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ABSTRACT 

As each successive generation of MOS devices is scaled down to meet the 

requirements for increased speed and integration, the demands placed on dielectric layers 

and semiconductor-dielectric interfaces become more severe. Improved process cleanliness 

and novel growth techmques have come a long way in producing uniform, low-leakage 

thermal oxides on silicon with the required thicknesses of 5nrn and less. Tlus study focuses 

on the all-important interface region between silicon and SiOz and in particular a class of 

charge trap located there known as the slow trap. These traps, variously called border traps 

or switching oxide states, exchange charge with the silicon substrate on time scales f?om 

milliseconds to hours depending on their energy level and separation f?om the interface. 

The chemical nature of slow traps, fast interface traps and fixed oxide charge is 

discussed in a review of current literature which also considers a range of measurement 

techmques used for their electrical characterisation. The creation of these defects during the 

initial oxide growth, as a result of subsequent processing, or during normal device 

operation is also reviewed, with particular attention being given to the process of plasma 

etching. It is well known that duing this important fabrication step, damage to MOS 

structures can occur due to charge build-up on isolated gate materials and direct exposure 

to hgh energy plasma emissions. 

A number of techruques are commonly used to electrically characterise charge traps 

at the interface and in the bulk of the oxide. However, they are inadequate when measuring 

the wide range of response times of slow traps. Consequently, a new technque has been 

developed as part of this study which simultaneously measures slow trap densities and their 

response times over a range of gate voltages of a MOS capacitor. The new tecmue,  



called Slow Trap Profilitzg, is described in detail with examples given which htghhght its 

advantages over other methods, particularly the quasi-static capacitance-voltage techruque. 

Slow trap profiling is then successfully used to measure slow traps created by constant 

current or voltage stressing of wet etched MOS capacitors in the first instance, and by RF 

plasma etching of the gate electrode in the second. Both these processes can degrade the 

performance of MOS devices by creating defects at and near the oxide-silicon interface. A 

necessary part of the plasma etch study was the accurate measurement of the endpoint of 

the polysilicon gate etching process. To satisfy this requirement, an endpoint detection 

system based on the principles of elhpsometry was developed and fitted to an etch reactor, 

enabling overetch times to be measured with an accuracy of less than 1s. Details of the 

system design and performance are given. 

Slow trap profiles obtained from oxides of varying thickness and growth conditions 

reveal a range of trap energy levels throughout the silicon bandgap and beyond, with 

response times ranging fkom 20ms to many seconds. The capture and emission rates were 

found to be quite Werent and the reasons for this are discussed. Comparisons of slow trap 

characteristics between plasma etching and electrical stress support the results of others that 

indicate similar damage mechanisms affecting the interface region during both processes. 

After creating the initial damage, changes in slow trapping with room temperature and 

higher temperature anneals are also measured and discussed. 

The 0ngm.l contribution of this thesis is surnmarised in the following points - 

+ A new techruque has been developed and successfully used to measure a wide range of 

slow trap characteristics in MOS capacitors; namely density, gate voltage or energy 

location, and response times or charge trapping and emission rates. 



+ An accurate endpoint detection system has been developed and used in the plasma 

etching of polysilicon gate materid Endpoint accuracy of less than Is was achieved and 

at least 80% photoresist coverage could be tolerated. 

+ The plasma etch study has revealed the extent of damage to different MOS structures 

during the critical overetch period. In all cases, slow traps are generated and their 

presence can be easily overlooked when using more common measurement technques. 

+ The theory that plasma etching and electrical stress exhibit similar damage mechanisms 

is supported by the study of slow trap creation in both cases. 

The aim of this study has been to Iughhght the importance of slow traps in the field 

of MOS technology and to demonstrate the advantages of a new measurement techmque 

which can be used for their characterisation. With the scaling of future MOS devices, the 

quality of the oxide-silicon interface where slow traps are found becomes more critical. It is 

proposed that the new slow trap profiling technque will be a useful tool in the monitoring 

of slow trap densities and trapping rates as a function of oxide growth conditions and 

subsequent device processing. In our laboratory, it has already proved useful in other 

studies of ultrathin nitrided oxides growth on silicon and silicon carbide, a wide bandgap 

m a t e d  



Since the early 1980's, the metal-oxide-semiconductor field-effect transistor 

(MOSFET) has been the most widely used device in very large integrated circuits because 

it has a simpler structure, costs less to fabricate, and consumes less power than its bipolar 

and junction field-effect counterparts (BIT'S and JFET's). A major difference between the 

MOSFET and the JFET is that the gate of the former is insulated from the conducting 

channel, whereas the gate of the latter is in the form of a pln junction. Although the 

insulated gate in the MOSFET can eliminate the gate leakage current, it nonetheless results 

in an oxide-semiconductor interface at which many electrically active defects can exist and 

degrade the device performance. Closer examination has revealed the existence of a 

transition region of approximately 20A in width between the pure lattice structures of 

silicon and SOa, rather than an abrupt interface[Helms,l994]. Fig 1.1 shows the basic 

structure of an n-channel MOSFET with the interface transition region indicated. 

. 
Gate 

interface region (SiOJ 

I p-Si substrate I 

Fig 1.1 Structure of an n-channel MOSFET showing the oxide-silicon interface region 
which is vifal to device pe~ermunce and reliability. 
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Within this transition region lie strained bonds, vacancy sites, and interstitial impmities 

which can act as charge traps, thereby sgmfkmtly affecting overall device characteristics 

and reliability. A defect known as the slow trap, which is an inevitable part of the interface 

region, and its characterisation constitute the main focus for this study. 

1.1 MOS Scaling Trends 

Of all the devices fabricated using MOS technology, Random Access Memory 

(RAM) has been the main driving force due to the consistent demand for increased 

computer complexity and speed. It is predicted that with a new generation of Dynamic 

RAM@RAM) every three years, the chrp size will increase by 50% per generation and the 

minimum lithographic features will decrease by 30% per generation[Ning, 19951. The likely 

development path for future Static RAM(SRAM) is shown in Table 1.1. Given adequate 

lithography, etching, interconnect, and manufacturing technology to scale devices down to 

0.09p.m with gate oxide thicknesses of only 4nm, a major part of this development is 

obtaining high breakdown field, low leakage current and low interface density dielectric 

f&x. The need for thin dielectrics is especially important for the transistor parameter, ha , ,  

the saturation current, which increases with decreasing dilelectric thickness. ha, 

determines the time needed to charge and discharge capacitive loads on the c b  and thus 

impacts on the speed more than any other parameter. 
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1.2 The Dielectric Layer 

The &st MOSFET was fabricated in 1960 using a thermally oxidised silicon 

substrate[f(ahng,l960]. The device had a channel length of over 2 0 p  and a gate oxide 

thickness of over 10008,. Although present day devices have been scaled down 

considerably, the choice of silicon and thermally-grown silicon &oxide used in the first 

MOSFET remains the most important combination. While modern techrques such as 

che~nical vapour deposition can be used to deposit SiOz , the t h d  oxidation of silicon 

still produces the best quality gate and field oxides for use in MOS devices. Trdonally, 

wafers are placed in a quartz tube inside a fiunace, with a supply of either pure, dry oxygen 

or water vapour[Sze,l985]. Temperatures of 900 '~  to 1200'~ are used. While oxides 

grown in dry oxygen have the best electrical characteristics, considerably more time is 

required to grow the same thickness at a given temperature in dry oxygen than in water 

vapour. A number of different defect types can be incorporated into the oxide-if care is not 

taken with cleanliness and correct growth conditions. These include mobile ions such as 

sodium and potassium, although these have been virtually eliminated in modem growth 

techmques, and intrinsic defects at and near the oxide silicon interface which are much more 

difEcult to control and remain a source of dielectric and overall device degradation. 

A variety of techmques are being developed in order to optimize thermal oxide 

growth conditions to produce smooth, uniform layers with excellent bulk and interface 

characteristics. Rapid Thermal Processing(RTP) provides better control over the growth of 

ultrathin oxides and reduces the risk of contamination, while the intentional introduction of 

elements such as nitrogen, fluorine, and chlorine into the oxide are seen to reduce intrinsic 

defects in the interface region. It has been found that post-oxidation RTP annealing of 

ultrathin oxides in nitric oxide(N0) incorporates nitrogen at the oxide-silicon interface 



without an appreciable increase in oxide thickness. The result is a smooth, stable interface 

with low leakage, hgh breakdown field, and hgh resistance to stress-induced trap 

formation[Yao, 1994a, 1994b, 1994~1. 

1.3 Slow Traps 

As mentioned previously, the interface region between the silicon and SiOz contains 

a variety of defects which can play an important role in the performance and reliability of a 

device by acting as charge traps, and one important class of charge trap is known as the 

slow trap. The existence of slow traps, also known as border traps or switching oxide 

states, has been known for decades, but only in recent years have they become more 

important as we see the demand for hgh quabty dielectrics of reduced thickness. Slow 

traps lie in a strained region of the oxide very close to the oxide-silicon interface, where 

they exchange charge with the silicon on time scales dependent on their energy level and 

separation from the interface. They are believed to be responsible for surface-induced l/f 

noise, random telegraph s~gnals, and threshold voltage shifts in deep submicron 

MOSFET's[Hung, 1990; Fieetwood, 1993; Tewksbury, 19941. Due to their wide range of 

response times, from milliseconds to hours, they are often indistinguishable kom fast 

interface traps or h e d  oxide charge, depending on the measurement technque used. 

1.3.1 Creation of Slow Traps 

Slow trap creation occurs in much the same way as that of fixed oxide charge and 

fast interface traps. Dangling bonds and vacancy sites are an inevitable result of the 

transition from one lattice structure to the other during oxide growth and their numbers can 

be accentuated by the roughness of the interface[Sofield,l995]. Impmty atoms and 

molecules, particularly hydrogen related species, can be incorporated at and near the 

interface to varying degrees depending on growth conditions and ambients[Helms, 19941. 
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Following oxide growth, process steps involving hlgh temperatures and energetic 

environments can also result in bond damage and more complex interactions leading to 

increased trap formation. Finally, completed devices subjected to htgh-field stress will also 

show an increase in slow traps through, for example the impact of hot electrons, degrading 

the interface and leading to eventual breakdown of the dielectric. 

When considering slow trap creation in MOS technology, it is impossible to ignore 

the effects of plasma processing which is used at different stages of MOS fabrication. Of 

particular interest is the gate definition step which is known to be a potential cause of 

damage to the underlying gate oxide[Shin,l996; Awadelkarjm,l99fil. Plasma etching has 

always been more of an art than a science, and its practitioners must regularly manage some 

complex trade06 in order to optimise each of the many process parameters, including etch 

rate, selectivity, damage, residue, microloading, and profie controL As in most process 

areas, these challenges will only get more dif5cult as the industry pushes toward smaller 

dimensions with higher aspect ratios. A recent review article[Singer, 19961 listed the top ten 

challenges faced by the plasma etch community, one of these being "low damage", 

especially during gate formation. Non-uniformities in the plasma can result in charge build- 

up on the wafer surface and electrical stressing of the underlying structures, and energetic 

emissions and ions iFom the plasma can cause damage to chemical bonds and the crystalline 

structure. 

1.4 Outline of this Thesis 

Chapter 2 reviews the chemical make-up and electrical behaviour of the various 

traps located in the interface region and measurement techruques commonly used for their 

characterisation. These measurement techruques have certain limitations, particularly in the 

area of trap response time. Chapter 3 is a review of some basic principles of plasma etching 



and recent research fjndings on the various damage mechanisms, their relation to process 

parameters, and the types of defects created in MOS structures. Chapter 4 describes a new 

techmque developed as part of this study which simultaneously determines trap densities 

and response times in MOS capacitors as a function of the gate voltage. If required, the 

gate voltage can be translated into an energy level in the silicon bandgap using standard 

tecmues.  This new technque is then successfully applied in chapters 4 and 5 to study the 

generation of slow traps &om constant current or voltage stressing of MOS capacitors. 

Chapter 6 presents some experimental results of plasma etch induced damage to MOS 

capacitors, focussing on the creation of slow traps and their characterisation using the new 

slow trap profiling technque. It is widely believed that plasma induced damage from charge 

build-up is analogous to the process of constant current or voltage stressing[Shin,l996]. 

This theory is investigated, and generally supported by the results of slow trap creation 

presented here. 

A vital part of the plasma damage study was the murate detection of the endpoint 

of the polysilicon gate etching process. To this end, an improved endpoint detection system 

based on elhpsometric measurement techruques was designed and fitted to the plasma etch 

reactor. The technical details of this system along with simulations and measurement results 

are presented in chapter 7. Finally, chapter 8 outlines some general conclusions which can 

be drawn from the study as a whole and hghlights the ongmal contributions of the thesis. 

Suggests are also made on future developments of the slow trap profiling techruque and the 

s w c a n c e  of slow traps in future MOS technologies. 
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CHAPTER 2 

CHAPTER 2 

Review of Traps 
in the 

Si-Si02 System 

2.1 Introduction 

Until recently, MOS technology has required dielectric thicknesses of the order of 

tens of nanometers. Traps, or electrically active defects in a Si-Si02 system of this scale 

have traditionally been separated into four catagories, namely mobile ionic charge, oxide 

trapped charge, fixed oxide charge, and interface traps. Fig 2.l(a) shows the cross-section 

of such a structure, with the oxide-silicon transition region, typically 2-3nrn wide, making 

up a small proportion of the total system. With improvements in the cleanliness of modem 

fabrication processes, the two former catagories have been virtually eliminated while the 

latter two, related more to physical structure, remain a source of concern. Much research is 

being undertaken to better understand the factors responsible for their creation and the role 

they play in the performance and reliability of end-product devices. Dielectric thicknesses 

below lOnm are required for the new generation of sub-micron devices, which now means 

that the transition region between the silicon and the oxide makes up a sgdicant 

proportion of the total system, as shown in Fig 2.1 (b), and the role of defects in this region 

needs to be carefully considered and controlled to ensure adequate performance of the 

dielectric. 
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Fig. 2.1 The Si-SiOz system with (a) thick oxide showing the the four main types of traps 
[Schroder,l990]; and (b) thin oxide with the transition region and its defects making up a 
greater proportion of the total system. 

An important sub-class of interface and fixed oxide trap known as the slow trap or 

border trap exists in this transition region and plays a central role in the subject matter of 

this thesis. Slow traps could be said to lie between interface traps and fixed oxide charge in 

terms of both physical location and electrical characteristics and are playing an increasingly 

important role as device dimensions and hence oxide thicknesses decrease. This chapter 
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reviews recently published material concerning fixed oxide, interface and slow traps, 

beginning with their chemical structure and the mechanisms responsible for their creation. 

The effect they play in device performance and the more commonly used measurement 

techmques will also be discussed. 

2.2.1 Different types of traps and their chemical nature 

Mobile ionic charge and oxide trapped charge are distributed thoughout the oxide 

and are due to impurities introduced during processing or dislocations in the lattice due to 

the lack of long range order. As improvements have been made to processing conditions, 

the densities of these traps have fallen to ne-le levels and will not be discussed further 

here. The fixed oxide charge and interface traps exist in the transition region between the 

crystalline silicon lattice and that of pure Si02, typically a few nanometers in thickness, and 

have proved more di£ficult to control. This transition region with its many strained and 

broken bonds, provides many active sites for the trapping of charge. 

In addition to these intrinsic defects, the incorporation of hydrogen in the oxide 

during processing leads to the formation of extrinsic defects such as Hz0 and H2 molecules, 

and Si-H and Si-OH groups. Oxides produced in the presence of water vapour, known as 

wet oxides, are used for interdevice isolation and may contain OH levels of up to 1200ppm 

by weight. Hzgh quality gate oxides are grown in very dry 0 2  ambients and so contain low 

levels of OH, but the inert atmosphere anneal post-oxidation can produce slight non- 

stoichiomeby and formation of 0-vacancies. The Si-OH group and dissolved H20 act as 

bulk oxide traps for electrons while 0-vacancies are well known traps for holes and are 

found near the interface. Si-H groups a .  electrically inactive and are present throughout 

the oxide; however they can become active after removal of the hydrogen. Fig. 2.2 

summarises these traps in terms of chemical .make-up and electrical classhtion. 
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Fig. 2.2 Point defects in the Si-SiOz system[Drui$,,l995] 

The physical structure of defects at and near the interface has been extensively studied 

over the years with Electron Spin Resonance (ESR) being the tool of choice. The most 

important electrically active defects are the group known as the E' centres, related to 0- 

vacancies and the Pb centre or dangling silicon bond at the interface. Combined ESR and 

electrical measurements have shown that the E' centre is the dominant hole trap in the 

oxide[lenahan,l984] although more recent studies have revealed another defect of 

unknown structure to accumulate positive charge during electron injection. This defect has 

been labelled as anomalous positive charge(APC)~rombetta,1991; Young,1979]. After 

termination of the charge injection, the positive charge density was found to decrease at 

room temperature on the time scale of minutes to days. This was greatly enhanced at 

temperatures of SO'C to 150'~[~hadield, 19831. 
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Since the E' centre represents a local oxygen vacancy or silicon excess, it occurs 

most often in materials with a non-stoichiometric nature. Silicon-rich samples comprising 

sputter deposited SiOz films on Si were explored by Zvanut et a1 [1988]. It was observed 

through repeated cycles of positive or negative stress there were reversible charge traps 

present in the oxide near the interface with the silicon. The charging rates as a function of 

bias could be explained by the tunneling of electrons between the traps and the silicon. ESR 

studies revealed the centre to be the E's depicted in Fig. 2.3 

. 

Fig. 2.3 Paramagnetic point defects observes in Si-Si02 structures by electron spin 
resonance[Helm,l994] 

Pb centers exist nght at the interface and have different bond angle arrangements 

depending on whether the silicon orientation is <I1 I>, <loo>, or <1 lo>. Gerardi et a1 

[1986] compared electrically measured interface trap densities with the densities of Pb 

centres measured by ESR (Fig 2.4) and found that the Pb centres comprise about half the 

traps present. The difference is probably due to backbonds and other nearby orbitals, whose 

angles and lengths are expected to be slightly different from those in the bulk silicon, with 

attendant different energies mtner, 19911. Note the peaks in the Pb curve ~ccuring at 
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0.35 and 0.8eV above the valence band. These energies are in good agreement with other 

techruques such as field-controlled ESR, standard C-V, and DLTS. 

I 

Fig. 2.4 Bandgap distribution of P b  centre and inteface traps Di, on oxidised 
(lO0)Si wafer. [Gerardi,l986] 

2.2.2 Hydrogen and defect generation 

The passivation of interface states and the Pb centre by hydrogen is a well known 

and much used phenomenon. However, it is also observed that defect generation is directly 

correlated to the hydrogen concentration in the MOS system[Winokur,l989; 

Krauser,l993]. Hydrogen is very mobile in the SiO2 lattice, especially at h~gher 

temperatures, and can easily move to the interface where it combines with the hydrogen 

passivating danghg silicon bonds via the reaction 

thereby creating electrically active traps[Helms, 19941. 

The activation of dangling silicon bonds is not the only role played by H in the 

formation of traps. Trombetta et al [I9881 have shown that exclusively non-Pb-type defects 

- 
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are generated when subjecting a MOS system to Fowler Nordheim stressing. Nijs et a1 

[I9941 conducted a study of donor-type interface states created by exposure to VUV 

radiation which showed that these defects anneal at room temperature when neutral , thus 

liberating hydrogen, but are stable when positively charged. The effect of annealing on trap 

energy distribution is shown in Fig. 2.5. 

Fig. 2.5 Density of interface states vs energy position in the band gap. The distribz~tions 
in the lower half are obtained from a n-type sample @er a 3-rnin. anneal at (a) 90, (b) 
120 and (c) 1 7 $ ~ .  The distributions above midgap are obtained from the p-type sample 
after anneals at (d) 95, (e) 120, Cf1160°c. [Druif,l994/ 

They proposed that the donor states are related to hydrogen attached to interfacial network 

sites, most likely oxygen atoms, constituting ellectrically active complexes. When the site is 

positively charged the H is strongly bonded and only weakly bonded when the site is 

neutral 

Studies have shown that water cliffused oxides are very susceptible to Dit 

generation by electron injection or large negative electric fields and steam grown oxides to 

hole injection or positive fieldsFZikll9881. These results have led to a host of models 
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involving the interaction of defects with charge to activate these traps and no doubt will be 

an area of research for many years to come. 

2.2.3 SIow Traps 

A number of important studies have been conducted in recent years which help to 

define the process of slow trap creation, the chemical origins of the various traps, and their 

behaviour under different conditions. Druijf and co-workersDruijf, 1993,1994,1995,19961, 

observed slow trapping in VUV damaged thermal oxides and was able to make some 

important conclusions. All devices, including non-irradiated ones, contained slow traps at 

an energy level of E4 .65eV in the silicon bandgap. Devices suffering higher doses of 

VUV had a second level at Efl.25eV, and slow charge exchange was also measured at 

large positive and negative bias(l5V), near and beyond the silicon band edges. Response 

times of up to 140s were recorded. While the traps at E4 .65eV had similar charging and 

discharging rates, those at Ev+0.25eV showed a much faster discharging rate than charging 

rate. Charging was defined as an increase in positive charge. He concluded that a 

substantial part of the slow traps were related to oxygen vacancies which exchanged charge 

via band-to-trap tunneling. At high negative bias, the trap level lines up with the silicon 

conduction band and loses an electron, becoming positively charged. It is neutrahsed at 

h.lgh positive bias when it lines up with the valence band, gaining an electron. Based on the 

voltages required for charge exchange, the trap separartion from the interface was 

calculated at 2nrn. The other two traps were related to hydrogen bonded to an oxygen 

site(E4.65eV ) and one of the danghg silicon bonds, P ~ ( E 4 . 2 5 e V )  found on Si(100). 
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Fleetwood and co-workers have conducted extensive research into trapping 

processes in MOS structures. In one such study warren,1994(1)], it was shown that hole 

transfer from the E's centre to the E', centre following hole injection into the oxide 

coincided with the increase in slow(border) trap densities. As mentioned earlier, the E' 

centres are related to 0-vacancies and were found to be more prevalent near the Si-SiOz 

interfaces of devices subjected to a hgh te1n~erature(1320~~) inert anneal This was &o 

found in studies by Devine and co-workersmvine, 1993;Devine, 1994;Warren, 1994(2)]. 

Consequently, these annealed devices exibited a hgher growth rate of slow traps. One 

implication of these results is that defects can drift towards the interface over long periods 

at room temperature via the mechanism of trap-assisted hole transfer in the SOz. 



2.3.1 Electrical characterisation of traps in the Si-SiOz system 

The various traps can be measured by many methods, all with their inherent strengths 

and weaknesses, and discriptiom of the those more commonly used are given in the texts of 

Nicollian and Brews[1982], and D.K. Schroder[l990]. The most popular method to date 

would undoudtedly be the capacitance-voltage measurement of a MOS capacitor, but 

before discussing these techmques in more detail, the relationshp which determine the 

capacitance of a MOS structure will be outlined. 

The energy band w a r n  of a metal-oxide-p-Si structure is shown in Fig 2.6. The 

intrinsic energy level in the silicon is taken as the zero reference. The surface potential is 

measured from this reference. 

