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Chapter |: INTRODUCTION

The current generation of microprocessor, wittographydimensions 00.10
pum or less incorporates millions of transistors on each chip. Regardless of the ultimate
limits of lithography, this number will only increase in the near futus microchips
become denser and more complex, more work is needed to design, and to verify the
design of the circuitry. To keep the time and expense of fabricating new microprocessors
from being prohibitive, novel techniques must be developed to $ipeekksign process.

Any procedure so developed must integrate with and be applicable to current silicon
microchip production technology in order to gain any acceptance in industry.

Focused ion beam (FIB) systems can be used to repair and modify optical
lithography masks and metal interconnect lime<€hipthrough ion milling and ion
induced metal deposition. These procedures are most valuable in the design and testing
stages of microcircuit manufacture, when the layout may need to be changed often to
meet desired performance goals. FIB repair allows minor modifications to the mask or
circuit to take place without making a completely new set of masks, or restarting the
lithographic process. This can lead to greater efficiency and lower total cost for th
design of a product.

This work investigates the next level of FIB circuit modification: the creation of
active devices utilizing solely FIB fabrication, instead of the traditional masked
lithographic process that defines the modern silicon industrgudia maskless process
cannotprovidethe throughput required for mass production, it could be valuable in

development, offering nearly unlimited flexibility in creating and testing new layouts.



There are two major avenues of research within this thésist, the suitability of
FIB processes to accomplish the tasks required of maskless device production has been
investigated, with an emphasis on the novel areas of gu@et nonlinear active area
doping, and FIBnduced metallization to provide deeicontacts. Second, junction field
effect transistors (JFETs) were cehtitilizing maskless FIB fabrication techniques as
prootf-of-principle devices to show the potential of the technique. These transistors have

been compared to theoretical device niedie gain insight into the fabrication process.



Chapter |1: BACKGROUND

1. 1MOTIVATION FOR WORK

Transistor production without masked lithographic processes has implications in a
number of areas, most notably research and development. Focused iomdneaffesct
many of the processes needed in silicon manufacturing. lon milling is the most basic FIB
application, with ion beams used to selectively sputter material from a substrate: Direct
write FIB lithography is possible using ks@nsitive resists. Metal can be selectively
deposited by iofinduced deposition, and, metal alloy ion sources allow doping profiles
to be directly written onto a substrate. These four processes can be combined to direct
write junction field effectransistos onto a silicorwafer. By contrast, ratatoxide-
semiconductor field effedtansistorMOSFETS)require a higiguality insulatoirfor the
gatewhich cannobe deposited through FIB techniques.

One potential application for FIB technology is microcircuit design. Autirc
layout could be directly fabricated on a wafer for testing. The modified design could then
be fabricated with the desired changes as easily as the first circuit was fabricated. The
process of generating the mask patterns for the desired circutglaiwhting the mask
set can be completely bypassed, saving time and money. In this way, multiple
generations of a circuit design may be more quickly fabricated and tested.

A second application for a maskless FIB fabrication process is designing a unique
transistor. The diresatrite ability allows device dimensions and doping profiles to be

tailored to meet a specific need. Novel transistor devices could be fabricated via FIB



techniques, and then tested for their electrical characteristics. The ppysppatties of

the next device built can then be changed according to data gathered from preceding
devices. Again, in this type of application, the FIB process allows for a more efficient
research and development process. Additionally, there are somledewice structures
that can be most easily made via FIB techniques; these will be further discussed in the
literature search section of this proposal.

Finally, there is a small class of applications where FIB fabrication would not
necessarily be liméd to the design phase of a device. Although the low throughput of
any FIB process ill suits such techniques for mass production, specialty devices not
intended for mass production are not outside the realm of possibility. These would be
smallscale ciraits created as part of a larger design, for a very specific function. One
possible area where this might be useful is cryptography. An encryption algorithm circuit
could be designed and fabricated with no physical evidence of its credt®mask
left behind, reducing the chance that the encryption circuit might be compromised at
some point. Finally, FIB fabricated circuits would not be limited by the normal planar
processing steps needed by conventional fabrication. Therefore, FIB microcorcuits f
specialty devices could be formed on nearly any semiconductor surface, rather than being

confined to fabrication on a standard wafer.

1.2 PREVIOUSWORK AND LITERATURE SURVEY

lon beams have been used in the semiconductor industry since the 1968s, in th
form of broadbeam, unfocused ion implanters that provide controlled, reproducible

doping of silicon substrates with a variety of ion species produced by gas excited into a
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plasma state. Early work on producing a focused ion beam suitable for micatialori
was done at Hughes Laboratories in 1973, where a conventional ion implanter was
modified with an electrostatic lens to focus the beam produced to a spot sizewf'3.5
The system was used to demonstrate dingite boron implantation into silicoras well

as exposure of an iesensitive resist for lithography. Since then, smaller, high brightness
ion sources have been developed and used to obtairnaistudmeterspot size with a

high current density. Currently most FIB systems use a liquid mataource (LMIS),
developed in the mid970s that provide good source characteristics together with the
ability to produce a beam with a wide variety of ion spetieghe production of high
quality, longlife liquid metal ion sources allowed FIB sysig to more readily

accomplish all of the tasks required for microcircuit fabrication and repair: lithography,
milling, implantation, and deposition.

The feasibility of focused ion beam lithography relies on the existence of positive
and negative ioisensiive resists, which have been extensively studied for use in ion
projection lithography. These resists are composed of long polymer chains that may be
broken by the energy of the incident ions in a process known as scisdiuat, may be
bonded to onanother in a process known as crlisking. In positive resist, the scission
process dominates, leaving the-exposed areas vulnerable to dissolution in a chemical
developer, whereas the unexposed areas will remain after developmeakpasure in
anegative resist results in predominantly criislsing, hardening the exposed area
against the developer, so that only the exposed areas will remain. One of the better
known positive ion resists is petpethyl methacrylate (PMMA), which is also used as a
resist for electrofibbeam and deep UV lithography. It allows for excellent feature
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definition but demonstrates poor etch resistance, so other resists have been investigated
for industrial useé.

A variety of ion species can be used to exposesensitive resists. The range of
implanted ions into materials used in the semiconductor industry has been extensively
modeled as a function of species and enérgjre dose required to expose resist with an
ion beam varies inversely with the atomic weight ofitdrespecies used.To expose
PMMA with arsenic ions, for example, requires a dose of approximat&yats/cng.

With helium ions, by contrast, a dose of ovet*i6ns/cnf is needed. A more recent

study found light ion sensitivities to be betwee?Hhd 10° ions/cnf, with a contrast of

2.78 Light ions such as hydrogen and helium penetrate much deeper into the resist than
heavier ions do at the same energies, however, and do not significantly damage or dope
any underlying semiconductor substratemfortunately, liquid metal ion sources cannot
produce H or He ions, so light ions are not currently compatible with most FIB systems.
Light metallic ions such as boron have a reduced range, allowing them to expose less
than amicrometerof resist eventamplantation energies on the order of 200 keV, but are
LMIS compatible. The underlying substrate is often protected against implantation and
damage by a muHayer resist structure, or a sacrificial layer of metal underneath the
resist.

In addition tomaskless exposure of resist, focused ion beams have the capability
to alter the surface of materials directly. The most basic of these processes is ion milling,
which was demonstrated for silicon and galliunearde substrates as early as 18%9
lon milling selectively removes material from the surface of the target through sputtering

of the substrate atoms. When accelerated ions strike the substrate, they impart energy in
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a series of primary collisions, which then causes further collisions withsutistrate
atoms™ When these secondary collisions occur within roughly 5 A of the material
surface, they can impart enough energy to the atoms there to overcome their binding
energies and escape the surface. The sputter yield, defined as the numbsirates
atoms removed per incident ion, is a complex function that must generally be determined
experimentally* When the sputter yield is greater than unity, more material leaves the
substrate than is incident upon it, and effective ion milling canroccu

lon milling is effective on most surfaces, but has several drawbacks. lon
sputtered atoms can often redeposit on the surface, especially when deep structures such
as vias are being milled. This leads tehapedavitiesas sputtered material redejtes
on the structure’s sidewalls. Another drawback to ion milling is that the high doses and
heavy ions required both implant and damage the surface, saturating it with the incident
ion species and amorphizing the surface area around the beam. Usinta geacts
with the substrate in conjunction with an ion beam can provide better etch characteristics
at a lower ion dos& Instead of sputtering, the ion beam induces a chemical reaction
between the substrate and gas adsorbed on the surface, prodnantyced etching.
This technique shows enhanced etch characteristics for both silicon and gallium
arsenide?

lon implantation has been well understood for decades, with tables of ion
penetration range and lateral straggle readily available for marspecies and materials
of interest, at varying rang@s.The incident ions penetrate the crystal structure of the
substrate, causing damage within a certain distance of the surface. This damage can be

repairel through a thermal annealing process that provides enough energy to allow the
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crystal lattice to reform, at the same time also activating the dopant atoms as they become
incorporated into the semiconductor lattice.

Most broad beam ion implantation takdégsge at an angle of seven degrees
between the beam and thermal crystal symmetry axis of tkebstrate to minimize the
effects of beam channeling. Channeling occurs when the incident ions strike the
substrate parallel to a crystal plane and penetrageti¢han they otherwise would since
they can travel farther without collision. Research into channeling implantation into
silicon finds that channeling is maximized for low doses, while at doses higher than a
certain threshold dose, ion damage renderstinface of the substrate amorphous and
reduces any further channeling. For arsenic implantation into (100)Si, the threshold dose
is 3x 10" ions/cn?.*>!® The threshold dose ftighter boronionsinto (100)Si is 1&°
ions/cnf, since below this dose timplantation profile is little influenced by surface
damagé’ The channeling implantation range boron is much larger than that of arsenic,
reaching 0.44m at an implantation energy of only 20 Ke¥or FIB implantation, the
high beam current density rédisuin greater surface damage, and therefonesr
threshold dosewhich serveo reduce channeling.

Focused ion beam deposition relies on an adsorbed engetatlic precursor gas
on the silicon surface. When the ion beam scans over an area with adgwbe gas
dissociates and metal is deposited on the surface of the substrate. Ideally, the organic
components of the precursor gas will become volatile and leave pure metal behind as the
deposited material, but in practice this does not occur. Tpesded materials tend to be

amorphous, composed of the desired metal along with carbon, oxygen, and occasionally
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substrate materiaf The materials available for ieinduced deposition are limited by the
need for an appropriate precursor gas, but inoyade® platinum?®2° tungsterf and
silicon dioxide?

The rate of accretion for FiBeposited material depends not only on the
characteristics of the ion beam, but also on the pressure and flow rate ottireqre
gas. Focused ion beam deposition is further complicated by the fact that both the
substrate and the deposited material are subject to milling during deposition. If the gas
flow rate is too low to refresh the adsorbed precursor layer on the sasfa#aeacts,
there will be more undesirable milling, adversely impacting the deposition rate. A
detailed calculation of the atoms deposited per indicant ion, known as net yield, must
consider all these factot8?*#*

The semiconductor industry primarily uses focused ion beam systems to repair
and modify lithography masks, though FIBs find some use in microcircuit repair during
the research and design phase of a device. There is not much in the availahleeliter
concerning mask repair using focused ion beams. It is generally a simple process: excess
material defects are milled away, and insufficient material defects are filled through ion
assisted metal deposition. lon milling may be used to repair phiftsmasks as well,
though the ion radiation has the drawback of causing transmittance reduction in the
quartz material that compose the maSk3his can be resolved by using iassisted
etching using a much lowdoseshan ion milling, and hence farske transmittance
reduction to the quartz. Focused ion beam repair of stencil masks has also been
investigated® Since clear areas for a stencil mask are gaps in the mask, the challenge is

repairing insufficient material defects without a substrate oclwta deposit material.
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The repair is possible by building up a bridge of the deposited material across the gap,
though more work needs to be done to determine the feasibility of this process in industry
use.

