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INTRODUCTION

It has been recognized since the carly days of simiconductor device development that an
external electric field can have a major effect on the behavior of a device.  This led to the
work of Garrett and Brattain (1), Kingston and Neustadter (2), and others in the 1950's on
the theory of the semiconductor surface. The use of a Si0, passivation layer has significantly
reduced these problems due to the effects of external fields. However, fields due to charges

within this layer have become a major reliability concern in modern Si device technology.

MOS FET's are particularly sensitive since charges within the thin Si0, layer used (500 -
1000 A) have a first order effect on the device characteristics.  Voltage applied to a PN
junction that intersects the SI-SiU: interface results inan clectrie field in the Si():. Charges in
the Si()_, change this ficld and change the junction characteristics.  Planar integrated circuit
technology results i many junctions of this type.  In the case of bipolar transisters this can
affect the current gain, the junction breakdown voltage and the junction leakage. In the case
of MOS FET's, charges in the insulator affect the threshold voltage and the transconductance

as well as the junction characteristics mentioned above.

SOURCES FOR CHARGE IN THE Si0, ARE AS FOLLOWS:

1. Na' lons

In 1965 Snow, Grove. Deal and Sah (3) showed that Na* ions moving through Si0, were
a major cause of instability in devices with Si0, passivating layers. At the present time this is
largely under control by the use of ultra clean processing facilities to eliminate Na contamina-

tion.




2. Positive Charge Resulting From Radiation

It has been known for some time that radiation of various Kinds results in the buildup of
positive charge in the Si0,. T'his was shown by Zaininger (4) for electrons, by Collins and Sah
for x-rays (5). and by Snow. Grove and Fitzgerald for x-rays (6). It is generally understood
that radiation creates clectron-hole pairs. The electrons move readily through the oxide with a
low trapping probability. A large percentage of the holes on the other hand are trapped which
results 1n a net positive charge.  This positive charge effect was originally of concern in the
case of devices for use in space environments. However it remains an important consideriation
in modern technology since various types of radiation are used for the construction of devices.
Onc important consideration has to do with the annealing out of this charge with subsequent
device processing steps. Results will be given in subsequent sections of this report showing
that some of this charge can be readily eliminated by annealing whereas other effects resulting
from radiation are persistent and are not readily removed by anncaling.  Another important
consideration has to do with the effect of the device processing conditions.  Studies are
underway concerning the effect of process-treatments on hole trapping. The work ol DiMaria
discussed in later sections of this report indicates positive charge is located near the interfaces
and not in the bulk of the Si0,.  Another interesting result concerns the annihilation of the
trapped positive charge by electron current (8, 9).  This shows that the cross secuon for
clectron capture by holes depends on the nature of the interface. In addition, it has been
observed in work that will be described later that radiation also generates neutral traps that
can be filled by electron current.  These neutral traps are difficult to eliminate by anncaling

treatments




3. Positive Charge Generated by High Electric Fields

Several authors have discussed the generation of positive charge in Si0) as a result of the
application of high clectric fields.  (~10'V/cm) including DiStefano and Shatzkes (10, 22),
Klein and Solomon (12), and Shatzkes and Av-Ron (13). This effect is important since

positive charge plays a major role in the electric breakdown process.

One interesting aspect concerns the Jocation of the charge.  Shatzkes and Av-Ron (12)
interpret their results, based on MOS-C-V measurements and high field (I-V) measurements,
as indicating that the positive charge is located in the bulk of the 510, DiMaria has found
using the photo 1-V technique that the charge is not in the bulk of the Si():. Ihe reason for
the discrepancy in results is probably due to the foct that Shatzkes and Av-Ron work at large
clectric field strengths and DiMaria works at low field strengths. High ficld measurements are
particularly sensitive to the behavior of local high stress points, but DiMaria’s technique

depends on an average behavior and s not sensitive to these high stress eftects

Another interesting result is the work of Solomon and Aitken for negative gate voltages.
indicating that the threshold gate voltage required to produce a C-V shift decreases shghtly
with decreasing temperature: whereas, the threshold voltage for current run-away decreases
rapidly for decreasing temperatures.  This result is most likely due to the fact that the high
ficld 1-V characteristic for negative gate voltage is largely determined by effects associated
with the AI-Si0, interface and the C-V shifts are associated with the Si-Si0, interface. These
observations are inconsistent with the model of Shatzkes and Av-Ron (13) since a space
charge located in the bulk of the insulator would be expected to have a comparable (although

not identical) effect on the electric fields at both interfaces
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Further work is required to clarify our understanding of the positive charge generated by
high clectric fields and we will continue to place a major emphasis on this work due to the

importance of Si0, breakdown in the reliability of devices.
4. Electrons and Holes Injected From the Si and Trapped in the Si0,

