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Abstract

In this thesis, deep depletion behavior of MOS capes with ultrathin oxides is
of major concern, while the photoresponse of eachpde is also included for better
understanding of this behavior. First, MOS capasiteith simple square patterns are
fabricated and measured. Accompanied by saturafigiate current, deep depletion
behavior occurs when the generation current of ntynearriers fails to supply the
leakage current. Enhancement of lateral nonunifyrnsuch as illumination or
decrease in oxide thickness intensifies the friggiield at edge and makes the

saturation current pass through the edge of MO&atws more likely.

Subsequently, patterns with various changes inettge-related parameters are
designed so as to further recognize the approximesdes of edge regions. The
capacitance-voltage and current-voltage curvesuwoipdes with electrode width lager
than 10um and electrode separation of 3@ are similar to those with simple square
patterns. However, current-voltage curves of sampléth electrode separation
smaller than 2@um and electrode width of 30m exhibit particular transition regions
during the saturation of gate currents. Explanatiod illustration are consequently
proposed, supposing that the behavior originata® fthe coupling of edge depletion
region and the sharing of minority charges betwwsem adjacent electrodes. Under

illumination, the transition regions disappear tluéhe abundant minority carriers.
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Chapter 1

| ntroduction

1-1 Motivation of ThisWork

1-2 Ultrathin Oxide Prepared by Anodization

1-3 Experimental Setup and M easurement Systems
1-4 Determination of Ultrathin Oxide Thickness

1-5 Deep Depletion Behavior in Capacitance-Voltage Curve

1-1  Motivation of ThisWork

The last half century is said to be the Age ofcBii because silicon ICs have
changed human life enormously since Kilby and Nogawe birth of the first
integrated circuit in 1959 [1] - [2]. Innovativedh-tech products such as portable
media players, smartphones, or tablet PCs aredimted to the world more and more
rapidly, and all of these are largely attributedthhe improvement of semiconductor
industry. Moore’s law, the guideline of IC techngyjoadvancement, states that the
number of transistors on a chip doubles every 184tanonths, as shown in Figure

1-1. Here is an analogy demonstrating how Moo Wworks. In 1970, the number



of transistors in a microprocessor equals 2300rcequpately the quantity of the
audience of a music hall, while today this numbes bxploded to 1.3 billion, which
is the population of China. The most astonishing pMoore’s law is that all the 1.3
billion transistors still occupy a chip size as trginal one, just like those 1.3 billion
people fit into the original music hall. Moore’sildhas been confirmed to be valid for
40 years, and it continues to exert its influenoeegery domain of semiconductor
industry. According to the 2011 International Teology Roadmap for
Semiconductors (ITRS), the scaling of effectivedexithickness (EOT) in silicon
CMOS will reach below 0.8 nm in 2013. Aside frone tmanufacturing difficulty,
MOS structures with this thin oxide possess diffie@aracteristics. Some behaviors,
for example direct tunneling and deep depletionictvlare insignificant while oxide
is thick enough, become important and must be taktenconsideration. In order to
come to a better understanding of MOS structurels ulirathin oxide, simple MOS
capacitors are fabricated and examined. In ch&ptdrthis work, the photoresponse
of the MOS capacitors are characterized from tipectsof C-V curve and I-V curve.
Afterwards, MOS structure devices with particulattprns are designed for the

purpose of identifying deep depletion behaviorhagmter 3.

1-2  Ultrathin Oxide Prepared by Anodization

Anodization, or anodic oxidation, was first propddey P. F. Schmidt and W.



Michel in 1957 [4], and this technique has beerestigated through many researches
since then [5] - [6]. Figure 1-2 illustrates theodization system setup in this work. A
silicon wafer, which serves as the anode, is plaoedeionized (D.l.) water and
connected to the positive terminal of a power sypphe cathode is a platinum plate,
connected to the negative terminal of the supplyerr silicon oxide builds up
gradually on the surface of the wafer until the powupply being turned off. Two
factors, including the power supply intensity adlae spacing between the wafer and
the platinum plate, determine the reaction ratexadie growth, and thus are carefully
selected. According to Ghandhi, the mechanism afdemation can be described
below [7]:

1. In the beginning, D.l. water, the electrolyte, issticiated into Hand (OH)ions:

2H,0 « 2H+ A OH (1-1)

2. The difference in electrochemical potentials betwt#e silicon substrate and the
D.l. water results in charge transfer from theceti until equilibrium is
accomplished. Therefore, the surface layer is alyrtdepleted of electrons and
holes are supplied from the bulk of silicon to #ikcon-electrolyte interfaces

during anodization. The silicon atoms on the sabstsurface are thus promoted

to a higher oxidation state:

Si+ 2n - S (1-2)



3. The Sf* combines with (OH)to form the hydroxide.
Si** + 2(OH) ~ S{ OH, (1-3)
4. Si(OH), subsequently forms Sptogether with hydrogen molecule.
Si(OH), -~ SiQ+ H, (1-4)
The overall reaction is as follows:
Si+2h+ 2H O - SiQ+ 2H+ H (1-5)

In addition, in 1992, H. J. Lewerenz hypothesiZeak the formation of anodic

oxides is composed of the following reactions [8]:

Sii+ H,O = | SIORH+ H (1-6)
2SiOH - Sj0+ HC (1-7)
2Si,0 -~ SiQ+ 3S (1-8)

The overall oxidation reaction is shown below:

Si+ HO+ 4 -~ SiQ+ 4H (1-9)

Anodization is adopted as the ultrathin oxide gfowgchnique because it has
several distinct advantages. As mentioned abovieleakickness can be controlled
precisely by varying the duration and voltage of fower supply. Besides, the
process is very simple and time-efficient, whergmdow temperature characteristic

enables the impurity profile of the wafer to staystant. Last but not least, the oxide

4



prepared by anodization possesses good dieleaidtity)and low leakage current,

therefore is suitable to be the gate oxide [9].