The first attempts at circuit repair involvitige joining of conductors occurred
before the advent of iemduced metal deposition using orgametallic gasses. The
method developed by Musil and Melngdifi€ relies on ion milling a via through a
metaldielectricmetal layer system. The ion beanmllsiihrough the first metal layer and
the dielectric, stopping at the underlying layer. In one variant of the technique, the
sidewalls of the via are slanted, and evaporated metal is used to make a contact between
the two metal layers. In the second &atj the via is milled with vertical sidewalls and a
relatively high aspect ratio, then an area of the lower metal layer is sputtered away with
the ion beam. Due to the high aspect ratio, the sputtered metal redeposits on the
sidewalls of the via, conneaay the two metal layers. Obviously, the major drawback to
this technique is that it can only connect two vertically separated layers of metal, whereas
many circuitrewiring tasks require horizontal connection.

The main drawback to FIB modification angha& of IC devices is the low
writing speed of the beam, which results in a very low throughput. This low throughput
makes focused ion repair processes unsuitable for¢éaae modification and repair of
microchips. The procedure has found most ugbkarfield of microchip testing and
prototyping, where the long process time is not as much of a hindrance. Motorola has
used FIB repair to speed the design debug phase of its MC68040 microproteiser.
lifetime of FIB repairs to integrated circuits Hasen investigated to determine the

confidence with which FIB repairs may be used during the prototyping phase of a
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circuit®® The study, performed by Alcatel Telecom, focused on electromigration failure
in FIB-deposited metal. The authors found an awefidégtime for FIB repairs of several
months to several years, which is satisfactory for prototyping needs.

There is little in the literature directly concerning the creation of field effect
transistors using FIB processes. However, several devices éavenade using a mixed
processing approach that combines standard masked lithography with FIB technology to
dope the active area, or define the channel. One of the earliest examples of this was a
project at Hughes Research Laboratories using a focusée#on to implant the source,
drain, and channel of a MOSFET with a 90 k\PBion bean?* A layer of aluminum
was used to block out the heavier platinum ions, while allowing lighter boron ions to pass
through and dope the silicon substrate. The gatea@amact pads were defined by
conventional optical lithography. The electrical characteristics of thel&t#d device
in this case were similar to a comparable device made using a masked broad beam
implanter to dope the active area.

A second class of BEMOS experiments have used focused ion beams to modify
standard MOSFET designs to achieve enhanced performance. Researchers at Hitachi’s
Central Research Laboratory have fabricated enhancement MOSFETS using a focused
ion beam to implant an ultshort gée3%** Planar lithography was used to fabricate a
depletion mode MOSFET, with a thin implantetiype region as the conducting channel,
on ap-type substrate. Boron was then RiBplanted through the channel, forming a
shortp-type region and convertirthe device into an enhancement mode MOSFET with
an effective channel length defined by the width of the implanted region. ThislGB

device has slightly higher gain, and significantly improved sedraa breakdown
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voltage and shoithannel thresholdfiect when compared to a similar conventional

enhancement mode MOSFET.

11.3BASIC JUNCTION FIELD EFFECT TRANSISTOR THEORY

Field effect transistors are three terminal devices, where a voltage applied to the
third terminal, known as the gate, controls turrent through the first two, known as the
sourceand drain. In junction field effect transistors (JFETS), the control voltage
modulates the depletion regions formed from the intetfabeeerp-type andn-type
semiconductor regions. The extent ofsthelepletion regions controls the effective size
of a conducting channel between the source and drain, and thus changes the resistance of

the device. A detailed explanation of basic JFET characteristics follows.

Contact metal Oxide

qv

L p" Si: Gate

©
+

=)
+
'(_/’.

n Si: conducting channel

p Si: substrate

Figure 1: Crosssectional view of a planar-aFET.

The simplest planar JFET is shown pictoriafiyFigurel, and is denoted an
n-JFET due tahen-type conductinghannel. The basic structure is formed from an
epitaxiallygrownn-type silicon layerdepositedn ap-type silicon substrateln standard
JFET operation, the source is grounded\asithge is applied to the drain, causing

electron flow from the source to the drain, as current flows in the opposite direttien.
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source and drain regioase heavily doped’®i to ensure good electrical contact between
the metal and the channel, while the gate is heavily doped to create a larger depletion
region to control the channel. The doping may be accomplished through chemical vapor
deposition (CVD)r ion implantation, but in both cases thermal diffusion is used to drive
the dopant atoms deeper into the device. The oxide and metal regions are defined by
photolithography and grown through (CVD) and electbeam evaporation, respectively.

Finally, device isolation is achieved throudbepp-type implants.

0
B Si gate BB

T —— e ——————————

A
NS

X
[}

AN T N P R N R e s

t
n Si conducting channeli ‘L

p Si substrate

Figure 2: Crosssectionalview of JFET channel.

The region of interest for JFET analysis is the area just underneath the gate
implant. Figure2 shavs a simple model of the channel, with dimensions of interest
labeled, and depletion regions denoted by the shaded area. The length” afapedp
gate along the souraiain axis is denoted dy, and the distance between the gate and
the substrate is éhthickness. The extent of the depletion region into the chanrnej is
and the undepleted channel widthxjs The gate width, not shown, generally refers to
the dimension of the device perpendicular to the sedra® axis.

Three major approximati@must be made for the initial analysis of the device.

The first of these is the depletion region approximation. This assumes that the depletion
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regions around thpn-junction are completely devoid of carriers, and have with sharp
boundaries beyond whighe density of carriers is equal to the density of donor or
acceptor atoms in the material. The second approximation is thenguidsility
approximation, which means that number of carriers in any region of a semiconductor is
approximately equal to thrdopant atom concentration at that point. Therefore, the
semiconductor region may be assumed to be neutral with respect to charge. Finally there
is the gradual channel approximation, in which it is assumed that only electric fields
parallel to the vertial axis within the channel effect the depletion regions. In other
words, the assumption is that the field along the length of the channel from source to
drain is much less than the field perpendicular tgthginction.

The gradual channel approximatiallows the extent of the depletion region at
any point along the channel length to be treated as-diorensional problem.
Therefore, an analysis of the junction can be made and extrapolated to find the
characteristics of the device. When two diffélgdoped semiconductor regions come
into contact to form @n-junction, the electrons fromme n-type region will diffuse into
thep-type region. Likewise, holes will diffuse into theype region The diffused
carriers will combine with and neutraliige majority carriers in the regiotiuscreating
a spacecharge region depleted of carriers with uncompensated donor or acceptor ions in
the semiconductor lattice. These uncompensated ions will create an electric field across
the depletion region, whicbalances the diffusion across the junction. The extent of the
depletion regions at equilibrium is determined by the requirement that the electric force
balance diffusion, andy conservation of chargeSince depletion regions are almost

entirely devoidof carriers, almost no current flows through them.
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Analysis of thepn-junction begins with the ordimensional Poisson equation,

d’¢ dE
=g, —=p= -n+ N, —N
dX2 &y dX P q(p d a)
Here, #(X) is the electric potential as a function of positi(X) is the electric fieldgs

_gs

is thedielectricpermittivity within the semiconductpandq is the charge of an electron
The spaceharge density is the sum of the hole densjiythe electron density, the
atomic donor densiti{y, and the atomic acceptor dendity wheren andNy are
negative due to theharge of the electronwithin the depletion regionshe hole and
electron densities may be assumed to be zetbébdepletion approximation, leaving
=Nq in the channel, ang=Nj, in the gate.This simplification allowsntegration ofthe

Poisson equain over the depletion regions to determine an electric field of

E(x):—qu (x,—X), for 0<x<x,
&

S

and E(x):—qNa (x, +x), for —x, <x<0,
&

S
wherex, andx, are the boundaries of the depletion region in the gate andethann
respectively. Ak = 0, the requirement that the electric field be continuous leads to the
statement of charge conservatix,= Nqx,. This derivation also yields a potential

drop across the depletion region, called the ‘ifiotentialg:

wherek is Boltzmann’s constant, is the temperature, amgis the intrinsic carrier

concentration of the semiconductor. Finally, the total width of the depletion region is:
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1

2
xn+xp: 2& i i+i
q Na Nd

For the case of the simple JFERe theavily doped gate region implies that
Na>>Ng, SOXa>>X, and the extent of the depletion region into the channel can be
approximated as:

1
Xq =X, :[23@ LT
q Ny
A voltage applied to the gate disrupts this equilibritPositive voltage on the gate can
forward bias the junction, causing ohmic current flow if it is greater than the junction’s
built in voltage; JFETs are not usually operated with forward bias on theNggative
voltage on the" gate acts to reverse bias the junction. This and driveiers further
away from the junction and increases the depletion regthat with an applieghate
voltageVe:
N
s
i
This equation can be applied to the simple JFET model, so that &mpéiedgate
voltageV, the thickness of theoaducting channel under the gates t-x4(Ve).

Forverylow drainsource voltages, the conducting channel has an effdictess

resistancdR, given by:

_ L
I:'2Iin _pXWW

where the channel resistivity= (quNg)™, with 1 denoting the eleabn mobility within

22



the semiconductor. Thereforea smallvoltageVpsis appliedfrom the drainto source
(which is generally assumed groundeflp JFET the current through the channel is
given by:

_ QN
I DS — %X\NVDS

In terms of the built in andpplied voltages on the gate junction, this becomes:

w 2¢, 2
Ips = q,UnthT 1_{qut2 (¢| _VG):| DS

Whena significantvoltage is applied at the drain terminal, the resultant voltage drop
across the length of the channel can causdéhpketion region to vary along with the

voltage as shown irfrigure3.

Figure 3: Crosssectionalview of JFET channel with applied gate and drain voltage.

Using the gradual channel approximation, elk&ent of the depletion regi@t any point
alongthe channetan becalculatedas a function athe voltage on the gate and drain

with respect to the sourc&ince there are no sources or sinks of current along the
channel, the curremps must remain constant. Therefottee differential voltage drogg¢

will be equal tdpsdR. If the length dimension of the JFET is denoted,lthendy is
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the differential length element ade is given by:

| psdy

dg =
Vvq:unNd Xw(y)

The termx,(y) in this expression is the width of the conducting region as a funatio
distance along the channdl.is a function of the gate voltage as described above, with
an additional voltage term(y) thatarises from the voltage applied to the drain:

=t | 2 v, v ly)|

The entire expression can be integrated OuerlL in y, and 0 tdV/ps in to ¢ obtain:

1

2( 2¢. )2 3 3

I os = Go| Vs _g(qN—gstzj [(¢| -Ve +VDS)2 _(¢i _VG)Z}
d

In this equation, the ter@, corresponds to the conductance of the channel when

completely undepleted:
W
Go = Ay Nyt=~

For lowVps, thelps equation reduces to the expression previoustivddby assuming
only negligible voltage on the drain, and is linear: for any given gate voltage, the JFET
behaves like an ohmic resistor for very small voltages on the dhailarger voltages,
decreasing channel dimensiaraises theurrent to incease less than linearly with
voltage Finally, the channel will becom#epletedat one enésx, — 0 close to the

drain a condition known as pinetff. At this point electrons will continue to flow from

source down the mostly undepleted chanaetisweepthrough the pinchedff depletion
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regionto the drain due to the high electric fields acros&trther increasing the drain
voltage after pincloff causes only a greater voltage drop across the pirafhéepletion
region, so the current saturatgsa constant valuelhe saturation currehtsy is:

gN,t?
6¢e

V) 1-

lpse = Go

2 {285(44 ve)f

3| gNt?

S

Saturation occurs at the pinroff voltage,Vps:

_ gN,t?

VDSat 2 - (¢| _VG)'

S

Finally, the entire channel will be depleted for a sufficiently negative gate, and no current

will fl ow. This is the turoff voltage,Vr:

N, t?

Vi =¢ - 2

S
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Chapter I11: DEVICE FABRICATION

1.1 DESIGN

TheJFET design that was used in this project was chosen for simjlnzity
potential forcreationusing the tools at handhis transistor degn is unique because it
can be fabricated using only FIB technigu&be final design is showin Figure4. The
device is formed on a mesaeagitaxially deposited-type (100) silicon on top of silicon
dioxide with anisolated ptype base layer separating the twdhe source and drain
regions are defined by arsenic (As) impéditn and the gates by boron (B)
implantation Finally, FIB-deposited platinum lines and contact pads allow connection to

the device’s terminals

FIB-Pt w
A

/ )
o Gate n" Drain
\ Wl
\
9 I'd
| n-S channel /ﬂ L L
n" Source

p-Si base layer

-

Figure 4: Diagram of masklesslanarFIB-JFET.