Electrons and holes can gain sufficient energy as a result of the electric fields apphied to
semiconductor devices to surmount the Si-Si()j barrier and flow through the oxide. If &4 portion
of these clectrons are trapped in the oxide then a space charge is developed that applies an
clectric field to the semiconductor and changes the device characteristics.  There are two
aspects to this problem; a study of the Si to 510, emission current for various device structures
and for various operating voltages, and a study of the clectron and hole trapping characteristics

of Si0 .

Nicollian, Goetzberger, and Berglund (14) have used an avalanche plasma in Si to inject
clectrons and holes into Si0, and as a result have observed trapping cffects in the S10,. The
main advantage of their technique is the relatively simple structure (MOS capacitor) that is
required.  Another advantage is the uniform and known current density that flows through the
Si0,. They suggest the importance of the water content in the Si0, in determining the trapping
characteristics.  This work has been further extended as discussed in a paper by Nicollian and
Berglund (15). More recently Gdula (16) has used the same technique to study the cffect of

processing conditions on the electron trapping characteristics of Si0) .

Verwey (17). Ning and Yu (18), and Young (19) have used MOS FET structures to study
clectron injection into Si0, as a result of electrons accelerated by the field of a surface
depletion layer in p-type Si. These results can be described using a Schottky-emission model
as suggested by Ning (1R), if corrections are made for oxide scattering (19). This indicates a

Maxwell-Boltzman like energy distribtuion for the hot electrons in the energy range 2.6-3.1

“




¢V. The advantages of using this structure are the known SiO, current density and also the
known Si surface potential.  Ning, Osburn, and Yu (2) have used this structure to study
clectron trapping of positive charged centers in Si0, introduced by various anncaling treat-

ments and they observe a capture cross section of 3 x 10 em?

Bossclaar (21) and Pepper (22) have studied injection into Si0, from reverse biased PN
junctions and have observed trapping as a result. Trapping due to clectron injection from the
channel region of N channel MOS FET's has been observed by Abbas and Dockerty (23) and
by Ning (24). These papers discuss the effect of this trapping on the operating characteristics

ol these devices.

I'he papers cited clearly demonstrate the practical importance of electron and hole

mjection and trapping and show the importance of considering these effects in device designs

I'he main emphasis of our program is concerned with studies of trapping of holes and
clectrons in Si0,,. We use the Sioavalanche technmique of Nicollian, Goetzberger, and Bergland
(14) and apparatus which has been developed that enables us to take the data automatically
and analyze the results using computer programs to give trap densities and cross sections. We
are ustng two general approaches for this work:

A Studies of trapping in S10as a function of processing conditions.

B. Use of ion implantation to introduce impurities and study the trapping that results.

We have studied clectron trapping in S10, at room temperature and at 77°K for various
processing conditions. We find less trapping in ultra dry Si0,. and we find the post oxidation
heat treatment to be crucial; however, the optimum heat treatments secems to be different for
minimizing room temperature trapping as compared to trapping at 77°K.  We also find a
different thickness dependence for room temperature and for 77°K.  This work is being

assessed and will be reported in detail in the next report.




Our work on hole trapping is just beginning. However, preliminary results indicate that
the heat treatment for minimum hole trapping at room temperature is similar to the heat
treatment to minimize 77°K electron trapping. In both of these cases, our results indicate that
the trapping is associated with the Si-Si0, interface. We will be using the photo I-V technique

of DiMaria to investigate this further.

The work with ion implanted impurities has been largely concerned with Al. Al was
selected for our initial emphasis due to the published work describing the use of Al for
radiation hardening and due to the extensive use of Al metallurgy. Previous work on electron
trapping in Al implanted Si0, has been done by Johnson, Johnson, and Lampert (25). Their
results indicated that the trapping was due to displacement damage remaining after the 600°C
annealing temperature they used. In our work, we used an annealing temperature of 1050°C
with the hope of eliminating this damage, and this temperature certainly did reduce the
trapping significantly. However, the observation that the trapping varies as the (implantation
energy)” instead of (implantation energy)' as expected on the basis of the charge centroid
effect suggests that damage is still involved. We have also measured the centroid of the
trapped charge and found agreement with the centroid of the implanted Al as measured by
SIMS, and reasonably good agreement with the profiles using L.S.S. theory. The actual
profiles are broader than the theory predicts. We are now extending this work to other

implanted species.