1-3 Experimental Setup and Measurement Systems

In this work, all of the MOS structure devices é&abricated in a similar way.
Figure 1-3 demonstrates the flowchart of the fationn processes. First, 3-inch
boron-doped p-type (100) silicon wafers with theisgvity of 1-10Q-cm were used
as the substrates. After performing the standard BI€aning to eliminate organic
particles as well as ionic contaminants, the natme oxide layers were removed by a
short immersion in a diluted HF solution [10]. Neuxltrathin gate oxides were grown
on the silicon substrates by anodization in D.lteraDirect-current voltage of 15 V
was applied between the wafer and the platinune ptat8 minutes. In order to obtain
different oxide thicknesses on one wafer, the plati cathode was tilted, making the
spacing between the cathode and the anode to bé@<2im minimum and 6 units in
maximum. Each unit equals to 5 mm approximatelypsgquently, post-oxidation
annealing (POA) was implemented in 20 torg, &nbient at 95Q for 15 seconds,
with the aid of an ARTS 100 rapid thermal proc@s®e temperature setting profile is
shown in Figure 1-4. High purity aluminum was lagsaporated on the oxide by a
DAH YOUNG DMC-400 high vacuum coater and the 300@Aminum film serves

as the metal gate of MOS capacitors. Afterwardayentional photolithography was



carried out, by the use of an SUSS MJB4 mask aligite define the required
electrode patterns. Finally, removal of the backdexvas performed with buffered
oxide etchant (BOE), followed by aluminum evapamatito make up the back

contacts.

After the devices fabrication, all of the highdtency capacitance-voltage (C-V)
characteristics were measured by an Agilent 428&igion LCR meter, while the
current-voltage (I-V) characteristics were measupgdan HP 4140B picoampere
meter [11]. Both capacitance-voltage and curreitige characteristics under
illumination were examined with the aid of an indascent lamp, whose irrandiance

was measured by a Newport 841-PE power meter.

1-4 Determination of Ultrathin Oxide Thickness

Conventionally, optical ellipsometers are commouobed to distinguish film
thickness, providing an accuracy of a few angstrdt#asvever, when the thickness of
gate oxide scales down to an ultrathin level, sable measurement technique must
possess the capability to identify the subtle défifices between one angstrom or even
smaller. A much simpler and effective alternatiwe achieved by analyzing the

capacitance-voltage characteristics of MOS devices.

When a MOS capacitor stays in accumulation modg,total capacitance

approximates to its gate oxide capacitance. Hetloe, oxide thickness can be



obtained by eqg. (1-10), where A is the area of M@S capacitor,epy is the

permittivity of SIQ, and t,x is the thickness of the oxide layer.

Ctotal (aCC) DCox = Aiﬁ (1'10)

OX

As oxide thickness is reduced, new problems afieen the exponentially
increasing gate leakage current due to direct timneln order to eliminate the
leakage problem, capacitance-voltage curves arsumgg at high frequencies so that
capacitive currents are dominant. A two-frequencyrextion technique based on a
three-element equivalent circuit of MOS capacitoais been proposed by K. J. Yang
and C. Hu to extract the ultrathin oxide thicknassurately [12]. The circuit models
are shown in Figure 1-5, wher@ is the actual capacitanc®&, is the effective
resistance due to oxide leakage current, &dis the series resistance of the
substrate and the gate. The total impedance afitbeit model can be derived as eq.

(1-11).

R. (1~ jaCR,)
1+ W CR?

Z=R,+ (1-11)

On the other hand, the measured impedance of ttitanodel, in which values

of respective elements are measurable under paradlge, is given by eq. (1-12).

D -
aJC'(1+D'2)

(1-12)



where D’ =$ is the dissipation, an® and C' are measured values. Equating

the imaginary part of the above two impedance,altains

HwCR “fchPZ =a/C'(1+D?) (1-13)
CR

Substituting the capacitance and dissipation medsat two different frequencies

into eq. (1-13), one can derive the actual capac#as

t’C',(1+D%)-f7Cc',(1+D %)

f2-f7

(1-14)

where C'; and D'; refer to the values measured at the frequencyj oivhile C’,

and D', refer to the values measured at the frequencg, of

After obtaining the actual capacitance value of $4€apacitors, one should also
take account of the quantum mechanical effect wdetarmining the ultrathin oxide
thickness. In this work, we use a quantum mechbhgggacitance-voltage simulator
as developed by K. Yang, Y. C. King, and C. Hu [13]14]. In this way, the
displacement of the wave function peak of inversidmarges is appropriately

considered, and the extracted thickness won't leeestimated.