Fig. 2.6 Cross section and energy(potentiaC) band diagram of an MOS 
capacitor.[Schroder,I990] 



CHAPTER 2 

The capacitance is defined as 

Equ. 2.1 

or the change in charge resulting from a change in voltage. During a capacitance-voltage 

measurement, a small amplitude AC slgnal is superimposed on a varying DC bias and the 

resulting charge variation gives the capacitance value at each bias voltage. Looking into a 

MOS-C from the gate, we find C=dQddVc , where QG and VG are the gate charge and 

gate voltage respectively. Since the charge on each side of the oxide must balance and 

assuming no oxide charge, QG= -(Qs + Qit). The gate voltage is partially dropped across the 

oxide and the semiconductor, giving VG = VOX + $S where VOX is the oxide voltage and $s 

the semiconductor voltage or surface potential, allowing Equ. 2.1 to be written as 

Equ. 2.2 

The semiconductor charge, in general, consists of hole accumulation charge QP, space 

charge region bulk charge QB, and electron inversion charge QN. With Qs = C2P+QB+G , 

Equ 2.2 becomes 

c=- 1 
Equ. 2.3 

EdVox I (dQ, + dQ,  )I + Ed$, I (dQp + dQ, + ~ Q N  + dQit )I 

Utilising the general capacitance definition of Equ 2.1, Equ 2.3 becomes 

Equ. 2.4 

Equ 2.4 is represented by the equivalent circuit of Fig. 2.7. For negative voltages, 

the semiconductor surface is heavily accumulated and @ dominates. As a result C p  is very 

large, acting as an AC short circuit, thereby leaving the total capacitance as as shown 

in Fig 2.7(b). When the semiconductor is in depletion, the space charge region charge, 



QB = -qNA dominates. Trapped interface charge capacitance also contributes. The total 

capacitance is the combination of COX in series with CB, which in turn is in parallel with Cit . 

In weak inversion CN begmi to appear and the circuit of Fig. 2.7(c) applies. For strong 

inversion, CN dominates because & is is large and if the inversion charge can follow the 

AC signal, the total capacitance again becomes Cox as shown in Fig 2.7(d). This gives the 

low-frequency C-V curve. When the inversion charge is unable to follow the AC voltage, 

the circuit of Fig 2.7(e) applies in inversion, with CB = wf where Wf is the final 

depletion width in strong inversion. 

Fig. 2.7 Capacitances of an MOS capacitor for various bias conditions as discussed 
in the te~t.[Schroder,l990] 
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The inversion capacitance only dominates when the inversion charge can follow the 

AC voltage and, at room temperature, this condition is mainly dependant on the generation 

lifetime, z, of minority carriers in the silicon. Typical values of z, he in the l o p  to lOms 

range. For a value of lop,  a lower frequency limit of 45% would be needed; not a severe 

constraint. For a generation lifetime of lOms however, a frequency of 0.4Hz would be 

required if the AC amplitude was 15mV. As a result, this type of measurement is almost 

always done at high frequency, 100kJ3z or lMHz, and the techmque of quasi-static C-V 

measurement, which wiU be discussed later, is employed to include the effects of inversion 

charge and interface trapped charge. 

2.3.2 Theoretical C-V curves 

The various capacitance-voltage curves can be calculated theoretically based on the 

inherent properties of the oxide and silicon layers. The low-frequency semiconductor 

capacitance CsLF is given by [Schroder, 19901 

- KS&, eUF (1 - e-'~ ) + e-" (eus - 1) 
Cs,u = Us - Equ. 2.5 

2LDi F(Us ,UF 1 

where the dimensionless electric field at the semiconductor surface is defined by 

F(U, ,U, = J q ( u ,   u us ) +us - 11 +wW, )[@Us -us - 11 Equ 2.6 

The U's are normalised potentials, defined by US = q+&T and UF = q$&T where the 

surface potential and the Fermi potential are defined in Fig 2.6. The symbol & stands for 

the sign of the surface potential and is +1 if Us > 0 and -1 if Us < 0. The intrinsic Debye 

length, LD, , is 

Equ. 2.7 
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The hgh-fi-equency capacitance is more diEcult to calculate exactly. An 

expression, which is accurate to 0.02% in strong inversion, is[Berrnan, 19741 

When the DC bias changes rapidly with insufficient time for inversion layer formation, then 

the deep depletion curve results. Its capacitance is[Schroder, 19871, 

where vo = q&mA/~: and VFB is the flatband voltage. 

The total capacitance is given by 

C =  cox c s  
(Cox + c s  

Equ. 2.9 

Equ. 2.10 

To calculate the capacitance-voltage curve, it is also necessary to relate the gate voltage to 

the oxide voltage, the surface potent@ and the flatband voltage in the following expression 

kTK ,Wax F 
VG =VFB +$, +Vex =VFB +$s +us E ~ u .  2.11 

q K ,  =,i 

Fig 2.8 shows the three ideal curves, low-fi-equency, hrgh-frequency, and deep depletion for 

the case where Q,, and VFB are both zero and the silicon substrate is p-type. The normalised 

flatband capacitance is 0.7 in this case as shown by the cross. All curves coincide in 

accumulation and depletion( voltages more negative than about lV), but deviate at more 

positive voltages because the inversion charge cannot follow the AC voltage in the high 

fi-equency case and does not exist in the deep depletion case. If the silicon were n-type, a 

mirror image of the curves about VG = OV would result. The most commonly measured of 

these curves is the hrgh frequency, but care must be taken especially in the inversion region, 

that appropriate AC frequencies and bias voltage sweep rates are employed in order to 
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obtain accurate results. Often the bias is stepped with sac ien t  time lapse between steps to 

achieve equilibrium conditions. 

Fig. 2.8 Ideal low-frequency(lF) , high--equency(HF), and deep-depletion(DD) 
capacitances of an MOS-C. NA = ~d*crn-~ ,  wox = IOOOA , T = 300K. 
[Schroder,l990] 

Fig. 2.9 shows the theoretical high and low frequency curves calculated £rom Equ's 

2.10, 2.1 1, 2.8, and 2.5, for different oxide thicknesses. The silicon is p-type with a doping 

density NF 1 016cm". 

Fig. 2.9 Normalised high freqrrency(dashed lines) and low frequency(so1id lines) 
capacitance as a finction of bias with oxide thickness as the paramater calculated using 
Equ's 2.10,2.11, and 2 5  and 2.8 for ND = 1d6cm". [ Sze,1981] 



CHAPTER 2 1 

2.3.3 Measuring Fixed Oxide Charge 

The fixed oxide charge is determined by comparing the 5tband voltage shift of an 

experimental capacitance-voltage curve with a theoretical curve as shown in Fig. 2.10. 

Fig. 2.10 Ideal (solid line) and experimental (points) MOS C-V curves. 
NA = 2 .6x1d4crn9, WOX = lOOOA, T = 296K, CFB/Cox=OJ4, 
VFBZ-0.7V [Schroder, 19901 

In order to measure the flatband voltage it is necessary to know the flatband capacitance, 

which can be calculated by the equation [Schroder, 19901 

Equ. 2.12 

if the temperature T, the oxide thickness Wox: in cm, and the doping density NA or ND in 

cni3are known. Q is related to the measured flatband voltage by the equation 

Qf = (+ M -VFB )cox Equ. 2.13 

where b~ is the metal-semiconductor work function. To determine Q, it is necessary to 

eliminate or at least reduce the effects of all other oxide charges and interface traps to as 

low a value as possible. 
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2.3.4 Measuring Interface Traps 

A number of measurement techmques have been developed over the years to 

characterise interface traps, and a few of the more commonly used ones will be described 

here. As shown in Fig 2.1 1, interface traps are located at the Si-SiOz interface and have a 

range of energy levels between the conduction and valence bands. Because these traps are 

in electrical communication with the underlying silicon, they can be readily charged or 

discharged, depending on the surface potential, and this forms the basis for a number of 

techmques by which the traps can be characterised. 

\ I Interface 

Fig. 2.11 Energy band diagram of the Si-SiOz intevace showing the inte~ace traps 
distributed in energy throughout the bandgap. 

Schroder(l990) outlines the more commonly used techmques for measuring 

interface traps. If the test device is a MOS capacitor, then the conductance method is 

popular due to its high sensitivity and its ability to give the majority carrier capture cross 
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section of the trap. Its major weakness is the limited range of energies over which Di, is 

obtained, and the amount of work required to extract Dit. The Quasi-static C-V method is 

also commonly used in both the I-V and Q-V forms. Its main strengths are the relative ease 

of measurement and the large energy range over which Dit is obtained. A problem with the 

I-V method is that the currents are usually low because the sweep rates are low to ensure 

quasi-equilibrium. The more recent Q-V version alleviates some of these difficulties. 

When the test structure is a MOSFET device, the favoured choice is the charge 

pumping method. Its chief strength is the direct measurement of the current that is 

proportional to Dit and the fact that measurements can be made on regular MOSFETs with 

no need for special test structures. On the other hand, only an average trap density is 

obtained, not an energy distribution, unless special measurement variations and 

interpretations are used. 

2.3.4.1 Conductance method 

The conductance method proposed by Nicollian and Goetzberger in 1967, is 

generally considered to be the most sensitive method for determining DitlNicolhn, 19671. 

Interface trap densities of 10' cm '2e~ '  and lower can be measured. It is also the most 

complete method because it yields Dit in the depletion and weak inversion portion of the 

bandgap, the capture cross sections for majority carriers, and information about surface 

potential fluctuations. The method is quite tedious and time consuming, although modern 

computing power has helped to alleviate this aspect. It is based on the measurement of the 

equivalent parallel conductance Gp of a MOS-Capacitor as a function of bias and frequency. 

The conductance, representing the loss mechanism due to interface trap capture and 

emission of carriers, is a measure of interface trap density. 
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Fig. 2.12(a) shows the equivalent circuit of a MOS-capacitor which is used for the 

conductance method. It is made up of an oxide capacitance, G,, semiconductor 

capacitance, Q, and an interface trap capacitance, Ct. The capture and emission of caniers 

by the traps is a lossy process, represented by the resistor, Rit. 

Fig. 2.12 Equivalent circuits for conductance mesztrements: (a)MOS-C with inte@ace 
state time constant, (b) simplped circuit of (a), (c) measured circuit.[Schroder,l990] 

For analysis, it is convenient to simplZfy the circuit to that of Fig. 2.12(b), where: 

Equ. 2.14 

Equ. 2.15 

where C,, = qDit 

T~ = RitCt (the trap time constant) 

Equations 2.14 and 2.15 are for traps with a single energy level in the band gap. 

Interface traps at a Si-Si02 interface, however, are continuously distributed in energy 

throughout the band gap. Capture and emission occurs primarily from traps located within 
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a few kT/q above and below the Fermi level for such a dispersion traps. This results in a 

time constant dLspersion and gives the normalised conductance as ~icollian, 19671 

The units of conductance are s/cm2 in these equations. The conductance is measured at 

various frequencies and plotted as GJo versus o or f. For equation 2.15, the function G& 

has a maximum at ~ l / % t ,  and at that maximum Di~2GJqw. For equation 2.16, the values 

at the maximum are ~ 2 / ~ i t ,  and Ditz2.5Gdqo. Hence, Dit is determined from the maximum 

value of G&o and q from the value of o for which that maximurn occurs. 

Fig. 2.13 shows some results of this type of analysis, comparing calculated results 

using equations 2.15 and 2.16, with experimentally measured values [G.DeClerck, 19791. 

Fig. 2.13 Gp/o vs f for a single level(Equ 2.15), the continuum(Equ 2.161, and 
experimental data [DeCIerck,l979 ] 
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Experimental peaks are generally broader than predicted by Equ. 2.16. This is attributed to 

the dispersion in trap time constants as a result of surface potential fluctuations due to 

nonuniformities in oxide charge, interface traps, and doping concentration. Surface 

potential variations are more pronounced in p-Si than n-Si (Schulz, 1983). 

Capacitance meters and bridges generally assume the device to consist of the 

parallel C,,,-G, combination in Fig. 2.12(c). A simple circuit comparison of Fig. 2.12(b) to 

Fig. 2.12(c) gives GJo in terms of the measured capacitance, C, the oxide capacitance, 

and the measured conductance, G,. 

2.3.4.2 Quasi-static C-V Method 

The low-frequency or quasi-static C-V method is relatively simple and .has become 

one of the most commonly used measurement methods. Due to its simplicity, it only 

provides information on trapped charge densities, but not on the capture cross section of 

the traps. The effect of interface traps on both htgh-frequency and low-f7equency C-V 

curves is shown in Fig.2.14. The distortion in the WF curve labeled A is the result of Dit 

near the valence band, B is for Dit near the midgap, and D is for Dit near the conduction 

band. The broadening of the LF curve at its midpoint, labeled C, is caused by interface traps 

nearest the conduction band.In the case of the HF curve, the interface traps cannot follow 

the AC voltage and so do not contribute additional capacitance. Nevertheless, the curve is 

not an ideal one because interface traps can follow the slowly varying DC bias. Now both 

the semiconductor and interface traps must be charged and so the relations@ of gate 
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voltage to surface potential differs from that of Equ 2.1 1, causing 'stretch-out ' of the C-V 

curve as seen in Fig 2.14. 

Fig 2.14 Comparison of theoretical and experimental LF and HF C-V curves. 
N ~ =  1 016crn", ~ ~ = 2 0 0 0 ~ . [ ~ e a 1 , 1 9 6 9 ]  

This effect is seen more clearly in Fig. 2.15, where the HF C-V curve of a capacitor 

with no interface traps is compared with another containing an even distribution of 10'~crn' 

2 e v l  throughout the bandgap. The other extreme, interface trap energy level distribution 

with pronounced structure, will be reflected in pronounced shape distortion in the HF C-V 

curve. The interface traps do respond to the AC voltage at low kequencies, and the LF 

curve distorts because of the added interface trap capacitance and the curve stretches along 

the voltage axis. 
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Fig. 2.15 A theoretical high frequency C-V curve with inteqace trap stretchout 
compared to a curve with no interfnce traps. No = 1d5cm", Wox = IOOOA, 
and Dit = 1d2cm"ev1 [Nicollian, 19821 

The quasi-static method uses a comparison of a low-i7equency curve with one free 

of interface trap effects. The latter can be a theoretical curve or a hgh-frequency one for 

which the frequency is too hq# for the interface traps to respond. When the high-frequency 

curve is used, Di, can only be calculated over a limited range of +s, fiom depletion to weak 

inversion. The LF capacitance is given by Equ 2.18 in depletion/inversion as 

Equ. 2.18 
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where CB + CN is replaced by Cs, the LF semiconductor capacitance. Gt is related to the 

interface trap density by Di, = C,, / q, giving 

Equ. 2.19 

This equation is valid for interface trap determination over the entire bandgap. Dit can then 

be determined when CLF is measured as a function of gate voltage and Cs is calculated 

using Equ 2.5. Note that in Equ 2.5, Cs is expressed as a function of the surface potential 

+s, and so a relations@ between gate voltage and $S must also be determined. Berglund 

proposed [Berglund, 19661 

Equ. 2.20 

where A is an integration constant given by the surface potential at VG = V G ~  . The 

integrand is obtained by integrating the measured CLF/GX versus VG curve, with VGI and 

VG2 arbitrarily chosen since A is unknown. If the integration is carried out f?om strong 

accumulation to strong inversion, the result should be equal to or shghtly less than the 

bandgap. Various approaches to determine the surface potential based on LF and HF C-V 

curves have been proposed[Goetzberger, 1976; Kuhn, 1970; Fogeis, 197 1; Berglund, 1966; 

Uren and Brunson, 19941 

The low frequency C-V curve is very diiiicult to measure with a capacitance meter 

or bridge because the signal is very noisy at low frequencies of around 1Hz. The quasi- 

static or slow ramp voltage method was suggested by Kerr[1969], and Kuhn[1970], and 

Kappallo and Walsh[1970] to overcome this problem. A slowly varying voltage ramp is 

applied to the MOS-C and the displacement current is measured, such that CLF can be 

determined via the equation 

I = Cw dVwldt Equ. 2.21 
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Hx$ and low frequency curves are shown in Fig. 2.16(a) and the Di& proiiles 

derived &om these curves are shown in Fig. 2.16(b). The dotted line in Fig. 2.16(b) has 

been calculated using the difference between the HF and LF curves in the depletion and 

weak inversion regions as marked by the shaded area. The solid line was derived by 

comparing the LF curve to the theoretical curve found using Equ 2.18, thus giving a wider 

range of energies. 

Fig. 2.16 (a) Experimental LF and HF C-V curves showing the approximate range over 
which the high-low frequency method holds (shaded region); (b) Di, detem'ned by Equ 
2.19(solid curve) and the high-lotvfrequency czuves(dashed curve). [Schroder, 19901 

A basic circuit used for this measurement is shown in Fig. 2.17, where one side of 

the test device is connected to the inverting input of an amplifier and a constant voltage 
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ramp applied to the other. With a resistor as the feedback element, the output voltage is 

then proportional to the test capacitance according to the relations4 

V, = -DlF = -CRF dV/dt. E ~ u .  2.22 

The current, I, should only be the displacement current, but any leakage current is also 

included in the measurement. Lf not too great, the leakage can be removed by scanning in 

both directions and subtracting one set of data from the other, thereby cancelling leakage 

current and doubling the displacement current. This method also provides a means of 

checking that the measurement has been done under equilibrium conditions. If the two 

scans are mirrored about the voltage axis, then equilibrium exists. Otherwise, a slower scan 

rate should be used. Another disadvantage is that the circuit acts as a differentiator and 

tends to exaggerate noise spikes or nonlinearities in the voltage ramp. 

Fig 2.17 Schematic of the basic circuit used in the Current-Voltage Quasi-static 
techniqrie. [Schroder, 19901 

A practica3 example of this techruque is shown in Fig. 2.18, which illustrates the eEects of 

increasing interface trap densities on the shape of the quasi-static C-V curve. Here, a wafer 

has been plasma etched and then capacitors at different radial locations on the wafer were 

measured. Curve F is for a wet etched device with low trap densities, and so is closest to 
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being ideal The increasing distortion for devices closer to the wafer centre is due to the 

increased trap densities. 

. 

Fig. 2.18 Quasi-static C-V curves for 11.6nm capacitors after 60s plasma etching of 
A1 at five d~flerent positions on the wafer. Curve F is the C-V of a wet etched 
sample. [Shin, 19831 

2.3.4.3 Charge-Voltage quasi-static C-V method 

The Q-V quasi-static method or the feedback charge method was devised to 

alleviate some of the problems encountered with the I-V method. Recent commercial 

versions are based on the circuit of Fig. 2.19, which acts as an integrator thus reducing 

unwanted s&. The MOS-Capacitor is comected with its gate to the op-amp and its 

substrate to the voltage source to minimhe effects of stray capacitance and noise. 

The techruque utilizes a voltage step input AV across the test device and the 

capacitance is determined by measuring the transfer of charge in response to this voltage 

increment. The feedback capacitor, CF is initially discharged by closing the low-leakage 
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switch S. When the measurement starts, S is opened and AV causes charge AQ to flow into 

CF, giving the output voltage 

AVO = -AQ/CF . E ~ u .  2.23 

Since 4 Q  = C AV, then AVO = -C/CF AV and the output voltage is proportional to the 

test capacitance. Gain can be introduced through suitable selection of CF. 

Fig. 2.19 A schematic of the basic circuit used in the Charge-Voltage 
Quasi-static technique. [Schroder, 19901 

The method is well suited for MOS measurements since it has high noise immunity 

due to the fact that sizable voltages rather than low currents are measured and since voltage 

steps rather than precisely linear voltage ramps are used. 

2.3.4.4 Charge-Pumping Method 

When the gate of a MOS transistor is biased so as to induce charge inversion of the 

surface, minority carriers rush from the source and drain to the gate and fill the traps at the 

Si-SiOz interface. When the gate is subsequently pulsed into charge accumulation, those 

mobile carriers not trapped are free to return to the source and drain under the influence of 

the reverse bias. Depending on the geometry of the device and the shape of the bias pulse, a 
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portion of those mobile carriers may recombine with majority carriers before they reach the 

source and drain, constituting a current known as the geometric component. Those carriers 

trapped at the interface recombine with majority carriers to constitute a measurable 

substrate current. It is ths substrate current, known commonly as the charge pumping 

current, I, which characterises the interface traps and leads to the analysis of trap densities. 

Interface trap densities can be extracted from I, with techmques developed by 

Groeseneken et al.[Groeseneken,l984]. One techmque yields a mean trap density 

representative of values between flatband and threshold according to: 

l%,oe mi, Di, (mean) = - 
2qkTA A log( f) 

where A is the gate area and f is the pulse fi-equency to the gate. 

I ,  
Qi, = - 

f 

Equ. 2.24 

Equ. 2.25 

is defined as the recombined interface trap charge per cycle. By varying the-frequency of 

the voltage pulse train applied to the gate and measuring the resulting substrate current, one 

obtains a plot of recombined charge per cycle versus frequency, and thus the mean trap 

density via Equations 2.24 and 2.25. The pulse amplitude and offset should be chosen such 

that the pulse includes the entire range of gate offiet voltages for which charge pumping 

flows as dictated by the device's flatband and threshold voltages. 

Although the application of simple square pulses to the gate yields an average trap 

density over a lirmted energy range, more sophisticated signals have been used to obtain 

trap distributions through the bandgap. Elliot varied the pulse base level from inversion to 

accumulation keeping the amplitude of the gate pulse constant[Elliot ,19763. Groeseneken 

varied the rise and fall times of the gate pulses[Groeseneken ,19841, while Wachnik used 
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small pulses with small rise and fall times to determine the energy dismbution of 

Dit[Wachnik, July1986, April 1986). 

2.3.5 Measurement of Slow Traps 

A number of measurement techmques have been developed in recent years to 

characterise the subclass of trap known as the slow trap or border trap. Most are based on 

the fact that slow traps do exchange charge with the silicon but with a range of response 

times which are slower than conventional interface traps. Some are modifications of 

existing techmques such as hgh-frequency C-V, charge pumping, or l/f noise 

measurements while others involve measurements of relaxation times of devices after 

discrete bias changes. Some of these techrques will be discussed here. 

Kerber and Schwalke studied slow trapping in MOS capacitors subjected to either 

Fowler-Nordheim injection or X-ray irradiationrnrber, 1993; Schwalke, 199 11. Their 

measurement techruque, which they called the equilibrium-controlled C-;V techruque, 

involved applying a staircase voltage to the device and monitoring the displacement charge 

after each voltage step until its value dropped below a preset value. Stepping from 

accumulation to inversion, they measured extremely fast relaxation times until passing the 

threshold voltage towards inversion, the relaxation times increased dramatically in the 

depletion region for the case of oxides damaged by X-ray exposure. Fig. 2.20 shows quasi- 

static curves and relaxation times of fresh and damaged devices. 
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Fig. 2.20 Quasi-static C-V curves (a) and relaxation time plots (b) of virgin (curve a) 
and irradiated (curve b) MOS capacitors with furnace oxide(Dose=50Mrad). Curve c in 
(a) reperesents the capacitance of carriers with a response time I: Is.[Schwalke, 19911 

It can be seen that the voltage region where long relaxation times exist coincide with the 

distortion in the C-V curve which would wuaUy be associated with interface traps. The 

relaxation times(>lOs) indicate, however, that a s q p h i n t  proportion of the traps can be 

classed as slow traps which exist at energies between the silicon midgap and 0.3eV above 

rnidgap. Fig 2.21 shows their results for the capacitance associated with slow traps created 

by Fowler-Nordheim injection. Here they found the trap density reduced with successive 
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measurement sweeps. They claimed that most of the charges are trapped in shallow sites 

which are not r e W  in successive C-V sweeps, while the remaining slow traps can be 

charged and discharged by sweeping the gate voltage back and forth. 