The FIB-implantation of the gate determines the channel leingifiowing

precise control over this dimensioRor the devicediagrammed abové isone
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micrometer This gate dimension alws for a device that exhibits shahiannel effects
without being dominated by thenThe range ofhe ptype dopant into the silicon
determines the effective channel thickngssd is a function of the beam energy and the
ion species usedrhe physichlength and width of thactive areal,; andW
respectivelyare roughlyninetymicrometes. The source and drain areas ninety
micrometes wide by thirtymicrometes long though in some devices thaselonger to

cut down on channel resistancEhe gate spatr, fiftynicrometes long and roughly
twentymicrometes wide, serves to isolate the gate contact implant from the source and
drain implants.A two hundred angstrom layer of thermal silicon dioxide covers the
active area, save for three widawvito allow contact with the metallization. Finallsicke
platinum contact pad gpproximately asquare fiftymicrometes on each sideThe

contact pads areonnected to the device terminal dglightly thinnerplatinumarea

shown smaller than actusikze inFigure4 for clarity.

The physical dimensions of the mesa used in this design are large, especially
when compared to treulmicrometerdimensions that are currently standard in industry.
Ideally, the total device length woutbd smallin comparison to the device widtin order
to minimize the extra resistance found in series witlchiamnel. FIB-deposited
platinum, however, requires a large contact area to obtain reasonable contact resistances
to the heavily doped silicon #te source and drain terminaldsing a larger mesa size
also eliminates much of the potential error associated with aligning the sample in the FIB
systems so that only the desired area is exposed during each step. This equates to a
higher yield in a pycess that is intrinsically slow. Therefore, a larger mesa size is a

worthwhile tradeoff, especially since the gate is directly written by the FIB. Therefore,
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the active area of the device is controllable, and can be made as small asdésgired
thelarge mesa size.

An alternate JFET configuration is worth mentioninthe lateral FIBIFET,
shownin Figure5. This device is similar to the JFET kigure4, except that there are
two gate teminals, and the depletion regions pirafiithe channel parallel to the length
of the channel. In this configuration, the focused ion beé@ectly controls the extent of
the gates into the channel. This is the main advantage of the latet#FEIB tha

theoretically it can be directly tailored for any gate configuration.

As' Source, Drain
Bulk n-Si on SiQ

FIB-Deposite(

B* Gates

Figure 5: Diagram ofmasklessateral FIBJFET.

Achieving this precise gate tailoring is difficult in practice, however, due to the
nonuniform implantatioprofile of accelerated ions into materialBhermaldiffusion
caneven out theepthprofile, but wouldalsodiffuse out the preciggimplantedlateral
profile as well. Using multiple exposures at varying ion energies to achieve a more
uniform range prfile is not practical, ashanging the energy offdB column

necessitateefocusingand sample realignmenPlacingtwo ion implantsat differing

28



energiego within the sulmicrometertolerances required by the gate is passible with
the equipment avable. Finally, a channel thin enough to see a roughly uniform ion
dose from a single implant would be subject to modulation by the interfaces with the
oxide at the top of the channel, and thigye layer at the bottom. For these reasties,
several &teral JFETSs fabricated for this project did not warrkg the design was

abandonedh favor ofthe planar JFET structure.

111.2 FABRICATION PROCESS

The JFET devices were built on silicon on insulator (SOI) chips, which
incorporate a layer of silicon diade buried under the surface of the siliceafer to
enhance device isolatioi.his buried oxide layers created by implantatiao drive in
the oxygen and damage the silicon crystalline lattBésequenheating to anneal out
the damag@éncorporateshe oxygen into the lattice afokms silicon dioxice beneath the
surface The reformedsilicon surface layer is crystalline, but of relatively poor quality
due to the previous damage and heating. Therefarew silicon layeis epitaxially
grown on thesurface with the desired resistivity for device fabrication. The SOI wafer
for this project was purchasedefabricated. Thdase wafer was lightlgoped ptype
silicon with <100> orientation and a resistivity o-20Q-cm, with a four inch diameter.
The buried oxide was 3750thick undereath 1900 A of reformed-$i. Finally, 4000 A
of epitaxiallygrown ntype Si <100> were grown on the surface, with a resistivity of
0.08Q-cm. Once the wafers were obtained, they were broken into smaller clajewo
for multiple experimental runs and process tests with a limited number of purchased SOI

wafers.
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Thechipswerecleanedorior to processingy immersion in piranha etch, a 5:1
mixture of sulfuric acid (K50y) and hydrogen peroxide (70%®%t in wate). Afterten
minutesin the piranha to clean trace metals and organic redigeiehips werainsed in
deionized (DI) waterdipped in hydrofluoric acid (HF) for five seconds to remove any
native oxide, then rinsed in DI water agaifhis piranha etclsithe standard cleaning
procedure used throughout the fabrication process until the metallization was complete.

The first step in the fabrication procesas definition othe silicon mesa for the
active area of the device. This was accomplished thraugyentionalphotolithography
rather than FIB lithography, to simplify the proces®cused ion lithography is a well
studied process, but generally requires a complex-teuki resist structure or a source
of light ions such as hydrogen or heliuneitrer of which were available for this work
An available mask setith an appropriate pattemas used to define the active area
Etching was performelly immersion in polySi etchanta mixture of nitric acid (HNg),
deionized water (FD), and hydrofluog acid (HF) in a 64:33:3 ratid?oly-Si etchant
was preferred over a more directional reactive ion etch (RIE), as wet etching results in
sloping sidewalls for the features formed. Tihisurn allows for directional focused ion
implantation of the entireidewall which is crucial for later making contact to the aasa,
the metallization must make contact to only the implanted region. Tilistsatedin

Figure6.
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Metal contact shostircuits Metal contact connects
]
p* Si gate p" Si gate
n-Si channel / n-Si channel
——
SiO, SiO

RIE defined straight sidewalls ~ Wet etch defined sloping sidewalls

Figure 6: Straight vs. sloping sidewalls for contacts

After mesa definitiontapid thermabxidation(RTO) was used to thermally
deposit200 A of SiQ on thesurface of the mesalrhe samples wewrguickly brought to
775°C in an oxygen environment ugia quartz lamp oven, and held at that temperature
for 30 seconds to allow the oven to stabilize. The temperature was then rdi$26°©©
at a rate of 60C per seconcandkept in a constant flow afxygenat atmospheric
pressurdor 15 minutesfollowed bya slight cooldown andfifty seconds of annealing in
a nitrogen environment at 1050. The samples were then allowed to cool normally to
room temperature in a flow of nitrogen at atmospheric pressure, a process which took
fifty minutes. This proess forns the oxide layer andonsumesipproximatel\88 A of
silicon fromthe surfacef the mesa. The thermal oxide growth is omnidirectional, so the
oxide covers the mesa sidewalls as well. The oxide serefisiiaate conduction paths
along the surfee of the device, and keep the gate isolated from the source and drain.
Additionally, the process also causes diffusion in the active area, where donor atoms
from the more heavily doped$i epitaxial layer spread into the lightly dope&idayer
and ovecompensate the acceptors there, turning the entire active-giga. n

After oxidation, the mesa waeady for ion implantatiom a 150 kV FIB
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implanterbuilt by Nanofab This systems compatiblewith a variety of liquid metal ion
sources, allowing fooperation with a variety of ion species. The LMIS used for this
project contaiad an allgy of arsenig¢palladium,andboron(As/Pd/B) It was run with a
heater current of 3 A, and an extraction voltage of 10 kV to achieve optimal emission.
TheAs/Pd/BLMIS emits boron (B) andarsenic (A$), which can act as electron
acceptors and donors, respectively, when placed into a silicon crystal |agicds
emitted, but not with enough beam current to dope the source and drain areas in a
reasonabléime. Other emitted ion species contain palladium, and so are not suitable for
silicon doping. The FIB column contains arBEEmasdilter thatallows implantation of
the substrate by a single ion species, as undesirable species are filtered out.

Thechip to beprocessed was mounted on aisizh silicon dummy wafer, which
fits into aremovablealuminumpalletdesignedor the Nanofab FIB This palleiocks
onto astagewithin the implanter, which is driven by piezoelectric motors. The stage
position, measurehlly laser interferometrys controllableto within fifty nanometers
under optimum conditionsSince the Nanofab does not have the ability to rotate either
the stage or the focused ion beam, axial alignment to the stage must be performed
manually during th mounting process, to a high a degree of precision as possible. An
optical microscope was used to align the sample to two cross oradgposite sides of
the stage, FIBnilled at the same-position as measured by the laser interferometers.
The sampleotation with respect to the stage after this alignment procedure was less than
0.04 degreesOnce the sample was aligned and inserted into the FIB system, a few of the
patterned areas were designated as test areas, and FIB foragedsurement purposes
The imaging dose is greater than the dose usually used for implantation, so simply using
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the FIB to look at a semiconductor device rutng~or this reason, a few test areas were
sacrificed for insitu measurement tiie precise distance between theaato be
patterned and identifiable alignment markers sogabyon each area.

Fordevice implantationthe local alignment marks were found via imaging, then
the stage waklindly movedto the active areal hedopant ionsvere implanted through
the oxde grown previouy, which serve to scatter the incident ions somewhat and
reduce channelingThe source and drain regions were implanted Aéfhaccelerated
through120 K/, at a dose of & 10" ions per cth  The high accelerating voltagerved
to drive the ions deeply into the channahd the high dose served to ensure that the
source and drain regions would be stronglpfter thermal annealingrhe gate was
implanted with 10 kV Bions,with dose from 1 to 10° ions per cri Since boron
ions have a much lower atomic weight than arsenic ionddptver acceleration
energywas sufficient to drive the boron ions deep enough to form a conducting channel
an appropriate distance into the silicon for transistor operafibe.dose was variedif
different devices tachievedifferent junction depths; higher doses result in higher
concentrations of borameep within the channel, and therefore a deeper metallurgical
junction. Varying the implantation energy is a more direct way of controllag th
implantation ion range and therefore the junctiepth. The FIB implanter cannot vary
ion energy while the ion beam is in usavever andthis technique ishus unsuitable for
devices where the dopimtepthprofile varies along the length of the chahn

After implantationthechips were cleaned again atiie dgantatoms activated
by rapid thermal annealin@®TA), in the same oven used to grow the oxidihis was
done by heating to 110C for ten seconds, in a nitrogen environmenhis is sufficient
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to reform the crystal lattice and incorporate the implanted donor and acceptor ions, but
not long enough to cause much significant diffusibimited diffusion is necessary to
keep the implanted gate region from spreading too muchkestdying the conducting
channel below the gate. The ten secandealingcauss the implantedorongate
profile to spreadpproximately onégenthof amicrometey which isacceptable. Arsenic
has a much lower diffusivity, and therefore the source and drain profiles change very
little during annealing.

The final major step in the fabrication process was metallizatigorovide
contacts from the device to a neegitebe stdon for testing. This was accomplished
using FIBinduced platinum depositioty make the contact pads and connect them to the
active area of the devicd®ue to the size of the needle probes, the contact pads needed to
be at least fiftymicrometes on aside, which requires a substantial amount of-FIB
deposited material to produc&heFIB metaldeposition proces®gsults inexposure of
the surrounding areas to the beaaysingdamage and implantatiaf gallium ions
Therefore, the active device asaaust be protectatliring metallization.

