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Abstract--Photocurrents associated with optical release of photoinjected electrons trapped in thin 
films of amorphous sificon dioxide have been studied. Temporal and spectral variation of the photo- 
currents were examined in detail: the effects on spectrally resolved response caused by variations in 
applied electrical field, wavelength sweep rate, and optical belaching are reported. All measurements 
were made on metal-oxide-semiconductor capacitors. The experiments werd interpreted in terms of 
a straightforward model of optical excitation and transport of electrons out of localized energy levels 
in the silicon dioxide band gap. Semi-quantitative analysis indicated that a distribution of states peaked 
approximately 2.1 eV below the conduction band edge was associated with an electron trapping center 
distributed rather uniformly throughout the oxide film. In the wet thermal oxide specimens examined, 
the average density of trapping centers was greater than 10 ~4 cm -3. A time-stable spread in energy of 
approximately 0.5 eV was measured, and was attributed to local disorder in the amorphous insulator. 
The existence of an optically inactive charge distribution in the oxide films, with bulk average density 
greater than 1015 cm -3, was indicated by collected charge vs. applied field data. 

1. INTRODUCTION 

RECENTLY there has been intense interest in 
the defect structure of thin films of silicon 
dioxide due to their extensive use as passiv- 
ating and insulating layers in the silicon planar 
technology [1,2]. Interface charges and states, 
at or near oxide-metal and oxide-semicon- 
ductor boundaries, are of major importance in 
device and integrated circuit performance. 
Interface states of primary interest are associ- 
ated with electron or hole levels lying ener- 
getically in the semiconductor forbidden gap, 
and may be associated with impurities, struc- 
tural defects, or general disorder in the vicinity 
of the semiconductor-oxide interface [3, 4]. 

Interface phenomena in metal-oxide-semi- 
conductor (MOS) structures have been studied 
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in great detail using electrical techniques-  
primarily capacitance and differential conduc- 
tance measurements [5-10]. These techniques 
are most sensitive to charge variations at the 
semiconductor-oxide interface. Photoemis- 
sion measurements [ 11-17] have been used to 
determine the energy band diagram for the 
MOS structure (particularly interface barrier 
heights in metal-silicon dioxide-silicon sys- 
tems) and to study electronic injection into 
the silicon dioxide film [11, 12, 18-22]. 

Structural defects and impurities in the 
bulk of the insulator may produce energy 
levels lying in the forbidden gap of the in- 
sulator. These states may constitute trapping 
levels for electrons or holes. Charge trapped 
at these sites can affect both the electrical and 
optical properties of the insulator, and may 
affect the properties and performance of the 
device in which it is incorporated. There has 
been some interest in the relation between 
impurity and defect centers in the oxide bulk 
and the defect structure at the interfaces [23- 
25], and considerable speculation exists on the 
role played by oxide impurities and defects 
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in degradation of  device performance by am- 
bient radiation [26-30]. 

The deep trapping states associated with the 
insulator bulk can also be studied by the opti- 
cal or electrical measurement techniques men- 
tioned above. Both capacitance and conduc- 
tance techniques have been used to study 
fixed charge [31] and mobile charge migration 
[32] in the silicon dioxide layer of  an MOS 
structure. Photoemission techniques have also 
been used to examine the role of  trapping 
phenomena in controlling electronic transport 
into and across thermally grown oxide films 
[11, 12, 18-22]. The recent detailed studies of 
PoweU indicated that trapping effects are 
negligible in thin films[20, 22]. This differs 
from the earlier interpretation of Williams and 
Goodman for thick films [11, 12, 17]. 

In a recent communication the present 
authors presented the results of  a study on 
defect-related electronic properties of  thin 
f i l l s  of silica incorporated in an MOS struc- 
ture[33]. The characteristics of an electronic 
state distribution apparently associated with 
an electron trapping defect in silicon dioxide 
produced by steam oxidation of silicon were 
reported. The observed photoconductive 
response was associated with a relatively 
symmetric inhomogeneously broadened state 
distribution, approximately 0.5 eV wide and 
centered approximately 2-1 eV below the 
conduction band edge in silicon dioxide. The 
maximum concentration of  the charged de- 
fects in the samples studied was typically 
1014 cm -~ (bulk average), in agreement with 
that reported by Williams [11]. 

The present paper presents a detailed des- 
cription of  the measurements described in the 
communication [33]. In addition, several 
previously unreported experiments, inde- 
pendently supporting the conclusions of the 
communication, are described and analyzed 
in detail. 

investigation are as described in the communi- 
cation[33]. MOS devices were used in all 
measurements. The samples were steam grown 
oxides on degenerate n-type silicon substrates 
((111) orientation, resistivity of order 10 -5 
l~-cm) obtained from two different sources 
(see Table 1).* Oxide thickness ranged from 
1 to 4/zm. The oxide thickness was deter- 
mined by measurement of  the wavelengths of  
interference fringes in normal reflectance 
spectra. The measurements agreed closely 
with thickness determinations via interfer- 
ence effects in photocurrent spectra, described 
by Goodman [12, 34]. 

Table 1. Thermal oxide specimens used in the 
present investigation. All specimens were 
fabricated by a s team-air  oxidation process 
on (111) orientation degenerate n-type silicon 
substrates. Substrate resistivities were 0.005- 

0-015 f~cm 

Sample number Source Oxide thickness 

1 RCA-Princeton 4-0 p.m 
2 Bell-Murray Hill 2-5/zm 
3 Bell-Murray Hill 4-2/xm 

Semi-transparent gold films vacuum evap- 
orated on the silicon dioxide layer were used 
as the metal electrode of  the MOS capacitor 
(to allow illumination of the oxide in the pres- 
ence of an external applied field). The semi- 
transparent electrodes were typically 2 mm × 
10 mm × 10 -~2 p.m thick. The thickness of the 
semi-transparent electrodes was determined 
by comparative transmittivity measurements 
at 800 nm, using a Beckman i.r. spectrophoto- 
meter[34]. The transparent electrodes were 
in contact with a 2 mm dia. × 1 ~m thick vapor 
deposited gold dot for probe contact, and the 
clean back surface of  the silicon substrate was 
provided with a vapor deposited 1 p.m thick 

2. EXPERIMENTAL DETAILS 

Specimen preparation and experimental 
techniques and equipment used in the present 

*Samples used in the present investigation were 
obtained through the generosity of Dr. Richard Powell of 
Bell Telephone Laboratories, Murray Hill, and Dr. Alvin 
Goodman of the RCA Laboratories, Princeton. 
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gold overlayer to insure noise-free contact to 
the external circuitry. 