Fig 2.21 Capacitance associated with slow naps as a function of the surface potential. 
The dashed and dash-dotted lines are for the second and fifth C-V sweeps.[Kerber, 19931 

Fleetwood and co-workers have used the hysteresis produced by slow traps in lMHz 

C-V curves when sweeping the voltage in both directions[ Fleetwood, 19961. A gate 

voltage sweep rate of O.1Vls was used in this case. Fig. 2.22 shows this effect for n- 

substrate capacitors which have experienced Fowler-Nordheim stress or X-ray irradiation 

The difference between the forward and reverse curves is also plotted in each case, and the 

integration of this Werence curve produces the total effective slow trap dens1.y. 
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Fig 2.22 C-V hysteresis curves for n-substrate capacitors with 17nm thermal o,xides 
subjected to X-ray exposure(a) and Fowler-Nordheim stress with positive gate biasfb). The 
lower peaked curves are the diflerence between the forward and reverse C-V curves. 

The &dings of Druijf and co-workers[Dnujf, 1993,1994,1995,19961 discussed in 

section 2.2.3 were arrived at using a technique similar to Kerber and Schwalke, in which 

they monitored current transients of MOS capacitors following incremental voltage steps. 

Fig 2.23(a) shows the results of an earlier study'&-~.1jf,l993] in which they showed the 

integrated charge related to slow trapping as a function of bias voltage for a VUV 

irradiated p-Si MOS structure. The charge was integrated over 2.5s after an initial wait time 

of 1s following the voltage step and scans in both directions were measured. Scans in both 

directions revealed a distinct peak at -0.65V, while an additional peak was seen in the 

inversion to accumulation scan at more negative voltages. In a later studyWjf,1996], the 
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current transient stabjlisation times plotted against gate voltage or the position of the Fermi 

level in the silicon bandgap provided a measure of the slow trap distribution. A lower cutoff 

of 40s was used for the stabilisation time. Integration of the current transients instead of the 

stabilisation times in these plots produced similar results. Fig 2.23(b)-(e) below shows a set 

of plots for a dry oxide on p-Si with and without a VUV irradiation dose of 1.5~10'' 

photons ~ r n - ~ .  The voltage is scanned in both directions, as indicated by the arrows and the 

bandgap energy is indicated on the top scale of each plot. 

Fig 2.23 (a)Slow charge, a, as a function of bias voltage for a V W  irradiated MOS 
capacitor, showing an inversion to accumulation scan(dotted line) and an accumulation 
to inversion scan(so1id line)[Druijf,l993] .Energy level distributions for (b) ,(d)charging 
and (c),(e) discharging of slow states. The top axis is the position of the silicon Fermi 
level(eV) with respect to the silicon valence-band edge.[Druif,l996] 
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Paulsen and Whlte [1992,1994]recently published details of a slow rap measurement 

method for MOSFET's, which they described as an extension of the charge pumping 

method (described earkr)to low frequencies. By applying a pulse train of varylng 

frequencies, f, to the gate of a device and measuring the charge pumping current, Icp, 

through the source and drain, the contributions due to interface traps and slow traps may be 

obtained. The individual contributions are observed by examining the charge recombined 

per cycle, QCp = W f ,  as a function of the frequency of the applied pulse train. In the 

prescence of slow traps the charge recombined per cycle increases as the frequency is 

lowered, due to the greater probability of charge tunneling to and from the traps located 

near the interface. Fig 2.24 shows the results for an unirradiated oxide compared with an 

irradiated oxide indicating the contribution from the slow traps at frequencies below 1W 

in the irradiated case. 

Fig. 2.24 The recombined charge per cycle(QCP) (a) for a nonirradiated MOS device 
and (b) for an unhardened irradiated oxide. [Paulsen,1992] 
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They presented an expression, shown below, for the tunneling time constant of electrons 

tunneling fkom interface traps to slow traps through the oxide potential banier. 

Equ 2.26 

where 

2 
Q, = 2m,,(@B + E c  - E , ) /  h 2  Equ. 2.27 

2  
= 2 m S i ( E c  - E , )  1 h 2  Equ. 2.28 

+B is the energy discontinuity between the semiconductor and the oxide, nb, and msi 

are the effective masses for electrons in the oxide and semiconductor, respectively, and 

E, is the trapping level of the slow traps. Fig 2.25 uses this relationship to plot the trap 

time constant as an exponential function of tunneling distance for various values of Dit, 

the interface trap density. A wide range of time constants exist(l0-*s to 10's) for 

tunneling distances between 5A and 25A, with increased interface 'trap density 

reducing the time constant. 

Fig. 2.25 Trap-to-Trap tunneling rime constant vs separation distance with 
interface trap density as a parameter. [PauIsen,1992] 

- 
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2.4 Summary 

A general overview of traps in the Si-Si02 system has been given, detailing the 

chemical nature of these traps and some of the more commonly used measurement 

techniques. Particular attention has been payed to the sub-class of trap known as the 

slow trap or border trap , as it plays a central role in the subject matter of this thesis. 

Electron Spin Resonance studies have established that danghng silicon bonds at 

the interface, the Pb centre, act as fast interface traps, and can be passivated by 

hydrogen or depassivated under certain conditions through the loss of the hydrogen 

atom. The oxygen vacancy site(the E' centre) in the Si02 may act as fixed oxide charge 

if it is far away from the interface or as a slow trap if it is within a few nanometers 

from the interface where charge can tunnel to and from the defect site. Hydrogen 

attached to oxygen sites in this near-interface region can also behave as a slow trap. 

The more commonly used techniques for the electrical characterisation of the 

traps in MOS capacitors are the high frequency C-V curve for fmed oxide charge, and 

the conductance technique and the quasi-static C-V analysis for interface traps. The 

energy distribution throughout the silicon bandgap can be determined, and in the case 

of the conductance technique, the time constant and hence the capture cross section of 

the trap is measured. Charge pumping can be used to measure interface traps in 

MOSFET's. 

Some of these techniques have also been adapted to measure slow traps, taking 

into account their wide range of response times. The hysterysis of high frequency C-V 

curves measured by scanning in opposite directions gives the total number slow traps 

in a device. Stepping the gate voltage of a MOS capacitor and recording the relaxation 

time has also been used to measure the voltage or energy distributions of slow traps in 
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a technique labelled the equilibrium controlled C-V measurement. A similar technique 

was used to measure slow trapping in VUV irradiated MOS capacitors, while 

integration of current transients resulting from voltage stepping gave similar results. In 

MOSFET's, charge pumping measurements at various frequencies have produced 

useful information on slow trapping in these devices. Table 2.1 summarises the 

measurement techniques which have been used by various research groups to 

characterise the effects of slow traps in MOS capacitor and MOSFET structures. The 

techniques have certain limitations, particularly with regard to the measurement of trap 

response times, which can give important information on the physical location and 

energy level of the trap within the oxide-silicon transition region. The fact that many 

are based on capacitance measurements precludes their use in the regions of strong 

inversion or accumulation. 

Table 2.1 A comparison of different measurement techniques which have been used 
to characterise slow traps. 

Measurement 
technique 

High frequency C-V 

Quasi-static C-V 

Charge pumping 

Equilibrium-controlled C-V. 
Stabilisation time-voltage 
plots. 

Integrated charge- 
voltage(energy) plots 

Comments 

hysteresis between opposite scanning directions 
only gives total trap density 

current-voltage mode does not measure slower traps; 
charge-voltage mode can give energy distribution but 
no response time distribution. Inaccurate in strong 
inversion. 
used for MOSFET's - response time resolution 
possible by varying frequency of stimulating voltage. 

measures relaxation time or maximum response time 
- resolves in energy but not response time. 

resolves trap densities in energy but not response time. 
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CHAPTER 3 

Review of Plasma Etch 
Induced Damage 
to MOS Structures 

3.1 Introduction 

Plasma etching is a vital step in the fabrication of large scale semiconductor circuits 

because it provides anisotropy and process control unattainable with wet etching. As new 

generations of etch machines are developed with the aim of improving important etch 

parameters such as selectivity, uniformity, and profile control, and as device technology 

changes, the issue of damage minimisation is also being considered more than in the past. 

A plasma creates energetic atoms and radicals that lead to selective etching, and the 

plasma-substrate potential difference provides the directional ion flux for anisotropic 

etching. Unfortunately, there are also detrimental effects of the process which can cause 

damage to certain portions of the surface or underlying materials which then manZest as 

degraded device performance or reduced operational lifetime. These effects include layers 

of residual reaction products remaining on surfaces, impurities that permeate 

semiconductors and dielectrics, and bonding damage from impingement of plasma- 

generated particles and photon fluxes. It also includes dielectric wearout, a hamdid side 

effect of current flow or htgh electric field generation across dielectrics during etching. 

This chapter examines the damage mechanisms considered to be most important in 

modem plasma etch processes. Of particular relevance to the results presented in later 



CHAPTER 3 

chapters is the effect of gate d e m o n  etching on the underlying gate oxide and the 

alteration of the oxide-silicon substrate interface as a result of the above-mentioned damage 

mechanisms. With the reduction in gate oxide thickness required for future devices, it is 

vital that this interface remain as defect free as possible to ensure that the required 

specitications and durabhty are met. 

3.2 Fundamentals of the plasma etch process 

3.2.1 Overview 

A plasma is a gas containing charged or neutral species, including some or all of the 

following: electrons, positive ions, negative ions, atoms and molecules[Cecchi, 19901. On 

average the plasma is electrically neutral, because any electrical imbalance would create 

electric fie& which would then return the system to a state of neutraky. An important 

parameter of a plasma is its degree of ionisation which is the fraction of orrgtnal neutral 

species(atoms or molecules) which have been ionised. If this value is much less than one the 

plasma is said to be weakly ionised, and the relatively large number of neutrals dominate its 

behaviour. In fully ionised plasmas, the degree of ionisation approaches unity and neutral 

particles play little or no role. 

To form and sustain a plasma requires an energy source to produce the required 

ionisation. In steady state, the rate of ionisation must balance the loss of electrons and ions 

from the plasma volume by recombination and diffusion or convection to the boundaries. 

The plasmas are usually initiated and sustained by electric &Ids which are produced by 

either direct current(DC) or alternating current(AC) power supplies. AC powered plasmas 

are required to etch insulating materials at reasonable rates and frequencies of 100 kHz at 

the low end of the spectrum, 13.56 MHz in the radio frequency(RF) portion of the 

spectrum, and 2.45 GHz in the microwave region are used. 
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Fig 3.1 shows the important reactions and processes exhibited by plasmas which allow 

them to be used for the etching of thin W. Firstly, plasmas are capable of efficiently 

generating chemically active species. Examples of this include atomic chlorine or fluorine 

for the etching of silicon. The generation of chemically active species in a plasma is initiated 

by the bombardment of molecules and atom by the plasma electrons, which have su£iicient 

energy to break the chemical bonds. The products of the electron bombardment processes, 

which include radicals and ions, can undergo further reactions, often at high rates, to form 

additional chemically reactive species. In a plasma reactor, the chemistry and reaction rates 

are governed by many elementary processes that depend in complicated and complex ways 

on the plasma parameters. 

----- -------- -- ---- -------- I ! k p a i a o n  on wall 

hii$ , a ~ = j ? ~ !  , 
Gas l kpmrr  

Fig 3.1 Processes that occur during plasma etching 
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The second feature that makes plasma discharges so useful is their ability to generate 

ions to energies of 50-1000eV in the vicinity of the deposition or etching substrate. 

Energetic ions are useful for sputtering because they can overcome the binding energy of 

surface atoms and molecules, which can play an important role in the etching of thin films. 

A prominant example of this is the anisotropic etching of semiconductor devices 

-198 1; Ephrath,l989] where the etch rate perpendicular to the substrate(the 

drection of the energetic ion impingement) can be enhanced over that lateral to the 

substrate surface by a variety of ion bombardment-activated processes. 

Ions are formed in a plasma principally by electron bombardment ionization of 

molecules. The ions can then be accelerated in the relatively strong electric fields, which in 

certain discharge configurations, exist outside the main plasma volume near the substrate in 

a region called the sheath(see Fig 3.1). This region also accelerates positive ions out of the 

plasma, so that the ions anive at the substrate energies which are large. compared to 

chemical bond strengths. Its effects at the surface include, desorption or decomposition of 

adsorbates, enhancement of adsorbate reaction rates, and direct reaction of active ions with 

the surface, sputter etching and crystal lattice damage. Sputtering thresholds are of the 

order of tens of electron volts[Flamm, 19841. 

Returning to the bulk of the plasma, electron impact on a gas molecule, the primary 

process occuring there, often causes molecular "cracking" or bond breaking, whether or not 

ionisation takes place. The resulting fiagments(atoms and free radicals) have dangling 

bonds and may also be in electronically excited states and therefore are very reactive 

towards molecules in the plasma and on surrounding surfaces. 
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3.2.2 RF Plasmas 

As mentioned earlier, RF plasmas are necessary for the processing of insulating 

materials and are generally a much more efficient system. At 13.56 MHz, the massive ions 

have too much inertia to respond to the instantaneous electric field in the sheath regions, 

while the hghter electrons wilL Owing to the differences in mobilities of the ions and the 

electrons, however, a time average bias will arise for certain confirmrations. 

Fig 3.2(a) shows the asymmetric RF discharge co~a t ion (unequa l  electrode areas), 

which results in hgh bias. In this example, the chamber walls act as the grounded electrode. 

This is the chosen configuration for Reactive Ion Etching, where ion bombardment 

produces anisotropic etching. The lughest bombardment energies are obtained when the 

pressure is lowered but since excessive ion energy can result in damage to a wafer, some 

RIE processes are operated at hgher pressures(200-300 mTorr), to reduce the ion energy 

both through reduced electrode bias and collisions in the sheath. 

For the case where the electrodes have equal areas, there is no self bias on the powered 

electrode. In this case the plasma develops a considerable positive time-average potential 

which results in energetic ion bombardment occurring at both electrodes. A basic 

configuration for this type of etcher is shown in Fig 3.2(b). 



 

 
  

D

Fig 3.2 (a) Components of a Reactive-Ion-Etcher, showing the vacuum system, g a  supply 
lines with flow controllers, and @ generator connected to the electrode supporting the 
wQfer[Oehrlein,l992]; and (b) A typical single-wQfer parallel plate plasma etching 
chamber, where the upper electrode is powered and the lower electrodetof equal area) is 
grounded and holds the wafer[Cecchi,l990]. 
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3.2.3 Pradical plasma etching systems 

The preceeding discussion has introduced two chief active species in plasma etching: 

fast ions and chemically active &ee radicals. Various plasma etching techmques have 

evolved that exploit each of these species to a greater or lesser extent depending on gas 

composition and pressure, electrode configuration, excitation frequency and power, and the 

location of the wafer whose surface is to be etched. 

Sputter etching(1ower pressures) and what has become known as reactive ion 

etching(RIE, hgher pressures) are both carried out with the wafer placed directly on an 

electrically powered electrode in contact with the plasma. The phenomenon of electrode 

self-bias, allows ion energy at the wafer to be about as high as the peak to peak operating 

voltage of the applied power. Hgh Trequency is used(l3.6MHz) to allow capacitive power 

coupling through insulating films. Pressure is limited on the low end by collapse of the 

plasma due to insufficient electron-molecule collisions, and on the hgh .end by the 

disappearence of the self-bias effect and is usually set at 1-10 Pascals. In the case of sputter 

etching or RIE, the powered electrode holds the wafer to be etched and a reactive gas is 

used. 

As the pressure is raised in the apparatus(30- 1000 Pa), several changes occur. First the 

self-bias disappears, so that the operating voltage is more uniformly distributed between the 

electrodes. Therefore, the wafer can be placed on the grounded electrode for convenience. 

Second, ion-scattering and ion-generating collisions in the sheath become more frequent, 

resulting in a broad distribution of ion energies at the wafer. Third, the arrival rate of 

chemically active species increases. A typical design for this type of etching is called a 

parallel-plate reactor and is shown above in Fig 3.2(b). 
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3.2.4 Etch mechanisms 

In all of the processes described above, the wafer surface is being bombarded by ions 

and neutral species, including chemically active ones except when only inert gases are used. 

The ion flux leaving the plasma (approx. 6x10'~ ions/cm2 sec) is of the same order for the 

various apparatus, and is usually equal to the ion flux arriving at the wafer except above 

100 Pascals or so, when ionisation in the sheath causes an ionisation effect. The arrival flux 

of active neutral molecules and many radicals increases with pressure and so higher etch 

rates are generally achleved in plasma etching than in other processes such as sputter 

etching which use lower pressures. A typical rate is 2000&min. for polysilicon. 

The key phenomenon operative in plasma etching is the effect of the ion bombardment 

on the chemistry of the neutral species, specifically its enhancement of chemical etching of 

the surface to fonn volatile products. Because the electric field in the sheath is 

perpendicular to the surface, injected ions become directed the same way, resulting in an 

enhancement of the vertical etch rate relative to the lateral etch rate. The result is 

anisotropic etching. Electrons and photons also bombard the wafer, but non-directionally 

and with much less energy. 

There has been considerable speculation over the mechanisms of ion-enhanced etching, 

and it is likely that the mechanism varies with the c h e d  circumstances. In general, 

etching mechanisms may be divided into the four basic catagories shown in Fig 3.3, 

sputtering, chemical etching, ion-enhanced energetic mechanisms, and ion-enhanced 

inhibitor processes.[Flamm, 19891 



CHAPTER 3 

  

Fig 3.3 The four etch mechanisms: 1 sputtering, 11 chemical etching, 111 ion enhanced 
energetic etching, N ion-enhanced inhibitor etching.[Flamrn,l990] 

In the first case of sputtering, material is mechanically ejected from a surface by the 

energy and momentum transfered in ion bombardment. Virtually any material can be 

sputtered if the ion energy is high and the pressure low enough for the ejected matter to be 

projected across the reactor with few collisions. The problem with pure sputter etching is 

that it is unselective and slow, and if the energy of impinging ions is above a certain 

threshold, the ions can actually enter the material, The other three mechanisms are 

fundamentally different from sputtering in at least two ways:(a) chemical reactions are 

central to the etching process and (b) the substrate is converted into volatile, gaseous 

products. 

Chemical plasma etching mechanisms are those in which the discharge creates 

uncharged etchant radrcals(neutrals) which react with a surface material through 

conventional chemical reactions. Although the plasma can also contain charged particles, 

they do not participate in the "chemical" etching reaction, yet they can still enhance the 

c h e d  processes by general surface heating or sputtering of native oxides fiom the 

surface. Chemical etching is often, but not always, isotropic which results in the 
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undercutting of masks. The etching of silicon by free fluorine atoms is a good example of 

an isotropic chemical mechanism. The reaction is rapid and the fluorine atom can survive 

in a gas flowing long distances fiom the originating plasma. Consequently, fluorine etching 

can be done using a remote, or afterglow plasma reactor where the plasma that makes the 

etchant species is far upsteam of the surface that is being etched. 

Energetic ion-assisted plasma etching mechanism such as RDE remove materials that 

would not otherwise be gasitied by plasma generated neutrals. Etching is made possible by 

the disruptive effect of ions impacting on the surface, and is sometimes referred to as the 

"damage" mechanism. This mechanism can be used in the etching of undoped silicon by 

chlorine plasmas, since at 0rdmat-y temperatures chlorine barely attacks undoped silicon 

when there is no ion bombardment. 

In the forth mechanism, an "inhibitor" hlm induces anisotropy under circumstances 

where etching is spontaneous and the mechanism would ordinarily be purely chemical With 

suitable plasma conditions, the ion flux(which is perpendicular to the surface) prevents the 

deposition and growth of inhibitor on horizontal surfaces, so that inhibitor only deposits on 

sidewalls where it prevents attack. Inhibitor films can be fonned from feed additives, from 

the main feed components, fiom reaction products or even from the mask material. In 

fluorine and chlorine etching, the perfluoroethyline-like sidewall films are made by adding 

fluorocarbons that decompose and create polymer-forming species([CF2]J in the plasma. 

One important objective in VLSI patterning is high chemical selectivity for f h  etching 

versus etching of the photoresist mask and the underlying film. The former preserves 

feature size and the latter avoids damage to underlying circuitry. The major drawback of 

plasma etching compared to wet chemical etching is that selectivity is harder to achieve 

because of the much lager amounts of energy present in the form of ions and free radicals. 
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At least four factors appear to affect selectivity: regulation of wafer temperature to the 

minimum needed to volatilise the etching product, control of ion energy to the minimum 

needed to activate the desired reaction, avoidance of chemical species known to etch the 

other hlms, and the establishment of a balance between deposition and removal of 

passivant/recombinant layers such that they are removed f?om the film being etched while 

they remain on the photoresist, the underlying him, and the sidewall. 

3.2.5 Effect of operating conditions on etch mechanisms in a parallel plate reactor 

In many plasma chemistries, the mechanisms described above can take place to some 

degree, but which process dominates is heavily influenced by the plasma operating 

parameters such as gas pressure and composition, excitation f?equency and power, system 

geometry etc. Fig 3.4 illustrates the effect of gas pressure on the type of mechanism which 

tends to dominate. 

 

Fig 3.4 Qualititative eflect of pressure on ion energy and the etching 
mechanism.[Flamm,l990] 
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At low pressures, the potential across the discharge is hgh, with a correspondingly h_lgh 

sheath potentid This means that the ions are hghly energetic, the reactant denslty is low, 

and the mean free path is long so that sputtering tends to dominate. At somewhat hgher 

pressure, the ion energy is sllghtly lower and neutral reactant densities are large enough to 

support energetic ion-assisted etching. Hzgher pressures still favour chemical etching and 

inhibitor ion-assisted directional etching. 

Another way of viewing the process is via the progressive chemical reactions which 

occur, for example, in the chlorine etching of silicon. 

Etchant formation 

Adsorption on Substrate 

Chemical reaction 

Ion-assisted Reaction 

Product Desorption 

ions 
Si - n C1-> SiCINh) 

Etchant must be formed in the plasma and then adsorbed on the substrate. Next, the etchant 

combines with the substrate to form a volatile product either by spontaneous chemical 

reaction, or if the chemical reaction is slow, ion bombardment may be required to drive the 

reaction. Finally, the product formed in these reactions must be desorbed and removed 

£rom the system. In principle, any one of these steps may control the overall etch rate. 

3.2.6 Silicon etching 

When clean silicon is exposed to atomic fluorine, it quickly aquires a fluorinated 

"crust" that extends about 5 monolayers into the bulkFlamm, 19901. Evidence suggests 

that F atoms penetrate the top of this layer, as shown in Fig 3.5, and attack subsurface Si- 
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Si bonds, eventually releasing silicon in the form of two gaseous desorption products- a i?ee 

radical, SiF,, and the stable product, SiF4. 