Protection of the active areasms accomplished by spinning Shipley 1813
photoresist over the chip, at a speed of 3000tmpproduce a layer 1.88n thick. The
resist wapre-baked at 100C for one minute, theexposed iroctagonal patterns 1Q0n
wide using a Leitz optical microscopecused at high magnification to illuminaad
expose the contract aréa three minutesUltraviolet filterswereremovedrom the
microscope during this proceduceallow ful spectrum illumination of the resist. The
resist was developed by immersion in Shipley 352 developentominutethen hard

baked for ten minutes at 120, which reduced the photoresist thickness tquin7
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With the photoresist layer in place, tHegwasgiven a ten second.,@lasma cleaning to
remove organic residue on the exposed surfdloen dipped in HF for 25 seconds to
strip the 200 A of thermal oxide on the surfaddetallization was done ia Dual Beam
620 FIBSEM (scanning electron migscopy)system made for microiccuit imaging and
repair through milling and metal deposition. A 30 kV' @m beam was used to induce
platinum depositionwith a beam current of 1000 pA, a dwell time of @s2and a50%
overlap betweedwell points. The approximate pattern diaeeach contact padas 60
um by 60um, andthe FIBtook 40 minutes to deposit to a nominal thickness of @25
The precursocompoundused was (trimethynethlcyclopentalienylplatinum
((CHg)3(CH3CsH4)Pt), heated to 39C to vaporize it into a gaseous staifter
deposition of all contactsas complete, the resist was stripped in acetone, and the chip
heated to 400C for 20 minutesn H,N, forming gas. This forming gas steprvedo
both sinter the platinum contacts apdssivate the siliceoxide interface.A SEM image
of the finished device is shovim

Figure 7, with a reference bar at the bottom to indicate scCHhe imaging beam
was accelerated @0 kV, and had a current of 84 pAhe overall image is dark due to
the thermal oxide covering the surface of the device, wtoalrasts poorly with the
buried oxide layer the device is fabricated on. Silicon dioxide, as an insukda,low
secondsey electron emission ratghich makes it appear dark to SEM imagifidne three
bright rectangular areas are the fl8posited platinum contact padghe lighter
octagonal areaaround thenare where the oxide was etched away to allow the platinum
to contct to the source, gate, and drain termindlse silicon mesa upon that serves as

the active area of the devievisible due to the relatively high voltage used: 20 kv
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electrons are energetic enough to penetrate the surface oxide and generate secondary
electrons from the silicon underneaftfihe mesa outline has been highlighted in the

SEM image by a dashed line, for clarity.

Figure7: Top-downSEM image of planar FIBFETdenoting mesa dimensions.
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[11.3FABRICATION PROCESSILLUSTRATED

This section presents the previously described fabrication process in a visual
format for purposes of illustrationThe dimensions ifigure8 to Figurel4 are not to

scale.

SOl wafer as pul@ased on standard 4:%i wafer

n-type silicon, Mo = 1.13x 1%’ ions/cn® 4000 A

Silicon dioxide 4000 A
L LU
Figure 8: Cross sectional view @Olwafer as purchased.

Mesa definition by conventional lithography and pSiywet etch

n-Si

[T
SiO;

L

Figure 9: Crosssection of wafer after mesa definition
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Rapid thermal oxidation to grow surface oxide, and dopant diffusion
15 minutes at 1125 °C; 200 A Sigrown on exposed Si surfaces
IEENNNNNNNRNNNN AR NN NN NN NN AN NN NNNANRNNRNNNNRRRREEREE

n-Si 5800 A

[T
SiO
L
Figure 10: Crosssection of wafer after rapid thermal oxidation

Source, gate, and drain regions doped via patterned FIB implantation,

120 kV
10 kV B' 120 kV

n-Si

[T
Sio,
LI
Figure 11: Cross section of wafer during focused ion beam implantation
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Rapid thermal annealing to activate and diffuse dopant atoms
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n'Si n'Si
p’'Si

n-Si

[T
SiO;
LT
Figure 12: Cross sectional view of wafer after rapid thermal annealing

Optical microscope lithography to define contact areas for metallization

[ENNRRENRNNANNNRARNNNEED]] T TIOIT
n'Si n'Si
p'Si

n-Si

[T
SiO,
L
Figure 13: Cross section of wafer with ctatt areas exposed for metallization

FIB-induced Pt deposition with 30 kV Gheam to create

n-Si

TILLLLLLLLL
SiO,
L
Figure 14: Cross section of finished JFET after Hi¢luced Pt deposition
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Chapter IV: PROCESS CHARACTERIZATION

V.1 FOCUSED ION IMPLANTATION

It is importantto knowthe concentration profilefamplanted ion species as a
function of deptHor a given implantation energgnd a variety of models have been
constructed to enable the semiconductor industry to do justfthescritical dimension
in FIB implantation of a planar-8FET is the pgae. Theextent of the dped region
must be such that a conducting chamielndepleted 1type siliconexists under the gate
for zerogate bias. At the same time, {hrejunction created needs to be deep enough that
the conducting channel can be cut offtbe depletion regions for a reasonable voltage
applied to the gateThis creates a need for very precise control of the rangdaaedof
theimplantedgateions. In contrast, e depth of the source and drain impédioin does
not need to be as caréfucontrolledas that of thgate though thelopans must be
concentrate@nough tensure that the metallization contact region is strondyype.
Increasing implant depth and dopant concentration does reduce the device resistance in
series with theltannel, however, which improvédsET performance.

Thepathof an ion through solid matter is determined bgdhlisionswith the
electrons and nuclei in theedium, referred to as electronic and nuclear stopping
respectively.Inelastic éectroncollisions serve to slow the incident ions without
changing their direction of motionCollisions with the atomic nucl@ccur at low
energies antend to be elasticcatteing the ions in different directionsThe stopping
interactions are stochastic in natusdich makes the path and endpoint of any single ion

impossible to determine. Due to the extremely langmberof ions involved in FIB
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processes, however, statistical methods can be used to moaelshprobable
implantation profile over a large nunb& incident ions.

One of the firscomprehensivettempts to modamplantationusing the above
conceptss known as LSS theory, after its creators Lindh&aharff, and Schioft.LSS
theoryassumes thahé target material is amorphous and that#ythprofile of
implanted ions into a material can be described as a Gafissaion with a mean range
and a standard deviation about that rarféer. the projected randg® and the standard

deviation abouttite ranger,, the Gaussian functiowith peak concentratiofgis:

f(x)=f, ex;{— W}

20'p

Tables of these variables have been calculasety LSS theory, and are published as a
function of ion species, ion energy, and substrate material. For borok\atritd
silicon, theR, is 340A and thes, is 210 A. For 120 kV arsenic into silicon, ranBgis

680A ando, is 280A. Gaussiarfunctiors with these parameters are showFRigure15.
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lon Implantation by LSS Theory
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Figure 15: LSSderived Gaussian functions of boron and arsenic implantation.

Numerical methods are used to obtain higher accuracy in ion implantation
simulations. The Monte Carlo methsithulateson trajectoriegshrough the target
materia) with calculatedchanges in engy and direction brought about by collisions.
Largenumbersof Monte Carlo generated trajectories are ttuealed to model a
complete implantation profile faons of a given energy and species into a target. These
profilescanbefairly accurately degibed byPearson IV distributions, which are like
Gaussias butasymmetricespecially at high energie$n addition to range and
deviation, the Pearson IV distribution is also described by parameters for skewndss
kurtosisp, whichis a measure dhe distribution’s flathessTheequation for a Pearson

IV distribution is**

_ 1 ) bibt2h o 2bsth
f(S)—foeX 2—bz|n(bo+b15+bzs) \/4b0b2—b12 tan (\/4bob2—b12J
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where
s=X-R,,
by =-c2(48-3/2)/ A,
b, =—yo,(5+3)/ A,
b, =—(28-3/2-6)/ A, and
A=108-12/%-18.

These parameters wecalculated for boron and arsenic implantation into silicon
for theenergieaused in the fabrication process. Fifty thousand ion trajectories were
simulated and analyzading a program called SRIM (Stopgiand Range of lons in
Matter)>® The SRIM calclated Pearson IV parameters for 10 keV boron and 120 keV
arsenic implantation into silicon asemmarized belown Tablel. Similar calculations
were performed for silicon capped with a 200 A layer of silicon dioxide, and thoses result

are included. The calculated implantation profiles are showigure16 andFigurel?.

lon Species O(;i\;ie R(quge De\(/'i&a;tion Skewness| Kurtosis
10 kV B 0 422 191 0.121 256
10 kV B 200 420 192 0.128 2.50

120 kV AS 0 832 274 0.098 246

120 kV AS 200 823 266 0.181 249

Table 1: SRIM calculated ion range dafar implantation
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Figure 16: Boron implantaion profiles at 10 kV intoisibn calculated by SRIM
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Figure 17: Arsenic implantaion profiles at 10 kV into silicon calculated by SRIM.

Both LSS theoryandthe above SRIM Monte Carlo calculaticesssume that the
target material is amorphouSemiconductor grde slicon is crystalline, however, and
ion implantatiorthat isparallel tocertain crystal orientations will experience far less
scattering than it otherwise might in an amorphous tarfeis will result in deeper

penetration of the implanted ions irttee substra when channeling is a factor.

High ion dosegapproximately 18 ions/cnf for silicon) can damage the

44



crystalline structure of the substratafaceenough to turn it amorphoughichaffect
further implantation by reducing channeling§o awid these complications,ast ion
implantationis performed with an angle of seven degrees betwedyetima and the
vector normal to the surface of the substrate. This angle is sufficient to ensure minimal

channeling and therefore implantation very simitathe case of an amorphous substrate.

The ion implanter used in this project does not have inherent séithple
capability, however, so ion channeling must be taken into account when modeling the
range of the dopant ions usedhannelingcan be benefial, in that it allows ions to be
placed deeper o the substratand with a greater range deviatitvan would otherwise
be possible at a given energy, without requiring a long thermal diffuSioa.
channelingenhanced profile is preferable to one aid by simply using higher
acceleration energies because more of the dopants remain near the surface, which must be

strongly doped to provide a good contact.

To accuratelymodel the profile of thehanneledon implantation,a Monte Carlo
programcalledCrystatTRIM was used® CrystalTRIM calculations include effects due
to the crystal structure, such as channeling and sulttaoage. Several calculations
using this program were run to simulatglantation profils for various ion acceleration
energis, which were then compared. This is how 10 kV was chosen for the gate boron
implantationenergy The results fothese calculations aggvenin Table2, andFigures
Figurel8, Figurel9, andFigure20. Theinput parameters to Cryst@RIM are given in
AppendixA.l. The silicon/oxide interface is shown as a black line at 200 A on those

charts where implantian was done through SyOSimulationsfor boron were done with
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and without the 200 A oxide layer, and at doses &fd6d 16° ions per crh The

arsenic implantation was simulated with and without the oxide layer, at a constant dose of
2 x 10" ions pe cn?. Channeling effectseen in the long tail to the distribution, are

clearly visible for lowdose boron implantation without oxidés expected, channeling

is not as much of an issue with implantation through oxide, or with high doses where the

ionsdamage thsurface of the silicon.

lon Species Dose Oxide Range Deviation Skewness Kurtosis
P (onsfend) | (A) (R) (A) \
10 kVB* 10* 0 1067 528 0.164 2.16
10 kVB* 10* 200 430 233 1.24 6.60
10 kVB* 107 0 837 440 0.690 3.10
10 kVB* 107 200 422 213 1.04 6.05
120 kVAs' | 2x 10" 0 865 358 1.68 11.9
120 kVAs" | 2x10% 200 815 289 0.765 5.61

Table2: CrystatTRIM calculated ion range datar implantation

10kV B into Si, 1e14 ion/cm” 2 10kV B intoSi, 1e14 ion/cm” 2 with
1E+21 — 200 A SiO2 ower layer
& 1E+20 & 1E+20
E 1E+19] T 1E+19 |
3 1E+1842i ™ - 1E+181
) 1E+17 \ .S 1E+17
< 1E+16- 3 < 1E+16
< 1E+15- i 2 1E+15 3\
1E+14 ‘ s 1E+14 ‘ %
0 1000 2000 3000 0 1000 2000  300(
Depth (A) Depth (A)

Figure 18:; Boron implantation into Si, at 1@k and 1&*ion/cn?, calculated by
CrystatTRIM

46



NA (ions/cn3)