1-5 Deep Depletion Behavior in Capacitance-Voltage Curve

In ideal conditions, the total capacitan€g;,; of a MOS capacitor can be

regarded as the oxide capacitan@g, in series with the semiconductor capacitance



Cs aseq. (1-15)

(1-15)

0

&

90

(no | =

When the MOS capacitor is operated under deplethmae, for example, a
positive voltage drops on the semiconductor para dlOS(p) capacitor, acceptor
atoms near the oxide-semiconductor surface argeadnin order to maintain charge
neutrality and thus a depletion region is inducdtk total high frequency capacitance

Cyr can be further derived as eq. (1-16) becalgas relatively smaller tharC,y.
Ciy-(dep) OC, = A= (1-16)

where Ais the area of the MOS capacitey, is the permittivity of the semiconductor,
and W is the width of the depletion region. The depletisidth expands with the
increasing voltage drop until the MOS capacitoreeninversion mode, in which the
minority carriers form an inversion layer. At higrequency, the minority carriers
have no influence oy, due to the slow response time. As a result, theetion

width reaches a maximum, while boty and Cyr stay constant at their minimum.

Conventional deep depletion can be observed whama voltage on an MOS
capacitor sweeps too fast in the direction fromuaunglation towards inversion [15] -
[16]. At a high sweep speed, generation of minocd#yriers cannot follow up the

change rate of gate bias. In order to maintaingghaeutrality, the depletion region



expands broader than in thermal equilibrium, and i as well asCyr decreases
below its minimum value. More importantly, the centional deep depletion is a
nonequilibrium behavior. If the ramp voltage stgygeeping, minority carriers will
generate gradually, and the depletion region wilirkk to the original width as in

equilibrium.

On the contrary, another kind of deep depletiohab®r is discussed in this
thesis. For MOS capacitors with ultrathin oxidegghhgate leakage currents in
depletion mode result in a lack of minority carsiein order to maintain current
continuity, the depletion region widens and thues ¢apacitance-voltage curve shows
the deep-depletion characteristics [17] - [19]. sThkind of deep depletion is a
steady-state phenomenon, and is independent cdvikep speed. Besides, it is the
high tunneling current that leads the lack of mityocarriers, not the slow generation

rate as in conventional deep depletion.

Recent works presented some characteristics oftuhaeling-induced deep
depletion behavior in MOS capacitors. In capacikavaltage plots, initiation of deep
depletion can be clearly identified by a turningnpdetween a constant value and a
subsequently decreasing curve; however, if the eotidckness is around 25 A or
below, the tunneling current will become so lardettthe constant value of

capacitance will not exist [20]. Later, calculatioetween increments of gate voltage,

10



depletion width and inversion tunneling current vdgsnonstrated in order to prove

the relation of deep depletion and inversion tuimgeturrent [21]. With the aid of

scanning capacitance microscopy (SCM), deeper tiepleidth in certain local area

was observed, revealing the concept of local depletapacitance (LDC) [22]. Based

on LDC, lateral nonuniformity due to local chargeefects was further included to

explain why the initiation voltage of deep deplatimcreases with oxide thickness

[23]. Finally, different stages of deep depletiatepletion-inversion, edge deep

depletion and bulk deep depletion, was distingulshecapacitance-voltage curves of

MOS capacitors with an explanation in detail [24].
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Figure 1-2 The schematic diagram for the anodingfdNO) system.




Standard RCA cleaning
Anodization in D.I. water with tilted cathode
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Photolithography
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Figure 1-3 Fabrication flows of MOS capacitors.
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Figure 1-4 The temperature setting profile of RTP.
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(@) (b)

Figure 1-5 Small signal equivalent circuit moddl$/®S capacitors: (a) accurate
model, (b) parallel circuit model for low seriesistance devices.
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Chapter 2

Fundamental Characteristics of MQOS
Structures

2-1 Introduction

2-2 Correlation Between Deep Depletion Behavior and

Saturation Current

2-3 Capacitance-Voltage Characteristics of MOS Capacitors

under IHlumination

2-4 Summary

2-1 Introduction

In this chapter, we will discuss several fundarakemharacteristics of MOS
capacitors with ultrathin oxides, especially thoskated to deep depletion behavior.
First, saturation of gate current is a phenomemogurrent-voltage characteristics
corresponding to deep depletion behavior, provdikteelevant to the long generation

time of minority carrier [21]. The lateral nonunifoity issue will also be included for

16



discovering more about the saturation current.

Furthermore, according to previous literature,iatibn of deep depletion is
related to the oxide thickness, and may servelasia when determining the qualities
of dielectrics [23]. A typical deep depletion phemmnon of high-frequency
capacitance-voltage characteristic of MOS capaaiitin oxide thicker than 25 A is
shown in Figure 2-1. However, as the oxide thicknkseps decreasing, the deep
depletion phenomenon does not exhibit an obvioudiation. Both the
capacitance-voltage and current-voltage charatitrisof MOS capacitors with

ultrathin oxides will be examined with the aid dfgbo excitation.

For simplicity, the MOS capacitors studied in tbigpter are defined as square
patterns with three different sizes, 1o x 150pum, 300pum x 300um, and 60Qum

x 600um. The cross sections are illustrated in Figure 2-2

2-2 Correlation Between Deep Depletion Behavior and

Saturation Current

In MOS capacitors with ultrathin oxides, the satiora of gate currents can be
perceived after the substrate is strongly depldimdexample, a MOS(p) capacitor
under positive bias. Unlike a gate injection cutrevhose carriers are abundant from
the metal, this saturation current is a substrgeriion current and thus is limited to

the amount of minority carriers. Consequently, cae infer that the saturation of gate

17



currents is largely related to the generation meicihas of minority carriers.

