the starting position.

* The tunneling energy at the starting position and at thengngosition is equal to the

valence band energy and conduction band energy plus baset ofspectively.

For a given tunneling path that starts at x = 0 and ends at xaléstand electrons are generated

at x = 0 and at x = | respectively. The net recombination raggvien as[14]

F B
Rnet = A(Foy)exp(_f)
where FO = 1V/cm, F is constant force on electron taken to bedimection and p=2 for direct
tunneling and p=2.5 for phonon assisted tunneling. For tmmpn-assisted tunneling process,

A and B are[17]

g(mvmc)5/2(l + 2N0p)Dgp(qFO)5/2
221/415/2m) pe o [B, (300K) + A,]7/4
27Prmy P [B,(300K) + AP/
B 3qh
where g is the degeneracy factdy, is the conduction band offset, D <,,, N,, are the potential,

B

energy, and number of optical phonons, respectively.
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The parameters of the dynamic nonlocal band-to-band timgneiodel and their default
values are listed in Table.1. The prefactor A and the exptoaidactor B are chosen as the input
parameters. Hera,, ¢,, and m/m. represents the conduction band offset, phonon energy and
the effective mass ratio respectively. Specifying > 0 in parameter list, selects the phonon-
assisted tunneling process, and parameters A,B,m,/m. determine the tunneling masses
m, and m by the above equations where as in nonlocal tunneling madeheling masses
m, and m directly specified in parameter list. Apart from this, ‘MaxinelLength’ is another
parameter in parameter file which specifies the maximum turgpath, beyond which band-

to-band tunneling can be neglected.

Table 3.1: Default parameters for Dynamic nonlocal patrdb@rband tunneling model

Symbol | Parameter name| Default value |  Unit
A Apathl 4E14 cm3s!
B Bpathl 1.9E7 vem™!
A, Dpathl 0 eV
Eop Ppathl 0.037 eV
m,/m, Rpathl 0 1

3.6.1 Calibration of Dynamic nonlocal tunneling model

The parameters of dynamic nonlocal band-to-band tunnetiodel A, B,¢,,, m,/m, are cali-
brated against the experimental data of tunnel diode regon{15]. Here MaxTunnelLength
set to 25 nm, the values ef,, m,/m, set to their default values. While varying the parameters
A and B simulated ON state current is matched with the expanrtal data, but simulated OFF
state current is many orders of magnitude less than the iexpetal data. Therefore carrier
life time (7,,...) is varied to match the simulated OFF state current with #peemental result.
Fig 3.17 shows fairly good agreement of the simulated chariatics with the experimental IV
characteristics[15] for a reverse biased tunneling didetained with A=5.1E14, B=1.5E7 and
Tmaz = 1E-10. The values of A and B reported above are used thradghe work, but default
value ofr,,., (1E-5) is used instead of calibrated value of 1E-10. Thiseisaoise to get best
fit in Fig. 3.15 the less value af,,... is used in calibration, but in practical devieas much

greater than calibrated value.
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Figure 3.15: The simulated (solid line) and experimentai(sols)[15] characteristic of reverse
biased silicon tunnel diode showing a fairly good agreerfmrthe parameters discussed in the
text.

3.6.2 Simulation result of TFET with Dynamic nonlocal BTBT model

The simulations was done with the TFET device proposed bphtsVirani[7] which is shown
in Fig 3.16(a). Here source is of p-type with doping concatidn 1E20 cm?, while drain and
channel are of n-type with doping concentration are 1E183camd 1E17 cm? respectively.
An analytical Gaussian doping profile was used for sourcedaaoh where as channel is of
constant doping profile. This TFET device was simulatedgisite dynamic nonlocal band-
to-band tunneling model with its calibrated parameterg F16(b) shows the comparison of
transfer characteristics obtained with the nonlocal tlingenodel and dynamic nonlocal band-
to-band tunneling model. It can be observed that nonlocaigling model overestimates the
current because it determine the tunneling path based ordafised nonlocal mesh.
Moreover from the Fig 3.16(b), it can be observed that a rmailtunneling model gives
better subthreshold swing than the dynamic nonlocal tungehodel. The reason for this can
be explained by Fig 3.17, which shows the electron bandatadliunneling contour plots of
nonlocal and dynamic nonlocal band-to-band tunneling rsodedifferent gate voltages. In
case of nonlocal tunneling model, at a gate voltage of zelts ¥oere is no tunneling even
though bands are aligned as shown in Fig 3.18. At a gate wtiff.2 V, electric field is large
enough to create tunneling in the region where nonlocal neesreated. So current abruptly

