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The major goal of this research work was to develop better

electrical measurements for the evaluation of silicon material

quality.

The first approach investigated was the Zerbst generation

lifetime measurement technique. It was demonstrated that the

error in the estimation of the generation lifetime obtained with

this technique could be as high as two orders of magnitude due to

the neglect of lateral surface generation effects. A procedure

was developed to evaluate the generation lifetimes accurately.

It includes the use of oxide annealing to reduce surface

generation, the employment of an acid-free backside contact

process to minimize oxide surface irregularities, and the use of

devices of various sizes to extract the actual generation

lifetimes. Very high lifetimes of about 50 msec were obtained

using this procedure.



The second approach investigated was evaluation of the

dielectric strength of Si02 films thermally grown on silicon

material. It was found that oxide annealing did not affect the

measured dielectric strength results when the breakdown criterion

was set at the catastrophic breakdown current level in the

voltage ramp-up technique and when the electrons were injected

from the silicon/Si02 interface in the constant current

technique.

A supplemental goal of this research work was to use the

developed generation lifetime measurement procedure to

investigate the effect of pre-epitaxial deposition nucleation

cycles on the generation lifetimes of silicon wafers from

different parts of a silicon ingot. It was found that when a

650°C nucleation heat treatment cycle was inserted before the

depositon of the epitaxial layer, followed by a typical intrinsic

gettering process, the generation lifetimes of wafers became

independent of their origin in the ingot and were very high,

about 35 msec.

A relationship between the dielectric strength of Si02 films

and the density of bulk microdefects was also investigated. The

dielectric strength of Si02 films was found to increase with the

bulk stacking fault density, not with the bulk precipitate

density. This indicates that the formation of bulk stacking

faults may be the key element responsible, for gettering heavy

metal contaminants away from the front surface of the wafer.
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Electrical Characterization of Silicon and
Silicon Dioxide Materials

I. INTRODUCTION

Since the beginning of silicon technology, the generation

lifetime, which is proportional to the reciprocal of the carrier

generation rate, has been one of the parameters to be evaluated

for the characterization of silicon material. Heavy metals such

as iron, copper, nickel, and gold are known to introduce deep

level centers in silicon material and reduce the lifetime [1-6].

To evaluate the heavy metal contamination level of silicon

material in semiconductor device fabrication processes, it is

important to monitor the generation lifetimes, from the

semiconductor starting material, throughout the production

processes, to the finished device produced. This requires an

accurate, reliable, and consistent measurement.

The MOS capacitor C-t relaxation method suggested by Zerbst

[7] can measure the carrier generation lifetime of silicon

material very close to the surface where devices will be

fabricated. It is widely used to characterize silicon material

and to monitor production processes.

However, this research work demonstrated that the generation

lifetime results measured by the Zerbst method depended

critically on the Metal-Oxide-Semiconductor (MOS) capacitor
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fabrication procedure and the area of the capacitor tested. The

error in the lifetime values measured by the technique under

different conditions can be as high as two orders of magnitude.

One of the primary goals of this research work was to identify

the problems of this generation lifetime measurement technique

and to develop a procedure to obtain the generation lifetime

accurately.

In MOS integrated circuit technology, the dielectric

strength of Si02 films is another important parameter that needs

to be evaluated with accuracy.

It is known that the dielectric strength of thermally grown

Si02 films is affected by the quality of silicon material [8,9].

Therefore, measuring the dielectric strength of Si02 films is

another approach to evaluate the quality of silicon material.

The voltage ramp-up test [10] has long been used to test the

dielectric strength of Si02 films. More recently, other

techniques such as the constant current technique [11] and the

pulse method [12] have been proposed for this purpose. Very

recent papers [13,14] reported the observation that oxide

annealing degrades the integrity of Si02 films. The oxide was

tested by the constant current technique in those studies.

Another recent paper [15] reported that oxide annealing increases

the dielectric strength of Si02 films. The dielectric strength

was measured by the voltage ramp-up method. Part of the primary

goal of this research work was to investigate the effect of
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annealing process on the correctness of the dielectric strength

results of Si02 films measured by these two techniques, and to

develop a procedure to properly measure the dielectric strength

of Si02 films.

The pulse method developed by P. Heimann [16] is suggested

to be superior to the voltage ramp-up method because of the

voltage ramp-up speed dependence of the latter method [17]. An

investigation was also done in this research to compare these two

techniques.

It is known that substrates from different parts of a

silicon ingot behave quite differently in defect formation [18].

Wafers from the seed-end section of an ingot generally have a

high density of microdefects after heat treatment since the seed-

end section is pulled out of the molten silicon first and then

kept at a moderately high temperature during the rest of the

ingot growing process. This extra heat treatment enhances the

ability of these wafers to form microdefects. Heavy-metal

impurities tend to remain in the melt as the ingot is being

pulled; therefore, the tang-end section of an ingot tends to

contain a higher level of these impurities.

One of the supplemental goals of this research work was to

develop an intrinsic gettering process that made the generation

lifetimes of wafers independent of their origin. In this

investigation, substrates from different sections of an ingot
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were selected. An extra nucleation heat treatment cycle was

added before the deposition of the epitaxial layer in the

epitaxial silicon wafer manufacturing process. The effect of

pre-epitaxial nucleation cycles on carrier generation lifetime of

these wafers was measured by the generation lifetime measurement

procedure developed in this research work.

High-quality thin thermally-grown silicon dioxide films are

of fundamental importance to the MOS integrated circuit

technology [19,20]. As device dimensions scale down, using very

0

thin Si02 films of thickness about 100A will soon become common

in high density MOS circuits. The integrity of Si02 is therefore

a primary concern. In particular, the breakdown of thin gate

dielectrics is a major cause of circuit failure, especially for

large scale dynamic random access memories (DRAM) [21]. Osburn

and Ormond [22,23] have demonstrated ,in general, the thinner the

Si02 gate dielectric becomes, the more defects per unit area one

encounters.

In general, techniques such as adding a small amount of

chlorine-containing species (such as HC1, C12, TCE) to the

oxidizing atmosphere (oxygen) during thermal oxidation of silicon

to enhance the properties of the oxide [24-28] have been used.

There are recent reports that the heavy-metal gettering technique

can improve the integrity of Si02 films [29,30]. The

gettering method is believed to involve the removal of heavy-

metal impurities from the front surface of a silicon wafer by the
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microdefects (crystal imperfection sites) located either deep

inside the substrate or at the backside of the wafer. These

microdefects may be in the form of bulk stacking faults [31-37]

and bulk oxide precipitate complexes [38-42]. So far, no direct

correlation has been reported between any of these types of

microdefect with the dielectric strength of gate oxide. If such

a relationship can be established, special heat treatment cycles

may be added to an IC fabrication process to create the type of

microdefects that improves the integrity of Si02 films. One of

the supplemental goals of this research work was to establish

this relationship.

In this investigation, polished wafers of different oxygen

content were heat treated to create different concentration of

the two types of bulk microdefects. The effect of these

microdefects on the dielectric strength of the Si02 films grown

on these materials were studied.
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II. BACKGROUND

A. Zerbst Carrier Generation Lifetime Measurement

1. C-t Response

In the Zerbst technique [43], a metal-oxide-semiconductor

(MOS) capacitor is driven into deep depletion by a quick change

of gate bias from either the accumulation or depletion condition,

and the occupancy in the inversion layer increases with time

until the equilibrium condition is reached. However, the

minority carriers required to build up the inversion layer cannot

be provided instantly, and the depletion width increases to

maintain charge neutrality. Minority carriers may be generated

in the depletion region via intermediate energy levels as shown

in Fig. la, at the Si02/Si interface, or may be provided by

diffusion through the depletion layer from the bulk [44,45].

While the inversion layer occupancy is increasing, the depletion

width decreases until equilibrium is obtained.

Fig. lb illustrates the capacitance response to a depleting

voltage step applied to the gate at t=0. The depletion width

expands to its maximum initially while the capacitance drops to

its minimum. As time progresses, the depletion width contracts

as a result of the increase in occupancy of the inversion layer,

and the capacitance increases until it has reached CF.
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Zerbst Relation

Zerbst showed that the decay of depletion width can be

related to the lifetime. The change in depletion width is first

related to the change in inversion layer carrier density, and

then the change in inversion layer carrier density is related to

the lifetime.

At time t, the oxide field is proportional to the net charge

per unit area in the semiconductor; that is

1.(t)

Cox [VG Os(t)] q NI(t) q
NB(x)dx (1)

where Cox is the capacitance per unit area of the oxide film, VG

is the gate voltage, 05(0 is the instantaneous surface

potential, NI(t) is the instantaneous inversion layer carrier

density in # per unit area, W(t) is the instantaneous depletion

width, NB(x) is the dopant concentration, and x is the distance.

If the gate voltage is fixed and the dopant concentration is

uniform, by differentiating (1) with respect to time, it will

become

dN
I = Cox d Os - N dW

B
dt q dt dt .

(2)

Under the depletion approximation, the surface potential is given

by
W(t)

Os(t) = qNB x dx (3)

EsiCo
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where Esi is the dielectric constant of silicon and Co is the

permittivity of free space.

45(t) = NB W2 (4)
q

2EsiCo

Differentiating (4) with respect to time yields

dOs qNB dW2

dt 2EsiE0 dt

Or qNBW dW

dt e dtsi o

(5)

(6)

Combining (2) and (6) yields

dN
I = (CoxW + I NB dW

dt dtsi o

(7)

= c:x 8:) (8)
C .(tSince C(t)

and Csi(t) = E siEo (9)

W(t)

combining (8) and (9) gives

W(t) = EsiE0 1

I

C(t) Cox

Differentiating (10) with respect to time gives

(10)

dW = sic d (11)
dt dt CI .

Combining (7), (10) and (11) yields

CoxEsiE0(1 - I ).1.

dt C CSi o ox

N dBEsi o
dt C



=or NB esi(0 Cox d (1}
dt C dt`C) .

Since 1 d

C dt

dN
I =

dt

2

(iC-) ,

N C d 1\2
o )B si o
2

x
dt CI

dN N d ( Cox 2or I = B si o
dt 2Cox dt C

Carrier Generation

(12)

After a deep depletion voltage step is applied to a MOS

capacitor, the system returns to the thermal equilibrium

condition as a result of an increase in the occupancy of the

inversion layer. The minority carriers may be generated by one

of the following four processes:

(i) Depletion region generation mechanism (a) in Fig. 2

with lifetime Tg. The carrier generation rate per unit area is

Ni ( W(t) WF) / Tg

where Ni is the intrinsic carrier concentration, W(t) is the

instantaneous depletion width, and WF is the final depletion

width as the system has already returned to its equilibrium

condition.

(ii) Surface generation of the depleted lateral surface (b)

with surface generation parameter So. So is the surface
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recombination velocity of silicon at the Si-Si02 interface

between the capacitor dot, gate, and the aluminum guard ring.

For P-type silicon material, the silicon surface is always

inverted due to the positive oxide charges in the oxide film.

Therefore, a negatively biased guard ring is required to form a

barrier around the capacitor dot to block electrons from entering

the capacitor dot region from its surrounding area. The

generation rate at the peripheral region per unit area is

Ni S
o

(W(t) WF ) 4/d ,

where d is the diameter of the circular device [46].