According to former researches, the generationeatirof minority carriers can be

derived as [18], [25]:

W 2
J= j M _x+ gns+ an’b, (2-1)
Wi 7, (X) N,L,

wherelJ is the generation current densiyis the electronic charge; is the depletion
width when the potential drop across the semicotwlierjuals?s, wi, is the depletion
width at strong inversiomy is the intrinsic concentration is the generation lifetime,
s is the surface recombination velocity which demeod the interface state density,
Na is the substrate dopant concentration, BacaindL,, are the diffusion coefficient
and diffusion length of minority carriers, respeety. The first term in eq. (2-1)
originates from the generation of minority carrieglsough bulk traps, while the
second term comes from interface states. Thedast tepresents the minority carriers
diffusing from the back contact, which dominateshigh temperature yet is usually
neglected at room temperature. Since the amounterface states is meant to be the
same, the second term in eq. (2-1) stays as aarinslue. Chen et al. utilized the
increments of gate voltageA\y), depletion region width AWp) and inversion
tunneling current AJ,y) to eliminate the effect of the constant curreamponent

attributed to interface states [21]. Accordingky, €2-1) can be further derived as:

18



_ anAw,

Iy

A=A, (2-2)

It is believed that saturation of the gate curreappens when the generation

current fails to supply the large leakage curremintling through an ultrathin gate

oxide. In order to maintain current continuity, iasplied in eq. (2-2), additional

increment of generation current results in the deoéng of depletion region width,

namely, the deep depletion behavior. Due to thetivelly larger bulk trap generation

lifetime, the extra depletion region width can nhgntribute to a slight increase in

the generation current. Observations also indittade the saturation of gate currents

on current-voltage curves is accompanied by thetron of deep depletion behavior

on the corresponding capacitance-voltage curves.

Nevertheless, to know more about the saturatiomentirof MOS capacitors,

effects of geometrical features must be taken atoount. For the sake of edge

fringing field and electrical local thinning, sattion current tends to take place in

geometrical perimeter of MOS capacitors [26], [2[f].other words, most of the

saturation current passes through the perimeteMOIS capacitors instead of

uniformly distributed over the whole area under glaée electrode. The device edge is

suggested to serve as the tunneling center of ityraarriers.

Figure 2-3 shows the current-voltage charactesasti MOS capacitors with an
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oxide thickness of 21 A. In the right part of thenees, a quick occurrence of
saturation can be observed after the gate voltages tinto positive. Beyond the
saturation voltage, gate currents increase vemylgl@womparing to the large current
variation in the left part of the curves. In orderexamine the edge dependence of
saturation current, gate currents are respectigidgiigled by the device perimeter as
shown in Figure 2-4. The saturation current in Feg2+4 appears to merge closer than

that in the original current-voltage curves, whichnifests the previous discussion.

Following the scaling down of oxide thickness, fateonuniformity issue exerts
more influence on the characteristics of MOS stmed. As shown in Figure 2-5, it is
expected that the fringing field concentrates nwrehe edge in devices with thinner
oxides, leading to higher tunneling rate from tleemetrical perimeter than from the
bulk area of devices. Researches have reportedateatl nonuniformity becomes
more distinct in MOS capacitors with thinner oxidedich increases the electrical
local oxide thinning and induces the current croygdbhenomenon on the edge [27],
[28]. Figure 2-6 shows the gate current densitypgmimeter versus gate voltage for
MOS capacitors with an oxide thickness of 19 A. @anng to the 21 A one in
Figure 2-4, the saturation currents merge evenecloshis represents that the
saturation current as well as the deep depleti@n@menon takes place more easily

on the edge of MOS capacitors with thinner oxides.
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It has been known that lateral nonuniformity of MQ@@&pacitors will be
enhanced under illumination, because the light fetus on the edge of devices and
has little influence on the area under the opagetalngate. Evidence confirms the
above discussion from Figure 2-7, where the saturaturrent in the curves almost
overlap under illumination. To be concluded, aggl@s the lateral nonuniformity is
enhanced, no matter due to illumination or decreasexide thickness, saturation
current is more likely to pass from the edge of tlewices, accompanied by the

occurrence of substrate deep depletion on the edge.

2-3 Capacitance-Voltage Characteristics of MOS Capacitors

under | llumination

Deep depletion behavior in the capacitance-voltagaracteristics of MOS
capacitors has been discussed recently, with a Imaxfe dividing the
capacitance-voltage curves into three regions, depletion-inversion region, edge
deep depletion region, and bulk deep depletionore¢®4]. The depletion-inversion
region can be recognized by a constant value aipgear the capacitance-voltage
curves. In this first stage of deep depletion, tapacitance-voltage curves look
identical to conventional high-frequency capacitgamoltage curves, where the
constant value equals its minimum capacitance. gdreeration current of minority

carriers can still supply the leakage current, g there is no need for the depletion
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width to expand. Next, the second region, edge dispetion region, can be

identified by a subsequently decreasing trend & dhpacitance-voltage curves. In
this stage, edge deep depletion is believed taiaitiue to stronger electrical fringing
field on the edge, while the depletion width undbeitk area remains unchanged.
Finally, as the bias voltage keeps rising, the sates under bulk area is also deep
depleted owing to lack of minority carriers, sosthiird stage is called bulk deep

depletion.