increases at the voltage around 0.2 V. However unlike nahkocineling model, dynamic non-
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Figure 3.16: (a) Duak spacer TFET structure[7] (b) Comparison of |-V charactassof
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Figure 3.17: Band-to-band tunneling contour plots of (apNucal tunneling model (b) Dy-
namic non local tunneling model at gate voltages of 0, 02a8d 1 V.

local band-to-band tunneling model is not an interfaceifipeand it involves the actual tunnel-
ing when band edges are aligned. Since bands at source aradra¢dd are aligned (as shown
in Fig 3.18), tunneling can happen even at zero volts as sirowig 3.17(b), so off state current
in dynamic nonlocal tunneling model is larger than its ceuipart. As gate voltage increases,
the point along the channel where the band is aligned withatheource, moves from drain end
at 0 V to source channel interface at 0.5 V as shown in Fig B)1ad Fig 3.18. So current
increases approximately in linear fashion up to 0.5 V as shbig 3.16(b), and once tunnel-
ing start to happen it increases exponentially. In summargamic nonlocal band-to-band
tunneling model is accurate than the nonlocal tunnelingehotihough the dynamic nonlocal
tunneling model is not quite impressive with the transfearelsteristics due to degraded sub-
threshold swing, it is very accurately models the device TEET and output characteristics

with this tunneling model exhibits good saturation behaa®shown in Fig 3.19.
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Figure 3.18: Energy band diagram along the channel jusibttle Si-SiQ interface for gate
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Figure 3.19: Output characteristics with dynamic nonldaagaheling model for gate voltage of
0,0.5,0.7,0.9,1 V.

3.7 Solid phase Epitaxial Regrowth for Tunnel FET Fabrica-
tion

The vertical TFETSs that has been introduced can be fabddatean epitaxial growth.Usually
CVD process involved in epitaxy requires High temperataresind 1000C. If the channel in
vertical TFETs grown at this temperature, dopants canyedsfuse from underlying highly
doped source to channel, and channel is no more an intriagiom. Therefore a low tem-
perature epitaxy have to be used so that dopants may noseliffuto channel region, but at
this temperature a perfect crystallization may not be agtie@nd grown layer is in amorphous

form. A solid phase epitaxial regrowth technique has betsmgited to crystallize the amor-
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phous layer.

Solid phase Epitaxial Regrowth (SPE) is a two step procéssiit is done by first de-
positing an amorphous film on the mono crystalline substigtthe CVD or other methods,
which may be done at very low temperatures. Then in secopdssitestrate is heated at ambi-
ent pressure to transform the amorphous film into a singlgtalryilm. This process is typically
performed on one side of the substrate at a time. Since deposarried at low temperature
fully crystallized structure may not achieve but a polytajise structure can be obtained, and
some times it is sufficient to make a device. Three experismbave been done to grow an
intrinsic layer on a heavily doped p-type substrate. Sinbeavily doped source is required
in vertical TFET, all the experiments have done on a lowesstiwity of 0.005(2 Cm, p-type
(1 0 0) oriented substrate. The process flow involved, RCArtlgg and silane deposition.
The silane deposition step is different for three experitsieable 3.2 describes all three ex-
periments named as Experiment-1, Experiment-2, and Expeti3 and their recipes. In all
three experiments, silane deposition step has done at samadions in an “Hot-Wire CVD
Reactor”. Experiment-1 involved pre and post annealing@se and Experiment-2 involved
only pre annealing where as Experiment-3 involved neithergmnealing nor post annealing.
Pre annealing helps in removing any native oxide that isgmtesn the substrate before silane

deposition and post annealing helps in crystallizing tleevgrlayer.

Table 3.2: Recipe used in three experiments (-’ indicales particular process step has not
done).