(iii) Surface generation of the surface under the gate (c)

with S (surface recombination velocity of silicon at the Si-Si02

interface under the gate). The generation rate is

(iv) Bulk diffusion (d). The generation rate is

D NB
L

where D is the diffusion coefficient of minority carriers, L is

the diffusion length of minority carriers, and NB is the dopant

density.

By combining the effects of all four generation processes,

the total generation rate becomes



dN = Ni (W WF) S
o

(W WF ) 4/d
dt Tg

+ Ni S + DNB
L

(13)

14

The surface generation parameter under the gate, S(t), is in

general much smaller than that in the depleted peripheral area,

So. This is because surface generation is maximum for a depleted

surface. At time t=0+, the depletion voltage step has been

applied and the entire surface is depleted; therefore, S(t=e) is

equal to So. At time t>0+, the surface under the gate becomes

inverted. The minority carriers in the inversion layer are

capable of screening the surface, and the surface generation

under the gate diminishes. However, most of the lateral surface

remains in depletion and the generation continues at its maximum

rate. Therefore, for t>0+, S(t) is much smaller than So.

Equating (12) and (13) and then combining (10) yields

d(C
C

/C)2. 2Ni 1 Cox CF 1 + ox S + 1221.
dt NB, CF \ C TI E siEo L Ni

where 1 = 1 4 S+

Tg Tg d .

(15)

(14)

A plot of - d/dt(Cox/C)2 vs. (CF/C 1) is a straight line

portion whose slope is proportional to Tg', and whose intercept

on the - d/dt(Cox/C)2 axis is equal to Cox (S + D NB
E._

)
.E L Nsi o

This plot is usually called the Zerbst plot. A schematic
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representation of a pulsed MOS response is shown in Fig. 3 and a

corresponding Zerbst plot in Fig. 4. By fitting a section of the

Zerbst curve starting from t=0, a graph of the Tg' can be plotted

vs. time as shown in Fig. 5.

Normally, only the data between 40% and 70% of a complete

set of C-t data yields a straight line in the Zerbst plot. The

section of data gives uniform Tg' vs time as illustrated in

Fig. 5. Therefore, the first 40% and the last 30% of a set of

C-t data are usually not used in the calculation of Tg'.

Lifetime Measurement Difficulties

Equation (15) can be represented as follows:

1 = 1

+ 4S
0

Tg' dT
g

or 1 = 1 + 1

T
g

T
g

T
So

(16)

The measured lifetime, Tg', obtained from a Zerbst plot

consists of a combination of the depletion region generation

lifetime, Tg, and the peripheral surface generation lifetime,

Tso = d/4S o . It is a common practice to set Tg = Tg' by assuming

the depletion region generation is the dominant component of the

two. However, as the technology of growing single crystal

silicon material improves, the assumption may not be true. In

fact, it will be demonstrated that this assumption can lead to
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serious errors in measuring high lifetime silicon material.

Schroder [47,48] has suggested evaluation of the So term

from the slope of the Zerbst curve at t=04., where the MOS

capacitor is pulsed from accumulation to depletion.

At the instant, before the formation of the inversion layer

under the gate area, the surface generation component at the

peripheral area, So, is assumed equal to that at the area under

the gate, S. At t=0+, S may be represented by the symbol So' as

shown in Fig. 6.

At t=0+, equation (14) can be written as follows:

-d(Cox/C)
2

2N
Cox F

1

I C+ ox So +
D NB (17)

or

dt NB LCF C T
o L Ni

2

S
o

' =
E
si NB d (C /C) -cox CF D NBI (18)
Cox 2N. dt

ox
CF C I, Ni ,1

Tg is then calculated from the relationship

(1/Tg = 1/Tg' + 4So/d) by assuming So = S0'. These So values

obtained by the Schroder method are usually very small and have

little impact on the lifetime calculation. This leads to the

common practice of assuming that the measured lifetime, Tg, is

equal to the actual lifetime, Tg.

There are several problems with the Schroder technique.

First, the So obtained represents the surface generation
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component So' of the area under the metal gate but not in the

peripheral area. It is well known that aluminum metal enhances

the process of annealing out surface states due to hydrogen in

the metal [49]. The interface state density under the metal gate

is probably lower than that of an area not covered by the metal

gate.

Since the surface generation term is proportional to the

density of interface states, the surface generation component,

So', obtained by the Schroder method maybe considerably lower

than the S
o

in the peripheral area. This explains why the

adjustment done to Tg by equation (15) is found insufficient by

using the So' obtained by the Schroder method and setting So =

So'.

Experimental data in this research indicated the So in the

peripheral area could be an order of magnitude larger than the

S
o ' measured by the Schroder method. Therefore, a distinction

has to be made between the surface generation component under the

gate, So', and the surface generation component, So, in the

peripheral area.

Another problem of using equation (15) to calculate Tg with

a known S
o
is that the relationship is only true when the lateral

depletion distance is identical to the depletion width under the

gate. In many cases, oxide charges may play a role in altering

the lateral depletion distance. Therefore, the relationship (15)
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should be presented as follows:

1 1 K S= + g (19)

Tg' T
g

d

where K may be a constant coefficient. Without knowing the value

of K, the Tg calculated may probably be incorrect even though the

So term might be accurate.

2. Control of Surface Generation

If the surface generation component, So, is significant,

then the lifetime measured by the Zerbst technique should

increase as described by equation (15) when So is reduced. Since

S
o
is proportional to the interface state density, minimizing the

density will result in a measured lifetime closer to the actual

value. It is known that high temperature oxide annealing [50,51]

and low temperature aluminum annealing [52,53] reduce the

interface state density. Therefore, the measured lifetime should

increase after the sample is annealed if So is a significant

factor. In this research work, the effect of the annealing steps

on the measured lifetime was investigated.

The condition of the oxide surface at the gap region between

the capacitor dot and the guard ring also has strong influence on

the spreading of the depleted surface region. This also changes

the effect of the S
o

generation component in the lifetime

measured, Tg'. Therefore, different surface conditions of the

device during the measurement were investigated. These
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conditions included blowing nitrogen on the device during testing

and using surface passivation coating. The standard backside

contact process involves the use of hydrofluoric acid which may

affect the surface condition. The effect of the process on the

measured lifetime was also investigated.

It was found that by biasing a device electrically, the

lifetime measured awhile later can be much higher. This

phenomenon was investigated on samples prepared under different

conditions.

If the surface generation component, So, is of any

significance, the measured lifetime will increase with the

diameter of the device as described by the relationship

(1 /Tg' = l /Tg + 4So/d). Devices of different sizes were

fabricated to show that S
o

is a significant factor and cannot be

ignored as commonly does.

3. Extraction of the Actual Lifetime

From equation (19), the actual lifetime, Tg, may be

calculated with two values of diameter, d, and the corresponding

Tg' without knowing the term K. This can be done in two ways,

mathematically or graphically:

( 1) By solving a system of equations with two unknowns, Tg

and (KS0):
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1

+ =(KS °) 1

Tg d
1

Tg 1

1 (KS0) 1

T
g

d2 TgI2 .

(2) By plotting 1/Tg' vs. 1/d. The extrapolation of these

data points to the 1/Tg' axis represents 1/Tg, where 1/d becomes

infinite and 1/Tg = 1/ Tg'. Similarly, the intersection of the

line at 1/d axis represents (-KS
o
/Tg). With known Tg'

KS o can be

calculated. The S
o
can be estimated by setting K=4, according to

equation 15.

4. Lifetime Measurement Procedure and Set-up

A fully automatic testing system was developed for this

measurement. A schematic of the set-up is shown in Fig. 7. After

the probes made contact to a device, the following measurements

were accomplished:

(1) The temperature of the system was monitored until it

became relatively stable and then the MOS capacitor was driven

into accumulation.

(2) The Cox was measured.

(3) The capacitor was first driven into depletion condition,

and then capacitance data were taken to calculate So.

(4) Pulses of light with varying intensity depending on the

rate of change of capacitance were emitted until the capacitance

reached a pre-calculated equilibrium value.
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(5) After the capacitance became stable, the temperature

data were taken.

(6) The capacitor was driven into a deeper depletion

condition. C-t data were taken until the capacitor returned to

the equilibrium condition.

(7) Temperature data were taken.

(8) Tg' vs. time was calculated.

(9) Tg' value calculated from C-t data in the range between

40% to 70% of the total data was selected.

(10) C-t plot, Zerbst plot, Tg' vs. time plot, and Zerbst

plot with best fit line were drawn as shown in Fig. 8a, b, c, and

d, respectively.

This systematic way of doing curve fitting and the

calculaton of Tg' is essential in reducing human error.
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II. B. Oxide Dielectric Strength Measurement

The dielectric strength of Si02 film can be tested in

several ways. The methods under investigation in this work were:

(1) the voltage ramp-up technique, (2) the pulse technique, and

(3) the constant current technique.

1. The Voltage Ramp-up Technique

This method involves monitoring the current through the

insulator while the voltage is stepping up. Breakdown is defined

when there is a sudden increase of current as shown in Fig. 9.

This kind of catastrophic breakdown is usually destructive. The

schematic of a voltage ramp-up measurement setup is shown in

Fig. 10.

2. The Pulse Technique

It was found that the test results of the voltage ramp-up

method depend on the voltage ramp-up rate [54]. It is believed

that at a slower ramp-up rate, the positive charge trapped during

the ramp-up process increases. The positive charge is believed

to be generated by an impact ionization process. This causes the

oxide to breakdown at a lower voltage due to the local field

enhancement caused by the trapped charges.
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P. Heimann [55] suggested the use of a sequence of 50 msec

pulse of increasing voltage magnitude to stress the oxide to

minimize the charge trapping problem. Between two pulses, a

small steady voltage is applied and current can be measured to

check for oxide breakdown. Fig. 11 shows a setup for the pulse

oxide breakdown test.

3. The Constant Current Technique

In this test, constant current is applied to the MOS

capacitor, and the breakdown is defined at the instant when there

is a sudden drop of voltage across the device. The total amount

of charge passed through the oxide before the insulator breaks

down is an indication of the integrity of the dielectric. The J*T

value represents the ratio of carriers through the oxide to the

positive charge trapped in the oxide. Fig. 12 shows a typical

plot of current density vs. time, and Fig. 13 shows a typical

measurement setup configuration of this test.

The voltage-ramp-up technique has long been used to measure

the dielectric strength of Si02 films. The pulse method proposed

recently was claimed to be superior to the voltage-ramp-up

method. Tests were conducted to compare the results of these two

methods.

Very recent papers reported that oxide annealing reduces the

integrity of Si02 films. The oxide was tested by the constant
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current technique in those studies. Another recent paper

reported that oxide annealing increases the dielectric strength

of Si02 films. The dielectric strength was measured by the

voltage ramp-up method.

It was found here that the test results for both the voltage

ramp-up and constant current techniques depend strongly on the

test device fabrication process and electron injection interface.

Investigations were conducted to establish the proper procedure

for SiO
2

dielectrics evaluation.
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II. C. Gettering

Gettering is a general term that describes the removal of

heavy-metal contaminants from the active region of a device. It

is believed that contaminants such as Fe, Ni, Cu, Cr, etc. have

detrimental effect on device performance. Contaminants located

at the device active regions increase the junction leakage

current [56], decrease the carrier lifetime, and degrade the

oxide quality. Although not intentionally, these impurities may

be introduced during wafer and device processing [57].