10kV B intoSi, 1el5ion/cm* 2
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Figure 19: Boronimplantation intaSi, at 10 keV and #®ion/cn?, calculated by Crystal

TRIM
120 kV Asinto Si, 2el5 ion/cm* 2 120 kV Asinto Si, 2e15ion/cm" 2

1E+21 1E+2v%th 200 A SiO2 overlayer
) 1E+20 & 1E+201 F' 3
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Figure 20: Arsenic implantation into Si, at 120 keV and 20t*ion/cn?, calculated by
CrystatTRIM

V.2 THERMAL ANNEALING

Thermal annealing to activate the implanted ions will cause the dopant

distribution to smooth out and spread slightBue to the extremely shdneating period

used in RTAthe dopant spreadill be on the sulmicrometerscalefor boron, which is a

relatively fast diffuser in siliconThis is sufficient to impact thgatedopant depth profile

considerably and must be taken into account during device simulatoamrectly

calculate the extérof the depletion region under the gafalditionally, the RTO process



used to form the surface oxide on the device will cause diffusion between the
phosphorousloped epitaxial layeand the underlying-®i layer, and this must be
accounted for as well.
Three equations aresed to describe the annealing and diffusion process in

silicon®” The first is the Poisson equation in three dimensions,

V-(g E):q(p—n+ N} - N;\)
where E is the vectoelectric field as a function of position in three dimensions,saad
the dielectric permittivity, which is not necessarily a constant. Second, a flux equation
can bewritten for each diffusing speci@s the materialincluding not only donor and
acceptor atoms but also interstitaid vacancy defects created by i@ameége during
implantation. For each species denoted by a substripevector particle fluxJ; is
given by:

ji =-D,VS +Zi,uiSI§
In this equationD; andS are the concentration and diffusivity of each species,
respectively, whilg; is the chargstate ang; is again the fieldlependent mobility.
Finally, conservation of mass requires a continuity equation for all spedilkeshe

generatiorrecombination rate given If;:
i

§+V'ji =G
ot

Simulation of dopant diffusion for the maskleE&£J was done usingSuprem4,
an update ofhe Stanford SUPREM prograth.The wafer as purchased had a 4000 A

epitaxialn-typelayer on the surface, with a concentratiéri.13x 10" cm®

48



phosphorous ions. The layer undernésthoron doped with a coneeation of 9x 10"
cm?®, separated from the bulk of the wafer by 3750 A of silicon dioxide rapid

thermal oxidation step fifteen minutes at 112%C to grow silicon dioxide- also causes
the phosphorous doparntsthe epitaxially deposited-8i layer to diffusento the lightly
doped underlying4si region This has the effect of obliteratinget ptype region and
making the entire surface layer above the oxitlgpe TSuprem4 was used to simulate
thediffusion of phosphorous throughout these three regmms the results are shown
Figure21, with the original distribtion given by the dotted line, and the diffused profile
in a solid line. The dotted vertical line at 0459 is the silicon / oxide interfacelhe

input file used in TSuprem4 is given in Appenéix.

TMA TSUPREM-4 (200 .45)

18 L ! ! L | ! L L L | L L L ! | L L ! ! 1 L ! L L 1 L ! ! L 1 ! !

T !

16 4

logl@ fabs (phos)

15 4

1 3 — — — —
2.0 p.10 a.za B.32 B.4@ B.58 0.60
Oistance (microns)

Figure 21: Phosphorous dopant profile before and after oxidation diffusion.

The phosphorous diffusion witivercompensat®r theaccetors in thdightly doped
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boron region just above the oxide, resulting in a complet&paactive area prior to ion
implantation.

Diffusion modeling wasised tosimulate the dopant profiles of the gate and
source/drain regions after thetivation anealing,which wasl10 seconslat 1100°C.
The final dopant profiles in the active area determine the series resistance of the device,
as well as thextentof the depletion regionnder the gate. The calculated dopant
profiles before and after rapid thermal annealing are showigures Figure22 and
Figure23. In each grapkhe original profiledenoted by a dashed line, and the final
profile is denoted by a solid linefFor thegateimplantation, thebsolute value of the
difference between the bar@nd backgrounghosphorousoncentration is plotted
showing theconcentration of fixedlonor and acceptor ions as a function of distance
under the gateThe dip in the profile is the metallurgical junction, where the donor and
aceeptor concentrations are equal to one anotBeron diffuses rapidly in silicon,
causing the junction to shift farther from the surfaceais effect is seen for the profiles
implanted at a dose of ¥ons/cnf and 16° ions/cnf. The junction for the @
ions/cnf profile is 0.156 um below the surface, while the junction for the more heavily

doped 16 ions/cnf profile is at 0.185 pm.
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Figure 22: Boron profile for 16* ion/cnf implantation before and after RTA
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Figure 23: Boron profile for 1&° ion/cnf implantation before and after RTA.
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Thearsenic implantation profiles ashownin Figure24, with the arsenic concentration
added to the background phosphorous canagon to give the total donor ion
concentration.Arsenicis a slow diffuser in silicon compared to born, so there is less
change in the dopant profile after annealifgne most important aspect of the simulation
results is the high concentrationddors near the surface of the silicon layer, which
insures that the surface is strongfysilicon. Thisis critical for assuring good ohmic

contact betweerhe active area and the metallization.

TMA TSUFPREM-4 (2002 .45)

=31

=

Logl@ (ab= (hrsenictPhos))
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Figure 24: Arsenicprofile for 1015ion/cm2 implantation before and after RTA.

IV.3METALLIZATION

The properties of the FHeposited platinummust be known to accurately predict
the properties of the final device. The tfilm resistivity and contact resistancé the

material determinéhe series resistancdded to the device due to the contacts.
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Characterization of the platinum / silicon interface at the surface of the megerial
especially importantas the device will not function if the metalicon junction forms a
rectifying cantact instead of an ohmic one.

Published values for the resistivity BIB-deposited platinunaary over an order
of magnitude fron¥0 to 700uQ2-cm, highly dependent obeam current andeposition
parameters such as background pressure and gas flof*Pateherefore, theesistances
have beemeasure@mpiricallyfor the FIB-deposited platinum produced by the
equipment used to make the contact padse resistivity of thaleposited platinum was
determined by a standard fgpoint prdoe meastement which allows resistivity
measurements withbthe resistance of the probe wires or contaffexting the result.

A four inch ptype silicon wafer with (100) orientation and 6000 A of thermally grown
SiO, on the surface washosen for the substrat&lominally 5000 A of aluminum was
electronbean evaporated onto the gace, and patterned wittptical lithography and

wet aluminumetchant The fourpoint measurement fiarn consists of four contact pads

and connecting spars arranged as shiovidigure 25.

W W

I+ I_
l#— 198 pm —»|

Figure 25: Four point resistance measurement pattern

In a fourpoint measurement,setcurrent is driveracross the two entbntacs. The two
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top contacts are used teasure the voltage drgponga specific length of the main spar.
With the voltagecurrent, and dinresions of the spar known, the metal resistivity can be
calculated.

The aluminum line wak =198um long,w =7 pm wide and = 0.57 um thick,
with a four pointresistance oR =2.47Q. The thinfilm resistivity of the evaporated
aluminum is them=Rwt/L, or 357 uQ-cm. Theplatinum’sresistivity wasdetermined by
milling away 30um of aluminumreplacing it with a strip of FIRleposited platinum and
then remeasuring the fodpoint resisanceof the entire sparThe deposited platimu
strip was 8 um long andb pm wide, with a bit extra on each end to overlap the
aluminum and ensure good electrical contact between the two mat&halfieight of
the deposited platinum was 0.66 as measured by surface profilomet&€he total
modified sparesistance wa$8.9Q, of which 2.1 was due to the remaining 1661 of
aluminum Assuming negligible contact resistance between the platinum and aluminum
lengths theresistance of the deposited platinum line is IB@hdthe resistivityis
therefore 1851Q-cm.

The contact resistance of the FIB deposited platinum to silicon was determined
experimentally as well; these results have been presented at the 2001 EIPBN conference
and published® For most metals deposited onto silicon, the typepafact depends
more on the semiconductor doping than the metal used, due to Fermi level pinning at the
silicon surface. Conventionally deposited metal contacts th png i doped silicon
are generally ohmic, and contacts ttype silicon tend to beectifying.

The first step in this experiment was determirtimg nature othe contact
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between the FIB deposited material and the silicon substrate. This was a fairly
straightforward test, done by depositing metal contacts with known properties onto
variously doped silicon wafers with <100> orientation, dhwdting FIB-metal contacts
150um away onto areas of bare silicon, and measuring the voltage drop as a function of
current. The control metal was aluminum alloyed with 1% silicon by weight, vigich
known to provide a rectifying contact tetype silicon, and a lowesistivity ohmic
contact to silicon otherwise. The wafers used had the doping &f1‘8 cm® for the n
Si, 3.2x 10" cm* for the pSi, and 1.7 10" cm® for the g-Si. The A wafer was made
by using phosphorotigfused spiron glass to dope atype wafer, and had a surface
dopant concentration of roughly?@ni® after drivein diffusion. Thecurrentvoltage
(IV) curves between the aluminum and FIB contacts were meastoed aed after
sintering, which was performed at 4900 for 20 minutes, in an Nenvironment. The
contacts to f5i were conducting but not ohmic before and after sintering, while the
contacts to #8i were either rectifying or did not conduct at alhep’-Si contacts were
found to be ohmic before and after sintering, while th8ircontacts were
nonconducting prior to sintering, but ohmic afterwards.

A more thorough investigation of contact resistance was performed for émeln
p" doped Si wafersvhich are the only two cases directly applicable to the JFET design
in this project Such heavily doped regions make for very low resistance tunneling
contacts, and as such are expected to be ohmic. The silicon wafers for this experiment
were manually clead into chips 1 cm wide and 5 cm long. The chips were cleaned with

piranha etchant for ten minutes, then given a 30 second dip in HF to remove all traces of
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organic residue and oxide from the surface. A series ohidEal contact pads in either
platinumor tungsten was then deposited on the chips in two lines parallel to their long
dimension. Each pad was B long by 75um wide, nominally 0.um thick, and 5

mm apart from the others of its type. After metal deposition, each chip was sintered for
20 minutes in an environment of,N, forming gas, at 400C. The slope of the IV curve
between each platinum contact was measured, and plotted as a function of the distance

between the contacts testethese plots are shovimFigure26.
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Figure 26: Total resistance d?t contacts an&i along a silicon strip for’nand g Si.

The total resistance between two FIB deposited contactfyadthe sum of the

silicon resistanc®s and the resistance from the consdct the siliconR:/ A, the contact

resistance divided by the area of the contacts. Since all the contact pads are deposited

with the same area and under similar conditi®asandA can be assumed to be constant

Rs, by contrast, should to first ordeary linearly with the distance between the contact

pads, for distances that are large compared to the dimensions of the pads and comparable

to the width of the chip. Therefore, a linear regression analysis was performed on the

data, and the beft line determined. If it is assumed tliigtgoes to zero as the distance



between the contact pads goes to zero, then-thiercept of the bedtt line will
correspond t&: / A, which can be multiplied b to yield simplyRc. The slope
corresponds t&s, which should only depend on the substrate and not the contacts used.

The data is presented Tiable3.