The basic instrumentation used in the ex- 
perimental program is illustrated in Fig. 1. 
It consists of a light sourcd (either an u.v. 
source consisting of the unfiltered output of a 
60 W deuterium lamp limited by silica optics, 
or  the monochromatic visible source illus- 
trated in Fig. 2), a specimen chamber, and the 
external circuit electronics. The electronic 
circuitry consisted of a variable voltage supply 
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I CHAMBER L ~ - , ~  l MONOCHR(~MATIC 
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Fig. 1. Block diagram of experimental system used for 
photoinjection and photodepopulation measurements. 
As indicated in the diagram, the front surface mirror was 
used to select u.v. radiation (wavelength hi, for photo- 
injection) or visible radiation (wavelength h2, for photo- 

depopulation). 
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Fig. 2. Schematic representation of the optical system 
used for photodepopulation measurements. 

(batteries and a potentiometer), a Keithley 
model 600 A battery-operated electrometer, 
and a variable speed strip chart recorder. 

A cylindrical specimen chamber was out- 
fitted with large vacuum flanges at both ends. 
A supersil window in one of the end flanges, 
and several sideport electrical and gas valve 
connections, were vacuum sealed. The speci- 
men was mounted on either of  two brass blocks 
in a vertical plane by a pressure front contact. 
For  room temperature measurements, a brass 
block was mounted on a thick teflon slab 
attached to the interior of  the end flange op- 
posite the optical window. For  measurements 
between 80 K and room temperature, the 
brass sample mounting block constituted the 
cold finger of a quarter-liter capacity glass 
liquid nitrogen dewar. The cold finger of  the 
dewar was inserted into the chamber through 
a standard vacuum feedthrough. Teflon was 
used to insulate all electrical and mechanical 
contacts to the specimen mounting block and 
front contact probe. The specimen could be 
examined in various ambien t s -vacuums  
below 10 -s ton-, inert gases, or dry air (using 
dessicants). 

The basic experiments executed in the 
course of  this investigation can be described 
in terms of the very schematic energy level 
diagrams in Fig. 3. As indicated by Figs. 1-3, 
the important variables in all the experiments 
are (1) applied voltage across the MOS 
capacitor (sign and magnitude) and (2) il- 
lumination conditions (intensity and spectral 
distribution). The variable which was mea- 
sured was the current in the external circuit. 
This was generally interpreted as a photocur- 
rent. A given experiment consisted of two 
steps-photoinjection of charge carriers into 
the si/ieon dioxide, and photodepopulation of 
the filled trapping levels, under controlled 
conditions, producing photocurrent in the 
external circuit. These processes are dis- 
cussed separately below. 

(a) Photoinjection 
Defects  and impurities in a solid can act as 
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Fig. 3. Idealized energy band diagram of (a) the photo- 
injection process and (b) the photodepopulation process. 
In both cases, the semi-transparent gold electrode is 
biased positive with respect to the silicon substrate. 
Electron transport is thus from Si to Au, as indicated. 
hv~ and hv2 are the incident photoenergies during photo- 
injection and photodepopulation, respectively. The sub- 
scripts C, Y and T indicate conduction band edge, valence 
band edge, and inter-band trapping level, respectively. 

EF is the Fermi level and Evac the vacuum level. 

electron and hole trapping centers, since the 
electronic states associated with these centers 
may be relatively well localized and be associ- 
ated with one-electron energies within the 
forbidden gap of the insulator[35-38]. In 
the present experiment, electrons are intro- 
duced into the silicon dioxide conduction band 
by photoemission from the optical surface of 
the silicon electrode. Photon energies hvl 
greater than the Si-SiO2 barrier height 
EB = Ec(SiO2)--Ev(Si) are required (See Fig. 
3(a)), and the photoemission and transport 
across the oxide are most efficient in the pres- 
ence of relatively high accelerating fields. 
Some fraction of the electrons introduced into 
the insulator conduction band are captured 
into stable deep traps, at energy Er (Fig. 3(a)). 
This technique for obtaining measurable con- 
centrations of charged traps (populated deep 
trapping levels) is referred to as photoinjection. 

Previous investigations have shown that the 
photoinjection process involves essentially 
electronic rather than hole injection into the 
insulating layer of the MOS sandwich [11, 12. 
18]. The basic photoemission experiments of 
Williams [11] and Goodman [12] were repeated 

in connection with the present research. For 
the specimens used, the threshold for strong 
photoemission occurred at photon energies 
of approximately 4-2 eV (Ec(SiOz)--Ev(Si)), 
with a long wavelength tail due to weak photo- 
emission exhibiting a threshold of approxi- 
mately 3. I eV (Ec(SiO2) -- Ec(Si)) [12, 14.19]. 

Utilizing the full output of the u.v. source 
described above, and applied fields of approxi- 
mately 5 × 105V/cm, photoemission currents 
of order 10 -9 A were observed. These condi- 
tions produced stationary bulk average trap 
concentrations of order 10 ~4 cm -3 in times of 
30 min[ll] .  These 'standard fill conditions' 
were used throughout the program of measure- 
ments, except as specifically noted. 

(b) Photodepopulation 
The photoinjection technique just de- 

scribed permits the electronic properties of 
charged defects to be studied without the usual 
complication of irradiating the material with 
ionizing photons or particles[39]. Detailed 
information on the electronic structure of the 
charged defects obtained by photoinjection 
can be in principle obtained by optically 
stimulated trap emptying, as described by 
Bube[40]. This, basically, is the technique 
used in the present study-photodepopulation. 

Traps filled by photoinjection of charge are 
optically active, that is, they can be emptied 
by photons of the proper energy hv2 > 
Ec(SiOz)--Er(Si02) (see Fig. 3(b)). De- 
population of' the trapping centers was ac- 
complished by illuminating a trap filled sample, 
subject to high electric fields, with the high 
intensity monochromatic source described 
above (Fig. 2). Electrons trapped in defect 
centers were thus excited to the conduction 
band of the silicon dioxide (Fig. 3(b)). Under 
the influence of the applied field, the photo- 
excited electrons were swept out of the oxide 
to one of the two electrodes. Current due to 
the transport of optically excited electrons 
was recorded as a function of time and wave- 
length of incident illumination in the external 
circuit. Experiments performed can be 
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classified as time resolved and spectrally 
resolved measurements. 