At high temperature, these highly mobile impurities tend to

diffuse toward, and aggregate at, stress-associated microdefects

[58]. By creating these microdefects away from the device active

region during integrated circuit fabrication high temperature

processing steps, the impurities are removed from the area. As a

result, the device yield and performance may be improved.

There are two categories of gettering techniques: (1)

extrinsic gettering, and (2) intrinsic gettering.

I. Extrinsic Gettering

An extrinsic gettering process requires some type of surface

modification to create lattice damage sites for gettering the

impurities. This is usually applied at the back side of a wafer.

Therefore, it is also known as backside gettering. Some of the
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backside gettering techniques are:

(i) Mechanical damage --- sand blasting [59] and rotary

abrasion [60-62].

(ii) Ion implantation [63-65].

(iii) Laser irradiation [66].

(iv) Deposition of polysilicon [67,68] or nitride [69,70]

films.

(v) Phosphorus diffusion [71,72].

A major drawback of these backside gettering methods is that

the gettering sites are located at the back of a wafer. The

ability of attracting the impurities from the front surface is

directly influenced by the thickness of the wafer. As the

diameter of today's silicon wafers gets larger, the thickness of

the wafers increases. As a result, the backside gettering

techniques become less effective.

Recent development in extrinsic gettering technology

indicates that surface modification does not need to be. confined

to the backside of a wafer. Damage sites can also be introduced

at an area very close to the front surface. Some of these

techniques reported are:

75].

(i) Phosphorus buried layer and argon implantation [73-

(ii) Germanium deposition [76,77]. Lattice imperfection

sites are generated between the epitaxial layer and the substrate
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of a wafer by incorporating 0.1-1% germanium in a special silicon

deposition prior to the standard silicon epitaxial deposition.

2. Intrinsic Gettering

In this process, microdefects are created in the bulk of the

wafer as heavy-metal gettering sites. The creation of bulk

microdefects in general involves the precipitation of

interstitial oxygen in the bulk of the silicon wafer. The

interstitial oxygen concentration in silicon wafers grown by the

Czochralski (CZ) method is usually in the range of 1017/cm3 and

10
18 /cm3 [77]. The major source of these oxygen atoms comes from

the quartz crucible that holds the melt during the ingot growth

[78]. When the ingot cools down and solidifies, oxygen in the

ingot becomes supersaturated. Under some favorable conditions

such as the presence of a nucleation center, the oxygen

precipitates and forms silicon oxide complexes.

Since oxide precipitates occupy a volume larger than that of

the silicon material they consume, excess silicon atoms are

emitted as silicon self-interstitials during the growing process.

These supersaturated silicon self-interstitials may in turn

induce additional microdefects such as the stacking faults. A

stacking fault is created by the insertion of an extra plane of

atoms between two neighboring (111) planes.

To generate a sufficient amount of bulk microdefects for the
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gettering of heavy-metal impurities, some heat treatment cycles

must be adopted. A typical intrinsic gettering heat treatment is

as follows:

(1) High temperature denuding cycle --- Out-diffusion of

oxygen to create a silicon surface layer of low oxygen content.

(2) Medium temperature nucleation cycle Creation of

nucleation sites for oxygen to precipitate in the region where

oxygen is supersaturated. Nucleation sites are readily formed at

a temperature of about 700°C.

(3) High temperature precipitate growth cycle Formation

of microdefects in the bulk of the wafer where the oxygen content

is high. Microdefects grow at a much slower pace at the surface

of the wafer because the oxygen content there is low.

The final result of the high-low-high temperature cycles is

a high concentration of microdefects in the bulk of the wafer to

getter heavy-metal impurities, while the surface where devices

are fabricated is relatively free of defects and heavy-metal

impurities. This defect-free region is also called the denuded

zone.

3. Improvement of the Dielectric Strength of SiO2

by Gettering Technique

A recent paper [80] reported that backside phosphorus

diffusion enhanced the integrity of thermally grown Si02 films.
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In that experiment, phosphorus atoms were diffused into only the

right-hand side of the wafer from the backside surface as shown

in Fig. 14. The breakdown voltage of all the MOS capacitors made

afterward on the front surface had a remarkable distribution.

Those capacitors on the right-hand side had very high and uniform

breakdown voltage of 37 volts. However, the capacitors on the

left-hand side had low and randomly distributed breakdown

voltages ranging from 22 to 37 volts. This result indicates that

the phosphorus diffusion to the backside of wafers greatly

reduces the premature breakdown of the Si02 films. The authors

of the paper suggested that some of the most likely metal

impurities that were gettered away from the front surface were

copper and nickel.

So far, very little information has been reported in the

literature on the effect of intrinsic gettering on the dielectric

strength of Si02. In particular, the two major types of bulk

microdefects, precipitates and stacking faults, may be

responsible for the improvement of the dielectric strength of

Si02 films if there is such an effect. An experiment was

conducted to establish the relationship between these types of

microdefects with the dielectric strength of gate oxide.
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4. Improvement of Generation Lifetime

by Pre-epitaxial Deposition Nucleation

The precipitation behavior of substrates from different

parts of a silicon ingot is known to be unequal. The substrates

from the seed-end section of an ingot in general precipitate much

faster than those from the rest of the ingot. This is mainly

because the seed-end section of an ingot is pulled out of the

molten silicon first and then kept at a moderately high

temperature during the rest of the ingot growing process. This

extra heat treatment enhances the ability of these substrates to

form microdefects.

An investigation was done in this research work to reduce

the effect of the difference in the amount of heat treatment

during ingot growing process among substrates from different

parts of an ingot or ingots. If the substrates are heat treated

before the deposition of the epitaxial layers at a medium high

temperature long enough, the difference in the heat treatment

conditions during the growth period of the ingot may become

insignificant. The nucleation heat treatment is desired to be

done before the deposition of the epitaxial layers to avoid heat

treating the layers too excessively. Heat treating the epitaxial

layer too much may enhance the formation of microdefects at the

epitaxial layer where devices will be fabricated and may have

detrimental effect on the devices [81-83].
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To investigate the above theory, substrates from different

parts of a silicon ingot were selected. Before the deposition of

the epitaxial layers, these substrates were heat treated with a

medium high temperature nucleation cycle for different lengths of

time. This step was called the pre-epitaxial deposition

nucleation cycle. After the deposition of the epitaxial layers,

another medium high temperature nucleation cycle was performed as

part of a regular intrinsic gettering integrated circuit

fabrication heat treatment process. This nucleation step was

called the post-epitaxial deposition nucleation cycle. The

effects of the pre- and post-epitaxial deposition nucleation

cycles on the generation lifetimes of these materials were

evaluated.
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III. EXPERIMENTAL

A. Backside Contact Techniques

Electrical characterization of MOS capacitors requires a

good backside contact. During gate oxidization, oxide is grown

on the backside as well as the frontside of the wafer. This

layer of oxide may hinder the substrate from making good

electrical contact with the substrate holder. For epitaxial

wafers, the situation may be of greater concern. This is because

the epitaxial wafer usually has a layer of silicon dioxide of
0

about 5000A deposited to prevent out-diffusion of the dopant from

the heavily doped substrate. This thick layer of oxide is likely

to cause problems in the electrical measurement.

It was suggested by Schroder [85] that for high frequency

capacitance measurement, it may not be necessary to remove the

backside oxide at all. This is based on the fact that the area

of the device is usually much smaller than that of the substrate.

The capacitance of the MOS device is therefore much smaller than

that between the substrate and the substrate holder. The

resulting capacitance measured will mostly be attributed to the

device. This assumption holds better for wafers with thinner

backside oxide and of larger sizes.

The advantage of not removing the backside oxide is the
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avoidance of extra processing steps. These steps may involve the

use of the very hazardous hydrofluoric acid for the removal of

oxide. The oxide thickness on the frontside of the wafer is

usually only several hundred angstroms. Also, the hydrofluoric

acid is known to react rapidly with the aluminum electrode. The

use of the acid risks affecting the characteristics of the MOS

capacitors. These may have adverse effects on the results of

some electrical measurements. During the backside oxide removal

process, the acid is usually applied by cotton swabs to the

backside of the wafer. The MOS capcitors on the front surface

may also be etched by the acid fume generated. After the

backside oxide is etched, deionized water is applied to the

backside surface by cotton swabs to clean the area. It is

unlikely that the surface can be thoroughly cleaned. The devices

on the front surface of the wafer may also be affected by the

fume of the acid trapped in the container that holds the wafer.

Although the strength of the fume may be very weak, the wafer may

be stored in the container for a long time, which makes the

effect of the acid on the devices noticeable.

In view of the problems involving the use of hydrofluoric

acid for the removal of backside oxide, the technique proposed by

Schroder was tried. The C-V results revealed a severe problem

related to the untreated backside surface of the wafer. The C-V

curves shifted significantly along the voltage axis when devices

were tested at different time. This problem, however, was solved
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by treating the backside of the sample with the acid-free

backside grinding technique developed here. It becomes clear

that to let the backside go untreated may not be a good approach

even for the high frequency capacitance measurement.

1. The Standard Etching Backside Contact Method

Dilute hydrofluoric acid was applied by cotton swabs onto

the backside of the wafer. After oxide was etched away,

deionized water was applied to the backside surface by cotton

swabs to clean the area.

2. The Developed Backside Contact Methods

Two techniques were developed in this research work to

achieve good backside contact for electrical measurement. They

were:

(i) Backside grinding method. A diamond scriber was used to

remove strips of oxide from the back surface. About fifty

grooves per cm 2 were scribed. An appropriate amount of force was

applied to expose the bare silicon without breaking the sample.

The sample was then loaded immediately into a vacuum evaporation

system for aluminum deposition. A relatively thick layer of

aluminum was needed to be evaporated on the backside of the

sample.
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(ii) Modified backside oxide etching method. A layer of

protective coating was used during the etching process. In a

regular backside oxide etching process, the devices on the

frontside of a wafer might be affected by the fume of the

hydrofluoric acid used to etch away the backside oxide. When the

frontside was coated with photo-resist before the application of

the acid, the devices were protected during the etching process.

In addition, after the etching process was completed, the whole

sample could be immersed in DI water to remove the acid

completely without the danger of having adverse effect on the

devices. Backside aluminum deposition could be carried out if

desired.

3. Summary of Backside Contact Techniques

The backside contact techniques are summarized as follows:

(A) Standard Etching Method

(i) Hydrofluoric acid (HF) was applied onto the back of

the wafer by a cotton swab. (The etching rate for

0

10:1 HF is about 5A/sec, and that for 5:1 HF was

0

about 12A/sec. After the oxide was removed, the HF

solution did not stick on the surface because bare

silicon was hydrophobic while Si02 was

hydrophilic.)

(ii) HF was removed by dry cotton swabs.
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(iii) DI water was applied and the surface was dried

several times with cotton swabs.

(iv) Aluminum was evaporated (optional).

(B) Backside Grinding Method

(i) Grooves were inscribed on the backside oxide with a

diamond scriber.

(ii) The backside was cleaved by blowing pressurized

nitrogen gas onto the surface.

(iii) Aluminum was evaporated.

(C) Modified Backside Oxide Etching Method

(i) Photo resist was spun on the front surface.

(ii) The sample was baked at 60°C for 10 minutes.

(iii) HF solution was applied to the backside by a cotton

swab.

(iv) The sample was rinsed and bathed in DI water.

(v) Photo resist was removed by acetone, methanol, and

DI water.