However, if the oxide thickness of MOS capacit@stao thin, the tunneling
current will become so large that the depletiorension region does not appear in the
capacitance-voltage characteristics. As shown ingufeéi 2-8(a), every
capacitance-voltage curve of the MOS capacitorsh wiifferent oxide thickness
(below 25 A) shows the deep depletion behavior ctlye without a
depletion-inversion region. The circumstance thet samples with different oxide
thickness exhibit similar curves can be explainedtlzey have nearly the same
depletion width, because the high-frequency capiacé is determined by depletion
width as mentioned in eq. (1-16). From the aspécuaent-voltage characteristics,
Figure 2-8(b) also indicates that the samples ptesmilar saturation status, that is, a
quick saturation after positive bias. Thus, the @as surely have identical deep

depletion behavior.
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In the following, the photoresponse of the MOS ciétpas is examined. It has

been reported that the depletion width will shrinksler illumination, especially on

the edge of the devices [26], [29]. The generatibexcess minority carriers largely

increases because of photon excitation. Consegueggheration current due to

illumination can totally supply the leakage curterid it does not need to rely on the

extension of depletion region, which causes thepd#epletion phenomenon. The

depletion width of illuminated devices will becorskorter than that of unlighted

devices, namely, the deep depletion shrinkage. r€ig9 demonstrates the

illuminated capacitance-voltage and current-voltageracteristics of the same

samples as shown in Figure 2-8. Obviously, theat&pi-inversion region, which can

be seen only in capacitance-voltage curves of sssnpith thicker oxides, appears

again. The photo-exited minority carriers prevém tlepletion width from extending

and thus the high-frequency capacitances of theksntan stay constant. Although

illumination leads to deep depletion shrinkageiwst,f when the generation current

excited by photon is unable to supply the leakageesat, deep depletion occurs again.

In other words, illumination brings about a deldytlee initiation of deep depletion.

This special property may be applied to the exatimnaof ultrathin dielectric quality

[23], [30]. Because the initiation of deep depletibehavior is related to the

magnitude of leakage current, for devices with shene parameters, the later deep
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depletion occurs, the better quality one possesgédsen the oxides of MOS
capacitors are too thin, the initiation of deepldepn cannot be observed and the
capacitance-voltage curves merge together; nevesthecurves can be discriminated
under illumination. As shown in Figure 2-9(a), MOS capacitors with larger oxide
thickness, due to lower leakage currents, lack imnty carriers happens later, and
thus deep depletion initiates later. The differelmfegate capacitance for devices
before and under illumination is calculated andhswn in Figure 2-10. The voltage
which corresponds to the maximum of the differecapacitance can be regarded as
the initiation voltage of deep depletion underriination [29]. Indeed, samples with
thicker oxides exhibits a larger initiation voltagiedeep depletion under illumination.
On the other hand, the photoresponse of the samplgure 2-9(b) also indicates a
lag of current saturation, comparing to the darkrent-voltage characteristics.
Moreover, the voltage corresponding to the satmatf light current is consistent

with the initiation voltage of deep depletion undkmination.

2-4  Summary

For MOS capacitors with ultrathin oxides, when theneration current of
minority carriers in the substrate fails to suptilg leakage current tunneling through
the oxide, saturation of the gate current occunstthérmore, the geometrical

perimeter of MOS capacitors is where the saturatioment mainly takes place. The
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gate-current-per-perimeter-versus-gate-voltageesiof samples with different areas

merge closely, while illumination or decrease indexthickness both make the curves

overlap better. Stages of deep depletion are aidooduced; however, the

depletion-inversion region in capacitance-voltageves may not appear when the

oxides are too thin. Under illumination, generati@hminority carriers increases,

leading to the shrinkage of depletion width. Theref illumination is able to

postpone the initiation of deep depletion behaa®well as saturation of gate current.

The voltage corresponding to the maximum differeregacitance can be regarded as

the initiation voltage of deep depletion under rlination, showing a great

consistency with the saturation voltage of thetligirrent.

25



250+

..
N
(3]

° \

Q. b
‘) \ —_ i \
LL 2 i .\ TR 20 .\
& OO .\ S .\.'o
i 4 .\ § 154 ...'.Oouoouoo...

[ ] @ oy

o = ‘e,
c 150' \. Q 10 .'...
© S pt
= : . & '
Q \ 54
@ 100+ -
o \ O
@© . \ 0 : : . .
O ¢ 15 10 05 00 05 10
2 50- . Gate Voltage(V)
& .

O M I M I i I . I v I v |}
20 -15 -10 05 00 05 10
Gate Voltage(V)

Figure 2-1 A typical high-frequency C-V curve of (p) capacitor with oxide
thicker than 25 A. Deep depletion region of theveus enlarged in the
inset.

26



large

medium

small

150um 300pum 600pum

Al
SiO,

Si

Figure 2-2 lllustration of (a) the top view and (b¥ side view of the patterns used in
this work.
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capacitors with an oxide thickness of 21 A.
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Chapter 3

Characterization of Deep Depletion
Behavior by Pattern Design

3-1 Introduction

3-2 Parameters of Designed Patterns

3-3 Resultsand Discussion
3-3-1 Sampleswith Different Electrode Width
3-3-2 Sampleswith Different Electrode Separation

3-4 Summary

3-1 Introduction

From the previous discussion, it is known that filreging field at the edge of
MOS capacitors induces the major portion of thedeamtion of the saturation current.
Furthermore, the edge region and bulk region ofstitestrate are supposed to exhibit
different deep depletion behaviors, according te tlapacitance-voltage curves of

MOS capacitors with ultrathin oxides. However, theact scales of edge region and

34



bulk region cannot be clearly recognized throughdata of the aforementioned MOS
capacitors with simple three-size patterns. Assaltgpatterns with various changes
in the edge-related parameters are designed, ar twccharacterize the effect of edge
fringing field on the deep depletion behavior adl we the saturation of gate current
in a qualitative way. Samples with oxide thickne$sl8 A are fabricated so as to

enlarge the edge fringing effect.