Time resolved photodepopulation. If an 
MOS specimen charged by photoinjection is 
illuminated by monochromatic radiation of 
frequency v2, all traps with energy Ec(S iO2) -  
Er(SiO~) less than hv~ can be emptied and the 
resultant charge collected on one of  the sample 
electrodes. This assumes that no retrapping or 
recombination occurs within the oxide. The 
external circuit photocurrent, recorded as a 
function of time under constant illumination 
conditions and fixed voltage, is denoted time 
resolved photodepopulation. Results of time 
resolved photodepopulation experiments are 
exhibited in Fig. 4. The variable parameter for 
the several curves is the voltage applied across 
the MOS capacitor. 

Spectrally resolved photodepopulation. As 
indicated in Fig. 2, the monochromatic visible 
light source used in photodepopulation ex- 
periments was designed so that the illumina- 
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Fig. 4. Time resolved photodepopulation response for 
sample number 1. Electrode area 0.18era ~. Positive 
polarity refers to gold electrode biased positive with 
respect to silicon substrate. (a) positive photocurrent 
(net electron transfer from silica to gold), (b) negative 
photocurrent (net electron transfer from silica to silicon). 

Monochromator setting h~ = 450 nm, band pass 20 nm. 

tion wavelength could be driven at a constant 
rate /3 = dMdt (measured in nm/sec). Photo- 
injected charge can thus be released while 
sweeping the monochromator from long to 
short wavelengths at a constant rate. The ex- 
ternal circuit current, recorded as a function 
of time, can then be interpreted as a spectral 
resolution of the photocurrent (photocurrent 
vs. wavelength), using the relation X = h0 +/3t. 
Here X0 is the starting wavelength. This 
measurement is denoted spectrally resolved 
photodepopulation. Figure 5 exhibits spec- 
trally resolved photodepopulation data typi- 
cal of most specimens examined during the 
present experimental program. This is the raw 
data from which the experimental points of 
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Fig. 5. Spectrally resolved photodepopulation data for 
sample number 1. Electrode area 0.18 cm 2. Monochro- 
mator sweep rate, /3, was 0.3 rim/see. This is a strip 
chart recorder tracing, with noise fluctuations smoothed. 

Fig. 2 of Thomas and Feigl [33] were obtained. 
Undulations in the data are due to thin film 
interference effects, as described in the earlier 
communication [33]. These effects are 
analyzed in the Appendix to the present paper. 

3. EXPERIMENTAL RESULTS 

(a) Time resolved measurements 

Time resolved photodepopulation mea- 
surements, as described in Section 2(b), have 
been performed with applied voltage varied 
as a parameter. Traps were populated accord- 
ing to the set of 'standard fill conditions' 
described in Section 2(a). The monochromatic 
depopulation source was set at 450 rim, with 
a 20 nm band pass. Photodepopulation current 
at a given applied field was recorded on the 
strip chart recorder, and is indicated in the 
insets on Fig. 6. The time resolved photode- 
population data were mechanically integrated, 
and total collected charge was plotted as a 
function of  the applied field. These are the 
data points exhibited in Fig. 6. 

As indicated in Fig. 11, applied fields in the 
oxide were defined as positive for electron 
acceleration towards the metal electrode, and 
current was defined as positive for electron 
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Fig. 6. Charge collected as a function of applied field 
during photodepopulation. Sample number I, electrode 
area 0-18 cm z. Positive voltage refers to gold electrode 
biased positive with respect to silicon substrate; positive 
charge refers to net electron transfer from silica to gold. 
The insets (1~, vs. t) represent time resolved responses 

from which data points were calculated. 

currents in the external circuit from the metal 
electrode to the silicon electrode. A net posi- 
tive collected charge thus corresponded to a 
net negative charge collected at the metal 
electrode (i.e., a net electron transport from 
the insulator to the metal electrode). 

The important features of  the data shown in 
Fig. 6 can be summarized as follows: 

1. For  large positive and negative applied 
fields, the charge collected tended towards a 
saturation v a l u e - t h e  positive and negative 
saturation charges were not equal; 

2. For  zero applied field, a negative photo- 
current was observed, corresponding to a net 
negative charge collected on the silicon elec- 
trode; and 

3. At some positive applied field, the net 
charged collected was zero. 
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(b) Spectrally resolved measurements 
Spectrally resolved data were obtained 

after traps had been populated according to 
the set of 'standard fill conditions' described 
in Section 2(a). The following 3 depopulation 
parameters were varied and their effects on 
the spectrally resolved photocurrent response 
studied in detail: (1) depopulation voltage; and 
(2) monochromator sweep rate. 

Depopulation voltage variations. Photo- 
current responses exhibited in Fig. 7 were ob- 
tained for different applied voltages during 
dopopulation. Throughout this series of mea- 
surements, illumination conditions were held 
constant: monochromator passband of 20 nm, 
monochromator sweep rate of 0.3nm/sec 
(refer to Section (2b) and Fig. 2). 

There are two important features of the 
data of Fig. 7. First, the shape of the spectrally 
resolved photocurrent response did not vary 
significantly with applied field, and second, the 
amplitude of the spectrally resolved photo- 
current response was a strong function of 
applied field. By changing the wavelength axis 
of the data to time and integrating these data 

to find total charge released, the charge vs. 
applied field data of Fig. 6 were reproduced 
within the error of  the measurements. 

Sweep rate variations. The spectrally 
resolved photocurrent response was observed 
to vary with sweep rate, as described in 
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Fig. 8. Spectrally resolved photodepopulation response 
for various monochromator sweep rates. Monochromator 
band pass 20 nm/sec .  Sample number 1. Photocurrent is 

shown normalized to maximum value. 
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Fig. 7. Spectrally resolved photodepopulation response for 
various applied voltages. Sample number 2, electrode area 
0.18 cm-% Monochromator sweep rate 0.2nm/sec, band pass 
20 nm. Positive voltage refers to gold electrode biased positive 

with respect to silicon substrate. 
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Thomas and Feigl[33]. Figure 8 shows photo- 
current response for selected sweep rates 
( f l=dMdt ,  in nm/second-refer  to Section 
2(b) and Fig. 2). Fill conditions and depopula- 
tion voltage were constant-voltages were 
set in the positive saturation region of Fig. 6. 
Data shown were normalized to maxima in 
order to emphasize the strong variation of the 
shape of the spectraUy resolved photocurrent 
response with sweep rate. In general, the re- 
sponse peak position shifted to shorter wave- 
lengths with increasing sweep rate. The varia- 
tion was largest at the largest sweep rates, and 
the normalized response curve became sta- 
tionary at the smallest sweep rates. Photo- 
current response amplitude was observed to 
decrease with decreasing sweep rate. The 
total amount of charge released by sweeping 
from 700 to 450 nm was constant, except at 
the fastest sweep rate. 