5. Structure of Thin Si0, Films

Electric breakdown theory indicates an increase in the breakdown field strength for thin
Si0, films. The use of thinner films in the gate region of MOS FET's result in technological
improvements. This would reduce the operating voltages which would also make it possible to
also reduce the thickness of the thick-field oxide. The result of this would be to increase the

resolution of some of the photo-lithography steps, improve edge coverage on thick to thin




steps, and decrease the high temperature processing time. Shorter times would reduce

unwanted diffusions, etc.

The main limitation in reducing the thickness of the gate Si0, is due to defects. Our
results indicate a reduction in these defect densities if the thin oxide is grown in an environ-

ment containing trace amounts of H 0.

6. The Electronic Structure of Si0,, Si Ge, 0,, and Ge0, from Photoemission Spectrascopy.

The important electronic properties of Si0, are controlled by the band structure.  One
means for increasing our understanding of the nature of the band structure of Si0, is to study
the system Si Ge, U, as the germanium content is varied. The results of this work give added
insights concerning the importance of the 0-0 bond length in determining the nature of the

valence band. This is also o interest for use in fiber optics.

SUMMARY OF IMPORTANT RESULTS

- | The photo [-V technique has been used to determine the location of the positive
charge in Si0, that results from exposure to radiation or from the application of large
clectric fields. This charge has been found to be located at the Si-Si0, or the Al-Si0,
interfaces and not in the bulk of the Si0,.

-] It has been observed that neutral traps are generated in Si(): as a result of x-ray or
electron beam irradiation.

miil Al implanted into Si0, results in broader profiles than predicted using L.S.S. theory.
The enhanced electron trapping resulting from Al implantation varies as the
(implantation energy)’

wm [\ Trace amounts of H_‘(D during Si0, growth reduce defect density (as measured by

clectric breakdown) in thin films
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Studies of the Si Ge, 0, system indicate that the electronic structure of the valence

band is primarily determined by the 0-0 bond length.
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TRAPPED HOLE LOCATION AND ANNIHILATION
IN Si0, FILMS ON Si

D. J. DiMaria, J. M. Aitken, and Z. A. Weinberg

Positive charge has been introduced into the dry grown Si0, layer of MOS strcutures using
either 20 keV x-rays, 16.85 eV light or a high negative gate voltage. We have used the photo
I-V technique (1, 2) to determine the location of this charge. In all cases, our observations
indicate that this charge is located at or near the interfaces (<50 A from the interface) and
not in the bulk of the Si0,. This observation is in direct conflict with models of Si0, break-

down which rely on a stationary trapped hole distribution in the bulk of the oxide layer (3, 4).

I'he location of the trapped charge in the oxide layer is determined by the change in the
photocurrent voltage characteristics of both interfaces after irradiation or high field stressing.
For charge located near just one interface (as is the case here), the photo I-V characteristic for
the charged interface is distorted as compared to that for the uncharged sample. The photo
[-V characteristic for the other interface shows only a slight parallel shift with respect ta that
for the uncharged sampie. These measurements are discussed in detail in recent publications

(i 2

Trapped holes are predominantly distributed near the interface towards which they are
driven by the field during irradiation, although some may be trapped near the other interface.
Most of the holes trapped near the Si-Si0, interface can be annihilated very easily by electrons
injected from either the Si or the Al by internal photoemission or by avalanche injection from
the Si. This electron capture process has a coulombic capture cross section (10 '-10 "em?’) at
low average fields (< 1 MV /cm) which decreases rapidly at higher average fields (= 10 "em?
at 6 MV/cm). Figure la shows the effect on the photocurrent for positive gate bias (Si
injecting), before and after irradiation, and after hole annihilation with electrons.  As seen in
this figure all the holes distributed near the Si-Si0, interface are annthilated except for possibly

some approximately at the Si-Si0, interface which cannot be sensed by the photo 1-V techni-

