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1. INTRODUCTION

We report here on recent progress in an ongoing program of research

tdirected toward a basic understanding of the electronic properties of thin

1insulating films and of the interfaces of such films with semiconductors

and metals. Of particular interest are the high-field properties, including

charge-carrier injection through the interfaces, electronic transport through

the insulator, charge-carrier trapping and recombination at the interfaces

and in the insulator, the high-field generation of interface states and

trapping centers, and the mechanisms leading to dielectric breakdown. The

objective of the program is to provide a rational basis for the choice of

materials, processing methods and treatment of the insulating films in

order to obtain the desired performance and reliability. The insulating

films under study at the present time are silicon dioxide, aluminum oxide,

and silicon nitride on silicon substrates. The techniques and apparatus

that we have developed under this program are, moreover, immediately

applicable to the study of other types of insulating films and substrates.

We have previously reported on many of the results of the studies

made under this program,1 -29 and additional reports and papers are in

preparation. The organization of this report is as follows:

A__ The generation of interface states in the Si-SiO2 system is a

matter of great concern. In a previous report2 5 we showed that after

high-field stress at liquid nitrogen temperature, the interface states

did not make their appearance until the sample had been warmed toward

room temperature. In Ch. 2 of this report, J. J. Clement presents recent

results obtained on radiation-induced interface states in the Si-SiO 2

system. By irradiation of the structure at 870K, he finds that the

nucleation of interface states is apparently associated With the presence

of holes at the interface, but he finds further that even if the holes are

annihilated by injecting electrons, the interface states appear when the

sample is warmed. The interface states in his HCl-steam grown oxides are

found to be generated in three teperature.ranges: (1) near 14
0 °0 ?)in the

range 240-2900 K, and (3) at approximately 333 0K.

In Ch. 3, C. Jenq presents new results on high-field effects in

the Si-SiO2 system. Re has previously reported2 7 his observation that electron

traps are created in SiO2 at fields Z 7 NV/cm, and in this report he

gives his results on the rate of generation of the traps and on their capture
cross sections. The high-field generation of electron traps may
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have important consequences in short-channel IGFETS operating with large

electric fields in the vicinity of the drain. In addition, Mr. Jenq

1) gives recent results on the high-field generation of interface states, and

he shows that electron photoinjection has an influence on interf-ce- -I

state generation. His techniques require the measurement of interface-
i i state densities at liquid nitrogen temperatures, and for this purpose he

has developed a low-temperature ledge (LTL) method for this measurement.

In Ch. 4, 0. Bar-Gadda presents recent results obtained in a

study of high-field effects in Al-Al 20 3-Si structures. Electron trapping

takes place near the negative electrode and positive charging takes

place near the positive electrode, thus increasing the electric field

in the central region of the insulator. Breakdown is observed to take.1 place near the edge of the field plate, perhaps implying the importance

of an edge effect.

In Ch. 5, S. S. Li gives the results of both corona and MIS

studies of the Al 0 -Si structure. He confirms Mr. Bar-Gadda's observa-

tions of electron trapping near the negative electrode and positive h
charging near the positive electrode, and offers the results of photoinjection

*experiments to show that the concentration of electron traps is of the
18 -3order of 10 cm and that the electron trapping cross section is approx-

imately 3 x 10 cm The observed positive charge is attributed to

either hole injection from the positive electrode or field emission from

neutral centers in the oxide rather than to impact ionization.

4

.....____
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2. RADIATION-INDUCED INTERACE-STATE FORMATION IN NOS CAPACITORSL 2. (J. J. Clement collaborating)

41 2.1. Introduction

Previous investigations into the process of interface-state forma-

tion in MOS devices exposed to ionizing radiation have shown that the direct

interaction of radiation at the Si-SiO interface is not needed in order to
2

produce interface states; however, interface-state formation is dependent
on the transport of radiation-produced holes to the interface.31'3 2 In

one study, it was determined that the major part of the interface state

generation occurs after the holes have had time to reach the interface.3 3

It has been shown by other workers that holes in thermally grown

silicon dioxide are subject to a temperature-activated, field-dependent

transport process through the oxide. Thus, at liquid nitrogen temperatures

and for low values of applied electric field, the holes are essentially

immobile and are trapped through the oxide near the point of creation
4- 4 1

However, it has been shown that the motion of holes through the oxide can

be enhanced by applying higher electric fields and/or by illuminating the

device with light having photon energies in the range from 1.6 to 2.0 eV.

Although the transport of holes through thermally grown silicon

dioxide has been studied at low temperatures, past studies of radiation-

induced interface-state generation have been carried out almost exclusively

at room temperature. In the investigation reported here, the irradiation

of the MoS device was done at around 87°K, for several reasons. In addition

to the intrinsic significance of how the interface-state density is affected

by irradiation at this low temperature, we are better able to control the

movement of the radiation-induced holes through the oxide to the Si-SiO2

interface. Also, this procedure allows us to observe the effect of temper-

ature on the interface-state formation process. As is shown in Sections 2.4

and 2.5 of this report, we find that irradiation of the MOS structure

with soft X-rays produces negligible change in the number of interface

states at 870K. However, an increase in interface states is observed

when the sample is subsequently warmed. This temperature effect is similar

to the one that we reported previously for interface states generated in the

Si-SiO2 system by high fields.
25 We present evidence that only a temporary

presence of holes at the interface is required to start the process of
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interface-state generation. We observe that interface states are generated

in this (HCI-steam) oxide in three temperature ranges: (1) near 1400K,

accounting for approximately half of the interface-state generation; (2) in the
range 240-290 K; and (3) at approximately 333°K. We suggest that the gener-

ation process is electrochemical in nature.

2.2. Description of Samples and Apparatus

The MOS capacitors used in these experiments had n-type (100)

silicon substrates with 5-10 ohm-cm resistivity. On this an ECI-steam

oxide was thermally grown at 875 C to a nominal thickness of 1000 . Follow-

ing a 10-minute anneal at 9500C in nitrogen, semi-transparent aluminum field

plates were evaporated. The samples were fabricated at RCA Laboratories.1 through the courtesy of K. M. Schlesier.
The sample was mounted on the cold finger of a vacuum cryostat,

making it possible to cool the sample with liquid nitrogen. A resistive

heater mounted on the sample stage allowed control of the temperature. The

sample chamber was evacuated by an oil diffusion pump. The ionizing radiation

used in these experiments was soft X-rays which were generated by 5 kV

Uelectrons strking a molybdenum target.

The sample chamber was fitted with a fused silica window for

illumination of the sample. Ultra-violet light for the internal photo-

emission of electrons was provided by a Bausch and Lomb high-intensity

monochromator with a Xenon lamp source. Light of lower energy was provided

by a Bausch and Lomb tungsten-halide lamp source. Capacitance measurements

were made with a Boonton model 72A capacitance meter operating at 1 MHz.

Current measurements were made with a Keithley Model 610C electrometer.