(vi) Aluminum was evaporated.
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III. B. Sample Preparation Process Investigation

for Generation Lifetime Measurement

I. Effect of Backside Contact Preparation Techniques

To investigate the effect of different backside contact

techniques on lifetime measurement, an experiment described below

was conducted.

A 4" p/p+ (100) commercial CMOS application silicon wafer

was used in this study. The substrate and epitaxial resistivity

were about 0.02 ohm-cm and 40 ohm-cm, respectively. The wafer

was broken into sections.

The MOS capacitors were made according to the procedure

outlined in Appendix A. The backsides of one group of samples

were treated with the regular etching process, and the second

group with the grinding technique which did not use hydrofluoric

acid. The aluminum annealing step was 0 / 30 / 60 minutes at

425°C in 5% H2: 95% N2 forming gas.

The generation lifetimes, Tg

measured by the Zerbst Technique.

2. Oxide Annealing Test

of these samples were

To study the effect of oxide annealing on the generation
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lifetime measurement, two experiments described below were

conducted.

The First Experiment

In the first experiment, a p/p+ (100) 4" 40 ohm-cm wafer was

used. The wafer was cleaved into sections. The capacitors were

made according to the procedure described in Appendix A, except

that the post-oxidization annealing time was 0 / 1/ 4 hours and

the post-aluminum-patterning annealing time was 0 / 1/ 4 hours.

The Second Experiment

The low temperature oxide annealing is usually performed

after the Al patterns are determined. However, there is little

information about the effect of low temperature oxide annealing

done before the aluminum deposition. A second experiment was

carried out to study this matter. All the samples were from one

p/p+ wafer. Some of the samples were annealed at 425°C in 5%

forming gas for 30 minutes before the deposition of aluminum on

the front surface. Also, they were heat treated with 0/ 30/ 60/

240 minutes of post-aluminum-patterning annealing.

The generation lifetimes, T
g

of these samples were then

measured by the Zerbst technique.



50

3. Instability Phenomenon of Measured Lifetime Test

Due to the observation that the lifetime measured on a

device differed significantly from its measurement awhile ago, a

test was conducted to investigate the effect of different sample

preparation procedures on this phenomenon.

The materials used in this investigation were p/p+ (100) 4"

40 ohm-cm silicon wafers. The capacitors were made using the

regular capacitor fabrication procedure described in Appendix A,

except as listed below:

Group 1 was annealed with aluminum at 475°C in nitrogen for

10 minutes.

Group 2 was annealed with aluminum at 400°C in 5% forming

gas for 10 / 30 / 60 / 120 / 240 minutes.

Group 3 was annealed with aluminum at 450°C in 5% forming

gas for 10 / 60 / 120 / 240 minutes.

Group 4 was annealed with post-oxidization process for 0 / 4

hours, evaporated with aluminum at high / low power, and annealed

with aluminum at 475°C in nitrogen for 10 minutes.

The generation lifetimes, Tg% of the devices from each

sample were measured by the Zerbst technique several times,

separated by one or two days' intervals.



51

4. Electrical Biasing Test

Due to the fact that the lifetime measured by the Zerbst

technique changed when the same capacitor was remeasured awhile

later, a test was conducted to investigate the effect of

different electrical bias conditions of the capacitors on the

measured lifetime.

A 4" p/p+ (100) 40 ohm-cm wafer was used in this test. MOS

capacitors were made using the procedure described in Appendix A,

except the aluminum annealing step was conducted at 475°C in

nitrogen "for 10 minutes. The capacitors were biased under four

modes, and the lifetimes, Tg% were measured by the Zerbst

technique about five days later. The bias conditions were:

(i) DC voltage superimposed with the high frequency from

the capacitance (to simulate the lifetime measurement

condition).

(ii) DC bias only.

The details of the biasing conditions are listed on next

page.

The generation lifetimes, Tg% were measured by the Zerbst

technique about five days after electrical biasing to make sure

the devices had become stable.
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(10 min. except noted)
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5. Surface Passivation

The measured lifetime, Tg% was found to be strongly

influenced by the surface condition of the device. The effect of

surface passivation coating materials, including liquid Si02

films and silica film, on the measured lifetime was studied.

The First Experiment

The first experiment was to investigate the effect of spin-

on Si02 films on the Zerbst lifetime measurements. Different low

temperature curing procedures (100°C 30 minutes) before and after

the spinning process were used. The speed used to spin on the

passivation coating was 3500 rpm.

All the samples were from a pip+ (100) 4" 40 ohm-cm wafer.

The MOS capacitors were made using the procedure described in

Appendix A, except aluminum annealing was done at 450°C in 5% H2:

90% N2 for 20 minutes. The area of the devices was

0.002 cm2, and the gap distance between the guard ring and

capacitor dot was about 25 pm. The lifetimes, Tg% were

measured by the Zerbst technique.

The Second Experiment

Because of the cracking occurred when the Si02 coating was
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spun-on at a lower speed, a second experiment was conducted to

investigate the effect of Si02 coating and silica film on the

Zerbst lifetime measurement. The Si02 films and the silica films

were spun at 6000 rpm and 3000 rpm, respectively. The films

were cured at room temperature.

All the samples in this experiment were from one p/p+ (100)

4" silicon wafer. The MOS capacitors were fabricated using the

standard procedure. The gap distance of the devices was

about 6 um, and the device area ranged from 0.00012 to 0.013 cm2.
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III. C. Effects of Device Sizes on Measured Lifetime

1. Devices of Two Sizes Test

To identify the source of errors in the Zerbst generation

lifetime measurement, devices of various sizes were made to

investigate the significance of the surface generation, So, by

using the relationship (1 /Tg' = 1/Tg + 4S0/0.

The samples were from one 4" pip+ (100) epitaxial silicon

wafer. The resistivity of the substrate and the epitaxial

layer were about 0.02 ohm-cm and about 40 ohm-cm, respectively.

Gate oxidization was done at 900°C in dry 02 for 4 hours and

followed by 4 hours of post-oxidization annealing in nitrogen at

the same temperature. About 4000 angstroms of aluminum was

deposited on the oxide by thermal evaporation.

The material was then broken into two sections. One section

was heat treated at 400°C in 5% forming gas for 4 hours before

the photolithography step. Both sections were again broken into

halves. One half from each section was heat treated at 400°C in

5% forming gas for 4 hours. The flow chart of the sample

preparation procedure is shown in Fig. 15. The device

pattern used in this test is shown in Fig.16a. The generation

lifetimes, Tg% of the devices of various sizes were measured

by the Zerbst method.
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SAMPLE PREPARATION

P/P+ (100) Si material

400 C 5% H2 95% N2
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900 C 4 hr Dry 02

900 C 4 hr N
2

Al EVAPORATION

Broken up

Photo-patterning

400 C 5% H2 95% N2
4 hr

(B) (C) (D)

Tg' test

(A) Pre-Photo.A1 Annealing
(B) Pre- & Post- Photo. Al Annealing
(C) Post-Photo. Al Annealing
(D) W/O Al Annealing

Fig. 15 Sample preparation procedure for devices

of different sizes test
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2. Devices of Multiple Sizes Test

The device pattern shown in Fig.16a has the guard rings of

several devices linked up together. Problems arose when one

device was tested and others in the same pattern group were in

effect biased electrically --- their guard rings were biased

negatively. This would change the lifetime measured by the

Zerbst technique on those devices. Therefore, another new mask

was made, and the pattern is shown in Fig. 16b. This mask

contained devices of 8 sizes, and the gap distance between the

guard ring and the center dot was about 6 micrometers.

The purpose of making devices of more sizes was to test

whether the measured lifetimes, T81, of smaller devices were

still governed by the relationship I/Tg' = I/Tg + 4So/d and

could be used to calculate the actual lifetime. The advantage of

using small devices is the reduction of the measurement time.

In this test, two 4" p/p+ (100) 40 ohm-cm wafers were used.

MOS capacitors were made according to the procedure described in

Appendix A, except one of the wafers was not annealed with

aluminum. The mask used in this test is shown in Fig. 16b. The

generation lifetimes, T of the devices of several sizes were

measured by the Zerbst technique.
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lm m

Fig. 16b Pattern of devices of multiple sizes
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III. D. Improvement of the Generation Lifetimes

by Pre-epitaxial Deposition Nucleation Cycle

A heavily boron-doped 4" silicon ingot was grown at SEH of

America for this experiment. It was about 140 cm. long and (100)

oriented. The oxygen content was about 26 ppmA. Substrates were

selected from sections close to the seed-end, center, and tang-

end of the ingot. Substrates from each of these three regions of

the ingot were divided into four groups. Each group was heat

treated with different durations of the pre-epitaxial nucleation

cycle before the deposition of epitaxial layers. The four pre-

epitaxial deposition nucleation cycles were 650°C in nitrogen for

0, 30, 150, and 300 minutes, respectively.

Epitaxial layers with a thickness of about 14 microns were

deposited on these substrates. The resistivity of the epitaxial

material was about 40 ohm-cm. Half of these wafers then

underwent a post-epitaxial deposition nucleation step at 750°C in

nitrogen for four hours. Finally, all the wafers were heat

treated according to a CMOS n-well drive heat treatment

simulation cycle given in Fig. 17.

The MOS devices were fabricated at Oregon State University

using the technique described in Appendix A. The generation

lifetimes of these samples were measured on devices of various

sizes, and the actual lifetimes were calculated. The

experimental procedure is shown in Fig. 18.
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1125°C/dry oxygen/2 hr.

1050°C/hydrogen/10 hrs.

900°C/dry oxygen/1 HR.

Fig. 17 CMOS n-well drive heat treatment
simulation cycle
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SAMPLE PREPARATION FOR

PRE- AND POST-EPITAXIAL NUCLEATION INVESTIGATION

P (100) 4" SUBSTRATE
FROM SECTIONS A. B. C

PRE-EPITAXIAL NUCLEATION
650°C / N2 / X MIN.
X = 0, 30, 150. 300

V

EPITAXIAL LAYER DEPOSITION

V

POST-EPITAXIAL NUCLEATION
750°C / N2 / 0. 4 HRS

CMOS THERMAL CYCLES

MOS CAPACITOR FABRICATION

C-T LIFETIME TEST

TRIL

INGOT

Fig. 18 Experimental procedure for
pre-epitaxial deposition nucleation test
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III. E. Test Sample Preparation

for Oxide Breakdown Investigation

1. Breakdown Test Techniques Investigation

In this experiment, two pieces of silicon material

from a 4" p/p+ (100) wafer were used. The silicon dioxide film

was grown at 900°C in dry 02 for 100 minutes.

About 4000 angstroms of aluminum was deposited on the front

surface. After the photolithography step, the backsides of these

samples were treated with the modified backside etching

technique. One of the samples was then annealed at 425°C in 10%

H2: 90% N2 forming gas for 1 hour.

These two samples were tested with the voltage ramp-up

method, the pulse method, and the constant current method. The

effect of different gate polarities were investigated. When the

test was done in depletion, light was shone on the device to

minimize the depletion region.

2. Correlation Between the Dielectric Strength of the Oxide

and Bulk Microdefects in Polished Wafers

Boron-doped, 8 ohm-cm, P(100), 4" polished silicon wafers

with interstitial oxygen concentrations between 25 ppmA and

33 ppmA were used in this investigation. Each wafer was cleaved
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in quarters, and the native oxide was etched away with dilute HF.