(c) Optical bleaching measurements 
The effect of optical bleaching on the photo- 

current response has been studied. Traps in 
the insulating film were again populated ac- 

cording to standard fill conditions (Section 
2(a)). A time-resolved photodepopulation 
measurement was then performed, with the 
monochromator set at wavelength kb for a 
period of 20 min. Subsequent to this, spec- 
trally resolved photocurrent response was 
measured from 700 ~o 450 nm at a sweep rate 
of 0.3 nm/sec. This sequence was repeated 
for a number of different bleaching wave- 
lengths k~. The spectrally resolved photo- 
current data Ixb(k) is exhibited in Fig. 9. Data 
for each bleaching wavelength were then 
normalized to the i.r.-bleached data (1750(h)= 
Ii.r.(h)), and 'bleaching profiles' were plotted, 
as indicated in Fig. 10. 

The bleached photocurrent response (Fig. 
9) and the bleaching profiles (Fig. 10) indi- 
cated that the portion of the spectrally re- 
solved photocurrent response with wavelength 
k > kb has been eliminated by the bleaching 
treatment (i.e., by illumination at wavelength 
kb). In general, some reduction of photo- 
current response across the entire range of 
wavelengths was observed (Fig. 10). Bleaching 
at k~=450nm completely eliminated the 

Xb(n.m,) 
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/ / 

k /  o.6- 575 ! -t o o \\j 
o .*-_ -r ..~ 

o . o  1 
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Fig. 9. Spectragy resolved photodepopulation response 
subsequent to a twenty-minute optical bleach at the indicated 
wavelength kb, using a 10 nm monochromator band pass. as 
indicated. Sample number 1. Spectrally resolved data ob- 
tained with monochromator sweep rate 0.3nm/sec, and 

monochromator band pass 20 nm. 
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Fig. 10. Bleaching profiles. Bleached spectrally resolved 
photodepopulation responses (Fig. 9) were normalized as 
indicated to the 7 5 0 n m  bleached spectrally resolved 

response li.r.(k). 

spectrally resolved photocurrent response. 
One important feature of this data was that 
the shape of the bleaching profiles (Fig. 10) 
was not a strong function of the bleaching 
wavelength h~. 

4. ANALYSIS 

Implicit in the conclusions of the Thomas 
and Feigl communication[33], and in the 
description of experiments in Sections 2 and 3, 
was a particular and relatively detailed model 
of the optically stimulated trap emptying pro- 
cess in thermal silica films. In this section, the 
assumptions and approximations of this model 
are stated, the results of analytical solutions 
of the model problem are presented, and the 
results of a numerical analysis of the experi- 
ments within the framework of the model 
problem are given. The three major results of 
Section 3 are analyzed separately (the 
collected charge vs. applied field data of Figs. 
6 and 7, the variable sweep rate measurements 
of Fig. 8, and the bleaching profile of Fig. 10.) 
Emphasis is on a comprehensive qualitative 
description. A complete critical discussion of 
the overall logic will be presented elsewhere. 

The analysis of the photodepopulation ex- 
periments began with the presumed results of 

the photoinjection process (Section 2(a)): the 
existence, throughout the bulk of the insu- 
lating film, of a distribution of trapped elec- 
tronic (negative) charge nrp(x, E) = nTp'(X)p"(~.), 
where x is the depth from the metal-oxide 
interface and e is the energy separation of the 
trapping level from the conduction band edge, 
Ec-E .  The injected trapped charge distribu- 
tion was presumed homogeneous in the plane 
of the film, so that the only spatial variation of 
concern was along the x-direction, perpendicu- 
lar to the plane of the film. No presumption 
was made regarding the nature of the trapping 
sites (i.e., whether they were neutral before or 
after trapping the electrons), so the net charge 
of the insulator was not specified. In order to 
avoid complications not relevant to the pres- 
ent experiments, the charge distribution 
nrp(x, e) existing after a standard fill was 
explicitly assumed to represent a situation in 
which all available electron trapping centers 
of a given type are charged (i.e., have trapped 
an electron)*. 

A further assumption had to be made con- 
cerning the distribution of charge within the 
insulating layer. It was assumed that there 
was a charge distribution NrP(x) distributed 
throughout the insulator film. This charge 
distribution, which was designated as thefixed 
charge to distinguish it from the injected 
nrp(x, E), was also presumed to be homo- 
geneously distributed in the y and z directions 
(the plane of the film). The distribution NrP(x) 
represented any deviation from neutrality on 
a microscopic or macroscopic scale not associ- 
ated with the injected trapped charge nrp(x, ~). 
For simplicity, NrP(x) was presumed homo- 
geneous in sign throughout the film. ~NrP(x) 
was presumed to be invariant throughout the 
photoinjection-photodepopulation process 
described in Section 2. 

*This assumption, although critical in regard to the 
current very active dispute interest concerning transport 
and current injection in MOS structures, was made here 
for convenience only. The  present experiments did not 
allow a critical statement to be made on this point. 
Further  comments shall be made in Section 5. 
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Figure 11 presents a summary of the model 
used for the M - O - S  structure. Both elec- 
trodes (the silicon substrate and the semi- 
transparent gold electrode) were treated as 
low resistivity contacts. Again, this assump- 
tion was made for convenience since the pres- 
ent experiments did not critically test the 
interface situation. The electrode properties 
only entered the determination of the optical 
intensity within the oxide film, as discussed 
in the Appendix. 

The three major experiments described in 
Section 3 will be separately analyzed within 
the framework of the model summarized in 
Fig. 11. In each case, a simplified model for 
optical excitation and electronic transport 
within the insulator was used, together with a 

INJECTED I 
CHARGE - I ' ITp IX)  

I 

+ 

! 