Contacts | Erroriny Slope Y-intercept Rc

Q) (Q / mm) Q) (x10° Q cnf)
Ptto i Si 95.1 6.14+ 3.16 | 326.1+64.5 9.17+1.82
Ptto p’ Si 46.9 1.98+1.30 | 320.8+28.9 9.02+1.32

Table 3: Measured contact resistance data for-Béposited Pt

There is a large variation in the resistance from point to point for all the data sets,
suggesting that the contaesistance of any one deposited pad can vary substantially; the
calculated error for each data point was as large ag85Though the variation is large
there is an overalineartrend in the datéor both data sets. Thadlowsdetermination of
Rc to within a calculated errorThe calculated contact resistance in both cases is high,
roughly 10° Q-cn?. This is two orders of magnitude higher thiaa contact resistance of
for Al-Si alloy contacts to similarly doped silic6h.One possible explanatidor the
relatively high resistance of the platinum contacts is silicide formation: PtSi zBiccBh
form at 350°C at a platinunsilicon junction*! Silicide formation could potentially
impede the ohmic tunneling contact between the heavily dopeohsditd the metal, and
thus increase the contact resistan&aother factor is surface damage due to the gallium
ion beam. The total dose required to deposit the Pt pads was 5’ 4mf0owhich is
greater than the critical dose needed to amorphizsuiti@ce of the silicon. Even though

the deposited material will act as a stop for the ion beam once it is formed, a significant
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fraction of the total dose will impinge upon the surface silicon before contact formation.
Therefore, the Pt contact depogitis quite likely to amorphize the silicon to a depth of

several hundred angstroms, which corresponds to the projected range of tiea@a
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Chapter V: DEVICE SSIMULATION

V.1: ABRUPT-JUNCTION ANALYSIS

The general equations describilngg-channel abruptjunctionJFET operation
have been presented in section IThe equations for draisource current, conductance
of the undepleted chann#he saturation current, and saturation voltage are repeated

below.
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These equations may be applied to Fibricated JFETby approximatinghe
implanted pn interfaceunder the gatas an abrupt junctiowith a heavily doped gate
Thisis reasonably valid lxen the appliedoltage is large enough so that the depletion
region extendwell into the ntype channel The approximatiodoes notonsider shoft
channel effectsnor is there avay to account fothe variations in gate doping that are
possible with FIBJFETSs. The abupt junction approximation ighereforefar from ideal

for simulatingall FIB-JFET effects, butan beused to gain a rough understanding of
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expected transistor characteristid@ansistodV curves are showm FiguresFigure27

andFigure28 for an abruptjunction JFET with thechanneldimensions of théabricated

devices. @te acceptor concentrations of18nd 16° ions/cn? respectivelyto

correspond to the 1band 168°ion/cnt doping profiles previously nuteled
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Figure 27: IV curvesfor an abrupt junction JFET with a gate doping of BJ ions/cnf.
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Figure 28: IV curves for an abrupt junction JFET with a gate doping 6f BOions/cnf.
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V.2: NON-ABRUPT JUNCTION ANALYSIS

Theabrupt approximatiois a large departure from the actdaping profilein
the depleted regionMore complicated doping profil@pproximationsre generally not
completely solvable by analytic techniquiest can yield greater insightto device
characteristics and performand@ne such approximation is thieearjunction, which
may be appropriate for a investigating lewltage performancassuning that the
depletion region liewithin the linearegimein the unbiased case.

The linearjunction analysis uses the approximatiis— Na = ax, where the
concentration gradiertis given in units of cifi. The total width of the depletion region
isw. Due to the symmetry of the doping profile around the metallurgical junction, the
depldion region will extend fromw/2 to +w/2. Within the depletion regions, then, the

charge concentration js= gax, and Poisson’s equation in one dimension becomes

d’¢ __gax

dx? £

This can be integrated to give the electric fig(®), using theboundarycondition that the

field must go to zerat the edgesf the depletion ragn.
E(x) =& o W
2, 4

A second integration yields the potential, where C is the constant of integration:

The builtin voltageacross the deplen region isg = gw/2) - §-w/2), or
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_ gaw’
' 12e,

This expression can be compared to the built in voltage derived from carrier

concentration equations

n=n exp(%j ,and p=n, ex;{— q_¢j
KT kT

These can be solved for the potentatleach end of the depletion region with the carrier

concentratiorgiven byp = -aw/2 andn = aw/2 to yield:

; :Em(ﬂj
q 2n,

These two expressions for the built in voltage can be equated to give an expression for

the unbiased depletion region widt in terms of only known factors:

2KT In( an _ gaw’

q 2n, 12¢,
This mustbe solvechumerically or graphically rather thamalytically

The values o for the 16* and 16° ion/cnf dose B gate implantations into the

silicon active area are 2.5910° and4.31x 10° cm™®, respectively. This results in a
depletionregion width ofw equal to 0.13m for the 16* ion/cnf implantation and
0.116pum for the 18° ion/cnf implantation. For both cases, the depletion region around
the metallurgical junction is early nonlinear over the calculated extent of the depletion
region, so the linear approximation is not valid for this analysis, even in the case of low

applied voltage.

A more complicated approach, and Hesst fit to the implanted doping profile is
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the exponential approximation, wheMy, —Na = Np - No €%, This analysis is conducted
in a similar fashion to thprevious two, by integrating Poisson’s equation to obtain the
electric field and potential within the depletion regiddue tolack of symmety around

the metallurgical junctiora simple relationship between the boundaries of the depletion
region in the gype gate and-type channelx, andx, respectively, does not existising

the depletiorand quasheutralityapproximatios, the electridield can be calculated as:

E(X) = gﬂ{Noﬂ(e_: —e_xﬂnj + N, (x— xn)}

S

This expression can be integrated over the depletion region tamgeepression for the

built in voltage drop in terms ok, andxx:

7)(,.' +Xp
ge
2¢

XntXp X

{— 267 PNy +e Ny, - x, ) +2e4 ANy (i +x, - xp)}

¢ =

S

A second expression for the voltage drop rhayound from the carrier concentrations

just outside the depletion region, which yields:

¢ = k—T{Ln(&J + Ln(ﬁ ef% J]
q n; n,

These two equations may be solved for the built in voltage of the junction, given a third

equation that relateg andx, by charge conservan:

jxj(ND = Noeﬂjdx+jf“(ND = Noeﬂjdx =0
The solution to these three equations mugbbaed numerically. Once the unbiased

junction parameters are knovanrelationship can be calculated for the extent of the
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depletion region as a function of the total voltage dibipe total voltage drop across the
depletion region at any given point is a combination of the built in voltage/oltage
applied to the gate, and the voltage due talthersource current through the channel.
By integrating the potential along tlength of the channel, the drasource currenlps

can be found as a functiontbie voltage applied to the gate, and the voltage applies to
the drain.

Applying the exponential approximation to the implantation proplesiously
calculated using Crydtd RIM requires fitting the approximation parameters to the
calculated data as closely as possible. For tlid®cnf caseNo = 1.12x 10?° cm®
and A = 2.06x 10° cm. For the 16” ion/cnf caseNy = 7.46x 1072 cmi® and A = 1.32x

10° cm. ThelV curves calculated using these values are shinwiguresFigure29 and

Figure30.
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Figure 29: IV curves for arexponentialFET with a gate doping of 1B* ions/cnf.
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Figure 30: IV curves for arexponentiaFET with a gate doping of TB* ions/cnf.

These IV characteristics are from the active area underneath the gatnontyay be
compared to the similar IV curves previously calculated for the abrugtigarcase. The
exponentiallydoped JFET has a higher saturation current and higher saturation voltage

for similar bias conditionsas is shown in Figure X fdi0** B* ions/cnf andVgs= 0 V.
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Figure 31: IV curve comparison for abpt vs. exponential JFET approximations.
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To fully model the FIB fabricated JFET, the effects of the source and drain
regions as well as the contacts must be taken into account. The result of this will be a
resistance in series with the chaniirg] whichlowers the effective voltge drop seen
across the channel. Vbsis the voltage applied between the source and dradVa the
voltage drop across the active augaler the gateghenthe current through the devidgs
will be given by the relationspi

Vos = los(Va)JRs +Vis
Since the calculatiohys given a value fo¥a of requires a numerical solutigthis more
complex case does as wellalues ofRs that are large compared to tiebiased channel
resistance will tend to dominate the charactiessif the device, causingost of the
voltage drop to occur across the series resistanies. results in the deviaeting like a
resistor, with very high voltages requdrieefore saturation is reacheéctual calculation
of Rsis difficult, dueto graded doping profiles near the source and drain, and the
placement of the contact pads on the surface of the device. Assuming that the bulk of the
nontchannel device resistancemes from thendoped area around the gate splaere
the resistivity is 0.12%-cm, the device series resistance is approximately ID0WVith
a total contact area of 1000 firthe contribution to the series resistance from the
contactswill be another 1000, assuming an average contact resistand@of)-cnv.
Using these numlog an approximate value f&sis 2 k2. This isfar larger than the
unbiasedinearregionchannel resistand®;, = 1/Go calculatedor both gate doping
doses considered abgowehich is roughly 4@ in both casesTo represent a working

FIB-JFET, theefore, either a smaller channel must be assumed, or fogter effects

66



must be taken into account when constructing the model.

V.3: PISCESDEVICE SIMULATION

Thedevicecalculationsabove rely on several approximatidhat are not
generally valid: carrieconcentrations decrease gradually within the depleted area around
the junctioninstead of abruptly going to zeamdPoisson’s equation must be solved in
two dimensions rather than simply one. Additionally, the electron mobility in the
channel will varyas a function of both dopant concentration eledtric field The
electric field dependence of electron mobilgyritical, as driftvelocity begirs to
saturate within an electric field of 49/cm for electrons in silicon at 300 K. This is
known aghe hot carrier effect, and is duehigh energy phonon collisions with the
silicon latticeas the electron drift velocity approaches the thermal veloltitbecomes
important for shorchannel junctions where tledectric field along the channel can
become very highn saturationand so must be taken into account for-BREETS.

To consider these higher order effe@grogram called PISCES was ué&d.
Given a specified semiconductor structure and applied bias con@#it®GESsolves for
the carrier oncentrations, electric fieldurrentsand potential withirthe device.The
simulator only works in two dimensions, but the FIBET’s large width and relative
uniformity along the width makes this a valid approximation.

PISCESassumes that the didiution function is equal to some original
distribution plus a perturbing factor, asdlves six equations simultaneously to generate
its results®® The first of these is the Poisson equation in two dimensions in terms of the

electric potentiafb:
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V(e va)=qg(p-n+N;-N;)
As with thermal modeling, carrier continuity must be taken into account. Whetee
net electrorhole recombination rate, this is described by:

@ZEV'J_[:—U and@: 1 —p)
o g ot o}

Energymust be conserved a®ll. If w;, is the kinetic energy density of electrogsis
the electron energy flu¥, the field acting on the electrons (which may be different for
from the field acting upon holes), ang, is the net loss rate term for both recombination

and phonorscattering, then the electron energy conservation equation is:

ow, - — =
t=-V.s +], -E ,—u
81: Sh Jn n wn

Similarly, for holes this becomes:

_—

p_ - -—>
=-Ves, By -y,

ot
Finally, the thermal diffusion equation for the semiconductor lattice is usetis
expression,ite subsgptsL, n, andp refer to the lattice, electrons and holes respectively
and apply tolie temperatur@, the specific heat, and the thermal condueily . The
energy relaxation times for electrons and holes.grandz,,, respectivelyusy is the
rate of ShocklyReadHall recombinationandEg is the banejap energy of the

semiconductar Given these terms, the equation for thermal diffusion is:

L
Tun o

G a% = '(KLVTL)"'USRH BkT” +E, (TL)+ngp} + Wn(T”)_W”(TL) + Wp(Tp)_Wp(TL)
The simplest use of PISCES in the context of this work is to simulasetive

area under the gate #FETs made with both doping profiles discussed previously: the
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cases of uniform ¥@ion/cnf and 16° ion/cnf boron doping. This allows comparison
with the previously considered abrupt and exponential junction calculafitwstesilts
areshown in FiguresFigure32 andFigure33; the input file used to generate the resislts

givenin AppendixA.l.

20 4 Vg =0V
Gp=0.0164 5

14 4
- Vgg=-2V
E
Ham' Vgg=-4V

5

I:I T T T T

1] 1 2 3 4 5
Vg (V)

Figure 32: SimulatedV curves JFETchannelwith a gate dopingfdl.0'** B* ions/cnf.
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Figure 33: SimulatedV curves JFETchannelwith a gate doping of $0B* ions/cnf.