Fig. 19 shows the sample preparation procedure. High-low-

high temperature heat treatment cycles were used to produce

various amounts of bulk microdefects in each quarter section of a

wafer. The first high temperature denuding step, 1050°C in dry

oxygen for 4 hours, was designed to obtain a defect-free region

about 15 um deep from the surface by oxygen out-diffusion. A

long medium temperature nucleation cycle, 750°C in nitrogen for

24 hours, was used to ensure a high density of nuclei from which

the bulk microdefects could grow. The final high temperature

precipitate growth step, 1050°C in nitrogen, was varied from 12

hours to 36 hours to create various amount of microdefects.

The specimen preparation technique before the gate oxide

growth is crucial [85]. Oxides on the specimens were first

removed in dilute HF. After the DI water bath procedures,

specimens were taken quickly to the furnance for oxidation.

0

Oxides about 320 A thick were grown at 900°C in dry oxygen

for 2 hours. Oxide thickness was measured with an ellipsometer.

Oxides grown on the backsides of specimens were removed and

cleaned by applying dilute HF and then DI water on the area with

cotton applicators.

Breakdown voltage measurements of the oxides were done with

a mercury probe setup as shown in Fig. 20. Fifty breakdown data

points were taken on each specimen. The MOS devices were tested



SAMPLE PREPARATION

B

HEAT TREATMENT

1050 °C dry 02 4 hrs JA B C

750 °C N2

1252°C N2

24 hrs

12 hrs

24 hrs

36 hrs

STRIP OXIDES
( 10:1 HF )

OXIDIZATION
900 °C dry 02 2 hrs

Fig. 19

f

Experimental procedure for the correlation
of dielectric strength of oxide with
bulk microdefects test for polished wafers
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MERCURY
PROBE

Fig. 20 Mercury probe oxide breakdown test set-up
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in accumulation with the mercury probe biased negatively. The

voltage ramping rate was about 1 V/sec. Device breakdown was

defined by the abrupt increase of current. The mercury contact

area on oxide was about 0.005 cm2.

After the breakdown measurements were completed, each

specimen was cleaved and etched in a Wright etch for 1 minute and

3 minutes to delineate bulk and surface microdefects,

respectively. The density of bulk microdefects was found to be

fairly uniform across the length of the cross section. Bulk

stacking faults and precipitates were counted at 10 evenly

spaced positions on each specimen under a 300X magnification, and

an average value was calculated.

3. Correlation Between the Dielectric Strength of Si02 Films

and Bulk Microdefects in Epitaxial Wafers

Boron-doped p/p+ (100) 4" epitaxial wafers were used in this

study. Their substrate and epitaxial resistivity were 0.02 ohm-cm

and 40 ohm-cm, respectively. The heat treatment cycles are

listed as follows:

900°C in 02 for 3 hrs.

750°C in N2 for 0/4/8/12 hrs.

1050°C in N2 for 12 hrs.

900°C in N2 for 8 hrs.
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After the heat treatment, oxides on the samples were removed

0

by dilute HF . Oxide films of 330 A thickness were grown at

900°C in dry 02 for 2 hours. The breakdown tests were done with

the mercury probe setup, and the voltage rampup rate was about

1 V/sec. Fifty tests were done on each sample.

After breakdown measurements were completed, each sample was

cleaved and etched in a Wright etch for 1 minute to reveal bulk

microdefects. Fig.21 shows the cross sectional view of an

etched sample. Bulk stacking faults were counted at 10 evenly

spaced positions of each sample under a 300 X magnification, and

an average value was calculated.



Denuded/
Zone

Bulk Microdefects

300X

i p i t ate

St ack ing
Fau 1 t

Fig. 21 Cross sectional view of a Wright etched sample
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IV. RESULTS AND DISCUSSION

A. Generation Lifetime Measurement

1. Backside Contact Investigation

The effect of different backside contact methods on the

generation lifetime measured by the Zerbst technique is described

in Fig. 22a. The measured lifetimes, Tg', of samples with

different backside contact treatments before sample aluminum

annealing were about the same. However, after the annealing, the

lifetimes measured on the samples with the regular etching

backside contact procedure were consistently lower. After 30

minutes of 425°C annealing, the lifetime measured by the Zerbst

technique on these sample was 56% lower than that with the

grinding treatment. After 60 minutes of annealing, the measured

lifetime of the sample with the regular etching treatment was 32%

lower.

These samples were from the same wafer, and their actual

generation lifetimes should be the same, but the measurement

results done by the Zerbst technique suggested otherwise.

The generation lifetimes measured on samples that had the

hydrofluoric acid treatment were lower. One possible explanation

was that the application of acid at the backside of the wafer
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'Regular Etching
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ALUMINUM ANNEALING TIME (hr)

Device Rrea 0.012 sq. cm

Fig. 22a Measured lifetime vs. Al annealing time for
samples with different backside contact
making methods
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during the backside oxide removal process changed the

characteristics of the MOS capacitors. The oxide thickness on

the frontside of the wafer was about 500 angstroms. Also, the

acid is known to react rapidly with the aluminum electrode, and

the acid fume generated during the backside etching process might

have changed the physical structure of the MOS capacitors.

During the backside oxide removal process, the acid was

applied by cotton swabs to the backside of the wafer. The MOS

capacitors on the front surface might also be etched by the acid

fume generated. After the backside oxide was etched, deionized

water was applied to the backside surface by cotton swabs to

clean the area. It was unlikely that the surface can be

thoroughly cleaned. The devices on the front surface of the

wafer might also be affected by the fume of the acid trapped in

the container that held the sample. Although the strength of the

fume might be very weak, the wafer might be stored in the

container for a long time, which made the effect of the acid on

the devices noticeable.

If the surface condition of the oxide at the device's gap

region between the guard ring and the center dot was affected by

the hydrofluoric acid backside etching process, the lateral

depletion distance might be changed. This was because the change

in oxide surface condition could enhance the build up of positive

charges which induced negative charges on the silicon surface.

As a result, the lateral depleted region expanded. The larger
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depleted surface area increased the lateral surface generation

component at the peripheral region of the device. The generation

lifetimes measured by the Zerbst technique were reduced because

the lateral surface generation component was ignored.

Another possible explanation was that the presence of

hydrofluoric acid hindered the effectiveness of aluminum

annealing in the reduction of the densities of the positive oxide

fixed charges and the interface states. Since for p-type

material, the lateral depletion width on the silicon surface

increases with the density of the positive oxide fixed charge,

and the surface generation term, So, is proportional to the

interface density, the reduction of these charges decreases the

lateral surface generation component and increases the generation

lifetimes measured by the Zerbst technique.

When the annealing time was longer, the difference between

the measured generation lifetimes decreased. This suggested that

when the reduction in oxide charges had almost reached its limit

for the sample prepared with backside grinding technique after 1

hour of annealing, the oxide charges reduction process for the

sample prepared with the backside etching technique was still at

full strength. It might take another half hour or more annealing

time for the sample prepared with the backside etching technique

to achieve the same result as that with the backside grinding

technique.
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There was evidence that the first explanation was less

suitable for the phenomenon. For the two samples with different

backside treatment but not subjected to aluminum annealing, there

was no significant difference in the measured lifetime. This

suggested that the lateral surface depletion widths were about

the same for the devices of both samples. Since the densities of

the oxide fixed charge and the interface state were the same, the

oxide surface charge density should also be of no difference.

Therefore, at least for the samples without aluminum annealing,

the first explanation cannot be adopted.

The results of this investigation demonstrated that the

backside contact preparation process severely affected the

results of the Zerbst generation lifetime measurement. In this

research work, all the samples for lifetime measurement were

prepared using the developed grinding method.

2. Oxide Annealing Investigation

The results of the first oxide annealing test are shown in

Fig. 22b. Without the low temperature aluminum annealing

process, post-oxidization annealing only increased the measured

lifetimes, Tg', by 20%. With one hour of aluminum annealing,

the measured lifetimes increased by 50% and 100% with 1 hour and

4 hours of post-oxidization annealing, respectively. With four

hours of aluminum annealing, the effect of post-oxidization
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Fig. 22b Measured lifetime vs. post-oxidization time
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annealing became apparent only when it was longer than 1 hour.

The results of the second experiment are shown in Fig. 22c.

The pre-Al-deposition oxide low temperature annealing was able to

double the measured lifetime for the samples without the post-Al-

patterning annealing. For the samples with 30 minutes post-Al-

patterning annealing, the one with pre-Al-deposition annealing

also had a higher measured lifetime. Hence, the pre-Al-

deposition oxide annealing technique may be an effective

alternative for other annealing process in the reduction of oxide

charge density. Since very little information is available about

the effect of pre-Al-deposition low temperature oxide annealing

on MOS capacitors, it is a valuable subject to be investigated in

any future work.

The results of these tests indicate the lifetime measured by

the Zerbst method depends critically on the sample preparation

procedure. This supports the notion that the surface generation

component, So, affected heavily by the sample preparation

procedure may most likely be a significant factor in the Zerbst

generation lifetime measurement. Unless appropriate measures are

taken to separate the So component from the depletion region

generation, the lifetime measured by the Zerbst technique is much

lower than the actual lifetime of the sample.
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3. Instability Phenomenon of Measured Lifetime

It was observed that the lifetime measured, Tg', on one

device sometimes changed drastically when it was tested at a

later time. For a sample without aluminum annealing, the T

decreased with the test time as shown in Fig. 23. The test time

is defined as the time elapsed between device tests. For a

sample that had aluminum annealing, the Tg' first decreased

slightly and then increased sharply when tested about 5 days

later. The Tg' on three devices on the same sample are shown in

Fig. 24. The more frequent a device was measured, the faster the

Tg' would rise. This instability phenomenon has not been

reported in the literature.

The aluminum annealing temperature and duration also have

some effects on this instability phenomenon. Fig. 25 shows when

the samples were annealed at 400°C for a very short time, such as

10 to 30 minutes, the Tg' changed to about 4 milliseconds with a

longer test time. With a longer annealing time, the Tg' could

increase to about 10 milliseconds. When the devices were first

tested, 30 to 60 minutes of aluminum annealing yielded the

highest Tg' of about 5.5 milliseconds. If the annealing

temperature increased to 450°C, all the Tg' increased when tested

later as shown in Fig. 26.
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The post-oxidization and power used in the aluminum

evaporation also affected the change of Tg'. If the sample had

the high temperature oxide annealing and if the aluminum

evaporation power was low, the Tg' could increase to about 13

milliseconds. For the samples without the high temperature oxide

annealing or where the aluminum was evaporated at a high power,

the Tg' could only increase to about 9 milliseconds as shown in

Fig. 27.

If the instability was due to the change in lateral surface

recombination velocity, So, then electrical biasing might change

So. So is proportional to the interface state density as

described by the relationship So =Gri with Nis' Cn is the

electron capture cross section, with is the thermal velocity, and

Nis is the interface state density. For a sample that did not

have the aluminum annealed, the interface state density was

raised by electrical biasing and caused a reduction in the

lifetime measured by the Zerbst technique. However, for a

sample that had the aluminum annealing, the interface state

density might be lowered by the biasing and increased the

measured lifetime as a result. The phenomenon of changing

interface state density by electrical biasing has not been

reported in the literature, and whether it is possible is still

unclear.