CURRENT 
+ CONVENTION 

Au Si o z si 

al+ CON ENT,ON I° 1 
I.nTp',x,.N.r',,,,I I 

x~o X-~L 
I 4- = 
I 

! 
i 

L 

5=~o xp~tx)ax 

N T V V. 
e x r ' (x )dx  = E - - L  

Fig. 11. Schematic representation of MOS capacitor 
model employed in analyzing data. K is the static dielec- 
tric constant of bulk amorphous silica. Field and current 
conventions are as indicated. A representative injected 
charge distribution nrp' (x) and internal fields associated 
with a representative fixed charge distribution NrP(x) 
are indicated in the diagram. I~ is the photocurrent, and 
V, the applied field, must be corrected for the difference 
between the gold work function and the silicon electron 

affinity. 

specification of  the injected charge distribu- 
tion p(x, ~) appropriate to the experiment. 

(a) Collected charge vs. applied f ield mea- 
surements 

In analyzing the time resolved photode- 
population measurements,  it was assumed that 
the quantum energy of  visible radiation 
(hv2 of Fig. 3) was greater than the trap depth 
e = Ec(SiO2)-  E of any of the states in the 
distribution p(~, x). Further  it was assumed 
that all traps were emptied at a uniform rate 
proportional to the photon density. Once ex- 
cited into the conduction band, released elec- 
trons drifted to one or the other electrode, 
without retrapping, under the influence of the 
internal fields arising from resultant of the 
fixed charge distribution NrP(x) and the 
applied voltage V. 

The simplest statement of this complex of 
approximations is depicted schematically in 
Fig. 12. In terms of the distribution described 
above, it was assumed that 

nrp(x, ~) = nr~(E-- ~r)p' (x) and nr ~ Nr 

where 

L p ' ( x )  d x  = P ( x )  dx  = 1. 

Throughout the photodepopulation process 
the density of filled traps was assumed to vary 
according to nr(t) -- exp (-att) ,  with at propor- 
tional to photon density. Thus, nr and Nr are 
the total amount of injected and fixed charge 
per unit area, respectively. 

The problem reduces to an ideal parallel 
plate capacitor analysis, with the result that 

dq(V/L) = _ , ,  p'(xo[V/L] 

d(V/L) P(xo[V[L] 

for applied fields below saturation (refer to 
Fig. 4). Here, r is the static dielectric constant 
of  the oxide (presumed equal to the bulk 
value), q is the net charge collected from re- 
leased carriers and Xo[V/L] is the zero field 
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Fig. 12. Schematic representation of electronic structure model for SiO2 
used in analyzing time resolved photodepopulation data. For photon energy 
hvz > er, electrons are excited from the trap level at er to the conduction 
band. The inset at right contains a synopsis of results to be expected in 

collected charge vs. applied voltage experiments. 

position in the insulator at an applied field 
V/L  (see Fig. 11). The collected charge satu- 
rated (i.e., d q / d ( V / L )  = O) for positive 
(negative) applied fields exceeding the maxi- 
mum negative (positive) internal fields associ- 
ated with the fixed charge NTP(x). The posi- 
tive and negative saturation charges were 
designated q + and q --, respectively. 

In principle, the spatial distribution of both 
the fixed and injected charges could be deter- 
mined from the charge vs. applied field curve 
if an independent determination of either one 
could be made. In practice, only the ratio has 
been determined. However, four important 
characteristics of the relevant spatial distribu- 
tion were specified: 

(1) The average density (number per cm 3) of 
filled traps 

n__z = q+ + Iq-[ 
L eL 

where e is the electronic charge, 
(2) The centroid of the filled trap distribu- 

tion 

fi ' q+L 
= x o '  (x) d x  -- q+ + Iq-I 

(3) The average density of fixed charges 

m r =  K (V++lv_l), 
L eL 2 

(4) The centroid of fixed charge 

f (  __ V +L 
v++ IV-I" 

A summary of the analysis just described is 
also illustrated in Fig. 12. A tabular summary 
of results obtained from the data of Fig. 6 is 
given in Table 2. 

(b) Variable sweep  rate m e a s u r e m e n t s  

In analyzing the spectrally resolved photo- 
depopulation experiments, the ideal capacitor 
model for the MOS structure was assumed 
(Section 4(a)). In addition, a specific model for 
an extended distribution of trapping states 
p"(e) was assumed. It was again assumed that 
traps were emptied into the conduction band 
at a rate proportional to the photon density, 
but that only traps with energy relative to the 
conduction band edge less than hv2, the quan- 
tum energy of the excitation source, were 
excited. 
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Table 2. Characteristics o f  injected 
and fixed charge distributions. The 
centroid of the injected charge dis- 
tribution was determined to be inde- 
pendent of  the voltage appliedduring 

photoinjection 

Injected charge distribution 

n---T-r = (0-60__+0-05) x 10 TM cm -s 
L 

- -  = 0-62 _ 0.05 
L 

Fixed charge distribution 

N'-'Z = (2"6 + 0"3 ) x 10 ~5 cm -.~ 
L 

= 0.70 ___ 0.05 
L 

The  mode l  o f  the e lect ronic  s t ruc ture  of  the 
insulating film emp lo yed  is i l lustrated in Fig. 
13. This  is a plot  o f  densi ty  of  s ta tes  vs. 
energy  and il lustrates a s tep funct ion approxi -  
mat ion  to the conduc t ion  band and a t rapping 
s tate  distr ibution app rox ima ted  as a semi-  
cont inuous  distr ibution o f  d iscre te  (~-function) 

levels.  T h e  dis t r ibut ion enve lope  was  a s sumed  
gauss ian  for  conven ience ,  and cons t i t u t ed  an 
ideal i nhomogeneous  dis tr ibut ion of  t rapping 
levels [41]. This  is cons is ten t  with the a s sump-  
t ion tha t  the t rapping level  dis t r ibut ion was  
assoc ia ted  with a g iven type  of  defect  s t ruc-  
ture and that  the t ime-s tab le  ' sp r ead '  in ene rgy  
was  assoc ia ted  with local d i sorder  in the amor-  
phous  insulat ing layer.  In  the spect ra l ly  
reso lved  pho todepopu la t ion  m e a s u r e m e n t s ,  
the wave leng th  of  the exci ta t ion  light was  
var ied cont inuous ly  and l inearly with t ime 
f rom the low to high ene rgy  end of  the elec-  
t ronic  s tate  dis tr ibut ion,  and the externa l  
circuit  cur rent  result ing f rom trap empty ing  
was  con t inuous ly  moni tored .  T h e  da ta  was  
plot ted as pho tocu r ren t  ( a s sumed  direct ly  
p ropor t iona l  to the t rap  re lease  rate)  vs. wave -  
length, using t ime as an in te rmedia te  pa r am-  
e ter  (see Sect ion  2(b) and Fig. 8). 