Fig 3.5 Mechanism of silicon etching by fluoriize. Simplified depiction of a two-channel 
concerted reaction between fluorine atoms and the fl~torinated layer. Reaction results in 
the formation of gaseous SiFz (la) and bound Fl~~orosilicon radicals(1b) that are 
fluorinated firther to form higher SiF, products. Kinetics indicate that (1 a) and (I b) are 
branches of a single, rate-limiting reaction that may involve a common, vibrationnlly 
excited intermediate. [Flamm, 19901 

Studies show that most silicon leaves the surface as the product SiF4, while SiF2 

amounts to only 5 to 30 percent of the intermediate product. The etch rates for fluorine 

atom etching of Si and SiOz are given by the Arrhenius expression, 

In -MT Etch Rate(A/min) = AnfT e 

with parameters shown in Table 3.1 
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Table 3.1 Preaponential factors(A) and activation energies(EA) for silicon and SiOz 
Arrhenius apressions.[Flamm,l990 ] 

These parameters correspond to a room temperature selectivity for F-atom etching of Si 

over Si02 of about 40:l. Note that it is the surface temperature which counts; selectivity 

will fall if the plasma heats the silicon surface, no matter what the bulk temperature is. 

Temperature is an essential process variable. 

Various plasma etching mechanisms are &cussed by H.F.Winters et 

aL[Winters,l983]. They divide the subject into two parts, firstly looking at spontaneous 

etching whereby neutral species in the absence of energetic radiation interact with a solid 

surface to produce volatile products. The second is ion-enhanced etching which occurs 

primarily at surfaces which are bombarded with energetic ions. They state that an 

understanding of spontaneous etching requires a knowledge of (1) the type of gas phase 

particles which react at the surface (2) the product formed and (3) the processes which lead 

£rom reactant to product. 

Rate &min 
(298K, n~ = 3x10'~cm-~) 

2250 

55 

It is widely believed that fluorine atoms, being the most abundent radical in the gas 

phase, cause the etching of silicon in a glow discharge generated in a fluorocarbon gas. 

However, when CF, and CF,+ are also present in the gas phase, these particles are 

expected to contribute fluorine to the etching reaction. Thus the F which leaves the surface 

EA (kdmole) 

2.48 

3.76 

Film 

Si 

Si02 

A 

2.86~10-l2 

0.614x10-'~ 
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as part of Sf i  may have orgnally reacted with the surface in the form of CFx, CF: ,or F. 

This illustrates the point that surfaces to be etched in a plasma environment are complex 

fiom a chemical point of view and that several etching mechanisms may be muring 

simultaneously. 

3.3 Plasma Damage Mechanisms 

3.3.1 Overview 

The complex interaction between etched materials and the different plasma 

generated species outlined in the previous section can result in subtle changes(damage) to 

the material itself and underlying layers. These changes can play a major role in the 

subsequent performance and reliability of semiconductor devices. The mechanisms which 

lead to damage during plasma etching can be divided into two main catagories, charge-up 

or current flow induced damage and plasma exposure damage. Table 3.2 lists the various 

forms of damage, the catagory responsible, and the material most affected. Charge-up or 

current induced damage has received the most attention[Shin,1993(a)(b)(c); Gab1+&1992; 

Greene, 1991; Rakkhit,l993; Lee,1992; Gu,1994]. It originates from two sources:(l) The 

collection of charge from inhomogeneous regions in the plasma and (2) current driven by 

the electromotive forces(EMF's) induced by h e  varying magnetic fields in the plasma. 

Inhomogeneity of the plasma can be a result of poor hardware design or a poor choice of 

process conditions such as gas flows and chamber pressure that lead to unstable plasmas. 



CHAPTER 3 

Table 3.2 Plas~nu damage catagories and their impact on materials [Fonash,1994] 

Additional causes include transient surge currents produced by gas chemistry changes at 

endpoint, and changes in plasma exciting power and coupling capacitor discharges. In gate 

defitlltion processing, it is thought to occur only near or after the endpoint of the etch, when 

the etched layer forms isolated regions. Before this, any charge accumulated will be able to 

flow laterally in the conductive gate mate& thereby neutralising with charge from other 

regions. The charging rate is determined by the net local current imbalance and the area of 

exposed material in the gate "island", and can be either positive or negative. When the 

Affected Materials 

Dielectrics 

Dielectrics 

Dielectrics, metals, and 
semiconductors 

Dielectrics and 
semiconductors 

Dielectrics and 
semiconductors 

Dielectrics and amorphous 
Si-based semiconductors 

Dielectrics and 
semiconductors 

Various forms of damage 

Wearout due to current flow 
l3om charging 

Wearout due to current flow 
i?om induced EMF'S 

Residue layer formation 

Bonding damage due to 
impact 

Bonding damage due to 
unwanted chemical attack 

Bonding damage due to 
Photons 

Impurity permeation 

Catel3-W 

Current flow induced 

Current flow induced 

Plasma exposure 

Plasma exposure 

Plasma exposure 

Plasma exposure 

Plasma exposure 
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charge build-up reaches a certain level current begins to tunnel throught the oxide, 

resulting in bond breaking and trapping. Fig 3.6 illustrates this process. 

e - l  polysiliwn 

silicon 

Fig 3.6 Gate oxide damage during etching of the conductive gate electrode. (a) local 
ion(Jj)lelectron(Je) current imbalance resulting from nonuniform plasma. (b) near 
endpoint, charge build-up beginning. (c) oxide damage from tunneling current through a 
weakened oxide area.[after Gabrie1,1992] 
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Gate 

++ 

Weak ~ e & o n  Shorted area 

Fig 3.6 Gate oxide damage during etching of the conductive gate electrode. (a) local 
ion(Ji}lelectrorz(Je} current imbalance resulting from nonuniform plasma. (b) near 
endpoint, charge build-up beginning. (c) oxide damage from funneling current through a 
weakened oxide area.[@er Gabrie1,1992] 

Shin and Hu calculated the voltage which can develop on a gate electrode as a 

result of charge imbalance in the plasma[Sh1n,19961. Fig. 3.7 shows the voltage build-up 

with time for the case of a 2p~cm-2 imbalance between ion and electron currents. In less 

than 20p ,  a voltage of 10V is developed across the lOnm oxide, where upon a condition 

of steady state is reached as the tunneling current through the o d e  balances the net current 
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collected by an "antenna" of conductive material attached to the gate. The srnaIl 

oscillation(exagerated in t h ~ ~  figure), is due to the RF power input to the plasma. 

Fig 3.7 The calculated transient behmiow of the gate voltage on a capacitor with a 100A 
thick oxide. [Shin, 19961 

Because the charge is distributed evenly over the area of the device, this type of 

damage is described as "areal damage". Fig. 3.8(a) shows the regions of a MOSFET 

structure a13Fected by charge-up damage, labelled 1 in the bulk oxide and 2 at the oxide- 

silicon interface. After the source and drain are in place, as in contact and metal etch steps, 

the current densities induced during etching in the drain /source regions could be different 

kom those in the gate/substrate region This can lead to new damage regions labelled 3 

and 4. 
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Fig. 3.8 (a) Current--flow induced damage in a schemutic MUSFET structure includes 
both '"real" type (regions 1 and 2) and "edge" (regions 3 and 4) . (b) Plasma exposure 
damage. Oxide damage (regions 6 and 7) is of the "edge" type, as are residue layer 
damage(region 5) and substrate damage(region 8). [Fonash,] 9941 

The plasma exposure damage listed in table 1 is a side effect of particle or photon 

flux impingement onto the substrate materials. Residual layer formation, labelled 5 in Fig. 

3.8(b), is one type of this damage because it can occur when particles impinge on dielectric, 

semiconductor, or metal surfaces. Impurity permeation during a gate definition could 

damage a structure in the bulk oxide region(region 6 Fig. 3.8(b)), at the SiOdSi 

interface(region 7) and in the silicon (region 8). Regions 6 and 7 are also vulnerable to 

bonding damage from UV and x-ray fluxes emitted from the plasma. It is important to note 

that damage in regions 1 and 2 is areal, while regions 3 to 8 are edge-type damage. 

Charge-up can cause either areal or edge damage, but plasma exposure can only cause edge 

damage, and so as device dimensions shrink, plasma exposure damage will have to be given 

more consideration. 
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3.3.2 Charge-up damage to gate oxides 

This particular type of plasma damage is probably the most thoroughly investigated 

of all. Shin and Hu and co-workers have produced some very useful insights into the 

charging process under a range of etch conditions using more than one type of etch 

reactor[Shin,1991;Shm, 1992;Shin 1993(a);Shin,1993(b);Shin,1996l. Fig 3.9 shows the test 

structure commonly used in these studies. An a l d u m  or polysilicon "antenna" of 

varying area or edge len,oth is comected to the gate material and amplifies the charge 

collection effect. 

 

Fig 3.9 Test structure commonly used to evaluate charge-up damage resulting from 
plasma etching.[Eriguchi, 19941 

Because the antenna is usually protected by photoresist so that charge is only collected at 

the edges, it is often snake-like in shape to increase the edge length. They found the most 

sensitive measurement techtuques to monitor the damage were quasi-static C-V and 

threshold volatge shift. Charge-to-breakdown and ramp breakdown voltage tests were not 

sensitive enough. The plasma-induced damage could be simulated and modeled as damage 

produced by constant current electrical stress. By cornparing the quasi-static C-V curves of 
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MOS capacitors with electncdly stressed control devices, the amount of charging caused 

by the plasma could be accurately estimated. 

Fig. 3.10 shows the quasi-static C-V curves for 16OOprn2 polysGcon/oxide/Si 

capacitors with 11.6nrn oxides and Werent size aluminium antennas. The plasma etching 

was done in a parallel plate RF etcher. 

. 

Fig 3.10 Quasi-static C - V  curves of 1 ,600p2  capacitor with 11.6nm oxide afrer 60s 
etching of difSerent size aluminium antennas. Curve A is the C - V  of a wet etched sample. 
[Shin,1993(c)] 

Curve A is for the wet etch control, showing little evidence of interface traps, while curves 

for the plasma etched capacitors reveal increasing interface traps for larger antenna sizes. 

Since the gate oxide is covered with the polysilicon during etching, the oxide damage due 

to UV radiation is neghgible. The increasing damage with antenna size also suggests that 

ionizing radiation does not play a srgnriicant role. By comparing one of the curves from Fig. 

3.10 with a control capacitor stressed with different levels of constant current, as shown in 

Fig. 3.11, one can see that a 60s plasma etch produces the same amount of distortion in the 

C-V curve as lOnA of current passing through the oxide for the same time. 

o 
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Fig 3.11 Wet etched control capacitors after constant ctlrrent stressing for 60s at 
varying current levels. Plasma-induced damage can be closely reproduced with a constant 
current stress. [Shin,1993(c)] 

Using this techmque, they also showed the degree of charging as a function of 

radial distance from the electrode centre and RF power levels. Fig. 3.12 shows increased 

charging damage toward the centre of the electrode and that damage also ina-eases with RF 

power. The radial distribution is due to the increased plasma density at the electrode centre 

for this type of etcher. 

Fig 3.12 The extracted charging current shows a clear radial distribution across the 
wafer. More charging was generated for higher RF power. [Shin,1993(c)] 



Since the oxide stressing effectively occurs after the A1 has been etched into individud 

patterns, the devices near the edge not only experience lower charging current due to the 

lower plasma density, but also spend less time being overetched, or etched as individual 

patterns. 

Shin and Hu also studied the effects of forming gas anneal and subsequent electrical 

stressing on oxides that have been damaged by plasma etching[Shin, 1993(b)]. In Fig 3.13, 

curve (a) shows the radd  distribution of damage mentioned earlier, with more interface 

traps generated at the wafer centre. Here, the intedace state density has been measured 

near the silicon midgap where a characteristic peak occurs. 

Fig 3.13 (a) The density of interface traps generated during the A1 etch is grearer near 
the center. (b) The inreface traps can be completely passivated with forming gas 
annealing. (c) Subsequent stress generates more traps in plasma etchedannealed devices 
than in wet etched devices. [Shin,I993(b)] 

When the plasma-etched devices are annealed in forming gas, the interface traps are 

completely passivated. To see whether the meal has provided a permanent effect, the 



devices were subsequently stressed with a constant current, producing c w e  (c). Wet 

etched devices were also stressed in the same way and the results also shown. The traps 

generated in the wet etched capacitors are independent of position on the wafer, while 

those in the piasma etched and annealed devices show the same trend produced by the 

plasma etch. More interface traps were generated during current stressing in devices which 

had recieved more charging during the plasma etch ie. those nearer the center. Even 

though the forming gas anneal passivated the traps, about 60% reappeared after subsequent 

stress[Shm, 1993(b)]. 

The question then arises as to how different oxide thicknesses are affected by 

plasma charge induced damage. Fig 3.14 shows effective oxide charging current with 

corresponding oxide voltage and oxide field for three different oxide thicknesses. Charging 

current was determined by comparing quasi-static C-V curves with constant current 

stressed devices, as described above. The gate voltage and its corresponding held were 

determined from measured I-V re1ationsh.y~ for each oxide thickness that followed the 

Fowler-Nordheim current theory very well. 

Fig 3.14 Deduced gate charging current(vo1tage) for three gate oxide thicknesses. 
Deduced gate charging voltage is signzj?cantly dzflerent for diflerent oxide thicknesses. 
[Shin,] 993(b)] 



Decreased oxide thicknesses result in an increase in the tunnelling current and electric field 

in the oxide during plasma etching. Shin and Hu [Shin,1996] argue that the net current 

collected by the gate is the difference between the ion current and electron current from the 

plasma. The ion current is a function of the ion density and mass and therefore constant, 

and the electron current increases exponentially with gate voltage. Therefore, as the oxide 

thickness decreases, reducing the gate voltage, the net current collected will increase and 

tend to saturate at the value of the ion current(as the electron current tends to zero). This 

argument leads to the conclusion that, for thin oxides, the plasma can be modelled as an 

imperfect current source with the current somewhat modified by the gate electrode voltage. 

The interface state generation observed for the thinner oxide(6.4nm) of Fig 3.14 was less 

than the 11.6nm oxide, due to the well known greater tolerance of thinner oxides to 

Fowler-Nordheim current stress[Shin, 19961. 

The basic etch equipment configuration found in parallel plate and reactive ion 

etchers has been developed and improved over the years. Rotating magnetic fields are used 

to create h_lgher ion densities at lower energies in Magnetically Enhanced Reactive Ion 

Etchers(MERE), and Inductively Coupled Plasma(1CP) etchers produce very uniform 

plasma at low pressures(1-20mTorr) resulting in anisotropic etch rates comparable to 

standard IUE tools. The ICP etcher effectively decouples the ion energy incident on the 

wafer from the plasma generation by independently applying RF power to the wafer chuck. 

However, a fundamental understanding of the etch induced damage to gate oxides is 

essential to the future acceptance of these new designs. 

Shin and Hu[EDL,1993(a)] continued their studies of plasma induced damage with 

a study of charging effects in a MERIE reactor. Etching al-um antennas and using the 

distortion in quasi-static C-V curves of the attached MOS capacitors, they found that the 



use of a rotating magnetic field does result in reduced and more uniform charging currents 

across the test wafer compared to an RIE reactor whch received more charging in the 

center(see Fig 3.13). To promote uneven plasma distribution and thereby enhance charge 

damage, a high stationary magnetic kid was used and similar measurements performed. 

Fig 3.15 shows C-V curves at two different locations on the wafer(X and Y). 

 

Fig 3.15 Quasi static C-Vs of constant current messed wet etched capacitors for stress 
currents of +SOnA(dorted line) and -2OnA(broken line). The C-Vs at locations X(so1id 
circle) and Y (solid square) of plasma etched devices match very well with respectively, the 
positive and negative current stressed devices.[ShinEDL 1993(a)] 

The curves of capacitors in region Y showed negative flatband voltage shift(AVm). On the 

other hand, the curves of capacitors in region X showed only distortion and negligible 

AVm. It is known that C-V characteristics after negative current stressing show a negative 

AVm as well as distortion due to preferential hole trapping near the silicon-oxide 



interfacelDumin,l988]. After positive stressing, AVFB is neglgble and only distonion is 

observed. This was coniirrned by electrical stressing(two broken curves in Fig 3.15). The 

conclusion is that capacitors in region Y received negative gate-current charging during 

etching and those from region X received positive current charging. 

Fig 3.16 shows the charging contours of the extracted oxide charging current 

across the wafer. About half the wafer collects positive current while the other half collects 

negative charge. Due to the magnetic field perpendicular to the electric field in side the 

plasma sheath region, electrons drift with a cycloidal motion towards one side of the wafer, 

enhancing the ionisation process above region X .  Local currents are balanced by electrons 

flowing from the plasma through the oxide in region Y into the wafer and exit through the 

o d e  at region X to neutralise the net ion flow. As a result, the oxide in the two regions 

experience current flow in opposite directions. 

Fig 3.16 Charging current through the wqfer during static field MERIE etching. The dark 
region(side X )  indicates strong plasma and the current path is shown 
schematically.[Shin,1993(a)] 
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Misra and co-workers[Misr%l996] detailed the effects of process variations on 

o d e  damage for an ICP etcher. Fig 3.17 shows the reactor conQuation, with the plasma 

and wafer electrode being powered independently. Wafers with 500nm of n-doped 

polysilicon on 151x11 thick oxide were etched at various biasing conditions (as listed in table 

3.3) in an SF& plasma with 10% overetch. No masking or antenna stuctures were used. 

A control wafer(#l) was also produced using wet etching. A l e u r n  dots were then 

evaporated onto the oxide and samples were annealed at 280 '~  for 10 minutes in N2 to 

eliminate any charging effects at the metal oxide interface. 

Fig 3.17 A schematic diagram of the ICP reactor. [Misra,1996] 
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Table 3.3 A list of various processing conditions[Misra, 19961 

The wafer electrode was floating when the ICP power was activated alone. The DC bias 

was +16V for this condition(samp1e #2), whereas when the wafer electrode was powered 

the DC bias was negative. In the former case, the electron flux to the wafer is much greater 

as compared to RF bias etching, and the electrons arrive at the wafer with greater energy. 

Because of this large electron flux, the measured DC bias was positive whereas during RF 

bias conditions dominant ion flux to the wafer developed a negative DC bias. The quasi 

static C-V curves of each sample is shown in Fig 3.18. 

Fig 3.18 Quasi static C-V czlrves for MOS capacitors afrer plasma etching in an ICP 

reactor with different process conditions.[Misra, 19961 
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The deformation of the wet etched control is neghgible, indicating low interface 

trap densities. The greatest deformation is in the case of sample #2 which had been biased 

at +16V during plasma etching. In the negatively biased cases(#3-@), the deformation of 

the curves increased with bias voltage. The results indicate that at a constant ICP power, 

the wafer bias should be minimum to reduce plasma etch induced damage to the oxide. X- 

ray photoelectron spectroscopy studies of these samples revealed a h@er density of Si(l+) 

states in the sample with zero bias(#2). This configuration is either a Si bonded to a single 

oxygen whose three other bonds are termhated by hydrogen, or it represents the breaking 

of a Si-0 bond at the interface. 

In this study, even if it does not have floating conductive gates to concentrate 

tunneling currents during overetching, damage to the thin bare oxide due to sdace  

charging is noticed. A very uniform plasma obtained in this reactor when the inductive 

power and RF power exist together, minimises the probability of oxide damage. When the 

substrate is floating, a positive potential is developed which is thought to increase hgh- 

electron impact to the oxide, causing the most damage. 

3.3.3 Plasma exposure damage 

Plasma exposure damage can occur during the same polysilicon gate etch step 

which produces the charge-up damage, but detecting this type of damage requires a closer 

look at device characteristics. One method is to compare changes in electrical 

characteristics caused by varying the antenna ratio(AR) only to changes resulting from 

varying both antenna ratio and overetch time(0E). Varying only AR will only & i t  the 

charging damage whereas varying both will result in contributions from both types of 

damage. Another approach to examining edge effects is to examine transistor 
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characteristics as a function of channel length. Edge effects, if present will have a 

proportionally greater effect on short-channel devices. 

Hot carrier stress is one useful techque for looking at edge effects. It is 

particularly sensitive because the channel electric field is highest near the drain (ie. toward 

the edge of the structure) during this stress. Fig 3.19 shows some results of hot electron 

stress of NMOS transistors~onash,W4]. Here G, is the maximum transconductance 

before stress and AG, is the change in G, due to stressing. 

 

Fig 3.19 Nomlised m ' m u m  conductance change as a funcfion of hot electron stress 
conditions. The drain-source voltage was 6V and the stress time was 5s. [Fonash,1994] 

As seen, AGJG, after stress depends on the gate voltage as expected, is insensitive to AR, 

and shows a strong dependence on overetch time. This data shows that the effect of the hot 

electrons on the oxide and oxide-silicon interface depends on the amount of plasma 

exposure at the edges of the gate oxide rather than on the amount of current stress. 

Gu and co-workers[Gu, 19941 claim to have observed two types of plasma damage 

in n-channel MOSFET's processed in an ICP reactor. The damage was determined by 
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theshold voltage and transconductance measurements. By varying antenna ratios and 

overetch times during polysilicon gate etching, they found one type of darnage to result in 

positive charge at the edge of the gate oxide and this remained even after full processing. It 

had no conelation to antenna ratio and so they attributed it to direct plasma bombardment. 

The other type of damage was found to be passivated after full processing but was 

activated by electrical stressing. After activation, the damage was an increasing function of 

the polysilicon antenna ratio as well as overetch time. This second type of damage was 

attributed to plasma-induced charging. 

3.3.4 Damage annealing during overetch 

Although it is generally considered that charge-induced damage occurs just prior to 

endpoint and during overetch, there is some evidence that suggests an actual reduction or 

damage annealing process occurring during overetch. The experiment consisted of two lots 

of fully processed complimentary MOS wafers where the polysilicon overach time was 

varied from 0% to 110%. The etch tool was a triode system that showed antenna 

dependent charging damage. The test structures were large area capacitors with a 10.5nrn 

oxide: The effect of overetch time on exposed oxide remaining and the average slow 

ramped breakdown voltage of gate edge-intensive n-channel capacitors are shown in Fig 

3.20. One possible mechanism for the reduction in damage with increased overetch time is 

RF annealing , first identified by Ma more than a decade agoW19811. He found that 

exposure to an RF plasma for an extended time could reduce the increased surface state 

densities and h e d  charge densities f?om x-ray radiation exposure. A more likely 

mechanism could be low level charge-induced current injection through the oxide during 

overetch when only the gate edges are exposed to the plasma[Fang,l992(a)]. 
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Fig 3.20 Exposed oxide remaining afrer an overetch and absolute value of breakdown 
voltage for n-channel capacitors with vaned polysilico~z overetch times. [Gabrie1,1995] 

This low level of current could anneal or compensate traps in the oxide and thus reduce its 

susceptability to damage from subsequent processing[Fang71992(b)]. The etching of 

exposed gate oxide during overetch may also play an important role in this phenomenum, 

although the exact mechanism was not stated. 