Themost important aspect of tiR#SCESsimulation is that ipredicts increasing
Ips after saturatioms reachegddue to shd-channel effectsAdditionally, the series
resistance of the contacts and the device beyond the channel region can be accounted for.
PISCES simulations of a device witie dimensions and source/drain dopofghe FIB
JFET, but without gate doping @ontact resistancealculated a total resistance of 980
between source and draifhisis close to the previous estimate of 1@Dfor the device
series resistancerlhis figure can be added to the estimated contact resistance of the FIB
deposited planum to the source and drain, then halved to yield an estimated 890
total series resistance per side of the devide r@sults of includinghis resistancare
shown inFigure34 for the case of a JFET with average fpllatinum contacts and

uniform gatedoped implanted with a dose of*18* ions/cnf.
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Figure 34: Simulated V curves, JFET with 18* cm? gate doping and Pt contacts.

The unbiased channel conductafBgecorresponds to a linear regiasistance
Rin of 2.26 2. This is only slightly larger than thetal series resistance, and so
dominates the lowoltage characteristics of the devicEhe seriegesistance also causes
a smaller voltage drop across the chaifoel givenVps, reducimg the effective
saturation current and increasing fech-off voltage of the deviceAll of these effects
can be expected in the actual RIBET. The above simulation represents the best device
modeling that was possible given the information and taiof&nd, and serves as a useful

reference point for the expected characteristics of the device.
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Chapter VI: RESULTS AND DISCUSSION

VI.1: FIB-JFET DEVICE CHARACTERISTICS

SewenteenJFETs were createatcording to the procedure given in Chapter Il
andtheir characteristics analyzedlie to time an@quipment constraints only a limited
number of devices could be mad&ll devices were constructedncurrentlyon the
sameSOl chip, and therefore subjected to identical process condit®inslarly, the on
implantation for all devices was done in the same processingrhia.servedo
minimizedissimilaritydue toprocess variatiorgnd allow device comparison based on
differences in gate doping profilehe final step in the fabrication process, eating
the active areas to large metal paaistésting, was done separately.

JFETs with four gate doping profiles wenevestigated in this workSix of the
seventeen wereonstructed with a uniform gate doping to act as control devital.of
these niformly-doped JFETsvereimplanted with 18 ions/cnf over the gate region and
half with 10" ions/cnf, both cases @he standard implantation energy of 10 keV and a
gate length of 1 pmThe otherdevices were made witine of twogate dopings that
varied along the length of the channel, to investigate the potential afmfurm devices
for enhanced transistor properties. The first of these was a step gate, where half of the
onemicrometergate was implanted with ¥ions/cnf of boron, while the othehand
was implanted to ¥8ions/cnf. The second was a more lineaghaded gate, varying
from with 10" to 10 ions/cnf along the length. The implantation was done in steps of

0.1 micrometes, but SUPREM thermal simulations indicate that the dopiofijieis
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relatively linear after the annealing proces®r devices with neaniform gates, the
more heavily doped regions were implanted closer to the designated drain, and the more
lightly doped regions closer to the source. For uniform gate devieegistinction
between source and drain is a matter of convention only.
The firstfour devices weréabricated according to the procedure given in Chapter lll,
one witheach of the four doping profiles described abdvevice metallization was
done usind-1B-induceddepositedf platinum as previouslgiscussedandasshown n
Figure7. The remaining thirteen JFETs were fabricateith evaporated or
sputterecaluminumcontacts instead of platinum order to speed the fabricatiprocess
and provide more reliable contact to the active areas. The JFETs with platinum contacts
were made as proaff-principle devices to show the potential of fully Fi&oricated
devices. The aluminum contact devices were made to assist in stubafigcts of
nonuniform gate doping by reducing Weriability of the device’s contacts.
The measured currerbltage(lV) characteristics of alleveteen devices are
summarized imable4 andshown in Appendix A.2 All devicessave for the first two
were measuredith channel voltage applied to the draimd the source grounded, then
again withvoltage applied to the souread the draigrounded. Negative gate voltage
was applied between the gate and source when channegjevaltes applied to the drain,
andvice versa.Table5 summarizeshe differences in the devices in each devices under
different the two voltage configuration§&ourcedrain configuration data was not

measured for the first two dieesdue to an oversight at the time
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Device Doping Contact Rsat Riin 0 DS | Ipsat Vt
(ion/cn) (kQ) Q) (LA) (V)
1 10+ FIB Pt 1480 8725 140 -1.3
2 10%° FIB Pt 780 2439 1140 4.4
10*10"
3 (Step FIB Pt 5730 5654 120 -1.3
10**to 10"
4 (Linean FIB Pt 62 17462 - 6.2
5 104 Al/Si 2250 3500 170 1.1
6 10'° Al/Si 469800 | 44800 3.1 -0.66
10%%10%
7 (Step) Al/Si 120000 | 11100 15 -0.65
10" to 107
8 (Linear) Al/Si 21870 5720 38 0.7
9 104 Al/Si 68 2116 2300 8.4
10 10'° Al/Si 145 3278 1250 4.8
10" to 107
11 (Linear) Al/Si 130 2808 1500 6.3
12 104 Al/Si 69 2908 1900 6.9
13 10'° Al/Si 84.0 4317 1200 4.9
10*10"
14 (Step) Al/Si 84.3 2609 1550 4.7
10**to 10"
15 (Linear) Al/Si 126.3 3434 1350 -5.4
10*10"
16 (Step) Al/Si 138.5 2446 1850 5.2
10**to 10"
17 (Linear) Al/Si 132.0 2685 1480 -4.8

Table 4: Currentvoltagecharacteristicor FIB-JFETS.
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Device | RsatDS RsatSD Ruin DS Riin SD | Dsat Issat
(k) (k) (Q) (Q) (LA) (LA)

1 1480 8725 140
2 780 2439 1140
3 5730 12280 5654 5589 120 130
4 62 230 17462 16798 - -
5 2250 2600 3500 3500 170 230
6 469800 | 1000000 44800 43100 3.1 3.3
7 120000 | 1190000 11100 10600 15 20
8 21870 310.0 5720 5600 38 45
9 68 104.7 2116 2735 2300 1900
10 145 73.9 3278 3673 1250 1250
11 130 118.6 2808 3350 1500 1400
12 69 74.3 2908 2324 1900 2200
13 84.0 121.0 4317 5745 1200 700
14 84.3 236.0 2609 4163 1550 960
15 126.3 122.2 3434 3514 1350 1400
16 138.5 125.9 2446 2011 1850 2100
17 132.0 141.7 2685 2823 1480 1400

Table5: FIB-JFET currentoltage characteristic comparison

Two of the FIBJFETs were adversely affected by stortuiting between
terminals, either within the device or due to conduction along the surface. JHOWA, s
in Figure40 andFigure41l, had a conducting path between the drain and source terminals
apart from the normal conducting channel. This accounts for the large increase-in drain
source current after peh-off and under high negative gadeurce voltagesand is why

no saturation current could be measur@BET 8, shown ikigure48 andFigure49,
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similarly had a conducting path between the gate andsdoerminals. Measurements
between the gate and the source in reveiae yielded a resistance of 1.3&M

Device 3 with a gate uniformly doped with 10on/cnf boron,had the best IV
characteristicef all the devices with FIB’t contacts It hadclose to the expected
characteristics of a FIBFET as modeled by PISCES, though the saturation current is
lower than expected and shattannel effects not as pronounced, suggesting that the
channel is thinner than process modeling suggests. TheRttb@ntacted-1B-JFETs
exhibitedR;, values up to 20® higher, and loweY+ values of approximatehl V.

These two terms were expected to be much the same for all devices with similar contacts
given the relatively small variation in junction depth. This suggesterthat there was
significant variation in the resivity of the FIBPt contactsor that tle FIB ion

implantation was deeper than expected.

The JFETs with FIB implantation and Al/Si contacts deposited by sputtering
show much greater linear region uniformity, with an average value of 2950 + 650 V for
Rin and-6 £ 1 V forVr. This implies thathe variation in previous devices was primarily
due to inconsistencies in metallization resistivity rather than FIB implantation. A minor
trend towards improved saturation region characteridtiesto nonlinear gate dopilegn
be seen in ils device seas well, by looking at the effective resistance of the channel
after pinchoff. In an ideal longhannel device, this vallR,: should be zero. In
practice, electron velocity saturation due to high electric fields causes a steady increase in
Ipsat, resuting in an effective saturation resistariRg The averag&«; for uniformly

gate dopedFETs with sputtedeposited Al/Si contacts was 92.3 + 281 KThis figure
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was higher fowariably gate dopedevices when channel voltage was applied to the
souce, closer to the more lightly doped region of the gate, and the drain was grounded.
The averag®y; for variably dopedFETs under these conditions was 181 +@ddr

devices with step gates, and 149 + §Dfkr devices with linearly doped gates.

VI1.2PISCESDEVICE ANALYSIS

The data fromightly and heavily dopedniform-gateAl/Si contactFIB-JFETS
was usedn an attempto construct a less complex, but more accurate mddedse
devices were examined in particular because they offer the simplesifcH=ETs with
uniform gate implantatioand consistentontact resistance. This was attemgigd
varying theJFET moded described in Chapter ¥ fit the measured datahe primary
device characteristeexamined for this erethe average values &z, Rin, |psat, and

V1. The average values for these are given belohalrie6.

Device Rsat RLin | Dsat VT
characteristics (k) (Q) (LA) (V)
Lightly-doped
(10" ion/cnf) 78.9 2520 2100 -7.65

Heavily-doped
(10" ion/cnf) 105.7 4250 1225 -4.85

Table6: Average FIBJFET characteristid®r uniform gate Al/Si contact devices.

Abrupt junctionJFET theory proved unable to provide a reasonable fit to these
data pointgor the lightly and heavily doped cas®ether. The junction depth<hannel
resistivity, and the total series resistadae to contacts and geometry weagiedwithin

reasonabléimits to fit the data inrable6. This did not produce satisfactory results, as
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any combination of parameters that produttedproper values for lineaegion
resistanceesulted in saturation currents and phathvoltages that were far too lowA
similar attempt with PISCEGsing the implantation profiles generated by Cry$tiM
produced betteresults with reasonably accurate modelingRpf andlps;. This model
assumedhe previously calculated implantati and channel doping profilés be
accurate, buthat the thickness of the silicon mesa was effectivelyu4ather than its
measured dimension of 0.p8n. Additionally, the fitted series resistance due to device
geometry and contact resistance was higher than expected2aéter thari000Q.
While PISCESdid not produce a perfentodelof theFIB-JFET, it does offer some
potential insight intdiow the final device differs frorthe initial theory. The reduced
effective channel thickness isamical result, given that only the top 40000f\the
original SOI chip was higlquality, epitaxially depositedlgion. It is reasonable to
assume that the 1900 A bottom layer, formed bymeealing after higlenergy oxygen
implantation to form the buried oxideasgreatly reduced electron mobilicpmpared to
the epitaxial layer.

The PISCES device modeffers apossibleexplaration forthe improved
saturation regiogharacteristics of gradeghtedevices Simulation oftheelectric field
along the conducting chanrafla stepgraded device shows that the field is spread more
evenly along thehannelwhen compaed to a device with uniform gate dopjmgther
than having as sharp a peak near the drais results in 40%reduction inthe
maximum electric fieldlong the channghndtherefore less electron velocity saturation.

This is shown irFigure35.
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Figure 35: Simulated channel electric fiefdr gradedvs. uniform gate FIBJFET.
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Chapter VII: CONCLUSIONS

VII.1 SUMMARY OF WORK

This workinvestigate thefeasibility of creating junction field effect trassors
using focused ion beam3.he usefulness of such devices #mehistory ofmicrocircuit
modification via focused ion beamssdiscussedn brief. Thetheory of basic abrupt
junction JFETs was reviewed, agn@the calculations neededadjust tle basic theory
to better describan iorimplanted junction.A detailed fabrication process was
presented, and the intricacies of focused ion beam gate implantation and contact
metallization were examined in detail. Finally, a number of viable JHBT swere
created, analyzed, and comparedeawice simulations produced by PISCES.