3-2 Parametersof Designed Patterns

In our assumption, variation of either the electrodidth or the electrode
separation may alter the coupling of the depletemon under MOS capacitors. Thus,
patterns with parameters of electrode width (W) atettrode separation (S) are
designed to confirm our assumption. Figure 3-Isthates the schematic diagrams of
the top view and the cross section of the MOS damacwith designed patterns. As
can be seen on the diagrams, the patterns arenddsig define the electrode of each
MOS capacitor with a comb-shaped part and a snealiangular part. The small
rectangular part of the electrode serves as theacprwhile the comb-shaped part of

the electrode mainly determines the electrical attaristics of our concern.

The designed patterns are classified into two gspygatterns with different
electrode width and patterns with different sepamatwhose parameters are listed in
Table 3-1 and Table 3-2, respectively. As showiiahle 3-1, samples with constant

35



electrode separation but different electrode widthre denoted as Wwhile they
have the same device perimeter but different deaieas. On the contrary, samples
with constant electrode width but different eled&cseparation n are denoted as S

possessing equal device perimeters and areaspas st Table 3-2.

3-3 Resultsand Discussion

3-3-1 Sampleswith Different Electrode Wdth

The capacitance-voltage characteristics of sampiliasdifferent electrode width
are shown in Figure 3-2. The oxide thickness ofstmaples is 18 A, and therefore the
leakage currents are so high that the substraées s®enter the edge deep depletion
stage directly, without the appearance of constaptcitance in depletion-inversion
stage. The device areas of the samples differ te, liand the high-frequency
capacitances of the samples are observed to slppapartional relation to the device
areas approximately, as shown in Figure 3-2(b)s Trhplies that the substrates of the

MOS capacitors possess similar deep depletion laisav

Figure 3-3 shows the current-voltage charactessifc¢he above samples, and it
is clearly seen that every curve exhibits a quatkistion, corresponding to the early
deep depletion behavior in the capacitance-voltagee. The values of the saturation
currents vary slightly, manifesting once again tiet saturation currents come from

the edges of the samples. To sum up, the saturatioents of MOS capacitors with
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electrode width lager than 10m and electrode separation of 30n are still
proportional to the geometrical perimeters, withthe effect of coupling depletion

region due to nearby electrodes.
3-3-2 Samples with Different Electrode Separation

The capacitance-voltage characteristics of samplgh different electrode
separation are shown in Figure 3-4. Owing to theatllin oxides, the curves also lack
the appearance of constant capacitance in deplet@nsion region and exhibit early
deep depletion behavior. Moreover, the capacitanttage curves of different
samples appear to merge together under positivee Biecording to eq. (1-16), the
high-frequency capacitance of a MOS capacitor mp@rtional to its area and is
inversely proportional to its depletion width. Senthe edge region has a relatively
smaller area and a larger depletion width, the edagpacitance component is
supposed to be ignorable. Therefore, the high-feqy capacitances are dominated
by the bulk capacitance components under largetip@sbias. The edge deep
depletion behaviors of different samples are pdgstversified, however, it is
suggested that the deep depletion behaviors obuleregions of different samples

are nearly the same.

Figure 3-5 shows the current-voltage charactesigsifdhe samples with different

electrode separation. For samples with electrogaragon of 25um and 30um (S25
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and %O) the current-voltage curves shape like thosemople square MOS capacitors

with ultrathin oxides, presenting quick saturatminthe gate currents. However, the

current-voltage curves of samples with electrodqeassion below 2@m (S20 ' S

Sy S and §) display obvious differences from the previous rent-voltage

characteristics, and seem to undergo a transiégiom when the curves are about to
saturate. Unlike the aforementioned current satumrdiehavior, the currents of these
samples rise up again to a certain extent aftefitsieoccurrence of saturation, then
apparently reach to their second saturation. Maeavis perceived that the samples
with smaller electrode separation exhibit slowsmg of currents at the second time

and smaller final saturation currents.

Explanation about the carrier conduction mechan@mthe samples with
different electrode separation is proposed as vi@loFor the samples with larger
electrode separation 2(§and §0) the minority carrier conduction goes throughethr
stages, which also correspond to the capacitantageomodels of deep depletion
behavior introduced previously, i.e., depletiondrsion stage, edge deep depletion
stage, and bulk deep depletion stage, as shownigare-3-6 (a), (b), and (c),
respectively. First, in the depletion-inversionggtathe current-voltage curve presents
a steep climb, while the leakage current that tlsntteough the oxide is still small

and is sufficiently supplied by the generation ahanity carriers. As seen in Figure
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3-6 (a), the tunneling carriers mainly come frora #dge region, where the fringing

field induces deeper depletion width than the lvatkion. Although this stage is called

depletion-inversion stage, the inversion layer formardly or just locally due to the

leakage current. Next, as the leakage current keepacreasing, the generation of

minority carriers fails to supply the leakage catreThe current-voltage curve

displays a slight rise, said to enter the edge disgpetion stage. Since the fringing

field concentrates on the geometrical perimetdrs, édge region encounters deep

depletion ahead of the bulk region. It is knownt tertension of the depletion region

only introduces a small increase in the generaifaninority carriers, as illustrated in

Figure 3-6 (b). From this stage on, the gate ctiigeeoonsidered to become saturated,

and mainly comes from the edge region. Finally, dbeent-voltage curve enters the

bulk deep depletion stage, which is recognizedheyltarely increasing slope of the

curve. In this stage, deep depletion also initiatebe bulk region as shown in Figure

3-6 (c).