Lai and co-workers also observed a reduction in oxide damage with increased 

plasma exposure. They first etched the polysilicon gate in an R E  reactor with 30% 

overetch and then carried out 0 2  ashing in a parallel plate RF etcher for various times. They 

found charge to breakdown values of capacitors actually increased with exposure time in 

the O2 asher. One would normally expect extra damage due to UV radiation damage and/or 

particle bombardment directly on the oxide sidewall. Furthermore, charge trapping 

indicated by AVg was lower for longer exposures. It is well known that UV light of energy 

greater than &eV can create radiation damage in the oxide Bunogarni, 19881 by increasing 

the positive fixed charge in the oxide bulk and the interface state density at the Si-Si02 

interface. However, UV hght of energy greater than 4.3eV(energy difference between the 

silicon valence band and the Si02 conduction band) causes photo-electron injection &om 
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the silicon substrate into the oxide and thus anneals out the positive space 

charge~owell,l971]. Fig 3.21 shows these effects in an energy band diagram of a MOS 

structure. 

Fig 3.21 The band diagram of MOS structure during 0 2  plasma exposure showing both 
the radiation darnage and the photoelectron injection mechanism. [Lai,1996] 

The hgh energy UV photons create holes in the oxide bulk which drift toward the silicon 

substrate. However, photoelectrons generated by the lower energy UV radiation are 

injected 6om the substrate to neutralise the trapped positive charge. The two effects 

compete with each other and the net result depends on relative spectral content of the light. 

In their system, the lower energy photons dominated and so the photo-annealing effect was 

seen. At energies between 3eV and 20eV, the polysilicon is essentially opaque and so this 

interaction will only take place where oxide is exposed at the edge of the device. 'Iltis 

agrees with their findings that less damage resulted in edge intensive gate structures. 
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3.4 Summary 

Extensive studies have shown that, while plasma etching is an irrepbxable step in 

the semiconductor' fabrication process, the problem of plasma-induced damage is a very 

real one that needs to be carefully monitored and more fully understood. As new etch 

machines are developed with improved performance in the areas of etch uniformity and 

selectivity, greater throughput and reliability, low damage etching is also an important 

performance criterion. 

The major source of damage to gate oxides until now has been charge-up or 

current flow induced damage. If the etch parameters are not optimised, local charge 

imbalances can develop in the plasma and be transmitted to the wafer surface. Edge 

intensive antenna structures attached to the gate material reveal the degree of damage 

increases with edge length rather than area, as it is only the edge which is directly exposed 

and able to collect charge from the plasma. Results indicate that this type of damage only 

begins to occur jug before endpoint when the etched material forms isolated regions, and it 

continues during overetching. The mechanism can be modelled as a constant current stress 

through the oxide resulting in the creation of fixed oxide charge and interface traps which 

can be tranformed into a latent state by post etch annealing, yet will reappear with 

subsequent electrical stressing. This type of damage is termed "areal" because it is evenly 

distributed over the gate area. 

The secona type of damage only OGCUTS at the edge of the regions being etched and 

is due to direct exposure to the lqh-energy byproducts of the plasma process. These 

include x-rays, UV radiation, ion bombardment and penetration of impurities. While less 

s@cant to date, it is likely to become more of a problem as device dimensions decrease. 

The contradictory effects of plasma generated W e t  the complicated array of 
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interactions going on during a plasma etch process. Some studies indicate an increase in 

damage due to W radiation, while others reveal that certain wavelengths of W promote 

an annealing effect during overetching. 

A number of general principles can be followed in order to reduce the damage 

effects of plasma etching. As charging appears to be the main cause, the problem can be 

attacked at the source which is plasma uniformity. While new designs such as MERE and 

ICP reactors have gone a long way to producing very uniform plasmas, charging damage 

has not been totally eliminated and etch parameters need to be chosen carefully. Modem 

fabrication processes require high etch rates (high plasma power) and a hgh degree of 

anisotropy( low pressure and much ion bombardment), conditions which unfortunately lead 

to increased damage. Reliable and accurate endpoint detection would provide a likely 

compromise by which the bulk of the etching is fast and anisotropic and then just before 

endpoint, when the damage begins to occur, the etch conditions are altered to produce low 

power, highly selective etching which will minimise damage during the overetch step. 

Endpoint detection based on the principles of elhpsometry is well suited to this application 

and such a system, developed as part of this study, is discussed in chapter 7. Protection 

diodes have been used[Shone,l989] but are only effective on or after metal-1 etch. For 

antennas which cannot be protected by diodes, for example during poly etch, design rules 

should be used to minimise antenna area and edge length to oxide area ratios. 

While the studies of charge-up damage clearly indicate through the use of standard 

measurement techmques an increase in fixed oxide charge and interface traps under certain 

etch conditions, little or no work has been done in this area to investigate the creation of 

slow traps. Assuming that the analogy between plasma charge-up and constant current 

stressing holds true, one would deduce that slow traps are created in the silicon-oxide 
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transition region according to the mechankrns outlined in chapter 2. The rate dependence 

of slow trap creation on etch parameters, subsequent annealing behaviour, and reactivation 

during electrical stress are all issues which need to be investigated. 
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CHAPTER 4 

The New 
Slow Trap Profiling 

Technique 

4.1 Introduction 

Chapter 2 reviewed the different types of traps which exist in an MOS structure and 

some of the commonly used tecwues  for their characterisation. It is clear that in the case 

of slow traps, the measurement techmques presently have certain limitations. Techmques 

such as hysteresis of hgh-kquency (3-V curves and thermally stimulated currents in MOS 

capacitors, and charge pumping in MOSFETYs, do not measure the range of response times 

exhibited by slow traps. This parameter holds important information about the trap's 

physical location relative to the ode-silicon interface. Quasi-static C-V measurements, 

which are also commonly used to evaluate the trap density-energy distribution at oxide- 

silicon interfaces, can be inaccurate near the band edges and are valid only if equilibrium is 

maintained during the measurement. The presence of slow traps makes this condition 

dlffrcult to achieve. All these techmques yeild either the total trap &nsity or a distribution of 

trap density in energy but give no information on the response time distribution of the traps. 

This chapter begins by describing how slow traps capture and emit charge under 

different band bending conditions, and how the resulting current transient can be used to 

characterise the trap. A simple technque based on existing hardware is outlined and some 

results for a constant current stressed MOS capacitor are discussed. This is followed by the 



discription of an improved, more accurate setup, pointing out the advantages of this 

techtuque over the earlier one and existing techtuques such as the quasi-static C-V method. 

4.2 Trapping and detrapping of slow traps 

Slow traps exchange charge with the silicon substrate via tunneling mechanisms 

which depend on their energy position relative to the surface Fermi level in the silicon. Fig 

4.1 illustrates this process for the case of a p-Si MOS capacitor being stepped from flatband 

to strong inversion(positive gate voltage step), showing the movement of electrons and 

holes and the resulting current transient. At flatband, interface traps and slow traps below 

the Fenni level(&) are filled with electrons and those above are empty. As the device is 

stepped into strong inversion, holes are swept away from the interface in a few 

picoseconds, forming the space charge region. Following this, minority carriers are 

generated in the silicon and move to the interface to form the inversion layer and any fast 

interface traps, now below the Fenni level, are filled with electrons. All these processes 

normally occur within the space of a few milliseconds, depending on the generation rate of 

minority carriers, and will be termed fast in the context of this thesis. They are given the 

collective time constant, 71, on the band diagram and produce the initial current spike in the 

current transient. Due to the shift in surface Fermi level in the silicon and the band bending 

in the oxide, slow traps now fhd themselves at a lower energy relative to the Fermi leveL 

As a result, electrons tunnel through the oxide energy barrier from the silicon conduction 

band and fast interface traps at a rate which depends on the density of electrons at the 

interface, the density of slow traps, and the tunneling distance. This process is given the 

collective time constant, ~ 2 ,  and results in the slower part of the transient. In fact the slow 

traps will be positioned in a continuous spread of separation distances and thus z2 will be a 

composite of many time constants. Since the rate of tunneling has an exponential 
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dependence on the distance as shown in Fig 2.25, the shape and duration of the slow 

transient provides a very sensitive measure of the separation distance of the slow traps from 

the interface. 

emgo' trap 
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Fig 4.1 Energy band diagram showing a MOS capacitor under (a)jlatband conditions, 
and (b)charge movement after stepping the bias toward strong inversion(+V, step). The 
resulting current transient is comprised of an initial fast portion, TI , and a slower portion, 
~ 2 ,  due to the tunneling of electrons to slow traps. 



Of course, stepping the gate voltage in the opposite direction will cause the reverse 

movement of charge and a current transient of the opposite polarity. The shape and 

duration of the two transients are not necessarily the same as generation and recombination 

processes, charge trapping and emmission occur at different rates. 

When the slow traps have energies in line with the bandgap of the silicon, tunneling 

f?om fast interface traps occurs as the Ferrni level at the surface is moved to a hlgher 

energy. Slow traps positioned outside the bandgap can also be moved below the Fermi 

level as a result of band bending in the oxide, as shown in Fig 4.1. The change in energy of 

the slow trap is greater for large separation distance and also for thinner oxides due to the 

stronger electric field. Fig 4.2 shows the relative band bending in the oxide and the silicon 

as a function of gate voltage for a MOS capacitor with 8nm oxide thickness. Following the 

theory outlined in chapter 2, the silicon band bending was calculated f2om the measured 

quasi-static C-V data, and the flatband voltage calculated using a doping density of 

10'~cm-~ measured f?om the hlgh frequency C-V data. 

1.00 , I 

Gate Voltage (volts) 

Fig 4.2 Band bending in the silicon(so1id line), and the oxide 2nm from the 
inte@ace(dashed line), as a fiinction of gate voltage. The oxide thickness is 8nm and the 
silicon is p-type with a doping density of idScmJ. The right hand nds indicates energy 
positions in the silicon bandgap: ?nidgap,&~; flatband, Em; conduction band, Ec; and 
valence band, EV 



The silicon band bending(so1id line) dominates at gate votages between -lV and 

+0.3V, but at voltages outside thts region, the surface Fermi level in the silicon becomes 

pinned near the band edges and band bending occurs mainly in the oxide. The dashed h e  

represents the band bending in the oxide at a separation of 2nm from the oxide-silicon 

interface. At gate voltages greater than +lV and less than -1V, the energy at this separation 

is changing at a rate of 0.2eV/V. Thus slow traps at this location can experience substantial 

shifts in energy relative to the silicon band structure. 

4.3 Measuring slow traps 

4.3.1 The current-voltage curve method (version 1) 

Figure 4.3 illustrates a simple method by which a HP4145B parameter analyser or 

similar instrument can be used to extract slow trap information &om a device which 

contains traps with a range of energies and response times. This instrument scans the gate 

voltage in a staircase fashion and the current is measured at a variable delay time after each 

voltage step. The total delay time is comprised of the measurement time of the instrument, 

t, , and a delay time, &, which can be set by the operator. When measuring currents less 

than InA, the measurement time, t, is 65ms[Hewlett-Packard, 19891. 

-C---* 
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Fig 4.3 Current transients resulting from each voltage step. The light solid lines indicate 
the initial current spike generated by the voltage step. The heavy solid lines are the slower 
transients due to the presence of slow traps. The current is measured afer time, t,,,+t, , 
where t,,, can be adjusted by the operator. 



Thus, when the gate voltage is stepped, the faster processes shown in Fig 4.1 produce an 

initial spike indcated by the hght solid lines in Fig 4.3. In the presence of slow traps, a 

slower current transient indicated by the heavy solid hes will follow. The duration of this 

transient depends on the response times of the slow traps involved. By using the delay time 

of the HP4145B7 the faster processes are ignored and the current measured at time &+t, 

directly corresponds to the density of slow traps with that response time. By scanning the 

voltage using different values of &, it is possible to directly measure the trap density as a 

function of response time at each gate voltage. 

An example of this type of measurement is given below for the case of slow traps 

created by constant current stressing. The quasi-static C-V and current-voltage 

characteristics of a polysilico~ode/p-Si MOS capacitor with a 40nm o d e  layer is shown 

in figure 4.4. The C-V measurements were taken using a voltage ramp rate of 36mV/s 

while the I-V scans used voltage steps of +50mV and a delay time, &, of 4Q.n~. Unless 

otherwise stated, measurements were taken in a shielded probe station without illuminaton. 

-3 -2 - 1 0 1 2 3 

gate voltage (V) 

Fig 4.4 Quasi-static CV (dashed)and current-votage(so1id) curves for diflerent stress 
times (a) no stress; (b) - 3 3 ~ l c m 2 ,  200s; (c) -3.3pAlcmZ, 600s 
Quasi-static ramp rate = 36mVls ;I-V voltage step = +50mV, t,,r=40rns. 



When the instrument measurement time of 65ms is included, the current was actually 

measured 105ms after each voltage step. Scans performed under i l l d t i o n  showed no 

current in this voltage range, indicating that leakage current was negligible. The 

cisplacement and minority carrier generation currents have response times considerably 

shorter than looms, so one must assume that the current measured is entirely due to charge 

exchange with slow interface traps. The measurements were then repeated after stressing 

with -3.3pA/cm2 for 200 and 600 seconds. 

The C-V curves *lay a negative voltage shift with stressing due to an increase in 

positive fixed oxide charge and also exhibit the typical "stretch out" and distortion due to 

interface traps fast enough to follow the 36mVIs voltage scan. The increased trap density 

also has a very noticeable effect on the I-V curve. With increased stressing, a peak appears 

at voltages which coincide with the distortion near the minimum of the C-V curves, 

indicating an increased number of traps with a 105ms response time in this energy region of 

the bandgap. In energy terms, these peaks would be positioned 0.1-0.2 eV above the 

midpoint of the silicon bandgap. At more positive gate voltages, as the Fenni level at the 

surface moves closer to the conduction band, there appears to be little increase in trap 

density after 200 seconds of stress but a sgmficant increase after 600 seconds. 

Fig 4.5 shows the relationship before and after stress between the Fenni level 

position at the surface relative to the silicon midgap, ErEMG, and the gate voltage, derived 

by integrating the quasi-static C-V curve according to the method outlined in chapter 

2[Nicollian, 1982; Urea 19941. 
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Fig 4.5 Relationship between the Fenni level at the silicon sur$aceEFEMG., and the gate 
voltage before and qfier constant current stress of -33ptUcrn2 for 600s. 

Further analysis of the measured C-V curve relative to a theoretical curve yeilds the trap 

density distribution throughout the silicon bandgap. The average doping density in the 

silicon was found to be 3xl0'~cm~~ from the difference between high frequency capacitance 

in accumulation and strong inversion, and thus the theoretical semiconductor capacitance, 

Cs, as a function of +s was calculated and used to extract the interface trap density as a 

function of surface Fermi level, as shown in m e  4.6 for the unstressed and stressed 

devices. This analysis shows a low density of traps in the unstressed case ( c l 0 " e ~ ' a n ~ ~ )  

within 0.3eV of midgap, and after stressing we see the typical U-shaped pro& with a 

minimum of 1 .4~10"e~ 'c rn~~ at E~c-o.leV. There appear to be a greater number of traps 

generated in the upper half of the bandgap compared with the lower half. 
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Fig 4.6 Intevace trap distributions in the Si bandgap of the unstressed and stressed 
devices as derived from the measured quasi-static C-V and the theoretical curves. The 
energies are referenced to the Si midgap. 

More information on the traps can be extracted if the I-V scans are performed by 

the parameter analyser with increasing delay times. The stressed capacitor was remeasured 

by scanning fiom accumulation to strong inversion in 50mV steps with t, = 10, 100, 200, 

and 500ms and compared with an adjacent, unstressed device. The resulting I-V curves are 

shown in figwe 4.7. The gate voltages corresponding to the flatband, and at which the 

Fermi level passes through the silicon rnidgap and 0.4eV above midgap at the surface as 

derived fYom Fig 4.5 are marked for reference. In the lower part of the silicon bandgap, 

zero currents indicate that the transients are too fast to be detected using these delay times. 

However, near the midgap and in the upper half of the bandgap the transients become 

slower and increase considerably in magnitude with stress. The unstressed device exhibits 

transients lasting less than 565m between -0 .N and OV and much slower transients in the 
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positive voltage region while the stressed device shows a distinct increase in the faster 

transients, now shifted to around -1 volt due to increased fixed oxide charge, and similar 

levels of the slower transients at more positive voltages. 

0 1 2 
Gate Voltage (volts) 

0 1 2 3 4 

Gate Voltage (volts) 

Fig 4.7 Current-Voltage curves of (a) unstressed and (b) stressed at -3.3wlcm2, 600s. 
Voltage step=50mV ; tset=10,100,200500ms. Silicon fiatband, midgap, and 
0.4eV above midgap are derivedfrom Fig 45. 



A clearer understanding of trap densities and trapping rates can be achieved when 

the three parameters I-V-t of figure 4.7 are used as the basis of a 3D plot as shown in figure 

4.8. On one axis is the gate voltage and on another axis is the trap response time(k+tJ as 

defined earlier. The third or vertical axis is the slow trap density, Dsr. The measured current 

density, J, can be easily converted to trap density units via the equation, 

Equ. 4.1 

where q is the electronic charge and AV, is the gate voltage step. This yields the units, 

Equ. 4.2 

Note that with the added unit of time in the denominator we now have the trap density at 

any instant in time as well as at each gate voltage. Thus Fig 4.8 clearly shows the number of 

traps generated by the current stressing as well as their response times. Fig 4.8(a) shows 

that the unstressed device has a small number of faster traps (response times =70 to 200ms) 

around the midgap and traps with response times of 565111s or more closer to the 

conduction band. After stressing at -3.3p4/cmm2 for 600s (Fig 4.8(b)), the faster traps 

around the rnidgap region have increased almost eght times, pealung at -1V, just above 

rnidgap while slower traps (500ms response time) have been generated at 0.2 to 0.3eV 

above rnidgap. 



Fig. 4.8 Slow trap delzsity distribution ilz tinze and voltage o f  (a) ulzstt-essed alzd 
(b) stressed at -3.3pA, 600s. Voltqe step=SOnzV ; t,~~,=10.,100,200,500nzs 



4.3.2 The Slow Trap Profiling technique (improved version ) 

While the HP4145B provides a convenient method of measuring slow trap 

characteristics, there is one major problem with this techque. When the stepping time is 

shorter than the relaxation time of the device, artificially h~& current values are measured 

due to the contributions of previous steps. This phenomenum is illustrated in figure 4.9. 

time 

Fig 4.9 The accumulation effect when measuring I-Vplots with the HP4145B - if 
transients are slow, current from prehous steps contribute to the present value and 
currents measured are too high(indicated by arrows). 

It is important to allow the system to fully reach equilibrium before generating a 

new voltage step so that accurate trap densities are determined. As the HP4145B does not 

provide the facility to wait after a current measurement is taken, a new system was 

designed incorporating an analog-to-digital conversion card and current amplifier, as shown 

in Fig 4.10. The HP4145B provides the voltage steps to the MOSC device as well as the 

power supply to the current amplifier which is kept inside the shielded probe station to 

minimize noise. The input stage of this amplifier is a CMOS op-amp having input bias and 

offset currents less than a few picoamps. Thus, subsequent to each voltage step, the whole 



current transient is sampled by the A / .  card at a programmed rate and the device is 

allowed to reach equilibrium before the next voltage step. The resulting current-voltage- 

time data can be converted to 3D trap distribution-voltage-time plots as in the former 

method. 

1 Computer I 

HP4145B CHI 

cH2 
CH4 

Fig 4.10 The slow trap characterisation setup using a computer-controlled voltage 
source(HP4145B) and an AID card to sample and digitise the current transients. 
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When the devices shown in figure 4.8 were remeasured by this new setup, the plots 

of figure 4.1 1 are generated. The new setup allows sampling of the transient sooner after 

each voltage step, so that in Fig 4.11, the time axis begins at 30ms. The peak in trap density 

& 

Supply 
voltages 

near - lV, at a response time of 105ms, is 5 0 ~ ' i ' c m - ~ ,  compared to just over 70 ~-'s-'cm-~ 

1 L 

in Fig 4.8(b). The peak is also narrower in the voltage direction due to ellimbtion of the 

accumulation effect of Fig 4.9. Although the transients of figure 4.1 1 have not decayed to 

Current 

zero at voltages more positive than -0.5V, this data gives a closer measure of the trap 

i Probe Station 
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numbers in this region. It is clear that in the inversion region, slow trap density and 

input ; - 

response time gradually increases with increased band be- in the silicon and the oxide. 



Fig 4.3131 Slow trap distribution in tinze and gate voltage usirzg tlze AID card current 
transient data aquisition. Tlae response time axis begins at 30nzs. Tl1.i~ graph is 
known as a slow trap profik. 

In order to illustrate the advantages of the slow trap profiling techtvque over 

ramped quasi-static C-V measurements, results are shown for two polysilicon gate/oxide/p- 

Si WlOS capacitors. One has been fabricated using wet etching of the polysilicon and has 

low densities of slow traps while the other has been plasma etched, thereby creating slow 

traps near the oxide/silicon interface as discussed in chapter 3. Figures 4.12 compares the 

forward and reverse C-V curves of the two devices using a ramp rate of 20m~s-'. In Fig 

4.12(a), the forward and reverse curves of the wet etched device coincide and so it can be 

deduced that equilibrium conditions exist and the data can be analysed in tne usual way to 

obtain an interface trap-energy distribution. However, as shown in Fig. 4.12(b), this js not 



the case for the plasma-etched device, where in the inversion region, the scans do not 

coincide. Even at this low ramp rate, the forward scan in particular shows a state of non- 

equilibrium in the inversion region. 

Gate Voltage (V) 

-3 -2 -1 0 1 2 

Gate Voltage (V) 

Fig 4.12 Forward and reverse quasi-static C-V curves of (a)wet etched device with low 
density of slow traps and (b)plasma etched device with slow traps causing non-equilibrium 
in the inversion region. 

Figures 4.13 and 4.14 show slow trap profiles of the two devices measured with 

50mV steps. In the wet-etched case (Fig. 4.13) the forward scan and reverse scan(not 

shown) were almost identical and revealed a low density of slow traps between -0.3V and 

2V with a peak at -0.5 V which coincides with the distortion in the quasi-static C-V curves. 



Fig 4.13 Slow trap profile o f  14vt etched MOS capacitor sl~o~ving 1 0 1 , ~  derzsities o f  traps. 
The measuremelzt was pe~fornzed~fionz accl.mzulatio~z to ilzveraiorl r~silzg 50rnV steps. 

In the forward scan of the plasma-etched device(Fig. 4.14(a)) a sirnilas peak occws 

at -0.6V along with a sigruficant number of slow tsaps between -0.5V and 2V with various 

response times. The slowest traps exist in the region between -0.5V and 0.5V with 

response times in excess of 2 seconds. The reverse scan (Fig. 4.14(b)) agaitl reveals the 

presence of slow traps but with greatly reduced response times. It is the slow tsaps around 

OV that are responsible for the non-equilibrium condition in the fo~ward C-V scan. T h  

example shows the advantage of the slow tsap profiling measurement over the quasi-static 

C-V method in measuring tsaps with long response bes(>2s) in the strong inversion 

region of a device. 