Name Pre annealing Silicon deposition Post annealing

Experiment-1 At 800°C, in Hy gas for 10 minAt 250°C, for 2 min| At 500°C, in Hy gas for 5 mirj

Experiment-2 At 800°C, in H, gas for 10 min At 250°C, for 2 min -

Experiment-3 - At 250°C, for 2 min -

3.7.1 Results and Discussion

The Scanning electron microscopy (SEM) is a type of eleatn@roscope technique, in which
a high energy beam of electrons focused on the sample, anddaey electrons emitted from
the target reveal the information about surface morphgloggnposition and crystallographic
orientation. SEM images has taken for three samples in @lé¥periments, with that one can

find uniformity and thickness of deposited film. Fig. 20 shalns SEM images of three sam-
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ples. Due to lack of contrast difference between deposi8dand underlying c-Si, interface
was not visible clearly. The thickness of deposited film iggldly estimated. Thickness of
a-Si layer in Experiment-1 is about 250 nm, in Experiment@ i Experiment-3 thickness are
about 130 nm and 100 nm respectively. In Experiment-3 déggb#hickness is less compared
to Experiment-1 because it does not involved pre anneatem and so native oxide presents
on the surface decreases the growth rate. SEM results asatigfactory, and cannot give any

conclusion. So TEM imaging needs to be done to give conahesimut crystallization.

Figure 3.20: SEM images of sample in (a) Experiment-1 (b)dfxpent-2 (c) Experiment-3.

The Transmission electron microscopy (TEM) is a power fthnique in which a High
voltage beam of electrons is transmitted through an ultim $ample, there by forming an
image by the interaction of electrons transmitted throdgh dample. To get TEM images,
sample should be ultra thin to the transparency of electsanTEM analysis involved Sample
preparation in which thickness of sample get reduced toret&®0,:m. TEM images has taken
for the two samples in Experiment 1 and Experiment 3. Whilegleample preparation, sample
under goes many mechanical stress, and top surface mayHseletgo in Experiment-1 a 150
nm thick Al metal was deposited. Since atomic weight of Alag much differed from Si, There
is a small contrast difference between the two as shown in Eigl(a). So in Experiment-3
a 140 nm thick Chrome gold was deposited, since there is & Eigmic weight difference

between Cr and Si, a large contrast difference between theaw be observed.
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Without annealing

Figure 3.22: TEM images and diffraction pattern of samplExperiment-3.
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Fig. 3.21 shows different material deposited on the sanimtiersface layer of amorphous-
crystalline Si and diffraction pattern in both a-Si and at8Experiment-1. In the figure (b)
lattice fringes can be observed in a-Si, which indicatesdeposited layer is partially crystal-
lized. The diffraction pattern in Fig (c) has rings which icates deposited layer is of poly-
crystalline nature and it is no longer amorphous. Fig (dshihne spotty diffraction pattern in
crystalline silicon. Deposited layer thickness is aroutd 8m, approximately matched with
SEM result. Fig. 3.22 shows different material depositedtmn sample, interface layer of
amorphous-crystalline Si and diffraction pattern in botSiand c-Si in Experiment-3. Here
also some lattice fringes can be observed in a-Si that iteBqaartial crystallite and diffraction
pattern shows the rings that means as deposited silicort @morphous, it is polycrystalline
because at the deposition temperature of 260some atoms are partially crystallized. In
Experiment-1 a-Si layer has more lattice fringes and itsalifion pattern has less rings, which
indicates that grown layer in experiment-1 is more crystatl because it involves annealing
process. Though the grown layer in Experiment-1 is bettgstatlized, this is not sufficient to

make device.

3.8 Summary

Three types of vertical TFET devices have been proposediandated. Structure of the de-
vice is optimized based on thg\ and SS. Circuit simulation of the TFET inverter and ring
oscillator have been done to validate the device operatiairuit level. The physics behind
the Dynamic nonlocal band-to-band tunneling model wasudised. The parameters of the new
model was calibrated with the experimental data. The catidor model is used to simulate the
Dual« spacer TFET. A Solid phase epitaxial regrowth techniques men used to optimize
the depositing conditions of amorphous Silicon on heavilpetl substrate. TEM results gave
conclusion that as deposited sample is no longer amorplaodspre annealing increased the

growth rate while post annealing increased the amount ctaljzation.
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Chapter 4