2.3. Measurement of Interface-State Densities

Three methods of interface-state measurement were utilized in these
0experiments. At 333 K the technique utilizing the quasistatic C-V curve

as described by Kuhn4 2 and Castagne4 3 was employed. At 87 K, a measure of the

concentration of interface states in the central region of the bandgap was

obtained by using the ledge phenomenon found in the low-temperature high-

frequency C-V curves.29 ,4 4 -4 6 An example of this effect for a typical sample

is shown in Fig. 2.1. In this figure, Curve A is the high-frequency C-V

curve obtained at 87PK by ramping the bias from accumulation into deep depletion

at a fairly fast rate (I V/sec in this example). The sample is then
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temporarily illuminated with visible light, thus supplying minority carriers

to fill the interface states. Following this, the bias is ramped tc rard

accumulation, resulting in Curve B. The ledge present in this curve is due

to majority carriers filling the interface states in the central region of

the bandgap. As is shown in Sec. 3.2 of this report, the section EF of Curve

B is essentially parallel to the section CD of Curve A, and the voltage

difference, AVAB, between the two curves in this region can be used to

determine the number of interface states in the central portion of the bandgap

according to the formula:

Ni - Cox V Aq (cm- 2) (2.1)

where Cox is the oxide capacitance per cm2 and q is the magnitude of the

electronic charge. As is also shown in Sec. 3.2 of this report, the central

region of the bandgap in which the interface states make the transition at

900K is approximately 0.7 eV wide in silicon, and so the average concentra-

tion of interface states in cm-2 eVS in this central bandgap region is obtained

by dividing Ni (cm- ) by 0.7 eV.

The Gray-Brown shift of the flatband voltage4P as the sample is cooled

below room temperature provides another method for measuring the number of

interface states present in the upper part of the band gap.

The foregoing three methods complement each other and in addition

they serve to check each other in their regions of overlap.

2.4. Influence of Holes and Temperature on Interface-State Formation

We have reported previously that if an Si-SiO2 structure is

subjected to high field stress at low temperature (91 K), the generation of

interface states is observed only after the sample has been warmed toward

room temperature. It is well known that if an NDS structure is exposed to

ionizing radiation, the buildup of trapped holes is accompanied by an

increase in interface-state density. The purpose of these experiments was to

examine further the connection between the trapped holes and the interface

states. For this purpose we used soft X-ray* to produce hole-electron pairs

in the oxide at 870K, following which the electrons were drifted out by

application of a moderate electric field, leaving the holes behind. The

holes could then be transported to one Interface or the other by means of a
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larger electric field together with excitation by visible light. The holes

were then annihilated by photoinjected electrons, after which the sample

was warmed to obser.z the generation of interface states. The results of

these experiments are sumnmarized in Table I, as follows:

Column I identifies the sample. A fresh sample was used each

time. All fresh samples were essentially identical.

Column II shows the number of interface states, Ni cm 2 , as

determined on the fresh sample at 870K by the low-temperature

ledge method, using Eq. 2.1.

Column III shows the gate voltage used during a 20-minute irrad-

iation with soft X-rays at 870K. This bias will quickly drift the

radiation-produced electrons to the positive electrode but will

produce very little transport of holes in the oxide at this

temperature. Some of the holes produced in the thin hole-trapping

layer near the Si-SiO2 interface may be trapped there. Also, the

holes prcduced in the bulk of the SiO will have some initial
482motion before they are immobilized, and with a positive gate

bias this motion will bring some holes into the hole-trapping

region. With a negative gate bias, some of the radiation-produced

holes in the substrate may drift into the interfacial region.

Thus we expect some trapping of holes near the interface for either

polarity of gate voltage, but, at these iields, and without light

assistance, the main body of holes in the bulk will be essentially

immobile at 870K.

Column IV shows the gate bias which was applied for three hours at

87°K to transport the radiation-produced holes through the bulk of

the oxide. The transport of holes during this period was assisted

by illuminating the sample with tungsten light which was filtered

through a water cell and a yellow filter, After drift of the

holes through the bulk of the oxide, essentially all of the holes,

both those remaining in the bulk and those trapped at the interface,

were annihilated by an internal photoinjection of electrons at 870K.

f .. . . .. --.- .* I
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UV light with a photon energy of approximately 5 eV was used

for this purpose.

Column V shows the density of interface states at 87°K after the

foregoing processes had been completed. Comparison with Col. I

shows that the number of interface states remained essentially

unchanged throughout the operations of X-irradiation, drift of most

of the holes to one interface or the other, and subsequent

annihilation of the holes.

Column VI shows the effect of warming the sample and holding

it at room temperature for approximately 12 hrs, after which

the sample was again cooled to 87°K so that a direct compar-

ison of Ni could be made using the same technique as before.

Column VIII shows the increase in interface states that resulted

from each of the four sequences of operations.

We can make the following observations from the results shown in

Table I. Firstly, from Col. V we see that none of the sequences resulted in

an appreciable increase in interface states so long as the sample was held

at 870K. The interface states appeared only during or after warmup. Secondly,

the four different sequences show appreciable differences in Col.VNI, as

follows: On Sample 1, which had no X-irradiation and served as a control

sample, the increase in N after warming was so small as to be negligible.

On Sample 2, which was irradiated with positive gate bias but which had no

subsequent drift of holes to either interface, the increase in interface

states was a moderate one which might have been associated with holes that

were produced near the interface and trapped there. On Sample 3, where the

holes produced in the bulk were transported to the gate, the increase in

interface states was similarly moderate in value. The difference between

Samples 2 and 3 is within experimental error and may not be significant.

On Sample 4, however, where the holes in the bulk were transported to the

interface, the increase in interface states is quite appreciably greater.A

rf .
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Thus the generation of interface states appears to be associated with holes

at the interface, and the states do not make their appearance until the sample

is warmed. However, since the holes were annihilated before the sample was

warmed, merely the temporary presence of holes at the interface appears to

be sufficient to start the interface-state generation process.

2.5. Temperature Dependence of the Interface-State Formation

In order to obtain information on the temperature dependence of the

interface-state formation process, the following experiment was performed.

An MOS capacitor sample was cooled to 87 0 Kand, with the gate biased at

+20 V, was exposed to soft X-rays for 30 minutes. The sample, with itsItemperature held at 87 0K, was then biased at +35 V for 3 hours while illum-

inated with light from a tungsten lamp filtered through a water cell and a

yellow filter. As described previously, this procedure transports the holes

through the bulk of the oxide to the Si-SiO 2 interface. Following this,

electrons were photoinjected into the oxide to recombine with the remaining

holes. The sample was next warmed to a particular temperature and held there

for one hour, then it was cooled to 87 K and the width of the ledge of the

low-temperature high-frequency C-V curve was measured for computation of

N i (E .1. The sample was heated (and cooled to 87K) in successive steps
to temperatures of 120, 140, 160, 190, 220, 240, 262, 290, 333 0K. The

total increase in the number of interface states following the last step was

7.1 x 10 10cm -2as computed from the net change in the width of the ledge.

The percentage of this increase which was observed following each step is

shown in Fig. 2.2. There appear to be three peaks of interface-state

generation, one near 140 0K, a broad peak centered at about 270 0K, and a

third peak at 3330K. It is interesting to note that the peak below

160 0 Kaccounts for approximately half of the increase in interface states

and that the peaks above 2200K account for the remaining half.

2.6. Summary

1) MDS5 capacitors exposed to ionizing radiation at 870K show negligible

interface generation for periods up to 3 hrs.