Fig 4.14 Slow trap profiles o f  plasnza etched lMOS capacitor sf?,owiizg slow traps iiz th.e 
inversion region. Profib (a) was nzeasured .ponz acc~lnzulatioiz to iizversioiz(e1ectron 
release) and prqfile (b) fioin inversion to accuim~latio~z(electrorz trapping) using 50nzV 
steps. 
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The difference in trap response times when scanning the gate voltage in opposite 

directions was commonly observed in devices with p-type silicon substrates. Scanning from 

accumulation to inversion results in the slower process of electrons tunneling &om the 

silicon to slow traps in the oxide(e1ectron trapping). Reverse scans cause the trapped 

electrons to tunnel back to the silicon(e1ectron release), a process which was observed to be 

faster. This phenomenom can be due to the trap experiencing a change in energy when it 

captures an electron which then makes the emmision process faster, or simply the greater 

number of available sites that the electron can tunnel to in the silicon may sped up the 

emission process. 

So far results have been presented for p-Si substrate devices, revealing the presence 

of slow traps around the silicon midgap and in the upper half of the bandgap. In the lower 

half of the bandgap, no slow current transients (>30ms)were observed. N-type Si substrates 

were also measured so that inversion of the silicon meant that the surface Fermi level was 

placed in the lower half of the bandgap, near the valence band. The oxides of these devices 

were 23nm thick and grown in a rapid thermal processor at 1 1 5 0 ~ ~  in dry oxygen. Fig 4.15 

shows the quasi-static C-V curves of one such device, with scans in both directions 

revealing severe non-equilibrium in inversion(-5V to -2V). 
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Fig 4.15 Forward and reverse quasi-static C-V curves of n-Si substrate device with slow 
traps causing non-equilibriumin the inversion region. The oxide was 23nm thick. 

The reason for this is obvious when the slow trap profiles of Fig 4.16 are exainhed. 

A sharp peak in traps with response times less than lOOms is evident around -1.8V and at 

voltages more negative than -2V, very slow traps with response times longer than 1.6s 

exist. The flatband condition is marked on each profie but, due to the lack of an adequate 

quasi-static C-V curve, the midgap could not be determined accurately. Nevertheless, it can 

be said with confidence that sharp peak lies just below the midgap, a mirror image of the 

peak seen in p-Si devices(see Fig 4.11). The slower traps lie near the valence band edge, 

and capture and emit charge in an analogous way to those near the conduction band edge. 



Fig 4.116 Slow trap profiles of n-Si submate capacitor S ~ O M ) ~ I Z ~  S ~ O M ~  traps in the 
inversion region. Prqflle (a} was measured ,fionz accun~ulatioiz to t~zversio~z(electron 
release) arzd profile (b} ,fionz iizverstorz to accta7zi~.latioiz(e~ectro~~ traypir?.g) usiizg 50mV 
steps. 



CHAPTER 4 

4.4 Conclusions 

This chapter introduces a new technque for characterking slow traps in MOS 

structures which has a number of advantages over existing technques. An simpler version 

uses the current voltage measurement of a HP4145B, which steps the gate voltage in small 

increments and measures the current after a set delay time. By performing a number of 

voltage scans with various delay times, the response times of slow traps can be determined 

at each gate voltage. While t h . ~  method is easy to impliment, inaccuracies exist when the 

voltage is stepped before thermal equilibrium is reached. In the fhd improved version, 

stepping the gate voltage of a MOS capacitor in small increments and recording the total 

current transients with an A/D card produces more accurate raw data. By a simple 

calculation this data can be displayed as a 3-D plot, called a slow trap profile, showing the 

density of slow traps with the units ~ ' s* ' cm~ '  as a function of both response tirne and gate 

voltage. The techmque can be used with accuracy in the strong inversion region where 

other techmques such as quasi-static C-V and conductance measurements cannot. If 

desired, integration of the results along the tirne axis produces the trap density at each 

voltage, and integration of the volume under the 3-D surface gives the total number of slow 

traps in the device. 

Because interface traps are distributed in energy throughout the bandgap, they are 

usually expressed as a function of silicon bandgap energy using the units e ~ ' c m - ~  . The 

case of slow traps is not as simple. The fact that slow traps are positioned at various 

separation distances fkom the oxide-silicon interface means that their charge state depends 

on the band bending in the oxide as well as the silicon, especially when the silicon surface 

Fermi level is near the band edges. For this reason, slow trap pro* are expressed with 

gate voltage as one axis rather than energy position in the silicon bandgap. 
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A number of examples have been used to illustrate the new techruque. Constant 

current stressing and plasma etching were seen to produce a narrow peak of slow traps at 

energy levels just above the silicon rnidgap and a broader spread of traps nearer the 

conduction band for p-Si MOS capacitors. In some instances, the current transients 

appeared to fit a single exponential function closely, while other transients were non- 

exponential or possibly a combination of many exponential functions, reflecting the range of 

trap positions relative to the interface. Trap response times ranged from 20ms, the lower 

limit of the present system, to more than 2s. In the case of an n-Si MOS capacitor, a mirror 

image of trap distribution was seen, with a narrow peak just below the silicon midgap and a 

broad spread of traps towards the valence band. The effects of different damage 

mechanisms will be investigated further in following chapters. 
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CHAPTER 5 

CHAPTER 5 

Study of Slow Trap 
Creation during 
Electrical Stress 

5.1 Introduction 

The electrical stressing of MOS capacitors has long been used to determine the 

quality of dielectric layers in terms of their resistance to charge creation in the bulk of 

the oxide and interface trap generation at the gate-oxide and oxide-silicon interfaces. 

Traps can be generated during high electric field stress by breaking the electron-pair 

bonds provided that it is followed by a lattice relaxation of the originally bonded atoms 

or followed by the migration away of the broken off or atomic fragrnent[Sah, 19901. In 

insulator-semiconductor device structures, the bonds that can be readily broken are: 

(1) the strained intrinsic bonds, such as Si-0-Si-0--Si where - indicates a strained 

bond; (2) the hydrogen bond such as SiO-H, Si-H and Si*H@Xdi3 where X is a 

group-ID acceptor such as B, Al, Ga, or In; and (3) weak impurity bonds. Breaking a 

bond directly by an applied electric field, which stretches the bond is not likely since 

the applied electric field must reach a magnitude comparable to that of the atomic or 

periodic potential(108~/cm) which binds the atoms together. However, there are two 

processes at lower electric fields which can create an electronic trap at the remaining 
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danghng bond site. One is via the impact of an energetic elecn-on(about 5eV or more) 

with an electron in the bond. The second is via the capture or recombination of a 

thermal hole with a bond electron whose recombination energy is sufficient to release 

the remaining bond electron. 

Bond breaking therefore, is a highly probable process in an insulator stressed 

by a high electric field since the bond energy is in the range of 2-3.5eVfWeast, 19861 

for most hydrogen-metal bonds; such as Si-H(3.l0eV), B-H(3.46eV), 

Al-H(2.95eV), while the bond energy is only slightly higher for the H-O(4.44eV), 

H-H(4.52eV), Si-N(4.56eV) and the Si--4 is considerably higher(7.98eV). 

The stressing can be performed in a number of ways[Schuegraf,l994]. One is 

to force a constant current through the oxide in the Fowler-Nordheim regime, and 

monitor the gate voltage which changes as charge accumulates in the oxide and defects 

are created at the interfaces. The rate of change of the gate voltage can be used as a 

measure of oxide quality or the stress can be maintained until catastrophic failure 

occurs and the total charge to breakdown(Qbd) used as an indication, Another method 

is to apply a constant voltage to the device and monitor the current or measure the 

time to breakdown. In both cases the stressing is usually done in accumulation, 

negative gate voltage for p-Si devices and positive gate voltage for n-Si. 

Fig 5.1 shows energy band diagrams for the accumulation stressing of p-type 

and n-type substrate MOS capacitors. In the former, electrons are injected from the 

gate and tunnel through the oxide conduction band to reach the substrate with excess 

energy(hot electrons). The energy released by these hot electrons can be enough to 

break weaker bonds such as the H-Si bond at the interface thereby creating fast 

interface traps, or H-0 bonds near the interface creating slow traps. Holes, which are 
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piled up at the oxide-silicon interface in accumulation can also tunnel or be thermally 

activated into the oxide and initiate the recombination and bond breaking process. In 

the latter casepig 5.l(b)), electrons are injected from the conduction band of the 

silicon substrate, arriving at the gate to release their excess energy and create defects at 

the gate-oxide interface. Hydrogen can also be released in the bulk of the oxide and 

near the gate and migrate to the oxide-Si interface, creating interface traps, slow traps, 

and fixed oxide charge. Creation of positive charge near the oxide-silicon interface 

causes a narrowing of the triangular barrier and hence an increase in the tunneling 

current. 

X 

x interface traps 
x and slow traps 

+ fured positive charge negative 
gate a 

............... 

H'++ n-Si 
.-.....-...-.-. 

V 
a 

p-Si positive 

gate 

(a) (b) 

Fig 5.1 Band diagrams of (a) p-Si and (b) n-Si MOS capacitors under Fowler- 
Nordheim stress condition in the accumulation region. The oxide conductiort band is 
shown before(dashed line) and after(so1id line) positive charge creation in the oxide, 
near the oxide-silicon interface. 
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Mir and V u i l l a u m e ~ ,  19931 studied the creation of positive charge and 

interface states at the Si-Si02 interface during low-fluence, high-field electron 

injection. They concluded that positive charge formation is due to bandgap ionisation 

in the Si02, while interface state generation is related to hydrogen-related species 

diffusion. The hydrogen-related species are incorporated in the bulk oxide and at the 

oxide-gate interface and are more prevalent when aluminium gates are used as opposed 

to polysilicon. Under the influence of the electric field, they move to the oxide-Si 

interface and combine with the hydrogen passivating dangling silicon bonds. 

Other studies[El-Hdiy,l993] show that high-electric-field stress creates positive 

charges near the oxide-Si interface at low electron fluences and negative charges near 

the gate-oxide interface under high electron fluences. In this case, electrons are 

injected from the negative biased gate of a p-type substrate MOS structure. The 

positive charges are annihilated by white light illumination without interface generation 

when the stressed samples are biased in the inversion regime, causing electrons to 

tunnel from the silicon conduction band to nuetralise the positive charge. Interface 

states are also created without saturation during the stress and are linked to the 

depassivation of Si-H bonds. The role of hydrogen in the creation of interface states 

during electrical stress is supported by a number of other studies[Vuillaume,1993; 

Awadelkarirn, 1996; Conley, 1996; DiMaria, 19961. 

Lakhdari and co-workers&akhdari,1988] determined the spatial and energetic 

distribution of slow traps in MOS capacitors using a variation of Deep Level Transient 

Spectroscopy(DLTS) which they called tunnel DLTS. The technique is based on 

recording the capture kinetics of slow traps in the SiO* for which the interaction with 

free carriers takes place via a tunneling mechanism. Slow traps were measured at 
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energies of 3.1 to 3.22eV below the oxide conduction band at distances of 17-19A 

from the oxide-Si interface. The silicon conduction band is 3.23eV below the Si02 

conduction band. Slightly higher densities were found in dry oxides compared to wet 

oxides, and a dry oxide subjected to hot electron injection from the substrate to the 

gate showed the highest densities. 

In this chapter, Slow Trap Profiling is used to study the creation of slow traps 

near the oxide-silicon interface as a result of both constant current and constant 

voltage stressing of p-Si MOS capacitors with oxides of different thicknesses and 

growth conditions. Ramped voltage quasi-static C-V curves are also shown for 

comparison. Some results have already been presented in chapter 4 for current 

stressing of a 40nrn field oxide. 20nm and 9.5nm gate oxides are also studied here 

under positive and negative stress. The results shown here will also prove useful in 

later experiments concerned with plasma etch damage which is reported to be primarily 

due to a constant current stress mechanism(see chapter 3). 

5.2 Experimental Details 

Wafers of the structure polycrystalline silicon/SiOd p-Si <loo> were processed 

at Quality Semiconductors, Australia(formal1y AWA Microelectronics) using standard 

CMOS techniques. Table 1 lists the thickness and growth conditions of the various 

oxides. 

Table 5.1- Oxide growth conditions of three oxides detailing temperatures, 
times, and growth ambients. 



The polysilicon gates were defined by standard photolithographic techniques and then 

etched with HNOfluffered HF to form circular dot capacitors of 0.015cm2 area. 

Aluminium was then evaporated onto the back surface of all samples after removing 

native oxide with dilute HF, and photoresist applied to the top surface to reduce 

surface leakage. 

Ramped voltage quasi-static CV curves were obtained using a ramp of 20m~s- '  

and an HP4145B parameter analyser to monitor currents. In order to ensure 

equilibrium conditions, the device was held in strong inversion under white light 

illumination before ramping to accumulation in the dark. The light increases the rate of 

minority carrier generation and the formation of the inversion layer before the C-V 

curve is measured. Any slow traps present are also filled during this time. Slow trap 

profiles were measured according to the method described in chapter 4, using a voltage 

step of 50mV. When scanning the gate voltage from inversion to accumulation, a hold 

time under illumination was used as for the quasi-static C-V measurement to ensure 

device equilibrium. All measurements were carried out in the dark on an electrically 

shielded probe station. Stressing was performed using the HP4145B parameter 

analyser . 

5.3 Results 

5.3.1 95 nm Gate Oxide 

Quasi-static C-V curves and slow trap profiles were measured before and after 

constant current stressing in accumulation of a high quality 9.5 nm gate oxide. The 

capacitor was initially stressed by the same amount as the 40nrn field oxide discussed 

in chapter 4; -3.3p~cm" for 600s. No change in the C-V curve or the slow trap profie 

was observed. The stress was increased to -3.3 r n ~ c r n - ~  for 1000s, an electron fluence 
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of 2~10 '~c rn -~ ,  and the average gate voltage was 11.OV producing an electric field 

strength in the oxide of 1 1 . 6 ~ ~ c r n - ' .  The quasi-static C-V curves recorded before and 

after stressing are shown in figure 5.2. The quasi-static C-V curve after stressing 

exhibits very Little shift in flatband voltage compared to the unstressed case, hence little 

f d  oxide charge has been created. There is, however, some degree of "stretch-out" 

in the stressed curve, an indication of increased interface state density. 

-4 -3 -2 -1 0 1 2 3 4 

gate voltage (V) 

Fig 5.2 Quasi-static C-V curves of a device before(so1id line) and after(dashed line) 
stressing with -3.3 m~crn-' for 1000s. 

Fig 5.3 shows the slow trap profile of the device before stress, 

measured from accumulation to inversion with the minimum response time being 20ms. 

It is evident form this plot that before current stressing there are very few slow traps in 

the device. 



Fig 5.3 Slow trap profile of an ~ltzstressed M O S  capacitor tvitl.~ 9.5iz/1z gate oxide; 
voltage step = 50i1zV, initial reponse tiirte = 2 0 ~ ~ s .  

Immediately after stressing, the slow trap profdes scanning in both directions 

were measured and are shown in Fig 5.4. Similar to the 40nrn field oxide shown in 

chapter 4(Fig 4.11), a narrow peak of slow traps is created just above the silicon 

midgap(-0.5V to OV) with maximum response times of approximately 500ms. This 

peak has the same height and response times for both scan directions. At more positive 

voltages, as the silicon Fermi level nears the conduction band and the oxide band 

bending dominates(see Fig 4.2), a broad region of traps is seen with response times in 

excess of 1600ms. In this region, the different scan directions produce different 

profiles, with the electron trapping process giving a very flat profile in the time 

direction and the electron release giving a more exponential decay. 



Fig 5.4 Slow trap profiles of 9.Snm oxide lMOS capacitor after constaizt current 
stress of -3.3nz~cnz" .for 1000s, an electron fluence qf 2x l0 '~cm~~.~rof i le  (a) wax 
scanned fronz accunzulatioiz to inversioiz(e1ectron trappiizg), and profile(b) fronz 
inversion to accunzulation(e1ectroiz release). 

The effect of positive current stress, or electron injection from the substrate(see 

Fig 5.l(b)), on the same oxide was also investigated. Due to the difficulty in producing 

large numbers of electrons(minority carriers) in the silicon substrate in inversion, the 



stress was performed under white light illumination and lower current levels had to be 

used. A stress of +0.13m~crn*~ for 500s produced an electron fluence of 4 x 1 0 ~ ~ a n - ~  

and average oxide field strength of 1 0 ~ V m - ' .  The quasi-static C-V curves before and 

after stress are shown in Fig 5.5, revealing similar changes to the negative stress, but to 

a lesser extent. 

-3 -2 -1 0 1 2 
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Fig 5.5 Quasi-static C-V curves of a 9.5nm oxide MOS capacitor beforejsolid line) 
and after (dashed line) stressing with +0.13 for 500s. 

Fig 5.6 shows the slow trap profiles, scanning in both directions, after the positive 

stress, with the narrow peak appearing around OV, as for the negative stress, with 

similar response times but less magnitude. In the region of positive voltage, the scan 

from accumulation to inversion shows almost no slow traps whereas the opposite scan 

shows a considerable density in this region, with densities and response times very 

similar to the negative stress. 



Fig 5.6 Slow trap profiles of 9.5nnz oxide MOS capacitor after constant current 
stress o f  +0.13rn~crn-~ for 500s, an electron fluence o f  4xl0~~cnz"~rof i le  (a) was 
scanned from accunzulatiorz to inversion(e1ectron trapping), and profile(b) from 
inversion to accumulatioiz(electrorz release). 



5.3.2 20nm Gate Oxide 

Positive and negative constant voltage stressing was performed on MOS 

capacitors with hcker  oxides(20nm) and the same measurements taken before and 

after stress. Fig 5.7 shows the change in the C-V curve resulting from a stress of -18V 

for 500s. The negative voltage shift is equivalent to 2.7x10"cm-~ of positive fixed 

oxide charge, and fast interface traps are also evident just above the silicon midgap. 

-3 -2 - 1 0 1 2 
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Fig 5.7 Quasi-static C-V curves of20nrn oxide MOS capacitor before(so1id) and 
afrer(dashed) constant voltage stress of -1 8V for 500s. 

The slow trap profile before and after the stress are shown in Fig 5.8, for a gate 

voltage scan from -2V to +2V. The unstressed case reveals a significant density of 

traps in the strong inversion region, having response times in excess of 2s. After 

stressing, these traps become faster with a more exponential response and maximum 

response times of approximately Is. 



Fig 5.$ ,910~7 trap profiles, scaizizing.fronz accunz~ilatioiz to inversion, of 20nnz oxide 
MOS capacitor(a) before alzd (6)after coizsta~zt voltage stress of -ISV.for 500s. 



The transient at +lV can be modelled by the equation, 

DST = Do.exp(- t/z) 

where Do=3.3~-'s-'cm"~ and ~=230ms. A narrow peak of faster traps is also evident 

between -0.8V and -0.Ol, coincident with the distortion in the C-V curve. After 50 

days at room temperature, the device was remeasured, giving the profile of Fig 5.9. 

Fig 5.9 S l o ~ l  trap profile, scniz~zirzg.~ronz ncc~itn~ilatioiz to Iizversiorz, of tfze stressed 
capacitor of Fig 5.S(b), qper 50 days at r'ootn tenzpernture. 

The narrow peak of faster traps is very stable at room temperature, but the slower 

traps at more positive voltages appear to be returning to their original pre-stress state 

with slower response times. 

Although the effects of plasma etching are dealt with in more detail in the 

following chapter, it is useful here to include results which compare the results just 



shown for a wet etched device against those of a plasma etched device. Capacitors 

identical to those discussed so far were fabricated using W plasma etching to define 

the polysilicon gate electrodes. A He/SF6 gas mix was used in a parallel plate reactor, 

and evaporated aluminium was the mask material with a 30s overetch time. Fig 5.10 

shows the slow trap profile immediately after the plasma etch. Comparing this profile 

with the change created by negative voltage stressing shown in Figs. 5.8, it is clear that 

the plasma etch has already had a similar affect in creating slow traps in the device. 

Fig 5.10 Slo~v trap profile o f  20iznz oxide MOS capacitor after plasma etcl~, of tile 
polj~silicoiz gate. 

When the device was stressed at -18V for 500s, the slow trap profile of fig 5.1 1 was 

measured. The narrow peak that was located at -0.5V before the stress has now shifted 



to - lV due to increased fied positive charge, but has not increased in size. The major 

change in the profile is in the voltage range of -1V to +1V, where a large number of 

traps with response times greater than 2s has been created. At'voltages more positive 

than c lV,  the traps become faster again with maximum response times of 5Wms. 'This 

result clearly shows the added susceptibility to damage of plasma etched devices 

compared to those fabricated with wet etching. 

Fig 5.1 B Slow trap profile of the plasma etched MOS capacitor of Fig 5.1 0 afer a 
500s stress at -18V. 

Because the prafile of Fig 5.11 is so rich in trap information, the energy band 

diagrams of Fig 5.12 are presented as a possible model to explain the results. 
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Fig 5.12 Energy band diagrams showing the band bending and tunneling of electrons 
to slow traps at three diferent gate voltages(as marked), corresponding to the 
voltages of Fig 5.1 1. 
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Fig 5.12 Energy band diagrams showing the band bending and tunneling of electrons 
to slow traps at three different gate voltages(as marked), corresponding to the 
voltages of Fig 5.1 1. 

As the gate voltage steps in the positive direction, passing -1V, the surface Ferrni level 

in the silicon rises above a level of slow traps aligned just above the rnidgap, causing 

electrons to tunnel from fast interface states, hlling the slow traps. Because the slow 

traps are close to the interface, the tunneling rate is relatively fast. At OV, the Fermi 

level is nearing the silicon conduction band, and band bending in the oxide becomes 

more severe. As a result, slow traps located above the silicon conduction band and 

remote from the interface move below the Fermi level and electrons tunnel to them at a 

slow rate because the separation distance from the interface is large. At more positive 

gate voltages(+2V), the oxide bands bend further and so reduce the separation distance 

of the slow traps above the silicon conduction band, thereby increasing the tunneling 



rate. The dramatic increase in electrons at the silicon surface at this bias of strong 

inversion would also help to increase the tunneling rate. This combination of two slow 

trap energy levels, one just above the silicon rnidgap and close to the interface, the 

other above the conduction band edge extending further from the interface explains the 

type of profile seen in Fig 5.1 1. 

The effect of positive voltage stressing on wet etched capacitors with 20nm 

oxides was also investigated. A stress of +18V for 500s produced the change in C-V 

curve shown in Fig 5.13. The negative shift of the flatband voltage is less than the 

negative stress case, indicating only 0.5x10"cm-~ of positive fixed charge. 

Fig 5.13 Quasi-static C-V curves of 20nm oxide MOS capacitor before(so1id) and 
afterfdashed) constant voltage stress of +18V for 500s. 



Fig 5.14 shows the slow trap profile, scanning from accumulation to inversion, for the 

stressed device. Compared to the negative stressed case, the narrow peak at -0.5V is 

considerably reduced and the traps responding at positive voltages are faster with 

maximum response times of approximately 4UOms. 

Fig 5.14 Slo1.v trap profiles, scaizrzi~zg~fi-onz accunzulatiorz to irzversioiz, of 20iznz oxide 
MOS capacitor after- coizstant voltage stress of +ISV.for- 500s. 