-1n-




que (5). Similarly, capacitance-voltage measurements show almost a complete recovery of the
flat-band voltage except for < -1 V of surface states. However, most of the holes trapped
near the Al-Si0, interface are difficult to remove under any type of electron injection. The
effective electron capture cross section for these trapped positive charges determined (0 be less
than 10 "c¢m?, assuming all detrapping mechanisms (photo, thermal and field) are negligible
during photocurrent injection. Figure 1Ib shows the effect on the photocurrent for negative
gate bias (Al injecting) before and after irradiation, and after various attempts to annihilate
these trapped holes with photoinjected electrons from either interface with different field
conditions. As seen in this figure only a small fraction (& 20%) of the holes were annihilated

and the photo I-V characteristic never returned to its pre-irradiation state.
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FIGURE CAPTIONS

Figure 1

Photo I-V characteristics for MOS capacitors subjected to irradiation and then photoinjec-
tion. The upper figure (a) shows the change in characteristic caused by charge induced ncear
the Si-Si0, interface by irradiation under positive bias (20 KeV, 25 ma, 13 min, + 9V).
Electrons injected at a rate of ~ -6 x 10 '""A-cm * while the gate voltage was maintained at the
flat-band voltage (\‘n = V,,) annihilate this charge within a period of 12 minutes.  In the
lower figure (b) the change in characteristic caused by charge induced near the Al-Si0,
interface by irradiation under negative bias (20 KeV, 25 ma, 40 min., -15 V). The relaxation

of this charge under various injection conditions are displayed as follows:
open triangles: +8\ . +2.8 x10'""A-cm?, 15 minutes

CTOSSES +0OV. ~ 4+ 3 x10 ""A-cm %, 20 minutes
+0V, + 3.6 x 10 ""A-cm . 20 minutes
+8V, + 2.6 x 10'""A-cm?, 285 minutes

-6V, -6.0 x 10 ""A-cm’, 554 minutes

-] 3w




CURRENT AND C-V INSTABILITIES IN S10, AT HIGH FIELDS

P. M. Solomon and J. M. Aitken

ABSTRACT

Results have been obtained concerning the interrelation of current and C-V instabilities in
MOS capacitors subjected to negative gate high field pulsing. Rising current transients and
negative C-V shifts both show the formation of positive charge in the oxide. However, this
charge appears to be situated close to the electrodes rather than in the bulk of the oxide and
the temperature dependence of the rate of charge accumulation near the electrodes is different

for the aluminum and silicon electrodes.

T




In their studies of AL-Si0 -Si capacitors subjected to high field stressing many workers'

have observed shifts to negative gate voltages in the capacitance vs voltage (C-V) curves
corresponding to positive charge in the oxide.  Rising current transients have also been
observed and generally have been interpreted' '™ as an increase in Fowler-Nordheim injection”

due to holes remaining after impact ionization in the oxide.

T'here has been a tendency in the literature' ¥ to couple the two phenomena together and
postulate that a bulk positive charge exists which influences both emission currents from the
aluminum and C-V shifts in proportion to the distance of the charge from the respective
interface.’ There were, however, some facts which refuted this simple picture, notably:

1 Solomon® ” found that under suitable conditions the positive charge causing the current
increase could reversibly be created or relaxed out of the insulator whereas in the same
experiment the C-V shift continually increased

2. DiMaria . using internal photoemission, has shown that the charge causing the C-V
shift is confined near the Si-Si0, interface where it cannot influence the current

injected from the gate

I'he above facts prompted the present investigation and in this communication we shall
show that two independent mechanisms exist for producing charge in the oxide at high fields.
one producing charge which is trapped at the Si-Si0 | interface (detected by C-V shifts) and the

other at the AI-Si0, interface.

Ihe samples consisted of 30 mil diamter SO00 A thick Al dots evaporated from a resist-
ance heated tungsten boat on a 715 A thick Si0, film grown on a <100> 0.2 Q-cm p-type
silicon substrate.  The oxide was grown at 1000°C in any oxygen ambient and a post-
metallization anncal of 20 min in forming gas at 400°C were used. Mobile sodium concentra-
)OIH

tions measured using temperature bias method were less than § x 104 "%cm ?