2) Upon warming, interface states are formed. In our lid-steam grown

samples, approximately half of the states ere formed near 140 0K. The remainder

are generated in two temperature ranges: from 240-290 0K, and near 3330 K
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3) The interface-state generation takes place despite the fact

that the holes, wiLh which their nucleation appears to be associated, had

been annihilated by recombination with photoinjected electrons before 
the

-, warmup process was initiated.

The requirement of thermal energy for the formation of the inter-

face states suggests that the phenomenon may not be purely electronic but

may be electrochemical in nature. Some suggestions in this regard have been

made by C. T. Sah.
48

NI
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3. A STUDY OF HIGH-FIELD EFFECTS ON MOS CAPACITORS
jI (C. Jenq collaborating)

3.1. Introduction

In this chapter we present the results of a further study of the

*effects of high-field stress on MOS capacitors. Our techniques require

the use of liquid-nitrogen temperatures where the conventional methods of

determining interface-state densities can not be employed. In Sec. 3.2 we

present a method that we have developed for overcoming this difficulty.

In the final sections, 3.3 - 3.5, we describe our recent results on the high-

field generation of interface states and of bulk electron traps in the

Si-SiO2 system.

3.2. Low-Temperature Ledge LTL) Technique for Measuring Interface-State

Densities
The usual methods for measuring interface-state densities require

the charge in the interface states to be in equilibrium with the applied

voltage, and this condition can not be achieved within reasonable amounts

of time at lowered temperatures. Brown and Gray50 observed a ledge

phenomenon in the C-V curves at liquid-nitrogen temperatures which they

attributed to the presence of interface states, and Goetzberger and Irwin
51

related the width of the ledge to the density of interface states in the

central region of the bandgap. We have analyzed the effect in greater

detail and have made use of the phenomenon in our low-temperature studies

of interface states. The low-temperature ledge (LTL) method is analyzed

and described in the following paragraphs.

Figure 3.1 shows the C-V curves of a MOS capacitor measured at 910K

(curves I and 2) and an ideal deep-depletion C-V curve calculated for the

temperature of 910K (curve 3). Curve 1 was taken by sweeping the bias at

-1.OV/sec from accumulation into deep-depletion in the dark. At Point A

the sample was illuminated with visible light to generate minority carriers.

This caused the capacitance to increase to Point B. The light was cut off,

whereupon the capacitance dropped to Point C. The gate voltage was then

ramped up at l.OV/saec, producing Curve 2.51 From now on we shall call

Curve 1 the deep-depletion curve and Curve 2 the light-assisted curve. The

. ... -T9' ,
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features of the curves will be explained in the following paragraphs.

The emission time constant for an electron captured by an interface

state with an energy level E is given by5 2

1
Ten " hn exp(Ei - E )/kT

where v th is the thermal velocity electrons, a is the electronic capture

cross section, ni is the intrinsic carrier density, and Ei is the intrinsic

level of the semiconductor. At 90 0K, by taking a to be 1015 cmZ and

Vth to be 10 7cm/sec, T en is found to be 0.1, 1, 10, 100 and 1000 sec when

the interface state is at 0.18, 0.19, 0.21, 0.23 and 0.24 eV below the

conduction band, respectively. Hence a slight change of 0.01 eV in the

energy level of the interface state will result in a change of T of anen
order of magnitude. During the period when the deep-depletion curve (Curve

1 in Fig. 1) was taken, we may then assume that the electrons which occupied

the interface states with an energy level 0.20 eV or more away from the

conduction band edge would not be emitted into the conduction, while if

the interface state was within 0.20 eV the electrons would have time to be

emitted from the states. Note that this approximation will result in an

error of not more than 0.02 eV. The possibility that the interface states

can capture holes is unlikely due to the negligible generation rate of

holes at 900K.

Thus the electrons which are captured by the interface states

with energy levels greater than 0.20 eV away from the conduction band will

be frozen in the states. If the capacitor is laterally uniform, the part

of the C-V curve below this point should be parallel to the ideal deep-

depletion curve.2 1 The voltage shift AVAI - VA - V between the lower

part of the two curves is due to the oxide charges plus the charges frozen

into the interface states. The states which are more than 0.20 eV away

from the conduction band edge will remain in their more negative state,

and those closer than 0.20 eV will be in their more positive state owing to

their emission of electrons. Let N be the total number of acceptor-type
sa

interface states which are 0.20 eV away from both the conduction and the
valence band edges, N be thou which are within 0.20 eV of the valence

say

band edge, and Nsdc be the total number of donor-type interface states that

are within 0.20 eV of the conduction band edge. Also, let Qox denote the

* i
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equivalent oxide charge (referred to as the SiO2-Si interface). Then, we

have from the above discussion,

At - A- VI  + (3.1)
ox q sa sav - dc)

where d is the oxide thickness, e is the dielectric permittivity of the

oxide, and q is the magnitude of the electronic charge.

In the case of the light-assisted curve before the sample is ramped

up (Point C of Fig. 1), the SiO 2-Si interface region is flooded with holes

generated by the light. The interface states are then all occupied by holes.

When the gate voltage is swept toward accumulation, the capacitance remains

almost constant at a magnitude higher than the thermal equilibrium value

because of the presence of the excess holes at the interface. The constancy

of the capacitance indicates that the width of the depletion layer has

remained constant. The external charging current during this period is

caused by the reduction of the excess holes in the interface region. The

reduction process can be either the recombination of the excess holes with

the electrons in the conduction band through the assistance of the bulk

4. traps or the interface states, or the diffusion of the holes out of the

depletion layer. With a sweep rate of 1 V/sec, the recombination current

was calculated to be at least 12 orders of magnitude less than the chargingdVG
current C d---. Hence, these excess holes diffuse out of the interface

ox dt
region at a rate determined by the ramping speed. When the number of holes

remaining is negligible, the depletion layer then starts to respond to the

change of gate voltage and the capacitance begins to increase (Point D) as

a consequence of the reduction of the depletion width. As the capacitance

increases, the surface potential is reduced and the electron concentration

in the conduction band is increased. Eventually at Point E the recombi-

nation current5 1 from the electrons in the conduction band and the holes in

the interface states is large enough to dominate the charging current. The

section between Points D and E of Curve 2 will then be parallel to the corres-

ponding section of the ideal deep-depletion curve, provided the sample is

uniform. Here the voltage shift AVDI - VD - VI between the two sections of

curves is due to the oxide charge and the changes in interface state charge.
For those states which are more than 0.20 *V above the valence band, the

holes previously captured will be frozen in, while the states that are
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within 0.20 eV from the valence band edge will be in their more negative
state owing to the emission of holes. Let N denote the number of donor-

ad
type states which are more than 0.20 eV away from both the conduction and

valence bands, Nsd c denote those within 0.20 eV from the conduction band,

and N denote the acceptor-type states within 0.20 eV from the valence
sav

band. Then we have:

d 0
V VDI - V -V " q - ( - N - NSdd + N ) (3.2)

DI D I q d ac sayox q

From Eqs. (3.1) and (3.2) we have

AVJ VA V - q -(N + N) (3.3)
D sasd

or

Nos+ AVAD (3.4)
i sa Hsd qd 0 d l

o~x

Equation (3.4) gives the interface-state density in cm for those

states which are 0.20 eV away from both the conduction valence bands,

i.e., in the mid 0.7 eV of the band gap. Goetzberger and Irwin and Gray4 6

first observed the possibility of using the ledge of the light-assisted

curve to measure the interface state density, but the ledge was not

unambiguously defined.