5.4 Conclusions 

Dielectric damage in MOS capacitors as a result of electrical stressing has been 

analysed using conventional quasi-static C-V measurements and the new slow trap 

profiling technique described in chapter 4. While the creation of fmed oxide charge and 

fast interface states is evident in the C-V curves, important information relating to the 

creation of slow traps is lacking. By stressing high quality gate oxides with positive 

and negative voltages or currents, slow trap profilirg reveals sigdicant levels of slow 

traps particularly in the strong inversion region of the devices, an important region of 

MOSFET operation. These slow traps are seen to have response times between 20rns 

and many seconds. 

When stepping the gate voltage toward strong inversion in the p-Si substrate 

devices, electrons tunnel to the slow traps, and when stepping in the reverse direction 

electrons are released and tunnel back to the silicon. A narrow region of traps is seen 

at O.1Ev to 0.2eV above the silicon rnidgap with faster response times(<500ms). The 

characteristics of these traps are similar for the electron capture and release processes, 

and they are stable with time at room temperature after the stress. Other slow traps, 

thought to lie above the silicon conduction band, are seen to have very different 

response time characteristics, with the electron release being a faster process and 

giving a more exponential decay with time, while the capture process is more complex. 

This can be due to the slow traps changing energy level when capturing an electron, 

and the electron capture may in fact be a muti-step tunneling process whereas the 

electron release is a more direct tunneling. These slower traps change considerably 

with time at room temperature, appearing to relax back to their prestress state with 

longer response times. 



The current stress needed to create slow traps in the 9.5nm gate oxide was 

considerably higher than for the 40nm field oxide shown in chapter 4. This is probably 

due to the reduced thickness and improved growth conditions. The 9.5nm oxide had a 

TCA anneal step incorporating Cl in the oxide which helps to prevent the creation of 

positive fixed oxide charge. An electron fluence of 2 x l 0 ' ~ m ' ~  did however create slow 

traps in the upper half of the silicon bandgap. Similar effects were seen in the 20nm 

oxide sample, and a comparison of plasma etching against wet etching of the 

polysilicon gate in this case revealed increased slow trap generation from voltage 

stressing in the plasma etched device. 

When the findings of others are considered with regard to the chemical nature 

of trap formation during electrical stress, it can be speculated here that two main bond- 

breaking processes are occuring. Firstly, dangling silicon bonds are created either by 

the impact ionisation of hot electrons breaking the Si-H bond, or the g e t t e ~ g  effect of 

atomic hydrogen released from the oxide bulk or gate-oxide interface. This results in 

the narrow peak just above the silicon midgap as seen in the slow trap profiles. The 

same ionisation and gettering processes can break Si-H and O-H bonds in the oxide- 

silicon transition region, leading to the creation of traps with a variety of response 

times depending on their separation distance from the interface. The response time can 

also be a function of oxide band bending, as shown in Fig 5.12. This produces slow 

traps in the strong inversion region. 
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CHAPTER 6 

CHAPTER 6 

Study of 
Slow Trap Creation 

during Plasma Etching 

6.1 Introduction 

As discussed in chapter 3 , the plasma etching of polysilicon gate material can 

cause significant damage to the underlying oxide in the form of fixed charge in the bulk 

of the oxide and defects at the oxide-silicon interface. While post etch annealing or 

subsequent processing is seen to remove the damage, it remains in a latent state and 

can be reactivated during later device operation resulting in theshold voltage shifts and 

l/f noise in MOSFET's[Hung, 1990;Fleetwood, 1993;Tewksbury, 19941. The damage 

mechanisms during plasma etching can be grouped into two main 

catagories[Fonash,l994]. Charge damage, an areal effect, occurs just before or at any 

time after the endpoint of the etch when charge imbalances in the plasma can collect on 

the isolated gate material and eventually tunnel through the oxide causing damage. 

Other mechanisms involving the attack of unprotected gate edges by ionising radiation, 

ion bombardment or contaminants, appear to be less of a concern at present but may 

pose a serious problem as device dimensions decrease and the edge region begins to 

comprise a significant proportion of the total gate area. 



In this chapter, MOS capacitors with different oxides were fabricated using 

plasma etching to define the polysilicon gate. Quasi-static C-V measurements and slow 

trap profiling(STP) were then used to determine the degree of oxide damage as a 

function of plasma overetch time, illustrating again the usefulness of the STP technique 

in monitoring the degradation of the oxide-silicon interface. Comparisons between 

aluminium and photoresist as mask materials provide some insight into possible 

damage mechanisms which may be dominant during the plasma processing. The areal 

distribution of plasma-induced damage was also investigated by removing the 

polysilicon electrode edges by wet chemical methods and noting the change in STP's. 

6.2 Device Fabrication and Characterisation 

MOS capacitors with the structure polysilicon gate/ oxide/ p-Si were 

manufactured using plasma etching to define the active gate region. The oxide 

thicknesses examined were 9 . 5 ~ 1 ,  2 0 ~ 1 ,  and 40nm, grown according to the 

conditions detailed in Table 6.1. For each oxide, sections of the same wafer were 

plasma etched with different overetch times using evaporated aluminium as a mask to 

form capacitors of 0.015cm2 circular area. 

Aluminium mask 
\ 

Aluminium back 
contact 

/ 

Fig. 6.1 MOS Capacitor structure used to study the damage eflects of plasma etching 



Table 6.1 Oxide growth conditions of three oxides detailing temperatures, 
times, and growth ambients. 

Polysilicon plasma etching was conducted in a LAM490 Auto ~tcher* under the 

following conditions: Pressure = 400mTorr; Power = 100 Watts; SF6 flow rate = 100 

sccm; He flow rate = 100 sccm; Electrode spacing = 6.0 cm. Endpoint detection 

within 1 second was obtained using the method outlined in chapter 7. Back contacts 

were made to the silicon by the vacuum evaporation of aluminium after an HF etch. 

Quasi-static C-V measurements were performed using a voltage ramp from 

inversion to accumulation at the rate indicated on each figure to ensure equilibrium 

conditions. Slow trap profile measurements were performed using the technique 

described in chapter 4 using a voltage step of 50mV from accumulation to inversion 

(electron trapping) and a current sampling rate appropriate to the timespan of the 

transients. The gate voltages corresponding to the position of the Fermi level at the 

silicon surface being at the midgap and 0.4eV above midgap are indicated as a guide to 

the energy levels. 

-- 

LAM Research Corp., Freemont, California. 



6.3 Results and Discussion 

6.3.1 40nm wet oxide 

Four sets of capacitors with a 40nm wet oxide were fabricated with overetch 

times of 2, 12, 30,and 60 seconds using aluminium as a mask material. The measured 

quasi-static C-V curves of the 2s, 12s, and 30s overetched devices are shown in Fig 

6.2 along with that of a wet etched device as an undamaged reference. The 60s case is 

identical to the 30s and is omitted for clarity. All overetch times result in both negative 

voltage shiffs and a degree of distortion near the minimum of the curves. From these 

results, one can deduce that fmed oxide charge and interface traps result from an 

overetch time of only 2 seconds while longer overetching up to 60 seconds does not 

significantly increase the number of traps. 

Fig 6.2 Quasi-static C-V curves of MOS capacitors plasma etched with overetch times 
of 2s,12s,30s, and wet etched device. 
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The slow trap profiles of the same devices are presented in the plots of Fig 6.3, 

where increasing overetch time clearly produces higher slow trap densities with longer 

response times in the inversion region. Compared to a wet etched control sample 

which showed a low density of slow t r a p s ( < 0 . 3 x 1 0 1 2 ~ 1 ~ ~ 1 ~ ~ 2 )  with response times 

less than looms in a narrow region near the midgap, the 2s plasma overetched device 

contains an increased number of these traps with a maximum response time of 100ms. 

When the quasi-static C-V curve is integrated to give the Fermi level at the silicon 

surface as a function of gate voltage, this slow trap peak is centered around O.leV 

above the midgap. The profile of the 12s overetch case revealed lower trap densities 

just above midgap as was evident in the quasi-static C-V curves but with longer 

response times. There is also an increase in slower traps in the gate voltage range - 

0.4V to 0.5V, at energies closer to the silicon conduction band with response times as 

long as 300ms. The 30s overetch profile shows an increase in both trap densities and 

response times throughout this voltage range, the slower response times indicating a 

greater separation of the traps from the silicon-oxide interface. The 60s overetch has 

resulted in no sigmficant increase over the 30s case. It is interesting to note that the 

narrow peak in the slow trap profile centered around EMG+O. l e v  closely resembles the 

peak seen in a wet etched device after constant current stressing(see Fig 4.11). 

Chapters 4 and 5 show that the broad region of slower traps at more positive gate 

voltages can also be produced in other oxides by current and voltage stressing. 



0.5 

gate voltage 

Fig 6.3 Slow trap profiles qf plasrna etched IMOS capacitors ~litl?. 40iznz o,xide. TIze 
overetch tiines were (a)2s,(b)12s,(c)30s, aizd (d)60s. TI7.e tirne axis begiizs at 2077~s and 
the gate voltages wlzich positioiz the Feruzi level at the Si surface at the midgap, 
( EMG), and 0.4eV above nzidgap(E~~ i- 0.4eV) are indicated. 



Fig 6.3 Slow trap profiles of plasnza etched MOS capacitors ~vitl?. 40fznz oxide. The 
overetclz times were (a)2s,(b)12s,(c)30s, and (d)60s. The tinze axis begins at 20nzs and 
th.e gate voltages ~ ~ h i c l z  position the Fernzi level at Si s1.u-face at t l ~ e  nzidgap, 
( EMG), and 0.4eV above n z i d g a p ( E ~ ~  + 0.4e'V) are indicated. 



CHAPTER 6 

The slow trap profdes presented in chapters 4 and 5 consistently reveal these 

two different types of slow trap, those with faster response times in a narrow energy 

region just above the silicon midgap, and those with slower response times in the 

strong inversion region. The energy band diagrams of Fig 5.12 have been presented as 

a possible model to explain these results. In order to examine more closely the growth 

of slow traps in these two different regions, they will be distinguished in tenns of 

energy level in the silicon bandgap in the following way; 

Region A : m i d g a p m ~ ~  ) to E~~i -0 .2eV 

Region B : greater than E M G + ~ . ~ ~ V  

remembering that as the F e d  level at the silicon surface nears the silicon conduction 

band, oxide band bending becomes more dominant. 

When trap creation in the two regions with overetch time is considered, those 

in region A appear first (after only 2s) and have shorter response times than those of 

region B indicating closer proximity to the interface. As was postulated in chapter 5, 

they may be the result of hot electrons tunneling through the oxide and releasing 

energy at the interface, probably resulting in dangling silicon bonds which have been 

detected at the same energy levels[Gerardi,l986]. Region B traps, on the other hand 

appear to be located further from the interface and may be the result of Si-H and 0-H 

bonds being broken. When the volume under the surfaces of each region is calculated, 

the total number of slow traps per unit area with response times greater than 30ms is 

derived. Fig. 6.4 shows the trap areal densities for each region as a function of plasma 

overetch time. Region A traps increase from 0 . 5 ~ 1 0 ' ~  at 2s to 2x10'~ ~ r n - ~ a t  30s 

then decrease slightly at 60s, while region B traps follow the same trend but with a 

considerable increase in densities, peaking at 30s with a value of 10 .5~10 '~  ~ r n - ~ .  

6-8 
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Fig 6.4 Total number of traps per unit area in region A and region B as a function 
of plasma overetch time. The oxide was 40nm thick. 

6.3.2 20nm oxide 

A wafer with a 20nm oxide was processed in the same way as the 40nm oxide 

samples except that plasma overetch times of Is, 30s, and 60s were used. In Fig 6.5, 

quasi-static C-V curves typical of each overetch case are shown in comparison to a 

wet etch control device. As with the thicker oxide, plasma etching has resulted in 

higher densities of both fixed oxide charge and interface states compared with the wet 

etch control. While all three samples have the same fixed oxide charge, the 30s 

overetch curve shows higher interface- state densities compared with the 1s and 60s 

curves. 
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Fig. 6.5 Quasi-static C-V curves of plasma(so1id lines) and wet etched(dotted line) 
MOS capacitors with 20nm oxides. Plasma overetch times were I s, 30s, and 60s. 

The slow trap profiles of each sample are shown in Fig. 6.6. The wet etched 

control has very slow traps with densities less than 1x10'~ ~ ' s - l c m - ~  at gate voltages 

greater than OV. The maximum response times of these traps exceeds 10s. Plasma 

etching has again produced a peak of faster traps in region A with densities and 

response times similar to the 40nm oxide. In region B, the trap response times have 

increased considerably over those of the 40nm oxide devices, with maximum response 

times of more than 1.6s recorded. In particular, the 30s overetch profile shows two 

very distinct peaks; the one near the rnidgap mentioned earlier and a much slower peak 

centred near OV. Both peaks are seen to be reduced in the 60s overetch compared with 

the 30s overetch, the region B peak to a greater extent. While electrical stressing of the 

40nm oxide was seen to create slow traps in region A, it has also been shown that 

region B traps can result from electrical stress(see chapter 5). 



Fig, 6.6 Slolv trap profites of MOS capacitors ivitlz 201zin o,xides qfter (a)wet etching 
and plasnza etcl~ilzg wit11 (b)Is,(c)30s, aizd (460s  overetch tinzes. Tlze tinze axis begins 
at 20ms and tlze gate voltages ~)lziclx positioiz the Feruzi level at tlze Si surface at the 
nzidgap,( EMG), aizd 0.4eV above nzidgal)(E~~~ + 0.4eV) are iizdicated. 



Fig. 6.6 Slow trap profiles of MQS capacitors with 20nm oxides after (a)wet etching 
and plasma etching with (b)ls,  (c)30s, and (d)60s overetch. times. The time axis 
begins at 20nw and the gate voltages which position the Ferini level at the Si surface 
at the midgap,( IEM~), and 0.4eV above midgap(EMO + 0.4eV) are indicated. 



This reduction in traps with longer overetch times may be due to increased 

temperatures which can occur at the etched surface(measured at 100-120'~ for similar 

etch conditions) or increased temperature in combination with the electric field 

generated by the charge build-up on the polysilicon increasing the trap mobility and 

moving them towards the interface. Experimental results to support this hypothesis are 

presented later in the chapter. The phenomenum of UV annealing presented in chapter 

3, section 3.3.4 may also play a role. 

Figure 6.7 shows the total number of traps in regions A and B as a function of 

overetch time, calculated by integrating the respective slow trap profdes in voltage and 

time. As in the 40nm oxide case, there are a great deal more region B traps than those 

in region A. An overetch of 1s has produced 0.56~10" cm-* of faster traps in region A, 

which decrease to 0.1~10" ~ m ' ~  after 60s of overetching. 

Overetch time (sec) 

Fig 6.7 Total number of traps per unit area in region A and region B as a function 
of plasma overetch time. The oxide is 20nm thick. 
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These densities are less than the 40nm wet oxide which may be due to the initial 

growth in a dry atmosphere producing a better interface. In contrast, the areal density 

of the slower region B traps is relatively high compared to the 40nm oxide after only 

Is of overetch (10x10'~ , increasing in density and response times for the 30s 

case and then decreasing considerably for the 60s case. 

6.3.3 9.5nm dry gate oxide 

Fig. 6.8 shows the quasi-static C-V curves of a set of capacitors with 9.5nm 

oxides which have been processed by wet etching in the one instance and plasma 

etching with overetch times of 2s, 10s, and 30s in the other cases. It appears that this 

oxide has experienced very little damage as evidenced by the C-V curves. The only 

difference is a slight positive voltage shift of the plasma curves over the wet curve in 

the region where the curves drop from inversion to the mi.nknum point (+1V to 

+0.2V). 

Gate Voltage (V) 

Fig. 6.8 Quasi-static C-V curves of plmma(so1id lines) and wet etched(dotted line) 
MOS capacitors with 95nm dry oxides. Plasma overetch times were 2s, IOs, and 30s . 



The corresponding slow trap profiles are shown in Fig. 6.9. The wet etched 

control again shows very few slow traps while all plasma etched devices show 

sigmficant densities of traps in the strong inversion region. A noticeable Merence in 

these results from earlier oxides is the absence of a peak in energy region A, a feature 

also evident in the quasi-static C-V curves. Results of chapters 4 and 5 showed 

equivalent current stressing of 40nm and 9.5nm oxides(-3.3p~cm-~ for 600s) resulted 

in region A traps in the 40nm oxide but none in the 9.5nm oxide, yet much higher 

currents produced both region A and B traps in the 9.5nm oxide(see Fig 5.4). 

Returning to these plasma etch results, in region B the maximum response times are 

approximately 2.5s in the 2s overetch case and considerably more for longer overetch 

times. Thus, we see a continued trend of thinner oxides resulting in longer response 

times in region B. It is these traps which are responsible for the shifts in the quasi-static 

curves between 0.2V and 1V. 



Pig. 6.9 Slow trap yrqfiles o f  MOS capacitors with 9.5i1nz oxides ufter (a)wet etching 
and (b)2s, (c)lOs, and (d)30s of plasnzn overetcl7,ing. The i-espoi?.se time axis 
begins at 20ms 



Fig. 6.9 Slow7 trap profiles qf'MOS capacitors 147itj1. 9.5rznz oxides after (a)wet etcl1.it1g 
aizd (b)2s, (c)lOs, aizcl (d)30s of plasnza overetcli.iizg. The respotzse time mis 
begins at 20nzs 
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6.4 Areal and Edge Effects 

In order to reveal a possible difference between areal- and edge-type damage, 

two separate experiments were performed. In the first, two sets of capacitors were 

plasma etched under identical conditions except that photoresist was used as a mask 

material in one case and aluminium in the other. The oxide thickness was 4011. and 

0.07cm2 circular capacitors were fabricated using a 30s overetch. Fig 6.10 shows how 

damage caused by charge collection from the plasma is enhanced by the aluminium 

mask(Fig 6.10(b)) which collects charge over the total area of the device, whereas the 

photoresist maskpig 6.10(a)) allows collection only at the exposed edges of the 

polysilicon not covered by the insulating layer of photoresist. 

PolySilicon 
(a) 

aluminium 

\ + t \  t + /+ . .+ , + + 

Fig 6.10 Diagram showing enhanced .charge collection from the plasma by the 
aluminium mask(b) which collects charge over the total area, compared with the 
photoresist mask(a) which only collects charge through the exposed edges. 



The f&ickness of pollysilicon is S W m ,  which means that the area collecting charge 

from the plasma for the aluminim mask is 1400 times the area for the photoresist 

mask. Fig. 6.11 compares slaw trap profiles of the two cases and it is clear- that 

increased slow itrap generation has occurred in the aluminium-masked device, but only 

in energy region A. The traps ira region I3 appear to be very similw in densities and 

response times for the two mask materials. 

Fig. 6.%1 Slow trap prqj7b.s of MOS capacitors wit17 40nnz oxides qfter 30s qfplasnza 
overetching, using (a)p/to&oresi~t and (b)  alunzini~inz as a ~nczsk material. 



These results raise the following question. Are the traps of region A due to charge 

damage, an areal effect, and the traps of region B due to ionising radiation or 

contamination which is likely to occur only at the edge? 

To clarify this point, a second experiment was performed on the above plasma 

etched capacitors, whereby the edge region was removed using photolithography and 

wet etching to form smaller devices of 0.03cm2 area. The slow trap profiles of these 

devices are shown in Fig. 6.12. It is clearly evident that after removal of the device 

edge, traps remain in both regions, proving that both region A and B traps are 

distributed across the total area of the device and not due to edge damage effects. 



Fig. 6.12 Slow tray profiles q f  capacitors.fronz Fig 6.10 qfter wet etch removal of 
the edge of d ~ e  gate. 



6.5 Post-Etch Heat Treatanenh 

As all semiconductor processing sequences include either post-etch anneals or 

high temperature steps following the plasma etch, the effect of different heat 

treatments on the slow traps characteristics were investigated. The device of Fig. 

6.6(c), a 20nm oxide which had been plasma etched with an aluminium mask and 30s 

overetch time was annealed for 60 minutes at 5 0 0 ' ~  in Nz. As shown in Fig. 6.13, the 

anneal has deactivated all the traps in region A and the faster traps in region B leaving 

some very slow traps in the inversion region. This heat treatment has deactivated the 

traps closer to the interface, whether it be region A or B, but those more remote from 

the interface remain active. It is important to note that the traps may not be removed 

but in fact remain in a latent state via a mechanism such as hydrogen passivation and so 

would return with electrical stressing at some later stage. 

Fig. 6.13 Slow trap profile ofplasnza etched capacitor,fr.onz Fig 6.6(b) 
after aiznealirzg at 500 '~  .for 60 nziizutes irz N2.  

When a device with a 40nm oxide which had been plasma etched with a 30s 

overetch was heated for 30min at 130" in air, the slow trap profiles of Fig. 6.14 show 



the change observed as a result of the anneal. The traps of region A are unaffected at 

this lower temperature and time while region I3 traps with shorter response times are 

reduced yet longer response time traps remain. Referring to Figs 5.8 and 5.9, the heat 

treatment appears to have accelerated the effect seen in the case of room temperature 

annealing of a negative-voltage stressed capacitor over a 50 day time period. 

2 

gate voltage 

Fig. 6.14 S l o ~ l  trap prqfile ofplasnza etched capacitor (a)  before and 
(b)after a~znealirzg at 1 3 0 ~ ~  .for 30 nzilz~ltes iiz air. 



6.6 Conclusions 

The results presented in this chapter reveal fixed oxide charge, fast interface 

traps, and slow traps created during the plasma etching of polysilicon/oxide/p-Si 

structures. The new slow trap profiling technique has proven to be a useful tool in 

characterking the slow traps by providing the densities and response times at different 

gate voltages which were not clearly evident from quasi-static C-V measurements. 

When compared to wet etch control devices, the C-V curves revealed an increase in 

fixed oxide charge and interface traps in the cases of the 40nm and 20nm oxides but no 

damage was evident in the 9.5nm oxide. Slow trap profdes however, clearly showed 

damage to all three oxides. The three different oxides studied all showed increased 

slow trap densities in the upper half of the silicon bandgap with maximum response 

times ranging from a few hundred milliseconds between the silicon midgap and 0.2eV 

above midgap to many seconds at energies closer to the silicon conduction band. 

The slow traps can be separated into two distinct regions based on their energy 

level relative to the silicon bandgap; midgap(E~~) to E ~ ~ + 0 . 2 e v ,  called region A, and 

energies above EM~+0.2eV, region B. By removing the edge of plasma damaged 

devices, it was shown that both region A and region B traps are distributed across the 

total area of the device. The traps of region A are similar in energy and response time 

to those created by negative current stressing and so are most likely rtanghng silicon 

bonds created very close to the interface by hot electrons injected from the polysilicon 

gate due to charge build-up just before and during overetching. These traps are present 

immediately after endpoint(1-2s) in the 20nm and 40nm oxide cases but remain at fairly 

low levels(be1ow 2x10'~ an-') for overetch times up to a s ,  and once created they 

appear stable at temperatures up to 130'~. A post etch anneal of 5000~ for &in. in 



Nz was seen to remove them. They do not appear in the 9.5nm oxide which, given the 

growth conditions, would have a better quality interface. The use of photoresist as a 

mask material greatly reduced the creation of these traps compared to aluminium 

masks, presumably through the inability of the photoresist to collect charge from the 

plasma. 