ZnO based Junction less transistors

4.1 Introduction

ZnO is a transparent wide bandgap semiconductor (a band fgappooximately 3.37 eV
at room temperature) with hexagonal wurtzite structuree €ombined properties of trans-
parency, low thermal budget processing and unintentiogba conductivity make ZnO Thin
film transistors suitable for low cost opto-electronic ded. Recently active matrix organic
light-emitting diodes (AMOLED), LCDs were realized by ugibottom gate ZnO thin film
transistors[39, 40]. The fabricated ZnO TFT has on currehts29 p/A at a V;s=40 V and

V ps=10 V[39]. The top gated enhancement mode ZnO TFT attained go currents of 1 mA
relatively at lower operating voltages[41].

The top gated transistors had large drive current becausehainced gate coupling. The
Junction less transistor (JLT) that do not have any junstalong the conducting path has full
CMOS compatibility and is immune to short channel effe@s[. Moreover the ZnO TFT is
suffering from short channel effects (e.g., channel lemgtidulation, degrading subthreshold
slope and lowering the Y when its channel length scaled down to less thamp42]. So there
is a scope to make JLT with ZNO active channel layer.

The JLT is normally on device and a large work function gateemal is needed to turn
it off when the gate voltage is zero. Since the off state Igakaurrents depend upon the chan-
nel thickness, the channel thickness of a SOI-JLT shoulcchked in proportion with its gate
length in order to maintain good on to off current ratio[4Blit getting ultra thin channel layer
is expensive and difficult. Moreover, one can get an advavdgnhanced crystallization and

improved conductivity with thicker ZnO films[44, 45]. Buldgnar JLT that creates a junc-
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tion isolation and reduces the effective channel thicknessalf of its physical thickness, but
requires highly doped substrates in excess of 5E18dor ultra short channel device[24].

We propose a new device architecture that reduces effedtaenel thickness by growing
a highly doped substrate layer on lightly doped substratee Aighly doped substrate layer
can be easily grown by existing implantation or diffusiorheTnewly proposed device has an
advantage of better scalability and goed /!l - ratio in addition to full CMOS compatibility,
low thermal budget processing and low cost of existing JLiaes. Highly doped substrate

layer and substrate layer are used anonymously.

4.2 Simulation setup

The SOI-JLT and BPJLT were simulated using Sentaurus 2-Iceemulator which solves
the drift- diffusion equation for both electrons and hol&nce ZnO material is not available
in the tool, Zno was defined as n-doped Silicon with carrigrcemtration of 1E19 cr?. The
simulation of a JLT mostly depend upon the band gap modelbjlityomodels and dielectric
constant of a semiconductor. So only these model paramat@nsO listed in Table 4.1 were
used in place of Silicon parameters and rest of the models used same as those of Silicon.
The doping dependent mobility model of ZnO was calibratediresg the experimental data
[46] as shown in the inset of Fig 4.3. Constant doping profitese used, bandgap narrowing
models were switched on due to higher doping profiles useddrdevice architecture. SRH
recombination model, Doping dependent and transversedegdndent mobility models were

included. The models did not include any tunneling model.

Table 4.1: The model parameters of ZnO used in the devicelaion.

Parameter Value
Bandgap 3.37eV
Dielectric constant 3

Electron effective mass 0.24
Electron affinity 4.28 eV

Hole effective mass 0.59

Bulk electron mobility| 200
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4.3 Device structure and operation

The buried oxide layer (BOX) thickness varies from few tehs@nometers to hundreds of
nanometer in the conventional SOI-JLT . But the electragtaif a device can be improved
using thin BOX layer. Fig 4.1 shows effect of well bias and delping on by and by/lorr
ratio of ZnO based SOI-JLT with different BOX thickness offs@ and 10 nm. The influence of
well bias and well doping is very low in case of SOI-JLT withdibickness of 50 nm. Whereas
the SOI-JLT with box thickness of 10 nm is very sensitive tdlwas and well doping due to
improved electrostatics. By decreasing well bias or ineir@awell doping by/lorr ratio can
be improved by many orders of magnitude without degradingusrents by not more than one
order of magnitude. So, the switching capability of SOI-Han be improved by using thin
BOX layer until the field across the BOX reaches its break dimwal.
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Figure 4.1: Influence of (a) body bias and (b) well doping aalthy, lon/lorr ratio of SOI-
JLT with box thicknesses of 50 nm and 10 nm.