For a )MOS capacitor biased in the regime where the change in the

capacitance is due solely to the change of the depletion capacitance of the

substrate, we have the following relationship (for a n-type sample):

(C) 2  ~1  (L2  , C0 G - AV) (3.5)

where Cox is the oxide capacitance, ND is the donor concentration, es is

the dielectric permittivity of the substrate, VG is the gate voltage, and

AV is the voltage shift due to the combination of metal-semiconductor work-

function difference, oxide change, and interface-state change.

if (seto is plotted against VG for the lower part of Curve 1 andjthe section between D and I of Curve 2, then two parallel straight lines withI
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(CoM/Oj

5.

2

\AVAD

GATE VOLTAGSE

Fig. 3.2. Plot of (C Ix C) 2vs. gate voltage for the Sample of Fig. 3.1.
The solid parts of Curves 1 and 2 correspond to Curves 1 and
2 of-Fig. 3.1.
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the same slope should be obtained as in Fig. 3.2. The displacement between

I the two lines offers an alternate way of determining AVAD for use in

Eq. (3.4).

3.3. Generation of Interface States at 90 K During Internal Photoinjection

After High-Field Stress.

3.3(A). Introduction

As was described in the last report,2 7 electron traps, not initially

present, were found to exist in the oxide layers of MOS capacitors after the

samples had been subjected to high-field stress. It was also found that

if two samples were subjected to the same high-field treatment at low

temperature but received different quantities of photoinjected electrons

(so that one sample had more field electron traps than the other), the two

still showed essentially the same amount of interface-state generation after

they had been warmed up to room temperature. We still find this to be a

valid, reproducible result; however, more recently, we have also observed

that if the interface-state density is measured by the LTL method before

warming the sample, additional interface states, apparently related to the

photoinjection of electrons, are indicated by the test. This phenomenon is

discussed in the following section.

3.3(B). Experimental Evidence

The samples used in the following discussion were RCA HCl-steam grown

SiO2 films on (100) Si substrates with 5-10 Qcm resistivity. The gates were

semi-transparent aluminum.

Figure 3.3 shows three sets of curves. Set 1 ,onsists of the

initial 90°K deep-depletion curve and the light-assisted curve of the fresh

sample. Set 2 is a similar set of curves taken after high-field stress,

with field plate positive, at 7.4 MV/cm for 30 min at 90°K, and Set 3 are

the curves taken after internal photoinjection from the Si substrate at an

interface field of approximately 1.0 MV/cm for 3 hrs. The initial interface-

state density in the mid 0.7 eV region of the bandgap is 2.52 x 1011 cI "2

calculated by the LTL method. The deep-depletion curve in Set 2 is slightly

distorted, but the distance between the deep-depletion and the 1lght-assisted

curves remains approximately the same, and the interface-state density is

I
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thus about the same as before. From Set 3, taken after internal photo-

injection, the interface-state density is 3.06 x 1011 cm 2 , approximately

a 20% increase.

Further evidence is provided by the results of the following

experiment. One of the samples was high-field stressed, with field plate

positive, at 7.2 MV/cm for 60 min at 900K. It Oas then warmed up and

allowed to sit at room temperature for 17 hours with the gate short

circuited to the substrate. At the end of this period the high frequency C-V

curve was taken, which is Curve la in Fig. 3.4. The sample was then cooled

to 90°K and the deep-depletion and light-assisted curves were taken. These

are Curves lb and lc of Fig. 3.4. The sample was now subjected to internal

photoinjection, using a photon energy of 5 eV. The injection field was

first set at 1 MV/cm with the substrate negative. After the C-V curves

had shifted to an almost saturated position, the injection field was reduced

to 0.25 MV/cm. When the C-V curves had again shifted to an almost

saturated position, the internal photoinjection was terminated. Curves

00

2b and 2c are the 90°K C-V curves taken after the internal photoinjection.

The sample was then warmed to 66 C, and the high frequency C-V curves were

taken. This is Curve 2a of Fig, 3.4. The horizontal distance between the-j parallel portions of Curves 2b and 2c (width of ledge) is greater than the

corresponding distance between Curves lb and 1c, indicating again an in-

creased number of interface states after internal photoinjection.

3.3(C). Discussion

When one attempts to measure the electron capture cross section of

the electron traps by monitoring the C-V shift as a function of the total

amount of photoinjected electrons, one finds the accompanying generation of

interface states to be a very undesirable feature. Fortunately, by examining

the relations between the solid and the dashed curves in Fig. 3.4, we are

still able to find the C-V shift that is due only to the oxide charge. In

Fig. 3.4, Curve 2a is almost exactly parallel to Curve la. The near

parallelism indicates that the shift AVa between Curve la and Curve 2a is

due mainly to the increase in the oxide charge. If AVa is compared with

AVb , we find that these two quantities are very nearly thk. same. This

relationship was found also to hold with other samples which were subjected

to similar treatment. From Eq. (2.1) we know that the shift AVb is due toA .-5. v;b
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an increase in either the equivalent oxide charge (Qo) or the interface states

(Nsa , Na or N Now since AV is due mostly to the increase in the
2a& oxde arge ad a

oxide charge, and AV = AVb, we may conclude that AVb is also due mainly to
the increase in the oxide charges.

The physical mechanism which is responsible for the aforementioned

interface-state generation is still under investigation.

3.4. Some Properties of Electron Traps Generated in SiO by High-Field Stress

3.4(A). Introduction

We have reported previously on our observations that electron traps

are generated in silicon dioxide by high-field stress (E ' 7 MV/cm). The

traps are deep, the optical depth being over 4 eV; thus they are different

in character from the 2.4-eV electron traps which were studied by DiMara,

Feigl, and Butler60 and which have been tentatively attributed to sodium

incorporated into the SiO 2 during growth.
61 Furthermore the traps, before

the capture of electrons, do not produce an observable positive charging of

the oxide, and so they appear also to be different from the positive

electron trapping centers, studied by Ning and Yu,
55 Ning, Osburn, and Yu,

63and Ning, which have been observed in fresh SiO 2 samples and which can be

diminished in number by an anneal in forming gas. By the same token, they1 " appear to be different from the radiation-induced positive ele._' n trapping

centers studied by Aitken and Young
64 and by Aitken, DiMaria, and Young.

6 5

In a recent paper, Harari6 6 has reported on s h-fiei $eneration of

electron traps, perhaps similar to ours, in ultrathin (30-300 9) films of

silicon dioxide, and he suggests that the high-field breakdown of these

thin films may be initiated by the generaticn and charging of these traps.

One may speculate on whether the high-field generation of electron traps

may be a contributing factor in the electron trapping in IGFET insulators

that results in a threshold instability as reported by Ning, Osburn, and Yu.
6 7,68

Short-channel IGFETS operating with high electric fields should be partic-

ularly susceptible to this difficulty. In the present chapter we give some

recent results on the measurement of electron capture cross sections of

high-field-generated electron traps, and we show some preliminary results

on the trap generation rates.