Region B traps appear in a l l  three oxides after plasma etching, where they 

reach levels of 10x10'~ cm*' in the 20nm and 40nm oxides and lower levels in the 

9.5nm oxide. The resistance of the 9.5nm oxide to damage was also seen in the 

electrical stressing experiments of chapter 5 and may be due to either the reduced 

thickness resulting in the decrease in energy of hot electrons arriving at the interface 

during stress, the incorporation of C1 in the oxide, or a combination of both. Response 

times ranging from 300ms to many seconds place them at a greater separation distance 

from the interface than the traps of region A. Chapter 5 showed that similar traps could 

also be created by electrical stressing, and that the characteristics of these traps 

changed over many days at room temperature, appearing to relax back to their 

prestress state. A similar effect was seen for region B traps created by plasma etching 

after a 60min. heat treatment at 1 3 0 ' ~  in air. This heat treatment did not effect the 

region A traps. The creation and subsequent behaviour of region B traps during 

overetching appears to be a complex combination of different processes, based on the 

oxide thickness and growth conditions, the temperatures reached during plasma 

etching, and even the effects of UV emissions from the plasma. 
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CHAPTER 7 

- 
System 

7.1 Introduction 

As chapter 3 revealed with regard to plasma etch damage of gate oxides, it is 

widely accepted that the critical time is just before the endpoint of the gate material etch 

and during the overetch period. Therefore, an murate measure of this endpoint is essential 

to related damage measurement studies. In order to more accurately determine the endpoint 

of the polysilicon plasma etching, the LAM490 RF plasma etcher was modified to enable a 

laser beam to be reflected fiom the wafer surface during etching, and thereby through the 

use of well established ellipsometric techmques, the etching endpoint could be detected 

within an accuracy of approximately lsec. Ellrpsometry has been applied to problems in the 

microelectronics industry since the 1960smene, 19951. In situ(during-process) ellrpsometry 

offers great promise for monitoring and control of a wide variety of processes such as 

oxidation, chemical vapour deposition, and plasma etching[Irene, 19931. 

This proved to be a dramatic improvement over the existing system which relied on 

the monitoring of a particular wavelength of hght emitted from the plasma. When the 

intensity of this wavelength decreased below a preset value due to a particular material 

having been etched away, the endpoint was signaUedCLAMJ. The accuracy of this existing 

system was considerably larger than 1 second and in the case where srnall samples are being 



etched as in this study, or a large proportion of the wafer is covered with photoresist, the 

endpoint cannot be detected. 

This chapter begins with a brief outline of the relevent theory behind ellipsometric 

measurement and then proceeds to show simulations based on these theories for 

polysilicon-oxide-Si structures similar to those used for the plasma damage study. Details 

are given on the design of the automatic elhpsometer and how it was attached to the etch 

chamber. Examples are then presented of actual measurements taken during the plasma 

etching of structures with different oxide thicknesses, clearly showing the endpoint of the 

polysilicon etch. 

7.2 Basic theories of ellipsometry 

Elhpsometry, in its broadest sense, entails measurement of the polarisation state of 

hght, which is in general eulptical Although the term eulpsometry was coined in 1944, the 

principle of ellpsometry was first applied just over 100 years ago when Paul Drude in 

Germany and Lord Rayleigh in Great Britain studied the polarisation state of hght reflected 

fi-om thin-hlm-coated solid and liquid surfaces. Drude is credited with the fwdamental 

equations of elhpsometry, which demonstrated potential monolayer sensitivity for the 

detection and characterisation of thin films on specular surfaces[Collins, 19901. 

Polarisation is a property that is common to all types of vector waves, including light 

which is electromagnetic in nature and can be described by four basic field vectors. These 

are the electric field strength E, the electric displacement density D, the magnetic field 

strength H, and the magnetic flux density B. For all types of vector waves, poh-isation 

refers to the behaviour with time of one of the field vectors appropriate to that wave 

observed at a fixed point in space. In the case of @t, the electric field strength is chosen to 

describe the state of polarisation. 
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Reflection ellrpsometry measures the changes in polarisation of monochromatic hght 

reflecting fYom matter. Analysis of what happens to a hght beam, polarised or unpolansed, 

in travelling through an optical system is simplified if the beam is broken into two 

orthogonal components. The system modifies the amplitude and phase of each component 

and the emergent beams are then recombined to give the intensity and polarisation state of 

the output beam. Fig 7.1 shows W t  propagating fYom the left(subscript i for incident hght 

and r for reflected W t )  with a single electric field vector, E, having components parallel to 

the plane of incidence, E, and perpendicular to the plane of incidence, E. The plane of 

incidence is formed by the incident and reflected W t ,  and the normal to the reflecting 

surface, N. The angle of incidence, $, is measured between the Qht beam and the normal 

to the surface. Notice that the two components of this incident beam are in phase, 

producing linearly polarised light. 

reflecting 

Fig 7.1 Diagrarn showhg how the polarisation of a monochromatic light beam is altered 
by rej7ectionfrom a suvace. 
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Many materials have different refractive indices and absorption characteristics for hght 

polarised in orthogonal directions, thus the two components travel through such a medium 

at different speeds and become out of phase and suffer different attenuations. If the phase 

difference is an even multiple of n/2, linearly polarised light results, or for an odd multiple 

of ~$2, the two rays combine to give circularly polarised light with the E vector having 

constant amplitude and rotating about the direction of propagation at the frequency of the 

hght. If the difference in phase is an angle other than an odd or even multiple of n/2, then 

elhptically polarised hght is produced. 

This phase and amplitude change between orthogonal components of a light beam as it 

passes through a material provides the basis for ellqsometry measurements. It is impossible 

to discuss ellipsometric measurements without first introducing the complex amplitude, or 

Fresnel, reflection coefficients and the measured ellqsometry angles Y and A [Azzam and 

Bashara,l977]. The Fresnel reflection coefficients, r, and r,, are defined as fatios of the 

reflected and incident electric fields (including both the amplitude and complex phase 

factors) for the p and s components. For any sample with multiple interfaces, r, and r, can 

be calculated by multilayer optical analysis using the incident angle; the optical properties of 

the ambient, substrate and various layers; the layer thicknesses; and the wavelength. The 

ratio of the p and s Fresnel reflection coefficients, rdr, defines the complex parameter p, 

according to equation 7.1. The amplitude of p defines the tangent of the elhpsometry angle 

Y, and the phase of p defines the other angle, A. Thus, Y and A provide a measure of the 

amplitude ratio and the phase difference between the two components upon reflection. 



Equ. 7.2 

Fig 7.2 shows the particular structure studied here, consisting of two optically 

different layers, namely polysilicon and Si02, on a silicon substrate. 

Fig 7.2 Reflection of light from a structure of Si02 and polysilicon on a silicon 
substrate. 

The complex Fresnel reflection coefficient, p, and hence the ellipsometric parameters, 

Y and A; are a function of the wavelength(h) and angle of incidence(+) of the incident 

light beam, the refractive index of each layer(nj+ikj), and the thicknesses of the 

polysilicon and oxide layers, dl and d2 respectively. This provides a very sensitive 

means of monitoring the thickness change in the polysilicon layer during plasma 

etching, and detecting the endpoint of the etch. For instance, for a transparent film 

with n=1.5 on a silicon substrate, A changes by about 0.3' per 1A change in film 



thickness(il=632.8nm, $=70°). A well ahgned and calibrated ellipsometer can measure 

Y and A to an order of magnitude better[Irene,l995]. 

Using the model of a double layer film on a substrate shown in Fig 7.2 and the 

associated Fresnel reflection equations[So, 19761, the variation in Y and A with oxide 

and polysilicon thickness can be calculated to give the plot of Fig 7.3. The simulated 

data was obtained using a wavelength of 632.8nm, angle of incidence of 70°, oxide 

thickness of 40nm, and commonly used n and k values for each layer. 

0 100 200 300 400 500 600 700 800 
polysilicon thickness (nm) 

Fig 7.3 Simulated plot of A and Y as a function of oxide and polysilicon thickness. 
h=632.8nm, $=70°, oxide thickness=#Onm. 

It is evident from this simulated data that A and Y change in a periodic fashion with 

the polysilicon thickness, A being the more sensitive. At the polysilicon-oxide 

interface(Onm), the curves change to an almost linear relationship in the SOz. The 

change in thickness for each period is constant throughout and equal to 84nm. This 
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feature of the plot provides a means of calculating the average etch rate during the 

polysilicon etch, by simply monitoring the 'time between consecutive minima or 

maxima, and knowing each period represents 84nm, the etch rate can be determined as 

the etch progresses. In fact, by utilising the power of modem computers and fitting 

algorithms, each measured A and Y could be processed to yeild polysilicon thickness 

and hence etch rate throughout the etch. Although this is a useful etch parameter to 

monitor, the main aim of the measurement is that of endpoint detection and etch rate 

measurement was not developed further as part of this study. 

Simulated data for the same structure with an 8nm oxide thickness is shown in 

Fig 7.4. The same type of periodic waveform is seen with reduced amplitude, yet still 

adequate for monitoring the change in polysilicon thickness. 

01 ' , I I 
I I I I 

0 50 100 150 200 250 300 350 400 
polysilicon thickness (nm) 

Fig 7.4 Simulated plot of A and !I? as a function of oxide and polysilicon thickness. 
h=632.8nm, 4=70°, oxide thickness=8nm. 
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7.3 Endpoint Detection System 

Figure 7.5 shows the modifications made to the etch chamber to accomodate the 

e~somet r ic  endpoint detector. The top electrode was raised and an aluminium collar 

inserted to extend the lower chamber walls. Quartz windows were mounted on two sides of 

the c o b  to serve as entrance and exit ports for the hght beam. On the 11ght hand side of 

the figure, the incident beam components consisting of a HeNe laser (ImW), polarising 

filter set at 45' to the plane of incidence, and in some cases a quarter wave plate was 

mounted. On the reflected beam side, a rotating analyser system incorporating a polarising 

filter, hollow shaft stepping motor and photodiode with preamplifier was positioned in line 

with the hght beam. Although most of the results presented were obtained using the HeNe 

laser (632.8nrn) as a bght source, equally effective endpoint detection could be found using 

a more compact diode laser(670nm). 

hollow shaft 
stepping motor 

1uLuu1uUc 

\ / /I polarising 

lower electrode 

Fig. 7.5 Diagram showing the collar incorporating windows(shaded) inserted between 
upper and lower sections of the etch chamber and the components of the automatic 
ellipsometer. 



The automatic ellipsometer is controlled by a computer with a general purpose 

analog-to-dgital conversion card and associated interfacing electronics. The A/D card has 

an on-board pacer which can be programmed to the desired frequency and thereby samples 

the photodiode output at this constant rate. By using this pacer s~gnal to drive the stepping 

motor of the rotating analyser, the position of the polarising filter and the light intensity data 

can be synchronized to provide an accurate plot of hght intensity versus polariser angle 

which forms the basis of the ellqsometric calculations. As the motor used in this study runs 

at 400 steps/revolution, data is sampled at 1.8' intervals. The only remaining components 

are an optical switch and chopper blade which provide a reference point for the rotating 

analyser angle. This point can be calibrated using the method described in [Hauge,1973]. 

As the axis of the polariser passes the plane of incidence of the system, a pulse sent to the 

@tal input of the A/D card and triggers the start of data sampling. The light intensity is 

then sampled and dgitised over an integral number of half-revolutions of -the rotating 

analyser, producing a sinusoidal waveform with one period per half-revolution. This hght 

intensity waveform can be expressed in the normalised form, 

I(0) = b(l+a cos20 + b sin20) Equ 7.3 

where 0 is the azimuth of the transmitting axis of the analyser relative to the plane of 

incidence, and b is the average intensity. A Fourier transform of the data extracts the 

coefficients a and b, which are then used to determine Y and A via the equations, 

Equ 7.5 



-- 

When care is taken to rninimise electrical noise and the system is correctly ahgned, 

only one period of the hght intensityJangle waveform or half a revolution of the motor is 

needed to obtain consistent Y, A parameters. Thus, the maximum speed of the motor 

provides Y, A data at a rate of 4/sec, with the data processing carried out during the second 

half of each revolution. 

Of the two elhpsometric parameters, the one chosen for end point detection was A 

because it showed the larger variation. A is essentially a measure of the phase difference 

between the components of the reflected hght parallel and perpendicular to the plane of 

incidence of the light beam. The phase shift of the incident hght components is 0°, having 

passed through a linear polarising filter set at 45O relative to the plane of incidence. The 

effects of the windows and plasma were minimal and as it is the change in A with time 

which is important rather than absolute values, their effect did not degrade the system. The 

change in A with time for the etching of a 600 nrn polyJ40nrn oxideJsilicon s e l e  is shown 

in figure 7.6(a), with the end point region expanded in figure 7.6(b). Note that this plot 

shows polysilicon thickness decreasing fiom left to nght, as etch time increases, whereas 

the simulations show increasing thickness fiom left to nght. The plot shows a similar trend 

to the simulated data of Fig 7.3, but due to the different etch rates of the polysilicon and the 

oxide, a very distinct transition at time 182s is seen as the etching moves from the 

polysilicon to the oxide and the endpoint can be easily discerned within less than 1 second. 

From this data, an overetch time of 11 seconds can be determined and the average poly 

etch rate was 2 100 &min. 



80 100 120 140 160 180 200 

Time (sec) I 

Time (sec) 

Fig 7.6 Measured A-time plot(a) during the plasma etch of a polysiliconlomXIde/Si 
structure, with the polysilicon endpoint region expanded(b). The oxide thickness was 
40nm. 

For another sample with an oxide layer of only 8nm, the variation in delta with poly 

thickness is greatly reduced and very close to 180", which is a less sensitive region. By 

including a quarter wave plate in the incident beam, a phase shift can be introduced before 

the sample and thus the phase shift of the reflected light becomes more sensitive to the 

change thickness of the polysjlicon. Fig 7.7 shows the A-time plot of a sample consisting of 

2000nm poly/8nm oxide/Si In this case the average etch rate was calculated to be 8240 
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amin  and the overetch time of 30sec resulted in etching through the oxide and into the 

underlying silicon. If the ordde/silicon interface is at the position indicated, the oxide etch 

rate would have been 300&min, giving a polyoxide etch selectively of 31: 1. 

Fig 7.7 Measured A-time plot during the plasma etch of a polysiliconloxide/Si structure; 
the oxide thickness was 8nm. 

While the above measurements were taken with the laser beam on a clear 

region of polysilicon, in a practical situation a certain percentage of photoresist will be 

covering the surface of the wafer, forming the etch pattern: To ensure the ellipsometric 

endpoint detection was still accurate with photoresist coverage, patterns with varying 
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percentages of coverage were applied to the polysilicon. Fig 7.8 shows the A-time plot 

for a coverage of approximately 50% on the stucture measured in Fig 7.6 (4Unm oxide). 

Time 1 seconds 

Fig 7.8 Measured A-time plot during the plasma etch of a polysilicon/40nrn oxidelSi 
structure, with a 50% coverage of photoresist. 

Here, the measured Y and A are essentially an average of the p o l y s k n  and the 

photoresist, and since the photoresist thickness changes very little during the etch, a smaller 

amplitude waveform similar to Fig 7.6 is seen. A further increase in photoresist coverage to 

80% , as shown in Fig 7.9, continues this trend to smaller amplitude waveforms, however 

the endpoint is still clearly evident to within 1-2 seconds. 



Time / seconds 

- 

Fig 7.9 Measured A-time plot during the plasma etch of a polysilicod40nm o-xidelSi 
structure, with a 80% coverage of photoresist. 

. . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  .........,...........1........................................................ 

7.4 Conclusions 

The endpoint detection system of a plasma etch reactor has been considerably 

improved by replacing the existing plasma emission monitor with an automatic 

ellipsometer which directly monitors the change in parameters Y and A at a point on 

the sample. The change in A with time provides a very sensitive periodic waveform as 

the polysilicon gate material is etched, and a clearly visible change occurs as the 

interface with the underlying oxide is reached. The endpoint can be detected within Is, 

even with photoresist coverage of up to 80%, which makes the study of etch damage 

............................................. . .... i..... 

............................................... 

~ o l y l ~ x i d e  interface 
........................................................................ 

I I I I I 1 I 1 
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as a function of overetch time possible. Through the application of numerical inversion 

techniques based on the theories of ellipsometry, the thickness of the etched layer 

could be determined in situ, thus providing useful etch rate data and the facility for 

endpoint prediction. 
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Conclusions 

The study of slow traps presented here has revealed through the use of a new 

measurement techmque, the creation of slow traps in the oxide-silicon interface region as a 

result of two processes, namely high-field electrical stress and plasma etching. In general terms, 

both processes were seen to generate slow traps in the strong depletion and inversion regions 

of polysilicon-gate MOS capacitors. This places the traps at energies aligned with the upper 

half of the silicon bandgap in p-type substrate devices, and the lower half in n-type substrate 

devices. When s w c a n t  densities of slow traps were detected, they could be separated into 

two distinct regions; one characterised by a narrow peak near the silicon rnidgap and the other 

extending throughout the inversion region placing them closer to the conduction or valence 

bands, depending on the substrate conductivity type. As most of the study was done using 

devices with p-Si substrates, the following points relate to these devices. 

Hzgh-field stress produced an increase in fixed oxide charge and fast interface states as 

evidenced in quasi-static C-V curves and slow traps as seen in slow trap profiles. The slow 

traps appeared in the two regions described above, with the broad region in inversion having 

slower response times. A thinner oxide(9.5nm) that included trichloroethane(TCA) in its 

growth recipe showed increased resistance to slow trap generation than thicker oxides(20nm 

and 40nm). Whether this was due to the TCA or oxide thickness is unclear and warrants further 

investigation. After stress, room temperature annealing over many days resulted in the slower 

traps in inversion relaxing back to their pre-stress state with much slower response times, while 

the narrow region of traps near midgap remained stable. One profile, measured after stressing a 

plasma etched device, was used as an example of how results can be interpreted in terms of trap 
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energies and physical locations in the interface region. This interpretation shows two trap levels; 

one at 0.1-0.2eV above the silicon midgap and closer to the interface and the other near the 

silicon conduction band edge and extending further fiom the interface. In strong inversion, the 

response times of second trap are influenced by the oxide band bending and its affect on trap 

separation distance fiom the interface, and possibly the density of inversion layer charge at the 

silicon surface. This interpretation hghhghts the complex dependence of slow trap 

characteristics on a number of different parameters in comparison to fast interface traps which 

are localised in physical position. 

Similar slow trap characteristics were seen for devices fabricated using plasma etching 

to define the gate electrode, reinforcing the theory that so caJled "charge-up" damage during 

plasma etching is analogous to damage fiom hlgh-field stress. Three different oxides were 

studied, using the overetch time as a process variable because overetching is considered the 

critical time for charge build-up and oxide damage. Compared with wet etched control devices, 

C-V curves revealed an increase in fixed oxide charge and fast interface states in the cases of 

40nm and 20nm oxides but no damage was evident in 9.5nrn oxides. Slow trap profiles 

however, clearly showed damage to all three oxides and through the use of accurate endpoint 

detection methods, this damage was seen to occur with overetch times as little as 1-2s. As in 

the case of hgh-field stress, the 9.5nrn oxide showed increased resistance to slow trap 

generation, especially in the narrow region near midgap. Trap generation in this region was also 

seen to be enhanced by the use of aluminium as a mask material durinng etching when compared 

with photoresist. It is assumed that this result is due to the enhanced charge collecting ability of 

the aluminium. Removal of the edge of the gate material produced little change in the slow trap 

profiles, indicating that the traps were located over the whole area of the electrode, and not 
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confined to the edge region as is the case in some types of plasma etch damage. A post-etch 

anneal in N2 at 500'~ removed the slow traps in both regions. 

Based on the results of this thesis, it can be said that Slow Trap profiling provides a 

useful addition to the range of techmques that can be used to characterise interface and near 

interface damage in MOS structures. It is the dependence of slow trap response times on their 

separation distance from the silicon which makes characterisation challenging. Techmques more 

commonly used to assess the electrical properties of the oxide-silicon interface are limited in 

this regard. Therefore the new techmque is seen as a simple and direct means of complementing 

data obtained by existing techmques such as lugh frequency C-V, quasi-static C-V, and 

conductance measurements used for fured oxide charge and fast interface trap characterisation. 

The system components required to measure a slow trap profile are standard to most modem 

semiconductor characterisation systems, and only the system control and data acquisition and 

processing need to be implemented. The advantages of the techmque over common 

capacitance-voltage measurements are listed below: 

+ Simultaneous measurement of slow trap densities and their response times as a function of 

gate voltage - the response time gives added information on the trap separation distance 

from the Si-oxide interface. 

+ The measurement of slow traps in the strong inversion region, important for MOSFET 

operation, is possible where C-V technques become inaccurate or cannot be used at all. 

+ Simple and direct calculation of trap density - only the device area and bias voltage step are 

needed. 

+ Device series resistance does not introduce errors as in capacitance measurements and 

reasonable levels of leakage current can be removed in software. 



Continued research in the areas of orride growth and subsequent device processing will 

play a vital role in providing the necessary high quality dielectric layers and low defect 

dielectric-semiconductor interfaces needed for future generations of MOS devices. An integral 

part of this process will be the better understanding of slow traps, their chemical nature using 

techruques such as Electron Spin Resonance and their electrical properties through techques 

such as slow trap profiling. Hopefully, this will lead to the development of new processes to 

minimbe their creation. 

Future Developments 

The techmque of slow trap profiling can be further developed in a number of areas. 

Improvements in current amplifier design would mean higher gain with faster response and 

better signal-to-noise ratio. This would allow the measurement of smaller area devices and see a 

reduction in the minimum response time. The individual transients at selected gate -voltages or 

energy levels can be fitted to theoretical models to ascertain the separation distance and capture 

cross section of the trap. It was seen that some transients can be well fitted to a single 

exponential while others are more complex functions, possibly a combination of many 

exponentials. The difference between trapping and emission rates of slow traps is interesting 

and worthy of further study, perhaps through the use of temperature variation and its effect on 

response times. 

In its present form, the new technque has been successNly applied to the study of 

slow trap creation in MOS capacitors fiom both electrical stressing and plasma etching, 

supporting the theory that damage mechanism are similar for both processes. However, in the 

latter case, the complex interaction of slow traps with b h  energy plasma emissions and 

increased surface temperatures during etching is not yet clear and provides an area for further 
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investigation. Nonetheless, the existence of slow traps in MOS structures after plasma-etch gate 

definition means that careful control of etch parameters is essential in order to minimise slow 

trap generation. The accurate elhpsometric endpoint detection system used in t b  study showed 

that sigmficant densities of slow traps, fixed oxide charge and interface traps are generated after 

only 1 or 2 seconds of overetching. This h@l@ts the need for future hgh density plasma 

reactors to employ endpoint prediction whereby changing to a low damage, high selectivity 

mode is possible prior to endpoint. 
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