On the other hand, for the samples with smallectelde separation (&, Sis,

S0, S and ), the minority carrier conduction seems to unddgeo stages, which

are proposed as depletion-inversion stage, edge diegletion stage, front stage of

bulk deep depletion, and bulk deep depletion stagshown in Figure 3-7 (a), (b), (c),

and (d), respectively. It is supposed that the etepi regions under the comb-shaped

39



electrodes are partly overlapped due to the smetitrede separation. In the first

stage, depletion-inversion stage, the generatiomiobrity carriers is still able to

supply the leakage current, while the depletionomsg) have not started to expand

obviously, as depicted in Figure 3-7 (a). While flkeakage current continues to

increase, the minority charges generated in théetiep region become insufficient

for the supply of the tunneling current into twgaaent electrodes. The values of the

gate currents appear to be screened, comparingetourrent-voltage curves of the

samples with larger electrode separation. It iggested that this characteristic results

from the coupling of the depletion regions undex diuge areas, as shown in Figure

3-7 (b). The knowledge that the saturation curremistly come from the edge region

supports this speculation, because different ctrreltage characteristics between the

two groups of samples are also caused by the edged parameter and electrode

separation. Therefore, in the second stage, edge depletion occurs and the

saturation current from the edge region seems tecbeened due to the sharing of

minority charges between two adjacent electrodesbs&juently, when the

current-voltage curves start to go up at the sec¢one, the third stage begins. Since

the gate current from the edge is limited, theaase in the gate current is reasonably

explained by the addition of leakage current frdme bulk region. The minority

carriers, probably including bulk-generated charges$ocal inversion charges, give
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rise to the noticeable increase in gate currenshasvn in Figure 3-7 (c). Finally, the
last stage, bulk deep depletion stage, happens thleesupply of minority carriers is
overtaken again by the leakage current. It is tetlethat the bulk electric field
exceeds the critical field of deep depletion irsthiage, and the saturation of current
occurs at the second time. An extension of the delidetion width leads to a slight
increase in the gate current. The schematic diagifaime minority carrier conduction

in this stage is illustrated by Figure 3-7 (d).

Aside from the previous discussion, it is suppaed the coupling of depletion
region also exerts some influence on the edgerelei¢ld for the samples with
smaller electrode separation. For the samples haitfer electrode separation, when
the gate current collected from the edge regiochesito a certain extent, the bulk
deep depletion occurs and contributes to a smakkase in the gate current. However,
for the samples with smaller electrode separatiom gate current collected from the
edge region fails to reach to the enough amouirt as and S due to the sharing of
minority carriers, and thus the electric field keem adding on the edge region until
the initiation of front stage of bulk deep deplatiorherefore, the samples with
smaller electrode separation possess longer stidneiadge deep depletion stage, and
later occurrence of front stage of bulk deep dépteds well as bulk deep depletion

stage. On the aspect of final saturation curréhescharacteristic which samples with
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smaller electrode separation exhibit smaller valgesuggested to originate from the

less total volume of depletion region, for the gatien current of minority carriers is

proportional to the volume of depletion region.h&ligh the volume of bulk depletion

region seems to be similar for the two groups ahmas, the volume of total

depletion region on the edge is still less dudnéodoupling of depletion region for the

samples with smaller electrode separation.

lllumination has been discussed formerly to extite generation of minority

carriers and cause the shrinkage of depletion wadiithe edge region. Figure 3-8

shows the current-voltage characteristics of sasnphath different electrode

separation under illumination. It is observed #natry curve shows a quick saturation,

without the transition region, and the photocurseimder positive bias increase with

the electrode separation. The schematic diagramtghéconduction and generation

mechanism of minority carriers under illuminatiar farge and small separations are

illustrated in Figure 3-9 (a) and (b), respectivdlyis believed that the sum of

minority charges collected from the edge depletmgion is smaller for the samples

with smaller electrode separation, due to the dogpidf the depletion region as well

as the sharing of minority charges. The disappearar the transition region may

results from the abundant photo-excited minoritgriees. The lateral nonuniformity

between edge region and bulk region is intensifigdllumination which makes the
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effect of bulk region ignorable. Photocurrents loé samples at the bias of 4 V are
recorded under changing irradiance, as shown iar€ig-10. It is clearly seen that the
photocurrents of samples with different electrodpasation approximately maintain
the same tendency to the irradiance. Under stromgadiance, the photo-excited

charges generate more and thus the photocurreméease for all the samples.

3-4 Summary

In this chapter, patterns with different electrodedth and separation are
designed and MOS capacitors with the patterns abrichted. Both the
capacitance-voltage and current-voltage charattexisf the samples with different
electrode width exhibit great similarity with theQ% capacitors having simple square
electrodes. Nevertheless, the current-voltage sunfsamples with smaller electrode
separation seem to be screened and undergo atibmnsggion comparing to the
normal curves. Explanation and illustration aressmjuently proposed, supposing that
the behavior originates from the coupling of edgpletion region and the sharing of
minority charges between two adjacent electrodesddition, photoresponse of the
samples with different electrode separation is asamined. The transition regions
on the current-voltage curves of samples with ssnallectrode separation disappear

due to the abundant minority carriers exited uritlenination.
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Table 3-1 Parameters of the designed patternsdiférent electrode width.