In  t e rms  o f  the dis tr ibut ions listed above ,  
the s imples t  ma themat i ca l  f o rm for  the in- 
j ec ted  charge  distr ibution is 

l (c-Er): 

EC 

EVAC 

r 
~u 

E T 

-1 

,-=-L2 

I " STATE 
DENSITY 

p "  (~) 

- , . o  

II I \ S".,.ATE I1 / / ~ \  \ 

° ' \ i l  I i t\ \ i l - 0 .6  

- - 0 . 4  

.7 
-o.z o 

6 0 0  5 0 0  4 0 0  
WAVELENGTH (n.m.) 

Fig. 13. Schematic representation of electronic structure model for SiO2 used in 
analyzing variable sweep rate spectrally resolved photodepopulation data. For 
photon energy hv~, all electrons in trap levels of energies e < hv2 are excited to the 
conduction band. The inset at right contains representative results to be expected 

in variable sweep-rate experiments. 
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where Er, the trap depth, is the energy of  the 
peak of the trap level distribution and 6 is 
the width, in energy, of the distribution. As 
in Section 4(a), ~ is the centroid of the actual 
spatial distribution: 

So' = xp '  (x) dx.  

If a is defined as the transition rate for excita- 
tion (proportional to the light intensity in the 
film) and/3 = dMdt as the sweep rate (nmlsec.) 
of  the excitation source, it can be shown that 
the photocurrent response function R(k)  is 
given by 

1 dR(k) 1 
a dk ~-flR(k)- rlTp" (~. ) 

where p"(h) is the distribution of trapping 
states in wavelength corresponding to the 
presumed distribution in energy 

l ~,c- ~-y 

In the above expressions, • = hvz ---- (hc/X~). 
In the limit of  very slow sweep rate (~lfl >> l), 

R~(k) = flnrp"(k) and the observed response 
function was directly related to the energy 
distribution function of the trapping levels. 
In the limit of very fast sweeprate (a/fl ~ 1), 
dR(X)/dh----anrp"(h) SO that the response 
function was proportional to the integral of 
the trap distribution function 

R(M oc _~ p"(h') dh'.  

The results of  a model calculation, using 
this analysis, are also shown in Fig. 13, in 
which the response function is exhibited at 
several sweep rates. This is to be compared 
with the experimental results exhibited in 
Fig. 8. The experimental peak position at 
different sweep rates, determined by a graphi- 
cal technique, was compared with computed 
peak positions. This permitted extrapolation 
to a 'zero sweep rate' peak position, the 'true' 
position (•'r) of the trapping level distribution. 
These results are exhibited in Fig. 14. In 
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Fig. 14. Comparison of spectrally resolved photodepopu- 
lation response peak position at various sweep rates 
(solid circles) with the calculated model response (solid 
line). Sample number 1 data were used in this comparison. 

analyzing this data, the transition rate ct was 
as adjustable parameter. The value of a ob- 
tained from fitting this data agreed satisfac- 
torily with the decay time observed in the 
time resolved experiments (Fig. 3), within 
the overall limits of precision of the data. 

As described above, the photocurrent re- 
sponse in the slow sweep rate limit approach- 
ed the actual trapping level distribution p"(k). 
In Fig. 15, a slow sweep rate spectrally re- 
solved photodepopulation response curve, 
converted to energy units and normalized to 
the photon density in the oxide film, is ex- 
hibited. The solid curve represents the 
gaussian function best fit to the experimental 
data, determined by a least squares minimiza- 
tion technique. The best fit curve was peaked 
at 2-18eV, and had a full width of 0.55 eV. 
When corrected to zero sweep rate (Fig. 14), 
is yielded E r=2"13eV and 8 = 0 . 2 4 e V  (re- 
fer to  Fig. 13). 

The experimental points indicated in Fig. 15 
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Fig. 15. Spectrally resolved photodepopulation response 
normalized to light intensity in the oxide (see Appendix). 
Data  from sample number  1 at monochromator  sweep 
rate 0-3 nm/sec, are indicated as solid circles. The solid 
line represents a gaussian function best fit to these data 

points. 

and those exhibited in Fig. 2 of the Thomas 
and Feigl communication [33] were both com- 
puted from the same data (Fig. 5). The data in 
Fig. 15, however,  are normalized to the photon- 
density in the oxide film, rather than the 
photon density incident on the MOS elec- 
trode. Details of this normalization are given 
in the Appendix. 

(c) Optical bleaching experiments 
In analyzing the optical bleaching experi- 

ments, and deriving the bleaching profile 
(Fig. 10), the assumptions of Sections 4(a) 
and 4(b) were used together with a modified 
description of the trapping level distribution 
in energy. The trapping levels associated with 
a given 'point defect' structure were again 
assumed continuously distributed in energy 
due to static (time-stable) fluctuations in local 
geometry. The width of this distribution was 
designated 8~. The optical transitions to 
mobile states, producing the photoconductive 
response of interest, generally involve some 
combination of initial and final state densities 
with a thermal average over phonon states 
[42, 43]. The short lived local strains associ- 
ated with phonon scattering were treated as 
a gaussian spreading of the initial localized 

state, leading to an intrinsic or dynamic width 
8d. The result of  all this is a gaussian distribu- 
tion (width as) of gaussian 'packets'  of states 
(width aa), so that in an interval de about 
energy e there are 

nrp"(E) de = nr V~-~as e 2a,'- 

X ~ e ,-as-' de' de 

trapping states per unit area. It can be shown 
that 

1 ~ 
nrp"(E) de = V~-~se za-' d~, 

where ~ = E - Er 

and 8 = X/~ ~ + ~a 2 

was presumed to be the observed width of the 
trapping level distribution described in Sec- 
tion 3(b) (see Fig. 13). Thus, ~ was presumed 
to be the zero sweep rate limit photocurrent 
response width in the spectrally resolved 
photocurrent experiments. 