The switching capability of SOI-JLT can be improved with strbte doping, but getting
substrate doping as high as 1E20 is very difficult. So we pegd@ new architecture as shown
in Fig 4.2(a) in which substrate layer is grown on lightly édpsubstrate. The substrate layer
can be made by implantation or diffusion of boron and it rdslesia V implant in normal
CMOS process flow. Furthermore the thickness of substrger laas no effect on the I-V
characteristics as it is heavily doped. So, this processgh®it critical do not require any high
temperature annealing and had an advantage of low thermdgebuThe concept of substrate
layer can be extended to BPJLT also as shown in Fig 4.2(b)h B&t devices have identical
doping profiles along the conducting path from source todréhe p-type work function gate

material is used in both the devices. In both devices, Silisaused as a substarate material.
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Table 4.2: The parameters of the device architectures nsibe idevice simulation.

Parameter

Value

BOX thickness of SOI-JLT

Doping of substrate layer
Gate work function
EQOT of gate dielectric
Substrate doping

Gate length

Doping of semiconductor body| 1E19 cn?
Thickness of semiconductor body 10 nm

Thickness of substrate layer 20 nm

10 nm

1E20 cn1?
5.6 eV
1.1 nm

1E17 cn13
20 nm

The device parameters used in the simulation are listedbte #a2.

Gate,Dielctric

Gate,Dielctric

Semjcondyctor hady

Doped Substrate Layer

Doped Substrate Layer

P-Substrate (Si)

P-Substrate (Si)

(@)

(b)

Figure 4.2: Schematic representation of (a) SOI-JLT an@®)LT with substrate layer

4.4 Results and discussion

The newly proposed ZnO SOI-JLT was simulated with the modetribed in section Il. In

addition, the Si SOI-JLT was also simulated for comparisém.both cases the device pa-

rameters and materials are same except the channel layehoMs in the Fig 4.3, the ZnO

SOI-JLT (shown in blue) attained better subthreshold atarstics and lower Vthan Si SOI-

JLT (shown in black). This is because of the reason that tekeciric constant of ZnO is 4

times lower than that of Si and so is the capacitance. Thagelapplied at the gate is di-

vided across the series combination of oxide capacitangg &0d channel capacitance £

in case of ZnO SOI-JLT, & in case of Si SOI-JLT).
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of 1.1 nm, C, is same in both cases. But;{ is four times smaller than &. So, for the
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Figure 4.3: Comparison iV, characteristics of ZnO SOI-JLT and Si SOI-JLT with sub-
strate layer with the parameters listed in Table 4.2. Thetisbows the calibration of doping
dependent mobility of ZnO against experimental data [46].

same incremental gate voltage, the fraction of gate voliggeared across the channel layer is
larger in ZnO SOI-JLT than in Si SOI-JLT. So ZnO SOI-JLT ragsiless gate voltage to come
out of depletion and attains less an Si SOI-JLT. The improved subthreshold charactesistic
of ZnO SOI-JLT is due to its high bandgap than Si. To provedlasicepts, we simulated Si
SOI-JLT by changing only the band gap of Si from 1.1 to 3.3'h¢bgap of ZnO) and observed
better subthreshold characteristics butsdme as that of normal Si SOI-JLT as shown (red) in
Flg 4.3. Similarly we simulated Si SOI JLT by changing onlg thielectric constant of Si from
11.7 to 3 (dielectric constant of ZnO) and observed lowea¥shown (pink) in Fig 4.3.

As discussed earlier thin BOX layer improved the switchiagability of a conventional
SOI-JLT. By using highs dielectric material instead of BOX, enhancement of swiighta-
pability can be further improved due to substrate layer. &#shows the effect of dielectric
constant of BOX (with same physical thickness of 10 nm) @ &nd on-to-off current ratio.
By using highx dielectric material like Hf@ instead of Si@ for BOX, on-to-off current ratio
was improved by eight orders of magnitude, without degmtli, by not more than 5%. But
effective BOX thickness being 1.1 nm (for physical thickmes10 nm HfQ) can not withstand

to high electric fields in ultra short channel regime. So wedudielectric constant of 9 with
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effective BOX thickness of 4.5 nm which can be obtained.
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Figure 4.4: Effect of dielectric constant of BOX in SOI-JWWith the parameters listed in Table
4.2) on by and by/lprr ratio.