In conclusion focused ion beam techniquean be used tprodue field effect
transistors without traditional lithographic processing. This has great potentiaivioe
credion on nonplanar surfaceshe creation of novel devices requiring graded doping
profiles, andrapid prototyping FIB-created junction field effect transistors were
designed, modeled, and fabricated on an SOI chip as-praaincept devicesPlatinum
deposited through ieimduced deposition was found to be a viable material for device
contacts, though the resistivity and contact resistance are significantly higher than
conventional aluminum contact&IB-JFETs with graded gate doping profiles were
shown to have improved characteristics in the saturation region due tectlaortel
effects, possibly due to a lowering of the peak electric field in the device channel. A step

graded gate, with the half of the gate nearer the device source doped mdyetiaavi
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the half nearer to the drain, proved effective at redutiagncrease of draisource

current past device pinabif.

VII.2 FUTURE WORK

FIB techniques show great potential for nonplanar, maskless device fabrication.
To developthese techniqudsilly, more work needs to be don€heion-induced
platinumdeposition process is highly dependentlmmparameters difoth the ion beam
and theprecursor gas. The deposition system used in this project offered little precursor
gas controlfuture workwill ideally use a system witthe ability to measure and control
both gas flow paramete@nd substrate temperatur€his will allow precise control over
the composition, and therefore the electrical characteristics, of the deposited platinum
compound. Another possible method to improve thetallization is to investigate the
potential of other materialdon-induced tungsten deposititsa viablealternative FIB
metallizationwith lower, more stable contact resistancéeavily dopedsilicon®

Another area for future work experimentatletermination of the gate
implantation profile before and after annealimgpich was not possible within the scope
of this project In the present work, this was accorspid by simulating ion transport
and diffusion during the implantation and diffusion processes, respectidelglly, the
implantation profile could be measured dire@$ya function of dopant concentration
versus depth throughtachnique such as sectamyion mass spectroscop8IMS).
Exact information on the doping profile would enable a much better understandirey

gate junction characteristics, and therefore the characteristics of i&-EBas a whole.
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APPENDICES

A.l: Input filesfor Crystal-TRIM, SUPREM, and PISCES

CrystalTRIM sample input parameters for boron into silicon

Profile: 1D
Energy: 10 keV
Orientation: 100
Tilt ThetaO: O
Rotation PhiO: 0
Beam divergence: 0.2865°
ZBL stopping file: scoef2.dat
Atomic ion: yes
Atomic number: 5
Most abundant isotope: yes
C,. standard
Ce|100: 1
Cel: 1.32
Projectile histories: 5000
Bruno-Schmidt splitting: yes
Default splitting: yes
ISIGDEPTH: 10
Overlayers: yes
Thickness: 200 A
Density: 2.19 g/cth
SiO,: yes
Si at room temperature: yes
Damage aaamulation: yes
Model: 6
Cacs 0.1
Cerit- 0.5
Dose: 16*ions/cnf
Predamage: no
Depth interval width: 10 A
Final energy: 0.01 keV
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CrystalTRIM sample input parameters for arsenic into silicon

Profile: 1D
Energy: 120 keV
Orientation: 100
Tilt ThetaO: O
Rotation Phi0O: 0
Beam divergence: 0.2865°
ZBL stopping file: scoef2.dat
Atomic ion: yes
Atomic number: 33
Most abundant isotope: yes
C,: standard
Cehoo 1
Cel: 1.39
Projectile histories: 5000
Bruno-Schmidt splitting: yes
Default splitting: yes
ISIGDEPTH: 10
Overlayers: yes
Thickness: 200 A
Density: 2.19 g/cth
SiO,: yes
Si at room temperature: yes
Damage accumulation: yes
Model: 6
Caco 0.3
Cerit: 0.5
Dose: 10" ions/cnf
Predamage: no
Depth interval width: 10 A
Final energy: 0.121 keV
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SUPREM inputile for thermal diffusion calculation of annealing process

$ Definition of the vertical mesh, ie, depth into the substrate
line y loc = 0.40 spacing=0.001 tag=surf

lineyloc =0.59 spacing = 0.001 tag=interface

line yloc =0.96 spacing = 0.001 tdupck

$ Definition of the horizontal meshonly one dimension considered
line x loc=0.2 spacing=0.1 tag=right
line x loc=0.2 spacing=0.1 tag=left

$ Set up SOI wafer silicon over silicon dioxide
region silicon xlo=right xhi=left ylo=surf yhi=interface
region oxide xlo=right xhi=left ylo=interface yhi=back

$ Set up the exposed surfactop of substrate only
bound exposed xlo=right xhi=left ylo=surf yhi=surf

$ Calculate the initial mesh with 9e14 ion/cm”2 boron concentration
init <100> boron=9%e14

$ Deposit the epitaxial silicon layer with higher phosphorous doping
deposit silicon thickness=0.4 spaces=400 phosphorous=1.13el17

$ Plot the original phosphorous profile
select z=log10(abs(phos))
plot.1d x.val=0 bottom=14 top=18 right=0.65 line.typ=3

$ Oxidation process: 15 minutes at 1125 C
diffuse time=15 temp=1125

select z=log10(abs(phos))
plot.1d x.val=0 cle=f axi=f line.typ=1

select z=phos
print.1d x.val=0

$ Deposit 200A silicon dioxide
deposit oxide thickness=0.02 spaces=20

$ Define boron profé in y, from CrystalfRIM data
profile boron in.file=B_10kV_1el5_ SiOx2.txt
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$ Rapid Thermal Annealing diffusion: 10 seconds at 1100 C
diffuse time=.1666667 temp=1100

$ Plot the final profile
select z=log10(abs(ars+phos))
plot.1d cle=f axi=f line.typ=1

$ Print final boron profile for use in PISCES

select z=bor
print.1d
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PISCES input file for simulation of device characteristics
mesh rectangular nx=21 ny=20

$ JFET7b, only active area under gate considered. 83.0 um by 87.2 um.
$ X direction here is paflel to length of transistor.
$ Implant line centered at 0.5 um in x.

$ Set up the xlirection mesh, out to 83 um.
X.m node=1 loc=0
X.m node=21 loc=83

$ Set up thegirection mesh.
y.m node=1 loc=0 ratio=1
y.m node=16 loc=0.59 ratio=1
y.m node=20 10=0.80

$ Define regions; from 0 to 0.59 um deep is silicon; below that is the buried oxide.
region number=1 ix.low=1 ix.high=21 iy.low=1 iy.high=16 silicon
region number=2 ix.low=1 ix.high=21 iy.low=16 iy.high=20 sio2

$ Electrodes: Source=1, Drain=2, €28

electrode n=1 ix.low=1 ix.high=7 iy.low=1 iy.high=1
electrode n=2 ix.low=15 ix.high=21 iy.low=1 iy.high=1
$electrode n=3 ix.low=32 ix.high=40 iy.low=1 iy.high=1

$ Background phosphorous doping from Cryd®IM and SUPREM
doping ascii x.left=.right=83.0 inf=Prof_P.txt

$ Source and drain doping, arsenic input file from CryBRIM and SUPREM
doping ascii x.left=0 x.right=27 inf=Prof_As2.txt
doping ascii x.left=56 x.right=83 inf=Prof_As2.txt

$ Uniform 1el14 doping, boron input file from Gty TRIM and SUPREM
doping ascii x.left=1 x.right=2 inf=Prof_B14.txt

$ Uniform 1e15 doping, boron input file from Crys#RIM and SUPREM
$doping ascii x.left=1 x.right=2 inf=Prof_B15.txt

contact all alum

$ Initial solution with no carriers present
synbolic newton carrier=0

method itlim=50 trap

model srh fldmob conmob
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solve init

$ Set up full Newton solutions with both electrons and holes, set tolerances.
symbolic newton carrier=2

method p.tol=1€0 c.tol=1e10 itlim=10000 trap

$ Use ShockleyreedHall recombination, include fieldiependence of mobility,
$ include dopant concentration dependence of mobility.

model srh fldmob conmob

solve prev v1=0 v2=1 v3=0 elec=3 vstep=1 nsteps=9

print points ix.low=1 ix.high=71 iy.low=25 iy.high=25
print solutia ix.low=1 ix.high=100 iy.low=1 iy.high=30
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A.ll: FIB-JFET current-voltage characteristics

Masima A IVWFmlm Fimbm
oYL | IYua Lala
200
180 4
160 4 Ir  —TIr
e 'I.I'JS—U i
140 | —
-
120 -+ ;
A !
Zeqnn ! Tr _ moa-Tr
o 1HY { e = -y
= or ! o
— o A I3
I
BO 4 A . o
W Vo= [ B
a4 ¥ bl
T | i
o d A
I ‘!:,l'
I:I T T T T
1 2 4 a a 10
Vds (V)

Figure 36: Drain-source IVcurves for JFET Iyniform lightly dopedgatewith Pt
contacts
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Figure 37: Drainsource IV curves for JFET2, uniform heavily doped gate with Pt
contacts.
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Figure 38: Drain-source IV curves for JFET 3, step doped gate with Pt contacts.
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Figure 39: Sourcedrain IV curves for JFE 3, step doped gate with Pt contacts.
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Figure40: Drain-source IV curves for JFET 4, linearly doped gate with Pt contacts.
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Figure41: Sourcedrain IV curves for JFET 4, linearly doped gate with Pt cdsta
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Figure 42: Drainsource IV curves for JFET 5, uniform lightly doped gate with Al
contacts.
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Figure 43: Sourcedrain IV curves for JFET 5, uniform lightly doped gate with Al
contacts.
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Figure 44. Drainsource IV curves for JFET 6, uniform heavily doped gate with Al
contacts.
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Figure 45: Sourcedrain IV curves for JFET 6, uniform heavily doped gate with Al
contacts.
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Figure 46: Drain-source IV curves for JFET 7, step doped gate with Al contacts.
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Figure 47: Sourcedrain IV curves for JFET 7, step doped gate with Al contacts.
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Figure 48: Drain-source IV curves for JFET 8, liady doped gate with Al contacts.
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Figure 49: Sourcedrain IV curves for JFET 8, linearly doped gate with Al contacts.
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Figure 50: Drain-Source 1V curves for JFET 9, uniform lightly doped gate with Al
cortacts.
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Figure51: Sourcedrain IV curves for JFET 9, uniform lightly doped gate with Al
contacts.
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Figure 52: Drain-source IV curves for JFET 10, uniform heavily doped gate with Al
contacts.
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Figure53: Sourcedrain IV curves for JFET 10, uniform heavily doped gate with Al
contacts.
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Figure54: Drain-source IV curves for JFET 11, linearly doped gate with Al contacts.
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Figure 55: Sourcedrain IV curves for JFET 11, linearly doped gate with Al contacts.

97



| g P R A 1T S M
Levice 1.2 I1VAS Ldla
s mnm
LU
2000 A
_'_'_,_,_'—"
__——_'_'—_
.,-'-'""-FF
__/.-"
— 450 4 r
':1.. oo ‘__;"
=] -
" '(_,f 1
ke A ——
=T 4 g —
A
Eav
v
L -
s 4 A .
ol A
A
o — ]
o
m
(=) 1 1
il s 1 [Rs]
WS (V)

Figure 56: Drain-source IV curves for JFET 12, uniform lightly doped gate with Al
contacts.
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Figure57: Sourcedrain IV curves ér JFET 12, uniform lightly doped gate with Al
contacts.
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Figure 58: Drain-source IV curves for JFET 13, uniform heavily doped gate with Al
contacts.
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Figure59: Sourcedrain IV curves for JFET 13, unifior heavily doped gate with Al
contacts.
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Figure 60: Drain-source IV curves for JFET 14, step doped gate with Al contacts.
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Figure 61: Sourcedrain IV curves for JFET 14, step doped gate with Al contacts.
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Figure 62: Drain-source curves for JFET 15, linearly doped gate with Al contacts.
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Figure 63: Sourcedrain curves for JFET 15, linearly doped gate with Al contacts.
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Figure 64: Drain-source IV curves for JFET 16, step doped gate with Al contacts.
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Figure 65: Sourcedrain IV curves for JFET 16, step doped gate with Al contacts.
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Figure 66:

Drain-source IV curves for JFET 17, limpadoped gate with Al contacts.
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Figure67:

Sourcedrain 1V curves for JFET 17, linearly doped gate with Al contacts.
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