I _ _ _ _
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3.4(B). Samples and Experiment

The samples used in these experiments were RCA HCl-steam grown
SiO2 films with a thickness of about 1950 R. The substrates were n-type
(100) silicon having 5-10 0-cm resistivity. The front contacts of the

capacitors were semi-transparent Al gates.

Because of the extremely long miniority-carrier response time21

in the Si substrate for these samples, the quasi-static and high-frequency

C-V curves were taken when the sample was warmed up to a temperature of

65-67°C. This allows a faster ramping rate to be used in taking the quasi-
static C-V curves. Also, the noise-induced errors were greatly reduced.

The experimental procedure was as follows. The initial quasi-static
and high-frequency C-V curves of a fresh sample were first taken at 66 C.

The sample was then cooled to 90 K and the deep-depletion and light-assisted

curves were taken. High-field stress with field plate positive was then

applied to the sample. After this treatment, another set of low-temperature

C-V curves were taken. The sample was warmed up to 660C where a set of

C-V curves (both quasi-static and high frequency) were taken. The sample
was immediately cooled down to 900K and the C-V curves were measured. The

sample was then warmed up and allowed to set at room temperature until the

interface state density increased to its saturation value (see the next

section). The sample was then cooled to 90°K again. Electrons were
internally photoinjected using 5 eV photons and an oxide field of approx-

imately 1 MV/cm (with substrate negative). The shift of the deep-depletion

curve was monitored to obtain a measure of the oxide charge. After the

deep-depletion curve had shifted to an almost saturation position, the internal
photoinjection was continued with a reduced oxide field of about 0.25 MV/cm

until the final saturation of the shift was accomplished. (The reduced field
was used at the end because of the possibility that the capture cross section

may be reduced at high fields). After the internal photoinjection process,

the san~twas warmed up. Another set of 66°C and 90°K C-V curves weretn tsken.

3.4(C). Theory for Obtaining Capture Cross Section

By assuming that only a single species of trap is present in the

oxide, and assuming that no detrapping is occurring during the photoinjection

procedure, the following equation can be written to describe the trapping

process:53

! 7-
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*.1 dn&

a " v n(N - nt) (3.6)n t t

where a is the capture cross section of the traps, v is the velocity of the
n

free electrons, n is the density of the free electrons, nt is the density

of the trapped electrons, and N is the density of traps.
t

If only a small portion of the injected electrons are trapped, the

injection current, J, is related to n as follows:

j - q vd n (3.7)
fd

where vd is the drift velocity of the electrons. With a field of 1 MV/cm

at 900K, vd can be expected to reach a saturation value which is somewhat

larger than the thermal velocity of the electrons at 900K,54 and, to a good

approximation, we can use vd in Eq. (3.6). Then, from Eqs. (3.6) and (3.7)

we have

dn--- a j (Nt - nt)/q (3.8)

The solution to this equation is

nt(t) - Nt (1 - exp(-o Nij)] (3.9)

where

Ninj -lftj d t

0

If we assume that the centroid of n t(t) remains the same as Nt .

then Eq. (3.9) is equivalent to

AV(t) - AVsat[l - exp(-G Ninj)] (3.10)

4where AV(t) is the C-V shift due to the presence of the trapped charges
nt(t) in the oxideand AVsat is the shift when all the traps Nt are filled.

From Eq. (3.10) we have

in (1 - '(t)/'V__t) -o Ninj (3.11)

4,
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3.4(D). Results

Figure 3.5 shows a plot of ln(l - AV(t)/V sat) against N for
three samples. Each had been high-field stressed for 30 min at fields of 7.2,

7.3, and 7.4 MV/cm respectively. The three sets of data agree well with

each other and plot reasonably well on a straight line. The capture cross

section determined from these data by use of Eq. (3.11) is a - 8.4 x 10 cm

In Fig. 3.6 we show a similar plot for three samples which were

all high-field stressed at 7.2 MV/cm for periods of 10 min, 20 min, and 60

min respectively. The data here show somewhat greater differences than

those of Fig. 3.5 and indicate capture cross sections that range from
-14 -14 2

8.4 x 10' to 9.5 x 10 cm , with the larger cross sections consistently

corresponding to smaller stress times.

The values of AVsa t obtained at E - 7.2 MV/cm were used to calculate

the corresponding values of electron trap density, N cm -2 , for various times
t

of stressing. The results, which are plotted in Fig. 3.7, suggest that the I
generation of traps tends to saturate as the time of stress increases. The

effect of the magnitude of the field at constant stress time is being

investigated.

3.4(E). Discussion

(a) Comments on the Method of Obtaining Capture Cross Section

In using Eq. (3.11) we assume that the measured saturation voltage

shift of the deep-depletion curve is the true saturation shift which corres-

ponds to complete trap filling. In fact, the measured Vsa t can be

expected to be at least slightly less than the true V sat . The result of

this error, as can be analyzed from Eq. (3.11), is to make the

ln(l - AV (t)/AV sat,measured) vs N inj plot curve up relative to the ideal

straight line. The discrepancy between the two curves is given in dimensionless

form by: (AV s ) LWtA = (Asat) Vt

A - 2
(AVsat) (1 - AV(t)/&Vsat )

where AVsat is the true saturation voltage, A(AVsat) is the difference

between thp true and the measured saturation voltages. The discrepancy is

smaller when AV(t)/AVsat is smaller. With a fixed (AV sat)/AV sat, the

initial portion of the measured curve will always give a better reading of
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:the capture cross section.

Another possible reason for nonlinearity of the measured curve may

be the existence of two or more species of traps with different capture

cross sections. If there are two non-interacting species of traps with

capture cross section a and a2 , then we have the following equation.

r - r exp(-a.Nij) + r2 exp(-o 2 inj)
AVsat

where r -N tl/(Ntl + Nt2), r2 = Nt2/Ntl + N t2. Here Nt, and Nt2 are the
1 dnties 2 ~t 2 l

total trap densities of Species 1 and 2, respectively. This equation

shows clearly that the effect of the second species of trap is to curveI the ln(l - AV(t)/AVsat ) vs Ninj plot upward. If a1 is greater than a2
by, say, an order of magnitude, then the effect of the second term will

remain small as long as Ninj is not large. Here we again find that the

initial portion of the measured curve provides a better reading for capture

cross section. If we are to find the values of both 01 and a2P we have to

be able to increase Ninj by at least two more orders of magnitude, a

' Iprocedure which may not be feasible because of limitations on intensity of the

UV source.

Finally, instead of Eq. (3.11) there is an equivalent form 55 of

Eq. (3.6) which avoids the requirement for determining AVsat' However,

this form requires the injection current to be constant, a requirement which

is quite difficult to achieve with the present experimental setup.

(b) Comments on the Results

As was shown in Fig. 3.5, the capture cross section seem to be

constant over the range of field strengths used there. However, Fig. 3.6

shows small but appreciable differences in cross section for different stress

times. Mre experimental data are required to determine whether this is due

to experimental error or is a true effect.