The concept of using substrate layer was extended to BP3Ol &ince BPJLT creates
a junction isolation instead of dielectric isolation [2#je effect of substrate layer is more in
BPJLT than in SOI-JLT. Fig 4.5 shows the I-V characteristitboth SOI-JLT and BPJLT with
and without substrate layer. In both SOI-JLT and BPJLT withstrate layer off state currents
are very low. This is because of depletion of bottom part efchannel due to substrate layer,
there by reducing the effective channel thickness as showheiinset of Fig 4.6. The substrate
layer further reduced the effective channel thickness idlBRhan in SOI-JLT. So BPJLT offer
very low off currents than SOI-JLT. Furthermore thg/!lorr ratio of a BPJILT with substrate
layer can be tuned in the range of many orders of magnitudeabying the well bias and
substrate layer doping simultaneously.

Fig 4.6 shows the bV, characteristics of both SOI-JLT and BPJLT with and withauli-s
strate layer at a gate voltage of 1 V. Both SOI-JLT and BPJLih wubstrate layer exhibits
hard saturation at less drain voltages. This is becausedatesl effective channel thickness
by almost half (as shown in inset of Fig 4.6) requiring lessrkoltage to pinch-off the entire
channel than the devices without substrate layer. Thusubstate layer helped in attaining
high output impedance which is desired for most circuit aggpilons. This effect is more pro-
nounced in BPJLT because of reduced effective channelrtegsthan its SOI counter part.

Fig 4.7 shows the,tV, characteristics of BPJLT with and without doped substraye
at different gate lengths and drain voltages. When the addength of a BPJLT without

substrate layer scaled fromun to 20 nm, lowering in Ydue to charge sharing, degradation of
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substrate layer at )*1 V with the parameters listed in Table 4.2, The inset shawslaction
band energy in vertical direction of the devices taken antiddle of the channel.

subthreshold slope were observed. Also when the draingeibda BPJLT without substrate
layer is increased from 0.1 V to 1V, lowering in Wue to DIBL and degradation of subthreshold
slope were observed. However, in case of the BPJLT that agle mrasubstrate layer, the ®ind

subthreshold slope relatively insensitive to variatiodriain voltage and gate length. Moreover
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the ZnO TFT is suffering from channel length modulation wiierchannel length scaled down
to less than 5:m [42]. But here, both SOI-JLT and BPJLT with substrate |leger free from
channel length modulation (as shown in Fig. 6) even at a gaigth of 20 nm. So ZNO JLT

made on substrate layer has better scalability compareahteeational JLT.
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Figure 4.7: Comparison in;dV, characteristics of BPJLT with and without doped substrate
layer at different gate lengths and drain voltages with tiameters listed in Table 4.2.

4.5 Process flow Of ZnO based JLT

The detailed process flow of ZnO based JLT is shown in Fig 4d8tarequires 3 levels of mask
alignment. A p-typeg 100) oriented, 0.0032 Cm Si wafer has chosen as substrate material.
An highly doped Si substrate can prefer to achieve double gantrol. The standard RCA
clean is used to remove any organic and metal impurities. ArBtthick buried oxide has
grown in the furnace by dry oxidation as shown in Fig (b). Thekbside oxide etch was done
using 5% buffered oxide etch solution (BOE) by protectirapfrsurface with photoresist. The
ZnO films was grown by rf sputtering as shown in Fig (c). Thetivacarea was defined by
first level lithography using active area mask (mask 1). Th&®l solution is used to etch
unprotected ZnO films. In Fig (d), each ZnO thin film act as ctguof junction less transistor.
Then next step is to grow gate dielectric and gate materialetd 10 nm thick AlO; deposited

by sputtering is used as gate dielectric and 100 nm thick pbdieed by evaporation is used as
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gate material as shown in Fig (e). The gate and gate diatexan be patterned by second level
lithography using gate area mask (mask 2) followed by etcbinunprotected Al and AD;
Using reactive ion etching (RIE) as shown in Fig (f). Finadlyntacts were made by lift-off

process using the probe area mask (mask 3) as shown in Fig (g).