=

sample | electrode width electrode separati¢( electrode areg edge perimete
. 2

notation (um) (um) (um) (um)
W, 10 30 4500( 1050¢
W . 15 30 6750( 1050(
W, 20 30 9000( 1050(
W, 25 30 11250( 1050(
W 30 30 13500( 1050¢

30

Table 3-2 Parameters of the designed patternsdiffdrent electrode separation.

=

sample | electrode width electrodeseparatiol electrode area edge perimete

notation (uwm) (uwm) (umz) (um)
S, 30 3 13500( 1050(
S, 30 5 13500( 1050(
S10 30 10 13500( 1050(
815 30 15 13500( 1050(
820 30 20 13500( 1050(
825 30 25 13500( 1050(
S 30 30 13500( 1050(
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Figure 3-1 lllustration of (a) the top view and {bg cross section of the MOS
capacitors with designed patterns of various edeetwidth (W) and
separation (S).
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Figure 3-2 (a) Original and (b) local-magnified aapance-voltage characteristics of
samples with different electrode width.
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Figure 3-3 (a) Original and (b) local-magnified mnt-voltage characteristics of
samples with different electrode width.
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Figure 3-4 (a) Original and (b) local-magnified aapance-voltage characteristics of
samples with different electrode separation.
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Figure 3-6 Schematic diagrams for minority cardgenduction of samples with larger
electrode separation at (a) Region |, depletiorision stage, (b) Region
II, edge deep depletion stage, and (c) Regiorblilk deep depletion stage.
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Figure 3-7 Schematic diagrams for minority cardenduction of samples with
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deep depletion, and (d) Region 1V, bulk deep depiestage. The
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Chapter 4

Conclusions and Suggestions for Future

Work

4-1 Conclusions

4-2 Suggestionsfor Future Work

4-1 Conclusions

Deep depletion behavior of MOS capacitors withatltin oxides is discussed in
this thesis as the main topic. The photorespondbeofamples is also examined, in
order to achieve better understanding of the masharof the deep depletion
phenomenon. In chapter 1, background knowledge tathos work is introduced,
including experimental setup, measurement systewch same basic physics of MOS
capacitors. In chapter 2, the generation currentfority carriers is analyzed to
explain why saturation of gate current and deepetiep behavior seem to occur at
the same time. The geometrical perimeter of MOS&ciéqrs is supposed to serve as
the generation center of minority carriers. Enhamaat of lateral nonuniformity such

as illumination or decrease in oxide thickness raaltee saturation current pass
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through the edge of MOS capacitors more likelyadidition, due to photo-excited
excess minority carriers, illumination is foundlde able to postpone the occurrence
of deep depletion behavior as well as saturatiogaté current. In chapter 3, special
patterns are designed for further characterizadfotieep depletion behavior. Samples
with different electrode width show similar chaeacitics with those of MOS
capacitors with simple square patterns. Howevareattvoltage curves of samples
with different electrode separation exhibit pat@utransition regions during the
saturation of gate currents, which is believeddsult from the sharing of minority
charges due to the coupling of depletion regionw/éen adjacent electrodes. Under
illumination, the transition regions disappear he photo-exited minority carriers

become sufficient.

4-2  Suggestions for Future Work

As previously mentioned, the delay of both deepletem behavior and
saturation of gate current due to illumination sanve as a basis when determining
the qualities of dielectrics. However, the dark aldminated characteristics are
barely distinguished for MOS capacitors with oxitiEzkness around 18 A or below.
In chapter 2, only one magnitude of the light isignis applied on the MOS
capacitors when we examine the capacitance-voltagel current-voltage

characteristics of the samples. It is suggestedligiat sources of higher intensities
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may illuminate on the MOS capacitors, in order spect the dependence of the
delay condition of deep depletion behavior on ligiténsity. If light source of higher
intensity is confirmed to further postpone the aoence of deep depletion behavior,

qualities of thinner dielectrics can thus be deteed by the aforementioned method.

In chapter 3, it is observed that samples withedét electrode width lager than
10 um do not possess particular characteristics froosehof MOS capacitors with
simple square patterns. In addition, the perimetétbe designed patterns are all the
same, so the correlation between saturation cuareshiperimeter has not been further
assured. As a result, patterns with smaller eldetmidth and different perimeter may
be designed in the future to continuingly invedigthe scales of edge region and

bulk region.

On the other hand, the oxide thickness of the sasnplentioned in chapter 3
remains fixed at 18 A. Samples with various oxidieknesses, especially those with
different electrode separation, may be fabricateédsto observe the effect of oxide
thickness on the characteristics of the samplas.dbnjectured that different fringing
field due to various oxide thicknesses leads tsighgar transition regions in the

current-voltage curves of samples with differeeiceiode separation.

Finally, capacitance-voltage characteristics of @as1 with different electrode
separation under illumination have not been pud measurement yet. Although the
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distribution of minority carriers as well as depdet regions becomes different,

capacitance-voltage characteristics under illunmamay still be helpful in creating

a complete image of the behavior of depletion negjionder the ultrathin oxide layers

of MOS capacitors.
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