Optical bleaching was treated in the simp- 
lest approximation. For  bleaching light of 
energy hub, all state packets of width 80 with 
peak energies E less than E~ = hvb were bleach- 
ed completely. All state packets with peak 
energy greater than hv~ were completely 
unaffected. The bleached photocurrent dis- 
tribution (Fig. 9) was then simply the distribu- 
tion of unbleached packets. This was given, 
in the slow sweep rate limit, by 

_ _  n T  ~ Rb(E) de - - ~ e  

× 1-- e 2d~ dd' de 

d 2 

d 2 
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where R(e) was the zero sweep rate photo- 
current response of Section 3(b), expressed in 
energy units rather than wavelength. In terms 
of previously defined experimental responses, 
Rz,(e) oc l~b(E) and R(~) oc/l.r.(E)" 

The bleaching profile is then 

R(e) -- R~,(e) 
R(E) = F ( ¢ t ' - - 5  e) 

where 

X/~w J -~ e -~=/'-' dx,. 

1 d 2 

is easily obtained from tabulated functions 
[44]. The characteristic width of the bleaching 
profile is given by d = (1/Ss 2 + 1/6d2) -1/2. 

The greatly simplified model used in this 
analysis is summarized in Fig. 16, together 
with the analytical results just stated. The 
model led to a universal bleaching profile, 
for a given distribution, that was character- 
ized by a width d, independent of the bleaching 
energy ~. This was obviously in qualitative 
agreement with what was observed (Fig. 10). 

A plot of the data of Fig. 10, fit to a universal 
bleaching function by graphical techniques, 
is exhibited in Fig. 17. From this data, the 
width d was estimated. It was then possible 
in principle to evaluate 8=, the width of the 
static energy distribution of trapping levels, 
from the experimental numbers 8 of Section 
4(b) and d of the present section. 

This data was internally consistent only to 
within a factor of three (8 can be estimated 
from the bleaching profile of Fig. 17, using 
d2/Sd '-' and d to determine ~5=, as indicated in 

" ° ~ _ 1  ~ I I I I I i to, ~ 
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Fig. 17. Graphical best fit of experimental bleaching 
profiles (data points -see  Fig. 10) to generalized bleaching 

profile (solid line). 
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Fig. 16. Schematic representation of electronic structure model for SiOz used 
in analyzing bleaching profile data. The analysis is described in the text. The 
inset at right contains a representation of the generalized bleaching profile 

expected in bleached response experiments. 
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Fig. 16). However the qualitative success of 
the analysis provided an estimate of 8d = 
0"1--0"2 eV, and 8, = 0.2-0.3 eV. 

5. DISCUSSION AND CONCLUSIONS 

The most important result of the present 
experiments was the determination of the 
important characteristics of the electronic 
structure of an electron trapping defect in 
silica films produced by wet oxidation of sili- 
con. The density, geometric centroid, trap 
depth, and static distribution width are sum- 
marized in Table 3, and represented schemati- 
cally in Fig. 18. The data of di Stefano and 
Eastman and Powell was used in constructing 
Fig. 18 [45, 46]. 

T a b l e  3.  T r a p p i n g  s t a t e  d i s t r ibu t ion  c h a r a c -  

ter i s t ics  in w e t  t h e r m a l  ox ide  f i l m s  

Trap depth er = ( 2-13 --- 0"05) eV 
Static distribution width as = (0.25 ± 0,05) eV 
Geometric centroid g/ L = (0.6 +__ O. 1 ) 
Trap density (Maximum observed filled trap density = 

lower bound). 

II T SamplcNo. 1: ~-= (0"60_0"05)× |014cm -'~ 

Sample No, 2: L>3.0 x l01~ cm -3 

SampleNo. 3: -~=(0'4___0.1)xl0~4cm -:~ 

An additional set of measurements had an 
important bearing on the fundamental quali- 
tative conclusion set forth in Section 4. The 
central thesis was that there was, in silica 
films produced by wet oxidation of silicon, a 
bounded and extended distribution of elec- 
tron trapping levels [38]. This electronic level 
distribution was presumed to be populated by 
trapping free carriers injected into the oxide 
(refer to Section 2, particularly Fig. 3(a)). 
It was expected that the trap distribution 
would fill uniformly as the number of trapped 
electrons increased from zero to some finite 
value during the photoinjection process [ 11 ]. 

In order to verify this assumption, and check 
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Fig. 18. Electronic structure of silicon dioxide produced 
by wet oxidation of silicon. Ec and Ev are taken from 
DiStefano and Eastman (see Refs. [45, 46]). The abcissa 

scale is a lower bound on the density of states. 

the internal consistency of the overall logic, a 
series of spectrally resolved photodepopula- 
tion measurents was made for various fill 
conditions. These data are presented in Fig. 
19. Data were recorded at constant applied 
voltage for both photoinjection and photode- 
population (V = 100 V across number 2 MOS 
specimen). A constant sweep rate /3 = 0.87 
nm/sec, was employed. The parameter in the 
family of curves of Fig. 19 was the fill time in 
the photoinjection process (refer to Section 
2(a)). The data indicated that the shape of the 
distribution curve did not vary significantly 
for different fill times, and hence did not vary 
with the density of trapped electrons. Thus, 
trapping level distribution was in fact popu- 
lated uniformly throughout the photoinjection, 
trapping, and measurement process. Specifi- 
cally, the data of Fig. 19 were not consistent 
with trapping into an exponential band edge 
distribution of trapping levels [47]. 

The spectrally resolved data of Fig. 19 were 
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Fig. 19. Spectrally resolved photodepopulation response for 
various photoinjection fill times. Sample number  2, electrode 

area 0-18 cm 2, monochromator  sweep rate 0.87 nm/sec. 

mechanically integrated to determine the total 
charge released, from the trap distribution 
between 700 and 450nm, as a function of 
trap filling time. These data, presented in 
Fig. 20, closely resemble William's data[11]. 

The latter were obtained using unfiltered 
visible light for photodepopulation. 