Another possible explanation for this phenonemon is that the

electrical bias changed the density of the electrical charges
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on the oxide surface which was exposed to air or the charges

inside the oxide film. These oxide charges affected the lateral

spreading of the depletion region and in turn changed the

peripheral surface generation component. An increase in oxide

charge density increased the depleted lateral surface area. As a

result, the surface generation component was increased, and the

lifetime measured by the Zerbst technique was therefore lowered.

A decrease in oxide charge density had the opposite effect.

This instability also posted a serious problem in the Zerbst

generation lifetime measurement. It is quite common to use the

capacitor of a sample for C-V measurement. If the same capacitor

is used again in the Zerbst generation lifetime measurement, the

result will be affected by the previous C-V measurement biasing

condition. Huge error will result.

4. Electrical Biasing Test

In this investigation, MOS capacitors were biased

electrically under various conditions to study the effect of the

lifetimes measured by the Zerbst technique. The results of the

lifetimes measured, T8', after the devices were biased about five

days before the measurement are listed on next page.
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Biasing Condition Measured
(10 min. except noted) Lifetime (msec)

Without biasing 4

Vring -sub = -10V

Vdot -sub

10V + 1 MHz 0.06V (LCR)
(Simulate lifetime
measurement condition) 12.7

10V + 1 MHz 0.06V (LCR)
(60 min) 12.3

IOV + 1 MHz IV (LCR) 12.9

OV + 1 MHz 0.06V (LCR) 11.9

Dot Open Circuit 13.4

10V 13

-10V 2.7

Vring-sub 10V

vdot-sub

IOV 3.4

-10V 15.5

Dot Open Circuit 13

Vring-sub 0/1

Vdot -sub

10V

-10V

Ring Open Circuit

4.2
4.2

Vdot -sub

10V (10 sec) 1.6

IOV (1000 sec) 0.05

10V 0.3
-10V 0.4

20V (100 sec) 0.04

-20V (100 sec) 0.01

Substrate Open Circuit
V
dot-ring

-20V 6.7

20V 0.04
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Summary of Measured Lifetime vs. Biasing Conditions

Dot Ring T

Voltage Polarity Voltage Polarity

High

Open circuit +,

Little
changes

0

Open circuit Very low

It is evident that the lifetime increased if the biasing

conditions involved a potential difference between the guard ring

and the substrate, and if there was a potential difference

between the ring and the center dot or the dot itself was an open

circuit. This condition may be represented as follows:

(Vring- substrate) > 0 AND Vring # Vdot

This result suggested that to reduce the surface generation

component for raising the measured generation lifetime, it

required a direct current between the guard ring and the

substrate, and a potential difference between the guard ring and

the center dot. The actual mechanism for the changes in surface

generation component due to electrical biasing is still unclear.
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Future work to investigate this phenomenon is necessary.

5. Surface Passivation

The lifetime measured by the Zerbst technique was found to

be strongly affected by the surface condition of the device. In

this test, the effect of several surface passivation coating

materials on the measured lifetime, T ' was investigated.

The First Experiment

In this study, liquid Si02 films were spun on at 3500 rpm.

The lifetimes measured, Tg', on these samples are shown in next

page.



Sample

A B C D E

100°C AIR 30 min X X

Liquid Si02 film X X X X

(3500 rpm, 20 sec)

100°C AIR 30 min

Lifetime measured,

Tg' (msec) 1.5

Device area = 0.002 cm2

Gap distance = 25 mm

X : with the treatment

11.6 11.8 9 9.5
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The T l(measured lifetime) of the sample without the coating

was about 1.5 msec. This value was normal for devices of this

size. For the samples with the coatings, the Tg' values were

much higher, ranging from 9 msec to 12 msec. This demonstrates

that the surface condition of the oxide in the gap region between

the guard ring and the capacitor dot is a very important factor

for the Zerbst lifetime measurement.

The Tg' of the samples without the 100°C baking after the

liquid Si02 was spun on was about 12 msec, while those with the

baking step had a Tg' of about 9 msec. This discrepancy may be

due to the difference in the integrity of the spin-on film.
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The spin-on film was found to be very fragile. There was no

problem of making good electrical contacts to the device. The

spin-on Si02 film could be broken through by the probes without

any excessive pressure. However, the adhesion between the film

and the aluminum electrodes was so poor that the film tended to

peel off from the aluminum film very easily. Under the

microscope, the film could be seen starting to crack after

nitrogen gas was blown onto the surface as shown in Fig. 28.

The difference in the measusred lifetimes of devices with

and without nitrogen blowing during the measurement was found

insignificant. The passivation coating minimized the ambient

dependence of the lifetime measurement. The data were obtained

without the use of the gas during the measurements.

It was found that for the control sample without the

passivation coating, blowing nitrogen during the measurement

lowered the T ' by about 20%. This phenomenon is contrary to

that observed on some other samples without the coating. It was

found on other samples that with nitrogen blown on during the

measurement, the lifetime could increase by as much as 300%.

This result raises the question about the effect of blowing

nitrogen onto the capacitor during the lifetime measurement. The

purpose of using nitrogen gas was to keep the ambient condition

consistent. The new result indicates that the effect of the

oxide surface condition in a nitrogen ambient may not be as

consistent among different samples as it was once thought.
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75X

Fig. 28 Spin-on Si02 coating peeled off when
nitrogen gas was blown onto the surface
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The charges accumulated on the oxide surface at the region

between the guard ring and the center dot affect the lateral

spreading of the depletion region. They will have a similar

effect on the lifetime measured by the Zerbst technique as the

oxide fixed charges do. Unless the effect of the oxide surface

condition in the gap region are kept constant, the lifetimes

measured from one sample may not be meaningful at all.

The Second Experiment

It was found that a thinner layer of the liquid Si02 film

obtained by spinning at a higher rpm was less likely to crack.

With a spinning speed of 6000 rpm, the film did not crack even

with nitrogen blown on. Another kind of spin-on coating

material was also studied. The silica film could be spun on at a

lower speed and did not have any cracking.

Although the Si02 coating did not peel off like the coating

that was spun on at a lower speed, the film still cracked under

certain conditions. When the lifetime measurement time was

longer than 1500 seconds, "black spots" began to form at the

guard ring region. As the measurement time increased, the

concentration of the "black spots" became higher. Soon small

cracks at the Si02 coating were observable around the guard ring

region. These changes affected the capacitance transient

characteristics of the device. The changing rate of the
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capacitance began to increase drastically after the appearance of

the "black spots" as shown in Fig. 29 and Fig. 30.

In general, the measured lifetime increased with the size of

the device as shown in Fig. 31. As shown in Fig. 32, for the

sample that had a coating of spin-on Si02 film, the measured

lifetime actually decreased if the devices became too big. The

measurement time was usually longer for larger devices. The

longer the measurement time, the more severe the black spot

phenomenon as shown in Fig. 33, and soon large cracks shown in

Fig. 34 were observable. The cracking of the spin-on Si02

coating induced by the black spot phenomenon lowered the measured

lifetime. This was because after the spun-on Si02 coating

cracked, the thermally grown oxide at the gap between the center

dot and the guard ring was exposed to air, and positive surface

charges would start building up on the oxide surface. As a

result, the lateral surface generation, So, increased and the

generation lifetime measured by the Zerbst technique decreased.
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( 500 sec/div )

TIME
4000
(sec)

Fig. 30 C-t response of a large device coated with
spun-on Si02 film
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75X

75X

Fig. 33 "Black spot" phenomenon became more severe as

the size of the capacitor became bigger
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Large crack

300X

Fig. 34 Large cracks were observable when black spot
phenomenon became very severe
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For the above reason, only the lifetimes measured from the

small devices where the measurement time was less than 2000

seconds were used for comparison among different samples. The

data listed below were measured on devices with an area of

0.0005 cm2 .

Sample

A B C D E

Al Annealing X X X

Si02 (6000 rpm) X X

Silica coating X

T
g

' * (msec)

without N2 0.5 1.3 1.7 11 3

T 1 (msec)

with N
2

0.9 0.2 0.8 4.4 0.8

* Device area = 0.0005 cm2 (small)

X : with the treatment

Without N2 blowing during the measurement, both of the

lifetimes measured on the samples coated with the Si02 films and

the silica film increased. N
2
blowing during the measurement

lowered the measured lifetime in all cases except sample A, which

did not go through the passivation coating and Al annealing

steps.

The results demonstrate the surface condition of the devices
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has enormous influence on the lifetime measured by the Zerbst

technique. The surface condition changed the lateral depletion

distance at the gap of the device, and the surface generation

component at the gap region changed accordingly. Since it was

demonstrated that the measured lifetime increased by a factor as

large as 22, the surface generation component at the gap region

was a significant generation component, especially for the

samples that were not annealed.

6. Calculation of the Actual Generation Lifetime

by Devices of Two Sizes

For silicon material where the lateral surface generation is

comparable to the bulk generation, it is necessary to obtain So

accurately to calculate the actual lifetime Tg. Schroder's method

to obtain So as described in Chapter II A I was found to be very

inaccurate. The S
o

obtained by this method were too small to be

of any significance as shown in the calculation of the actual

lifetime.

However, both S
o and Tg can be calculated by comparing the

lifetime measured by the Zerbst technique, Tg', of devices of

various sizes. The Tg' should be measured from those unbiased

devices to keep the So term constant. The results of using this

technique are listed on next page.



Ave Tg' (msec) Tg (msec)

102

So (cm/sec)

Sample Small
device

Large
device

(1 /Tg' = 1/Tg + 4So/d)

Without 1.32 5.20 49.28 5.41

Al Annealing

Pre-Photo. 6.88 20.22 49.21 0.92

Al Anneal

Pre & Post - 3.82 12.88 46.31 1.76

Photo.Al Anneal

Post-Photo. 6.06 18.26 47.00 1.05

Al Anneal

Ave

47.95

All the samples in this test were from the same wafer and

their lifetimes are expected to be the same. The lifetimes

measured by the Zerbst technique ranged from one millisecond to

20 milliseconds. On the other hand, their actual lifetimes, Tg,

calculated using the relationship (1/T ' = /Tg + KS
o
/d) were

quite similar. This demonstrates that the relationship (1 /Tg' =

1 /Tg + KS
o
/d) holds very well even under very different sample

preparation conditions. The surface generation component, So, at

the gap region was found to be a very significant component, and

it cannot be ignored as the industry commonly does in generation

lifetime measurement.
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Using the actual lifetime obtained by the technique of

comparing the measured lifetimes of devices of various sizes, the

S
o
was calculable. The S

o
data obtained on a device tested at

different time showed the huge difference of the S o values

obtained by this technique and Schroder's method as shown in

Fig. 35. In Schroder's method, the So obtained represents the

surface generation component, So', of the area under the metal

gate, but not in the peripheral area. It is known that aluminum

metal enhances the process of annealing out surface states due to

hydrogen in the metal. The interface state density under the

metal gate is probably lower than that of an area not covered by

the metal gate. Since the surface generation term is

proportional to the interface state density, the surface

generation component, So', obtained by the Schroder method is

considerably lower than the So in the peripheral area.

The results of this experiment also suggest that maximum T '

is not required for calculating the Tg accurately. The

advantages of not annealing a sample are that the possible

passivation effect of defects by hydrogen [87,88] can be avoided

and the measurement time can also be minimized. It was shown

that the measurement time of a 0.0044 cm 2 device can be as low as

10 minutes before the annealing. After the annealing, a device

of the same size from the sample could have a measurement time of

as long as 3 hours. By using test devices that are small enough,

the actual lifetime can be obtained with a measurement time
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within a practical range in the industry.