(a) P-type Si <100> resistivity of 0.005 Q Cm.

(b) Grow thick oxide for isolation.

Gate
EE Oxide
B ZnO
B ARO3
(c) Deposit ZnO. . A

]\

(d) Define active area by pattering the ZnO. (mask 1)

I

(e) Deposit thin Al;0s (gate dielectric) and Al
(gate material)

|

(f) Pattern the gate by selectively etching the Al
and Al,O3 by reactive ion etching. (mask 2)

]t

(g) Make contacts by liftoff. (mask 3)

L

|

Figure 4.8: Process flow Of ZnO based JLT.

4.5.1 ZnO deposition

The ZnO films was grown by rf sputtering using pure ZnO powdethe target. The size of

ZnO target is 5" and distance between target and substrat® imm. Deposition was done
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at room temperature with Argon as the process gas. Sincelthediality depends upon the
deposition conditions an attempt was made to optimize tpeslgon conditions. The increase
in rf power enhances the film crystallinity and carrier cartcation by reducing resistivity [28],
so here deposition was done at maximum rf power of 100 W.

Argon pressure strongly effects the film quality. To studg #ffect of process pressure
on film quality, ZnO was deposited on five silicon samples demh@as S1, S2, S3, S4 and
S5 at five different pressures of 5E-3, 8E-3, 1E-2, 2E-2 an@ 3&bars. For all the samples
ZnO was deposited for constant time of 20 min at a constarttesng power of 100 w. As
shown in Fig 4.9 (a) the thickness of the film increased ityt@nd then decreasing with the Ar
pressure. This is because in the low pressure regime, thbdrdment of high energy particles
to film surface is reduced as pressure increases [26]. Wheepréssure reaches to 8E-3 mbar,
thickness reached to maximum. Thereafter, thickness wasa&ed as pressure increased. This
is because as deposition pressure increased, sputteringgsaunder go many collisions with

the gas molecules and mean free path of sputtered speciesdvaed and resulted in reduction

of sputter yield.
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Figure 4.9: Effect of Ar gas pressure on (a) film thickness @aheet resistance.

The influence of Ar pressure on the micro structure of ZnO féimewn by AFM images
in Fig 4.10. From the figure it can be observed that the film gratwthe pressure of 8E-3
mbar has large crystal grains and hence more crystallifiitg.sheet resistance of the films was
measured by four probe measurement system. The influeneposiion pressure on the sheet
resistance was shown in Fig 4.9 (b). The sheet resistanceeesased as pressure increased
from 5E-3 to 8E-3 mbar, and it reached to its minimum at 8E-&mthereafter it increased

with the pressure. The film grown at a pressure of 8E-3 has lmetsresistance and large
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crystal grains (from the Fig. 33), thus exhibit more crylgtél and carrier concentration. So,
the process gas pressure of 8E-3 mbar is the optimum pressgirew Zno films thus all ZnO
films deposited at this pressure through out the work. Befugedeposition, process chamber
is evacuated to base pressure of 1E-5 mbar. By varying the ddiR@oller Ar gas pressure set
to 8E-3 mbar and deposition has done for specified time. Thes fjrown here are very high
resistive with sheet resistance of around 2,00,000. Thisdcbe expected because the ZnO
target used here is pure ZnO and deposition was done at raopetature. So, these films
may not suitable for device operation. The post growth alnmgéreatment could be done to

decrease the sheet resistance of ZnO film.

SRS roughness=4.359 ; ‘h MSrotughness=6.06

Figure 4.10: AFM images of flms deposited at a Ar gas presstifa) 5SE-3 mbar (b) bE-3
mbar (c) 1E-2 mbar (d) 2E-2 mbar (e) 3E-2 mbar.

4.5.2 ZnO0O etching

ZnO is reactive to most of the acids, alkaline and mixtureitsmhs, So any of them can be
used as etchants for ZnO, but the chosen etchant shouldatothet bottom oxide layer. The
solution of KPO,, HAC (acetic acid) and kO is the frequently used etchant for ZnO [36].
But Tao Zhang et al. [38] reported that etchants like HCl agB®} etches the ZnO very fast,
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so it is difficult to etch in a controlled manner and leads terostching and undercuts. They
proposed that a weak acids like NEl provides uniform etch rates for entire surface without

any under cuts. When NI react with ZnO it under goes the following reactions [37].