A value of 8.4 x 10-14 cm2 for a cature cross section might be

taken to indicate that the capturing center is coulomb-attractive and there-

fore positive in polarity before capture of an electron. No negative C-V

shift corresponding to such a positive charge was found however, on a

sample after it was high-field stressed at a field slightly below 7.3 MV/cm.

'4
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One way to explain the apparent coulumbic nature of the trapping center would

£ be to postulate the existence of compensating pairs of charges with opposite
signs. If this is true, the negative member of the pair might possibly

serve as a hole trap.

3.4(F). Summary

*The capture cross section of the electron traps generated by high-

field stress at 90 K was found to be between 8.4 x 10-14  2and
-14 2

9.5 x 10 cm . The density of the generated traps tends to saturate as

the stress time increases. At 7.2 MV/cm, the density of electron traps
110 -2

appeared to saturate at about 7 x 10 cm at stress timesof the order of

50 min.

3.5. Generation of Interface States After High-Field Stress at 900K

3.5(A). Introduction

Various investigators have reported the generation of interface
21,80,61

states in MOS capacitors after high-field stress at room temperature and

after negative-bias stress in the temperature ranges of 25 C - 1250C5 6 and

250 - 4500C. 57,58 We have reported previously25 that if the high-field

stressing was performed at low temperature (91 K), the generation of inter-
face states was not observed immediately, but instead the interface states

made their appearance only after the sample was warmed. A further study

of this subject is described in the following sections of this report.

3.5(B). Samples and Experiments

Three types of samples were used in this study. All had (100)

n-type substrates. Samples RCA-l and RCA-2 had HCI-steam grown oxides with

thicknesses of approximately 2500 R and 1950 1, respectively, on silicon

substrates having respective raiitivities of 1-2 fl-cm and 5-10 fl-cm. The

third type, Sample BTL, had a 3% HC dry-grown oxide with a thickness of

about 920 R on a silicon substrate with a nominal resistivity of 5 fl-cm.

The Al gate for RCA-l was about 1000 R thick, and the samples designated
RCA-2 and BTL had semitransparent Al gates.

The experimental procedures were as follows. A set of room-

temperature (for RCA-i) or 660C (for RCA-2 and BTL) C-V curves (quasi-

k _________

* i * -- [
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static and high frequency) were taken on the fresh sample, and the sample

was then cooled to 90 + 10K. The low temperature C-V curves (deep-

depletion and light-assisted) were taken, after which the sample was high-

.0 field stressed at a chosen field for a certain period of time. Following

the high-field stress, a set of low-temperature C-V curves were recorded.

The sample was then warmed up to room temperature (RCA-1) or 660 C (RCA-2

and BTL), and a set of room-temperature or 660C C-V curves was taken. The

sample was immediately cooled down to 900K to take the corresponding low-

temperature C-V curves. After this process the sample was warmed and

allowed to sit at room temperature. A set of room-temperature (or 66 C)

and low-temperature C-V curves were taken after certain periods of time.
In some cases, internal photoinjection of electrons was performed

at 900K immediately after the high-field stress treatment and before the

first warm-up.

3.5(C). Results

Table I shows the interface-state densities (as obtained by the

LTL method) of an RCA-l sample before and after high-field stress at 910K

with a field of 7.6 MV/cm for 22 min. N was found to be unchanged after
as

the high-field stress if the sample was kept at 910K. As the sample was

warmed toward room temperature, N increased rapidly. When the sample

was held at room temperature, N increased logarithmically with time. This

is plotted in Fig. 3.8.

Two RCA-2 samples were high-field stressed at 900K with the same

field of 7.3 MV/cm for 30 min. Table II shows the history of Nas for both

samples. Sample 4201 was warmad up to room temperature and kept at this

temperature for about 33 hrs with the gate short circuited to the substrate.
Sample 4201 was warmed up and held at 550C for 4 hrs with the gate short

circuited(interface field nearly zero). Gate voltage was then applied so

that the SiO2-Si interface field was about 1 MV/cm for an additional 3 hrs.

Again, N remained unchanged at 900K after the high-field stress. NsS

increased by approximately 37% over the initial Nas for both samples when they
were first warmed to 66 0 C for about 20 min (to take the 66°C C-V curves). If

the interface field was kept at approximately zero, Na increased at a rate

slower than the case of Table I regardless of whether the sample was at

-Z.

i l
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250C or 550C. This difference between the generation rates may be due to

the difference between the stress fields (7.6 MV/cm for Table I, 7.3 MV/cm

for Table II). If an interface field of 1 MV/cm is applied (Sample 4201),

the increase of N is accelerated.
as

Table III shows the results obtained on a BTL dry-oxide sample

which was high-field stressed at 900K with a field of 7.4 MV/cm for 30 min.

Observation of the interface states by the LTL method showed no generation of

interface states at 900K. The generation of states after warm-up is shown

in Table III. The distribution of states within the silicon bandgap,

n in cM 2 eV- 1, is shown in Fig. 3.9 as calculated by Kuhn's method
4 2

before stress, after warm-up to 65%C for 20 min, and after 14 hrs at 250C.

A prominent feature in Fig. 3.9 is the peak in n after the sample was
as

first warmed up (Curve 2). This peak gradually reduced as the sample was
held at room temperature. A similar peak in nss was observed by Roitman2 8

in the interface states generated in the Si-SiO 2 system by electron-beam

irradiation.
Figure 3.10 shows n as (cm-2 eV-I ) for the other BTL Sample. This

sample was stressed at the same field and for the same time as the sample

of Fig. 3.9, but internal photoinjection of electrons was performed before

the same was warmed. This resulted in an appreciably reduced interface-

state after warming. Also, the peak found in Fig. 3.9 is greatly reduced.

3.5(D). Discussion

The presence of holes2 3,24 ,25 at the SiO -Si interface has been

suspected to be a source of interface states. 31- 33 We have found in this

study, however, that even when the stress field is not high enough to cause

impact ionization, so that after high-field stress only a net negative charge

was detected in the oxide, interface states were still generated after the

sample had been warmed up (Table II).

The general pattern for the generation of interface states after

high-field stress at 900K can be suanArized as follows. First, no generation

can be observed for several hours at 900K after high-field stress. Secondly,

the generation rate increases as the temperature is raised. For example,

the generation of interface states was observed when one sample was warmed

up to 168 0K and then brought back immediately to 900K (see also J. J. Clement's

results in Ch. 2 of this report). Thirdly, at room temperature the interface-
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state density continues to increase slowly and follows approximately a linear

function of In t, as shown in Fig. 3.8. The generation rate can be
accelerated by the assistance of a moderate field, as in Sample 4201 of

Table II.

The peak of n in Fig. 3.9 suggests the possibility of a bond-

breaking process during the high-field stress. The height of the peak is

reduced while the width is increased as time goes on. This may indicate

that a process of atomic rearrangement is taking place at the SiO 2-Si

interface. Thermal energy may be required for the rearrangement.

From a comparison of Figs. 3.9 and 3.10 it would appear that the

injection of electrons through the SiO2-Si interface can anneal out a

considerable portion of the potential defects which, when supplied with

sufficient thermal energy, give rise to interface states. This further

recommends the possibility of the aforementioned bond-breaking process.

When electrons are injected through the interface, some of the broken bonds

may become satisfied by capture of free electrons. Further study of the

interface-generation phenomenon is indicated.