7. Devices of Multiple Sizes Test

Fig. 36 shows a plot of the reciprocal of the measured

lifetime, 1/T 2' versus the reciprocal diameter, 1/d, of the

devices of multiple sizes. Good linearity between 1 /T g' versus

1/d indicates that the relationship 1/Tg' = 1/Tg + K/d is valid

even for relatively small devices. It becomes possible to

obtain the actual lifetime of silicon material without using very

large devices.

The measurement time for the larger devices was as high as

seven hours, while that for the smaller devices was as low as 10

minutes. By using smaller devices, the required measurement

time can be reduced drastically. This technique is very suitable

for use in the industrial environment because of its ability to

obtain the actual generation lifetime in a short time.
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IV. B. Oxide Breakdown Investigation Results

1. The Voltage Ramp-up Technique

Fig. 37 shows the test results on the breakdown of the oxide

tested in depletion. At a very high ramp-up rate, the capacitor

did not break down when the preset maximum voltage was reached

even with strong light shining on the devices during the test.

This was mainly due to the potential drop across the depletion

region which increased with the rate. However, when the

capacitors were tested in accumulation, the breakdown field of

the oxide also depended on the ramp-up rate, though to a less

extent, as shown in Fig. 38. The dependence was believed due to

the charge trapping phenomenon of the oxide. At a slower voltage

ramp-up rate, the number of positive charges trapped in the oxide

increased and, therefore, raised the local electric field. This

caused the oxide to break down at a lower gate voltage. The

positive charges was believed to be generated by an impact

ionization process.

It was found that the aluminum annealing process did not

have much effect on the voltage ramp-up rate dependence

phenomenon as shown in Fig. 39-40. It did affect the current

density when the gate electrode was biased negatively as shown in

Fig. 41. The current density was lower for the annealed device.

Since the electron tunneling process is the conduction mechanism
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in Si02, the tunneling distance for electrons to tunnel from the

metal electrode to the conduction band of SiO
2
was widened by the

the annealing. One possible explanation was that the annealing

process increased the barrier height at the aluminum/Si02

interface by eliminating a layer of intermediate material between

the aluminum and the SiO
2

film. The intermediate material had a

work function that was lower than that of pure aluminum. In

contrast, the barrier height at the Si02/silicon interface was

not altered by the low temperature annealing; therefore, the

current density did not change when the substrate was bias

negatively and the electrons were injected from the silicon side.

Another possible explanation was that a high density of positive

oxide fixed charges was present at the location very near the

aluminum/Si02 interface. These charges were annealed out by the

annealing and this resulted in a longer tunneling distance with a

fixed applied voltage.

If the breakdown criterion of the oxide was set at a current

level below the current density at which the catastrophic

breakdown occurred, the measured breakdown voltage result of the

oxide was concluded increased after the sample was annealed. For

example, if the criterion was set at 1 mA/cm 2
, the measured

breakdown field of the unannealed sample became 10 MV/cm,- while

the annealed one had a measured breakdown field of 11.3 MV/cm as

shown in Fig. 42. If the breakdown was determined by the

catastrophic breakdown of oxide, the measured breakdown fields
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of the two samples were about 13.6 MV/cm.

When the gate metal was biased positively, the current

levels at a voltage below the catastrophic breakdown level for

samples with and without the aluminum annealing were both about

the same as shown in Fig. 43. This suggests that when electrons

were injected from the substrate, the I-V characteristics of the

devices were not affected by the aluminum annealing process.

This was because the annealing process did not change the barrier

height condition at the Si02/Si interface.

To correctly evaluate the measured dielectric strength of

Si02 films, the breakdown criterion in the voltage ramp-up

technique should be set at the current level at which the

catastrophic breakdown occurs.
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2. The Constant Current Technique

The total charge to failure (J*T) results of the test of the

two samples are listed below:

gate negative

gate positive

W/0 Al Annealing W. Al Annealing

5.73 C/cm2

(11.5 MV/cm)*

0.41 C/cm2

(12.3 MV/cm)*

0.4 C/cm2

(12.3 MV/cm)*

0.38 C/cm2

(12.2 MV/cm)*

(current density = 0.005 A/cm2)

(p-type substrate)

* average electric field at catastrophic breakdown

When electrons were injected from the metal gate, the sample

without the aluminum annealing had the highest J*T value.

However, when the sample was annealed, the value dropped by more

than one order of magnitude. This was probably due to the

increase in barrier height at the aluminum/Si02 interface after

annealing, and as a result, a higher voltage was required to

apply across the device to maintain the same preset current level

during the test. This was demonstrated by the higher electric

field at the catastrophic breakdown for the annealed devices.

Therefore, the device would take a shorter time to accumulate

enough positive charges to cause the dielectric breakdown. This
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might lead to the inaccurate conclusion that annealing lowered

the integrity of Si02.

The above phenomenon was probably due to the same reasoning

described in the previous section. The first possible

explanation was that the annealing process increased the barrier

height at the aluminum/Si02 interface by eliminating a layer of

intermediate material between the aluminum and the SiO
2

films.

The intermediate material had a work function that was lower than

that of pure aluminum. It was also found that unannealed samples

that had the aluminum dots evaporated onto the Si02 surface

through screen masks had the J*T lowered by 60% when higher power

was used to heat up the tungsten boat that evaporized the

aluminum source during the evaporation process. This showed that

the J*T results were strongly influenced by the aluminum/Si02

interface structure, and supported the intermediate material

reasoning.

It was found that a 10 minutes 120°C baking step (simulating

the photo-resist hard baking process) lowered the J*T values of

the screen masked devices by 35%. This change was very unlikely

due to a reduction of the oxide fixed charges. Therefore, the

explanation that a high density of positive oxide fixed charges

very near the aluminum/Si02 interface got annealed out by the

425°C annealing process and resulted in a longer tunneling

distance when electrons were injected from the metal gate was

less likely to be the case.
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When electrons were injected from the substrate, the J*T

value and the electric field at the catastrophic breakdown were

found to be quite independent of the annealing step. This was

because the barrier height at the Si02/silicon interface was not

altered by the annealing.

These results suggest that if electrons were injected from

the gate, the J*T values depended critically on the sample

preparation procedure rather than the integrity of the oxide.

To correctly evaluate the integrity of Si02 films without being

affected by the test device fabrication process, the substrate

should be biased negatively in the constant current test.

3. The Pulse Technique

Using short pulses to test the oxide film may minimize the

effect of charge trapping on the breakdown of the oxide [88-91].

This technique was suggested to be superior to the voltage ramp-

up technique. The breakdown results obtained by the pulse

technique was compared below with that from the voltage ramp-up

technique.

Pulse method
(50 msec pulse)
(gate negative)

Voltage ramp up method
(2V/sec rate)

(gate negative)

13.5 MV/cm 13 MV/cm
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The measured breakdown results obtained by the two methods

were quite similar. Because of its simplicity, the voltage ramp-

up technique is a good method to evaluate the dielectric strength

of Si02 films if the voltage ramp-up speed is sufficiently high.
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IV. C. Intrinsic Gettering

1. Effect of Pre-epitaxial Deposition Nucleation Cycle

on Generation Lifetime

The generation lifetimes of samples with different pre- and

post-epitaxial nucleation times are shown in Fig. 44 and Fig. 45.

The actual lifetimes, Tg, were obtained by comparing the measured

lifetimes, Tg% of devices with various sizes.

The control samples were from the same ingot. They did not

go through any of the pre- or post-epitaxial heat treatment

except the MOS device fabrication process. Their lifetimes were

about 16 milliseconds, the lowest among all the samples.

For the samples not going through the post-epitaxial

nucleation cycle, when the pre-epitaxial nucleation time was at

least 150 minutes, those from the center section of the ingot had

the highest lifetime of about 36 milliseconds. Meanwhile, the

lifetimes of samples from the seed-end section stayed at about 25

milliseconds and were independent of the pre-epitaxial nucleation

heat treatment cycle.

For the samples going through the post-epitaxial nucleation

cycle, those from the tang-end section of the ingot had a

relatively consistent lifetime of about 32 milliseconds. The

lifetimes of all the samples that had 300 minutes of pre-
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epitaxial nucleation time were among the highest, about 35

milliseconds.

The results of this experiment indicates that with the

insertion of a nucleation step of at least 150 minutes at 650°C

before the deposition of an epitaxial layer, followed by a

typical intrinsic gettering process, the generation lifetimes of

wafers from different parts of an ingot became very high, about

35 msec, which was almost double those of wafers without the heat

treatment.

2. Correlation of Oxide Breakdown Voltage

with Bulk Stacking Faults for Polished Wafers

The bulk precipitate density of the specimens was always

found to increase with the precipitate growth time. On the other

hand, the bulk stacking fault density and the measured breakdown

field of wafers with a high initial interstitial oxygen content

increased with the time; but that for the wafers with low initial

interstitial oxygen content decreased with time as shown in Fig.

46 and Fig. 47. In Fig. 48, the measured breakdown field was

plotted against the bulk precipitate density, but no correlation

could be made. This indicated that the bulk precipitates did not

act as effective gettering sites since no increase of the

dielectric strength of oxide was observed. When the measured

breakdown field was plotted against bulk stacking fault density
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as shown in Fig. 49, the relationship was evident.

The results showed that higher density of bulk oxygen

precipitates did not result in higher SiO2 dielectric strength.

Instead, a relationship between secondary microdefects, the bulk

stacking faults, was established. The measured dielectric

strength of Si02 films increased with the bulk stacking fault

density. This result indicated that the bulk stacking faults

improved the dielectric strength of SiO2 films by gettering heavy

metal contaminants, which were detrimental to oxide integrity,

away from the front surface of the wafer.

To derive benefits from the intrinsic gettering method, a

sufficiently high density of bulk stacking faults is required in

the desired integrated circuit process.

3. Correlation of Oxide Breakdown Voltage

with Bulk Stacking Faults for Bpitaxial Wafers

It was found that the bulk microdefect density of epitaxial

wafers could be much higher than that of polished wafers. This

was probably due to the extra heat treatment during the epitaxial

deposition process.

The measured oxide breakdown results shown in Fig. 50

indicate that the dielectric strength of SiO2 increased with the

bulk stacking faults only when its density did not exceed
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certain limit. The most favourable range was between

3x104 /cm2 and 10
5 /cm2

. However, when the bulk stacking fault

density exceeded 105/cm2, the dielectric strength of the oxide

was found to decrease drastically. This was probably due to the

formation of high-density microdefects very close to the front

surfaces of these heavily precipitated samples [93,94].

Therefore, the gettering effect of the bulk microdefects was

neutralized by these surface microdefects. To obtain the best

gettering results through intrinsic gettering processes, the bulk

stacking fault density should be kept below 105/cm2. The

surface microdefects of the heavily precipitated samples may be

too small to be revealed by optical means. TEM analysis of the

surface will be beneficial.
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V. CONCLUSIONS

Generation Lifetime Measurement

It was found that the generation lifetime measured using the

Zerbst technique was influenced critically by the test device

preparation procedure and the device size. The difference in

measured generation lifetimes of samples from the same silicon

wafer but with different test device fabrication processes and

sizes could be as high as two orders of magnitude. This huge

error was due to neglecting lateral surface generation effects.