2NH4Cl(aq) = 2NH4+(aq) + QCZ_(aq)
2NH4+(aq) + 2HQO = 2NH3(aq) —+ 2H30+
ZHO(S) + 2]{30Jr = Zn2+(aq) + 3H50

Here 5% NHCI solution is used as etchant for ZnO. The 5% J@Hsolution etches the
ZnO at a rate of approximately 5.5 nm/sec. Fig 4.11 shows@estion images of 120 nm thick
ZnO films grown on Si@ after etching for 20 sec and 50 sec respectively. From Fit) @),
it can be observed that even after etching for 20 sec stillesdn©O residuals present on SiO
surface, so it is better practice to over etch the film to reentbve ZnO particles completely.
However over etching for more time etches the ZnO film undepttotected area and leads to
curved edges as shown in Fig. 4.11 (b). With this fast etabsyat is difficult to control the
etch process of ZnO thin films. So, a less concentration of@®lidan be used to etch thin ZnO
films. The 1% NHCI solution has an etch rate of approximately 2.5 nm/sec ésl ts etch

thinner ZnO films.

Silicon

Silicon

EHT =10.00 kv Signal A = InLens
WD = 7.6 mm Mag = 48.10 KX

100 nm EHT =10.00 kV Signal A=InLens  Date :1 Mar 2012
WD = 7.8mm Mag= 81.27 KX

CENIIT-B

Figure 4.11: The cross section image of 120 nm thick ZnO filnesvg on SiO2 after etching
for (a) 20 sec and (b) 50 sec respectively.

The ZnO based JLT was fabricated with the process descrérédre The |-V characteris-
tics of a fabricated device is shown in Fig. 4.12. 1-V chagastics of a JLT is not pretty much
good Due to large resistivity of ZnO films. So, the resisyivif ZnO films should be decreased

either by using doped ZnO target or by post deposition anrgeal
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Figure 4.12: AFM images of films deposited at a Ar gas presstifa) 5E-3 mbar (b) bE-3
mbar (c) 1E-2 mbar (d) 2E-2 mbar (e) 3E-2 mbar.

4.6 Summary

We proposed a new device architecture for ZnO based SOI-adTB®#JLT which uses the
substrate layer on lightly doped substrate, that can rélexequirement of aggressive scaling
of channel thickness by reducing the effective channektigss by half. By using high-
material instead of BOX, the on-to-off current ratio was noyed by 8 orders of magnitude
without degrading the on current by not more than one ordenadnitude. The BPJLT with
substrate layer has better immunity to channel lengthrsgand supply voltage scaling than

the BPJLT without substrate layer. The detailed processdliadnO SOI-JLT was discussed.
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Chapter 5

Conclusion and Future Work

Among the three types of vertical Tunnel FET devices, Stmgcl with channel thickness of 4
nm attains sub 60 mV/dec subthreshold swing with degradec¢d@hiénts. Circuit simulation
of inverter and ring oscillator validates the working of posed TFET device in circuit level.
The device simulation of Duat-spacer architecture revealed that the Dynamic nonloca ban
-to-band tunneling model model accurately calculated heeling currents in TFET devices.
TEM results showed that amorphous Silicon deposited byl stiase epitaxial regrowth tech-
nique is of polycrystalline nature and amount of crystaliian was increased with the annealing
process.

We proposed a new device architecture for ZnO based SOIHIB&JLT which uses the
substrate layer on lightly doped substrate, that can rékaxrequirement of aggressive scaling of
channel thickness by reducing the effective channel tlaskiy half. The BPJILT with substrate
layer has better immunity to channel length scaling and lsuggtage scaling than the BPJILT
without substrate layer. An attempt was made in fabricafin@® based JLT, ZnO deposition
conditions were optimized.

The ZnO films that was grown have very high resistivity, regity of the films has to be
decreased by either using doped ZnO target or by post grawtbading. The proposed ZnO
SOI-JLT and BPJLT have to be fabricated and |-V charactesisif experimental devices have

to be compared with that of simulation data.
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