'7L
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'4. INVESTIGATION OF HIGH-FIELD EFFECTS IN Al-AI2 3 -Si CAPACITORS
(0. Bar-Gadda collaborating)

We report here on the continuation of experiments relating to

charge storage and dielectric breakdown in Al203 on silicon substrates.

4.1. Samples

The samples used in this study were fabricated at Bell Laboratories,

and we thank G. E. Smith, D. N. Boulin, and E. Labate for their aid. The

substrates of the samples were (100) 4-6 ohm-cm silicon. Both n (P-doped)

and p (B-doped) substrates were included. CVD Al 0 films were deposited
2 30

to thicknesses of 450-480 R, using two deposition temperatures: 815 C

and 9000C. The samples had Al field plates approximately 1000 X in

thickness.

As received, the MIS capacitors showed intial flatband voltages

in the range 1.0 + 0.3 V, corresponding to an average fixed oxide charge of
9 -2

2 x 10 cm

4.2. Experimental Procedurtq

The following experiments were performed on these samples:

(1) The flatband voltage, VFB, vs. time t was measured for different

applied fields, Em for both field polarities and substrate types.

(2) The time to breakdown, tB, vs. applied field, Ea, was measured

for substrate biased in accumulation.

(3) C-V curves were recorded before and after breakdown.

(4) Oscillograms of the breakdowns were recorded.

(5) Samples were observed under an optical microscope after breakdown.

All experiments were carried out at room temperature. The voltages were

applied by either of two pulse generators. The first, used in the pulse-

width range AT > 10me had a rise time of %, 10 us. The second, used in the

range AT < 10 ms, had a rise time of m 30 ns.

4.3. Results and Discussion

Figure 4.1 shows the results of Procedure (1), as described above,

for samples biased in accumulation. In general, for the p-type samples,

AVFB tended to saturate at " 4 V, then decreased, the decrease being accompanied

I ________________________I



-42-

by a large stretchout of the C-V curve. For the n-type samples, however,

no saturation is apparent. The maximum flatband shift for positive bias on

n-type is % 7 V.

For negative bias on n-type and positive bias on p-type, an

incandescent light was used to illuminate the samples so as to maintain the

inversion layer. Deep depletion would be an undesirable condition for

studying the oxide, for two reasons: (a) Part of the applied field would

appear across the depletion layer, and (b) impact ionization of carriers

in the depletion layer would create hot carriers.

The results for illuminated samples biased in inversion were

very similar to those shown in FigAl. Qualitatively, we can say that

(i) the charging is faster in the n-type sample than in the p-type sample

for a given field and polarity, (ii) the maximum AV for positive bias
FB

is greater for p-type than for n-type, (iii) saturation appeared to occur

in all cases except for positive biased n-type at the higher bias voltages. In

the case of negative bias, saturation was accompanied by large C-V stretchout

followed by a decrease in AV
FB*

The injection mechanism cannot be inferred from the AVFB vs. t

curve because nearly all types of injection will produce similar curves.

For A1203, it is believed that direct tunneling of electrons to traps plays

an important role because of the relatively low field (1-2 MV/cm) required

for measurable injection current and charge trapping and because the

measured density of electron traps (,% 10 - 1019 cm- 3) is high. We did

not study the injection mechanism. It is unlikely that ionic current plays

a role here because the flatband shift is positive for all polarities of

applied field.

A possible model for the charging process is illustrated in

Fig. 4.2. The field initially injects electrons from the Al into the oxide

(Sketch a) where some of them are trapped (Sketch b). This reduces the

injection field, decreasing the external current. The field near the

positive contact increases, and this leads to a reduction in negative charge

in the oxide (Sketch c) by a mechanism which is unclear at present.

Electron emission from neutral centers or hole trapping near the Si interface

are two possibilities. The sequence of events with positive gate bias is

probably similar to the above, but the reduction in negative charge would

- i
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not be observable because it would take place near the field plate and

consequently would not result in an appreciable C-V shift.

Figure 4.3 is a plot of time-to-breakdown vs. applied field for the

case of accumulation. The results indicate a threshold field for breakdown

of \, -4.9 MV/cm for p-type, and ,. +4 MV/cm for n-type. These fields are

lower than the "intrinsic" field strengths measured for A1203 (> 6 MV/cm),

which suggests that the breakdowns are due to weak spots or, alternatively,

that the maximum field in the oxide is significantly larger than the average

field.

Figure 4.4 shows typical C-V curves before and after breakdown.

For all cases except positive bias on n-type, a complete C-V curve from

accumulation to inversion is traceable. For(.)onn-typea nearly total

breakdown is observed in which the oxide has been completely discharged.

For the case of negative bias, there is not much change in the oxide charge

or the C-V curve, and indeed the only electrical means of noting the break-

down is the orders-of-magnitude sudden increase in current. For the case of

positive bias on illuminated p-type, two features are observed: (1) a small

positive AVFB and (2) an apparent increase in the capacitance in the weak

accumulation regime.

We illustrate in Fig. 4.5(a) a typical voltage waveform taken of a

breakdown on positively biased n-type. The breakdown discharge takes

place with a time constant on the order of 1 ps and is seen to be followed

by a series of propagating breakdowns. Observation of the sample under an

optical microscope reveals the presence of the breakdown areas. Features

very similar to those reported for self-healing or self-quenched breakdowns

are noted, such as the presence of a circular hole where breakdown is presumed

to have evaporated the metal field plate. In addition we note that the

breakdown spot displays an irregular star-shaped pattern with rays extending

from it, possibly being filamentary conduction paths or cracks on the field

plate. A final important feature should be noted. In all cases of breakdown

observed, the breakdown spots occurred very close to the edge of the field

plate. This suggests that the field at the edges may be considerably higher

than that in the rest of the oxide, and quite conceivably close to the

intrinsic field strength. An edge effect would seem to be an important

*W00



-45.-

Ow 9pfkliav vif bi:s.

±rofprtl$ getty l d ilti 0 #

(c) edur i'ed of 0 19d

FiKy 4.2. -fo~zyau r 7dn 1



-46-

1L-

;Oooor I

awl_____~4



-47-

_IEe
Is0.

* '
Li Q

v-~
C4:

3-t

i~
C4 Iui

I*-J-

C4 .%4



-48 - *
factor in the breakdown process. Finally, we note that high-field breakdown

4 at the edges seems to imply the absence of pinholes 
or other severe weak

-~ spots in the film.
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5. CORONA AND MIS STUDIES OF HIGH-FIELD EFFECTS IN Al 0
(S. S. Li collaborating)

5.1. Introduction

Several investigators have observed that holes are generated

and captured within the Al20 3 when the sample is exposed to X-rays
69 or

V radiation. 70 ,7 1  Positive charging is also observed in Al203 after

exposure to negative corona at high fields.27 In this chapter we present

experimental evidence which indicates that the positive charging observed

in Al20 3 is due to the trapping of holes.