A high temperature post-oxidization anneal and low

temperature aluminum anneal step increased the measured lifetime

by a factor of 5 due to the reduction of the interface state

density by the annealing process. The hydroflouric-acid-free

backside contact fabrication technique and the surface

passivation coating increased the measured lifetimes by factors

of 2 and 20, respectively. This was because the lateral surface

generation at the gap region between the center dot and the guard

ring of the test device was influenced strongly by the condition

of the oxide surface which was not covered by aluminum. Charges

built up on the oxide surface change the lateral depletion

distance. A wider lateral depletion distance results in a

larger lateral surface generation component. When larger devices

were used, the measured lifetime increased by more than one order
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of magnitude. This was because the periphery to area ratio

decreased with larger devices. Therefore, the lateral surface

generation component decreased as the device size increased.

The lifetimes measured on devices of different sizes corresponded

very well to the relationship (l/Tg' = 1 /Tg + 4So/d). All these

results indicate that the surface generation component in the

peripheral area of the capacitors cannot be ignored. The actual

lifetime, T g, of the silicon material could be extracted

accurately by using a procedure consisting of oxide annealing to

reduce surface generation, use of an acid-free backside contact

process to minimize oxide surface irregularities, and by

comparing the measured lifetime, Tg', on devices of different

sizes using the relationship (1/Tg' = 1/Tg + 4S0/0.

The generation lifetime obtained by the above procedure on

a commercial silicon epitaxial wafer was about 50 milliseconds.

This value was more than an order of magnitude larger than

generation lifetimes generally reported in the literature.

Evidently, this discrepancy is due to the lateral surface

generation effect neglected in the lifetime measurement.

Oxide Breakdown Tests

It was found that the pulse method proposed by P. Heimann

had no significant advantage over that of the regular voltage

ramp-up technique using a ramp-up speed of 2V/sec. A high
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voltage ramp-up rate was required in the voltage ramp-up

technique because it reduced the amount of trapped positive

charge which enhanced the local electric field and caused the

oxide to breakdown at a lower voltage. The positive charge was

believed to be generated by an impact ionization process.

Because of its simplicity, the voltage ramp-up technique is a

good method to evaluate the dielectric strength of Si02 films

when the voltage ramp-up speed is sufficiently high.

It was observed that aluminum annealing lowered the current

density in the voltage ramp-up measurement when the metal gate

was biased negatively. One possible explanation for this

observation was that the annealing process increased the barrier

height at the aluminum/Si02 interface by eliminating a layer of

intermediate material between the aluminum and the SiO
2

films.

The intermediate material had a work function that was lower than

that of pure aluminum. The barrier height at the Si02/silicon

interface was not altered by the annealing; therefore, the

current density did not change when the electrons were injected

from the silicon side.

Although the catastrophic breakdown voltage measured with

the voltage ramp-up technique of Si02 films with or without

aluminum annealing was found to be about the same, the current

density at a given voltage below the catastrophic breakdown range

was lower after annealing if the gate was biased negatively.

When the breakdown criterion of the oxide was set at a current
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level below the catastrophic breakdown range, that current level

for an annealed sample would be reached at a higher voltage.

This would lead to the inaccurate conclusion that the dielectric

strength of the Si02 films increased after the annealing process.

In contrast, after a sample was annealed, the total-charge-

to-failure value dropped drastically in the constant current test

if electrons were injected from the metal gate. This was

probably due to the same reasoning described before. The

annealing process increased the barrier height at the

aluminum/Si02 interface by eliminating a layer of intermediate

material between the aluminum and the Si02 films. The

intermediate material had a work function that was lower than

that of pure aluminum. The increase in barrier height at the

aluminum /Si02 interface after annealing required the application

of a higher voltage across the device to maintain the same preset

current level during the test. Therefore, the device would take

a shorter time to accumulate enough positive charges to cause the

dielectric breakdown. This might lead to the inaccurate

conclusion that annealing lowered the integrity of Si02.

To correctly evaluate the integrity of Si02 films without

being affected by the test device fabrication process, the

breakdown criterion in the voltage ramp-up technique should be

set at the current level at which the catastrophic breakdown

occurs, and the substrate should be biased negatively in the

constant current test.
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Pre-epitaxial Deposition

It was found that with the insertion of a nucleation step

before the deposition of an epitaxial layer, followed by a

typical intrinsic gettering process, the generation lifetimes of

wafers from different parts of an ingot became very high, about

35 msec, which was almost double those of wafers without the heat

treatment.

Gettering Ability of Bulk Microdefects

It was shown that higher density of bulk oxygen precipitates

did not result in higher Si02 dielectric strength. Instead, a

relationship between secondary microdefects, the bulk stacking

faults, was established. The dielectric strength of Si02 films

increased with the bulk stacking fault density. This result

indicated that the bulk stacking faults improved the dielectric

strength of Si02 films by gettering heavy metal contaminants,

which were detrimental to the oxide integrity, away from the

front surface of the wafer.

However, when the bulk stacking fault density exceeded

105/cm2, the dielectric strength of the oxide was found to

decrease drastically. This was probably due to the formation of

high-density microdefects very close to the front surfaces of

these heavily precipitated samples. Therefore, the gettering
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effect of the bulk microdefects was neutralized by these surface

microdefects. To obtain the best gettering results through

the intrinsic gettering processes, the bulk stacking fault

density should be kept below 105 /cm2 .

Summary

Procedures were developed to accurately measure the generation

lifetime of silicon material and the dielectric strength of

Si02 films.

The insertion of a pre-epitaxial deposition nucleation cycle

made the generation lifetimes of silicon wafers very high and

independent of their origin in the silicon ingot.

The key element responsible for the improvement of the Si02

dielectric strength was found to be the formation of the bulk

stacking faults and the associated gettering of heavy metal

contaminants from the front surface of silicon wafer.
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VI. SUGGESTION FOR FUTURE WORK

There are several topics that should be addressed in any

future work.

Carrier Generation Lifetime Measurement

It was found that the lifetime measured by the Zerbst

technique changed when a device was measured once and then

remeasured awhile later. Further investigation of the cause of

this phenomenon is beneficial in understanding the instability of

oxide charges. This is important because oxide charges affect

many device parameters, such as the threshold voltage of

MOSFET's.

Oxide Breakdown Measurement

Another topic worthy of investigation is the dependence of

SiO
2

breakdown results on device area. It is known that the

oxide breakdown voltage is lower when the device area is larger.

The common belief is that the chance of encountering some "fatal"

defects in the oxide film increases with the device area.

However, the preliminary results of this research work on

the above subject indicate that the real theory may be more

complicated. Fig. 51 shows that when electrons were injected
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from the p-type substrate, the dependence of the total charge to

failure (J*T) value on the device area was much less than the

case where electrons were injected from the metal gate. Since

the probability of encountering "fatal" defects in the oxide

should be identical in both cases, this suggests that there may

be additional causes for this phenomenon.

Fig. 52 shows the relationship between the J*T value and the

current density. It indicates that when electrons were injected

from the metal gate, the J*T value decreased with the increase in

current density. On the other hand, there was no such dependence

when electrons were injected from the substrate.

The current density near the edge of the metal gate might be

higher because, in addition to the normal vertical current,

there is also the lateral current associated with the edge of

the electrode. The increase in the current density causes the

oxide to breakdown earlier when the electrons are injected from

the metal electrode.

When the metal gate is biased negatively, electrons may most

likely be injected into the oxide from the edge of the metal

gate. Since the current versus device area ratio is fixed and

the perimeter versus device area ratio decreases with the area,

the current density near the edge of the gate increases with the

device area. That might explain the sharp decline in the J*T

values of the larger devices. In future work, new device
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patterns may be used to verify this theory. The pattern may

include a pair of devices with equal area but with different

lengths in perimeter, such as a square and a narrow rectangular

structure. If the rectangular device shows a higher J*T value

when the gate is biased negatively, then the theory described

above may have some basis.

Intrinsic Gettering Investigation

Throughout this research, the dielectric strength of Si02

films was found to increase with the bulk stacking fault density,

except when the microdefect density exceeded 105/cm 2
. The reason

for the lowering of the dielectric strength of the oxide films

grown on the heavily precipitated materials is still unclear.

Although the denuded zone of these samples was always present

when they were inspected by an optical microscope, some small

microdefects might exist. Transmission electron microscope (TEM)

examinations may be useful for detecting this type of

microdefects. Additionally, TEM analysis of the bulk

microdefects may also help to verify the theory that the bulk

stacking faults getter heavy metal impurities while the bulk

precipitates do not.
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Appendix A

A Typical MOS Capacitor Preparation Procedure

for Lifetime Measurement

Native oxide etching:

1 HF: 10 DI water 10 sec (5I/sec)

DI water rinse / bath

Blow dry with N2

*
Oxidization :

900°C dry 02 4hrs (450 Angstroms)

900°C N2 4hrs

Frontside Al. Deposition: (4000 Angstroms)

Photolithography:

Photo-resist spin-on 4000 rpm.

Pre-bake 60°C 10 min.

U-V exposure: 15 sec.

Developing (1 Developer: 3 DI water): 20 sec.

Post-bake: 80°C 10 min.

Al. etching: 60°C 25 sec.

DI water rinse / bath.

Acetone.

Methanol.

DI water bath.



Backside Al. deposition:

150

Backside grinding with a diamond scriber

(50 grooves/cm2).

Al. deposition with frontside covered by

silicon wafer (7000 Angstroms Al).

Al annealing
*
: 425 °C 10% H2: 90 N2 4hrs.

* The ramp-up and ramp-down rate of all samples were kept at

approximately 100°C/rain.

Fig. 53 to Fig. 56 show the device patterns used in this

research work.
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LARGE DEVICE: Area = 1.24E-2 cm2

Gap = 6 )..1m

SMALL DEVICE: Area = 6.728E-4 cm2

Gap : 6,10,15,25

Fig. 55 Devices of two sizes
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Appendix B

Oxide Breakdown Destruction Pattern on Silicon Surface

The damage done by the oxide breakdown event on the silicon

surface was investigated. The oxide breakdown test was done with

a mercury probe. The oxide film was grown at 900°C for two

hours and had a thickness of 320 angstroms. After the oxide

breakdown test, the oxide film was removed by diluted

hydrofluoric acid. The silicon substrate was then etched in

Wright Etchant to delineate the surface defects. Under an

optical microscope, the silicon surface defects created by the

oxide breakdown event were observable.

The area affected the most by the breakdown event was found

in the shape of a ring under dark field imaging as shown in

Fig.57a. The ring shape area was at the edge of the mercury

bubble that made contact with the Si02 surface during the

breakdown event. This suggested that the destruction of the

oxide film was most severe at the edge of the contact area.

Fig. 57b showed a smaller ring located in the larger outer

ring. The existence of a smaller ring was probably due to a dust

particle located between the mercury and the SiO
2
when the

breakdown test was done. This phenomenon further supports the

notion that the destruction to the silicon surface due to the

oxide breakdown process is most severe at the edge of the gate

electrode. This result suggests that the breakdown process of
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Si02 starts at the edge of the gate electrode. One possible

explanation for this phenomenon is that the current density at the

edge of the gate electrode may be higher because, in addition to

the normal vertical current, there is also the lateral current

associated with the edge of the electrode.