It should be noted that the determination of 
the trap depth, together with the determina- 
tion by di Stefano and Powell of the internal 
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Fig. 20. Charge collected as a function of photoinjection fill time. Sample number 
2, electrode area 0.18 cm'-'. The insets (Iv vs. k) represent spectrally resolved 

responses from which data points were calculated. 
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photoconductive band gap of silica produced 
by steam oxidation of silicon, weakens Gwyn's 
recent association of the 2 eV electron trap in 
silica films with an unsatisfied oxygen bond. 
According to Gwyn, the unsatisfied oxygen 
bond should be 5-85 eV above the valence 
band edge, rather than 6.87 eV as indicated in 
Fig. 20. Optical absorption studies of bulk 
fused silica[48], and recent experiments by 
Hickmott on sputtered silica films [49], have 
not determined any characteristic absorption 
bands at 6-9 eV. The extensively studied A- 
absorption bands in the region 2.0-2-3 eV in 
quartz, bulk fused silica, and alkali glasses [48] 
have not been observed by Hickmott[49]. 
These have historically been associated direct- 
ly with holes trapped on oxygen sites adjacent 
to Si-substituted aluminum impurities[48]. 
This association depends on correlation of 
optical absorbance with AI content and with 
the intensity of well-defined paramagnetic 
resonance absorption spectra, but it is still 
rather suspect [48, 50]. 

It should explicitly be pointed out that the 
present experiments did not provide any 
critical input to the question of the mechan- 
ism of charge injection and transport in wet 
grown thermal silica films. Although the pres- 
ent measurements were addressed to trapped 
electronic charge in the film, and depend on 
the existence of such trapping, they cannot be 
interpreted as supporting the interpretation of 
photoemission I -V  characteristics in thick 
oxide specimens offered by Williams[11] and 
Goodman[12]. Specifically, the important 
question of the ratio of the density of trapping 
states to the density of titled traps after photo- 
injection is very much involved with the com- 
plex time dependence of the photoinjection 
and photodepopulation experiments. This has 
not been dealt with in the present paper. The 
assumption of filled trap distributions in the 
analysis of Section 3 was made for con- 
venience only. 

The existence of a large negative charge 
distribution in the insulator which was not 
released optically by photons with energy less 

than 4 eV was consistent with recent results 
reported by several groups [21, 51,52]. Again, 
however, it has not been established that these 
fixed charges (refer to Section 4(a)) were pro- 
duced by the same solid state chemical pro- 
cesses determined in detail by Berglund and 
co-workers [21,51 ]. 
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APPENDIX: OPTICAL MODEL 
OF M-O-S SPECIMENS 

Light intensity variations in the oxide, due to the optical 
response of the MOS structure, were calculated to pro- 
duce the normalized photoyield for spectrally resolved 
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data [refer to Section 4(b), especially Fig. t 5]. The model 
used to calculate this optical response will now be dis- 
cussed in some detail. 

The optical response, which includes the effects of the 
thin gold electrode, the silicon substrate optical proper- 
ties, and the pass band of the monochromator, has been 
calculated using a two-layer dielectric structure, as shown 
in Fig. 21. For  normally incident light, of wavelength h, 
on a two-layer dielectric structure, the reflected intensity 
is [53]: 

#~ + rs 2 + 2rtr2 cos 281 (A. 1) 
R (h) = l+rlSr22+2rlr2cos281. 

Here, 81 = 2~rnlLIh, L is the oxide thickness as shown in 
Fig. 21, and r~ and rz are the Fresnel coefficients at the 
Au-SiO~-Si interfaces, respectively. The FresneI coeffi- 
cients for normal incidence are 

#' / I  - -  n2 =no--h i  and r , = - -  (A.2) 
rl no+n1 - n i+ns '  

oloo i I 600 
WAVELENGTH (n.m.) 

o u S i 0 2  Si z 
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Fig. 21. Schematic representation of model employed in 
calculating optical intensity in the oxide layer (upper 
diagram). The lower diagram is the normalized intensity, 
including monochromator pass band effects, calculated 

from this model. 

where no, n~ and ns are refractive indices for air, silica, 
and silicon. The effect of the thin gold electrode was in- 
eluded by increasing the reflectivity of the air-oxide inter- 
face, rl. This value was determined from data in Heavens 
[53]. rs was calculated using the Taft and Phillips data for 
silicon [54]. The calculated values for r I and r2 were then 
substituted into equation (A. I). The intensity of light in 
the oxide layer, A(k) was found by 

A(h)  = 1- -R(k)  (A.3) 

since the oxide is assumed to be nonabsorbing. Assuming 
the oxide thickness is 4.0/zm, A(K) becomes (for h in 
micrometers), in equation (A.4), 

.4 (X) = ~' ks + cos (24~-/h) (A.4) 

1 
kl ~ k s [ l  q-rl2rs2--rlZ--rs 2] and ks -~ 2rlrz" 

A further consideration was necessary in describing the 
wavelength dependence of the undulation amplitude as 
observed in actual photocurrent response measurements 
(refer to Fig. 5). Data indicate that the magnitude of the 
undulations decreased with decreasing wavelength. This 
effect was related to the finite pass band of the mono- 
chromator. Since the separation of undulation maxima 
varied inversely with ~ (equation (A.4)), the effect of 
averaging the undulation amplitude in the monochromator 
pass band became more pronounced as the wavelength 
was decreased. Slit width effects were included by con- 
volving a function describing the monochromator pass 
band shape with the intensity function in the oxide, A(h) 
[5.5]. The spectral distribution of the monochromator is 
triangular in shape with the apex position corresponding 
to the monochromator dial setting. If the slit function, 
S(h),  is convolved with the intensity in the oxide, the 
resultant convolved intensity in the oxide is given by 

A C  (h ) = f L dh0S(h0--h) ks+cok~247r/ho) (A.5) 

where k0 is an integration variable. The results of a 
numerical simulation on this model are shown in Fig. 21 
for rl = 0.45. 

The c0nvolved response, AC(h), thus obtained was 
used with the Xenon lamp spectrum, 1(~), to compute the 
normalized photoyield of Fig. 15. This is to be compared 
with Fig. 2 of the Thomas-Feigl  communication[33], 
which was normalized to the Xenon lamp spectrum 
l(h). The intereference undulations have been adequately 
described by the straightforward model of Fig. 21, using 
a photoyield normalization of the form (hclh)(l~[W(X)). 
I v is the photocurrent measured at X (Fig. 5) and W(h) = 
I(h)AC(k), as indicated in Fig. 21. 
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