We have also investigated electron trapping in Al203. For this

purpose we have utilized an internal photoemission of electrons into

the Al 0 under a low positive field. If we assume that the electron
2 3

traps are uniformly distributed through the bulk of the oxide and that

all have the same cross section, our results indicate a trap concentra-

tion of 1.9 x 1018 cm-
3 and an electron trapping cross section of 3 x 10

-13

2
cm

5.2. Samples and Experimental Apparatus

The samples, which were fabricated at Bell Laboratories, had a
900°C pyrolytic Al203 film with a thickness of about 450R. The substrate

was n-type (100) silicon with 8-12 Q-cm resistivity. The front Al gate

of the MIS structure used in the photoinjection experiment was semi-

transparent.

The set-up for the corona-charging experiment was described

in Reference 23. The photoinjection experiments were performed with the

iample mounted in a chamber which could be evacuated to a pressure of

approximately 1 micron. The sample was exposed to UV light through a
silica window. A Keithley 610B electrometer was used to monitor the
external flow of charge. Charge storage in the insulator was determined

from the flatband voltage of the MIS structure as measured at 1 )Mz.

5.3. Constant-Current Negative Corona Charging

Negative corona was applied to charge the bare surface of the

Al203 sample. The surface potential and flatband voltage as functions

of the charging time are shown in Fig. 5.1 for three different current

levels. Initially, the surface potential buildup and the flatband voltage

decay are very fast. Negative flatband shift corresponds to the loss of

"4



1. -51-

4-

4.F

(volts)

threediff ren -eat rernturn lvl.

qat* ('ft

4--3

F. - .1 Th ul-po-hufc ptniladtefabn



I K -52-

negative charge or the gain of positive charge. With high charging

current and long charging times, the flatband voltage falls lower than

-1 volt, indicating that a net positive charge exists within the oxide.

If the charged sample is exposed to low-level negative corona

for a time, the C-V curve will shift to the right side. This indicates

that part of Mhe positive charge has been annealed out by the electrons

injected from the front surface.

When a fresh sample is thermally annealed in vacuum at 5000 C

for one hour, klo flatband shift is observed. This indicates that the

negative charges within the fresh sample may be due either to deeply

trapped electrons or to fixed negative charges. The positive charges

found after negative corona treatment can be reduced appreciably if

the surface charge is neutralized and the sample is annealed in vacuum

at 300 0 for 50 minutes. A 3 V positive flatband shift is observed with

this treatment.

5.4. MIS Experiments

As is shown In Fig. 5.2, biasing the MIS capacitor to an

average field of -4.7 MV/cm for 10 minutes causes a positive flatband

] shift and a large hysteresis that was not present in the C-V curves of

the fresh sample. As the sample biasing time is increased, the C-V

curves begin to shift to the left, indicating a loss of negative charge

or a gain of positive charge. This agrees with an observation made by

Tsujic'e. 72The hysteresis can be attributed to the injection of electrons
which neutralizes holes captured close to the interface. It appears that

positive charge trapping exists only after negative biasing. There are

several possibilities: 2

(a) Holes may be injected from the substrate.

(b) Electrons may tunnel out of neutral centers and leave positive

charge behind.

(c) Injected electrons from the front surface might obtain enough

energy to impact-ionize the lattice or neutral traps. The generated holes

may then be captured.
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Impact ionization will depend very much on the mean free path

of the charge carriers in the oxide. The optical phonon scattering

length is about 4-5 R, 70,71,73 which is one-sixth of that in SiO2
74'75

and the optical phonon energy is about 0.1 eV. Taking this into account,

we can see that the number of hot electrons will be quite limited. Also,

it is probable that generated holes will suffer geminate recombination

even in high fields.71  Therefore, impact ionization appears to be an

unlikely source of holes.

From the above argument, we propose the following charge-

trapping model for the Al-Al203-Si structure under negative high-field stress.

Electrons can tunnel from the Al gate and be captured in the bulk of the

Al 0 Holes are injected from the substrate and are trapped. Thecentroid of the trapped electrons is close to the front surface, but the

centroid of the holes is near the Al 20 3-Si interface (Fig. 5.2). The

electron and hole trapping reduces the field at both interfaces, thus

enhancing the field in the bulk. This explains why the current decays

with time,and will also be a factor in the breakdown of the oxide.

5.5. Capture Cross Section and Concentration of Electron Traps

The Al-Al 2 03-Si sample was held at a bias of 1.2 MV/cm until

the dark current fell below 10 A/cm 2 . Electrons were then photoinjected

from the substrate into the Al203 by 5 eV UV light. The external current

and the flatband shift were measured after each 30-sec interval of exposure.

It has been shown by Harari and Royce69 and by N. Johnson, 76 using

the results of photodepopulation experiments, that electron traps are

distributed almost uniformly through the bulk of the oxide. Therefore in

our analysis we assume that the traps are uniformly distributed and that

all the traps have the same electron trapping cross section. Under the

assumption that photodetrapping and field detrapping are small enough to be

neglected, the equations which determine the trapped electron concentration,

nT(xlt), are
7 7

a3n.(x,t)
q aX (5.1)

and
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4 3nT(x, t)
q t = oj(xYt) (NT - nT(x,t)I (5.2)

where a is the electron captte cross section. The solution is77'78

nT(x,t) - NT[exp(o Ni J) - 1]/(exp(a Nln j ) - 1 + exp(o NTX) ]  (5.3)

where Ninj is the nunber of injected electrons per unit area and is given by

Ninj Cox AV FB/q + Q ext/q (5.4)

Here Qext is the amount of charge that flows through the external circuit
during the photoinjection process.

The effective trapping efficiency is defined by

(N d(Cox AV FB/q)nef(Ni.) ox FB(5.5):! eff inJ d Nin

Thus,

n ef(0) 1- (1 -exp(- a N to)]/o N t (5.6)efT ox ]I T t0  (.6

From. Eq. (5.5) we see that the initial slope of C oxAVFB/q vs Nin j will

give n eff(0), which can be used to determine NTU. In Fig. 5.3 we show

the experimental data. These fit the theoretical calculation very well

with the values NT = 1.9 x 1018 cm-3 and a - 3 x 10-l' cm2 . Our measured
trap density is consistent with the number of negative trapped charges,
1017 - 1018 cm"3 , measured by Mehta, Butler, and Feig179 in their samples

of Al 203

The centroid of the electron trapping vs Ninj. as calculated

from n and AVFB, is plotted in Fig. 5.4. The centroid advances from
139 R to 181 g gradually until the photoinjection is stopped. The initial
electron trapping efficiency is computed to be 92.22.

5.6. Discussion
Trapped holes are observed after the Al 0 has been under negative

2 3
high-field stress.* The small electron-optical phonon scattering length
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.1 leads us to believe that impact ionization is not the principal source of

I the trapped holes. The tunneling of holes from the substrate or an

out-tunneling of electrons fromn neutral centers seem to be likely mechanisms.

Electron trapping near the negative electrode and hole trapping near the

positive electrode can account for the observed decay in current as time

goes on.

Under the assumption of uniformly distributed traps and uniform

trapping cross sections, we find the electron trap concentration to be

1.9 x 10 18cm 3in our samples. The electron trapping cross section is found

to be 3 x 10 cm .The magnitude of this cross section makes it appear

likely that the traps are coulomb-attractive in nature.

We plan to study the electron injection mechanisms and expect

also to investigate the spatial and energy distributions of the captured

electrons.
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