A double pulse technique was used (see ref. S for more details) whereby the sample was
prestressed at a relatively low field of 6.5 MV/em (Al negative) and then a high field
(8MV ‘cm) pulse of the same polarity was applied after which the sample was returned to the
low ficld. Currents were monitored at both fields and C-V curves were taken before and after
cach pulse sequence. The experiment was repeated at room temperature, 195°K and 77°K.
As cxpected, both negative C-V shifts and rising current transients were observed at high
fields. The relative rates of current increase and increase in C-V o shift with time increased
extremely rapidly with applied ficld in a quasi-exponential manner. The current density s also
a strong function of ficld according to the Fowler - Nordheim relation. However. the above
two cffeets have even stronger field dependencies. This result, for the current, is i agreement
with ref. 5. As is shown in the insert of Fig. 2. the current does not continue to increase at
longer times, instead it saturates and eventually decreases slowly with time. This behaviour

could be due to the combined effects of recombination and ¢lectron trapping” In contrast

to this, as scen in Fig. 1, the C-V shift increases monotonically with time.

Table I summarizes the temperature dependence of the voltage at which the C-V shifts or
current increases became apparent.  The threshold voltage for current increases drops rapidly
as the temperature is lowered.  The threshold voltage for the C-Voshift is defined as the
voltage at which 2V shift is observed in the first ten second stressing pulse. This voltage does
not depend strongly on temperature. [t was impossible to measure the threshold for C-V shifts
at liquid nitrogen temperature because the current runaway was strong enough to cause
breakdown in all the samples that were measured, before any trace of positive charging at the
silicon interface was observed.  The rate of C-V shift with time is seen to be temperature
independent whereas the current increase phenomena is strongly enhanced at the lower
temperatures.  The differences are very striking when Figs. | and 2 are compared.  The
agreement in Fig 1, in the rates of C-V shift at 300°K and 195°K is remarkable considering

the steep voltage dependence of the effect. On the other hand, in agreement with ref. S, there




are orders of magnitude difference in the rates of current increase (1:65:5500 from Fig. 2)

when going from room through dry ice to liquid nitrogen temperatures.

I'he above results how differing temperature and time dependencies and offer strong
proof that the C-V shifts and current increases are the result of independent processes. Indeed
under suitable conditions it is possible to get C-V shifts without current increases (at room
temperature) or vice-versa (at liquid nitrogen temperature).  This supports the statements in
the first paragraph where the charge causing the two effects is confined to the interface
regions.  In the case of radiation induced charge, photoemission work by Aitken et al'' and

12

hole transport measurements by Hughes'= similarly led to the conclusion that charge is trapped
near the interfaces with little remaining in the buik. It is possible that current increases could
be obtained without accompanying C-V shifts if the current was highly localized in current
filaments.  The reproductbility of the current increases from sample to sample argues against
this. However, experiments are planned to resolve this point. It is important to note that
charge localization near the clectrodes only gives independence between C-V o shifts and
current increases for injection from the gate electrode. For the gate positive a close correla-
tion between oxide current increases and C-V shifts should be observed. Such correlation has

been observed in the past and further experiments are underway to confirm this.

The existence of two independent mechanisms for the formation of positive charge at the
Al-Si0 ) and Si-Si0, interfaces under high field negative gate pulsing has been demonstrated.
This opens a fruitful area of study as to the origin of these two effects and may enhance our

understanding of the MOS system and possibly lead to improvements in field effect transistor

technology.
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Figure 1

Flatband voltage shift as a function of time for successive pulses.
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Figure 2 Current vs time at 300°K, 195°K and 777K for a -62V gate voltage applied at

t=0. Insert shows the 195K pulse on an expanded time scale.
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ANNEALING OF NEUTRAL ELECTRON TRAPS
IN IRRADIATED OXIDES

J. M. Aitken, K. Pan, and D. R. Young

ABSTRACT

The generation of neutral trapping centers with cross-sections in the 10 "em*-10 "em?
range in aluminum and poly-silicon gate capacitors is shown to result from electron beam
irradiation of these capacitors. Unlike positively charged centers and surface states introduced
by such a treatment, these centers are not reduced to their pre-irradiation levels by anneals at
400°C in forming gas. In fact, little change in the post-irradiation trapping efficiency is noted

for forming gas anneals up to 500°C for extended times.




Damage caused by ionizing radiation severely limits the rehability of MOS field-effect

devices Metal-Oxide-Semiconductor devices exposed to radiation of this type exhibit
increased levels of positive charge in the oxide and an increased surface state density.' In
addition to these effects, which are obvious from a simple C-V measurement on a capacitor or
from a conductance measurement in an FET structure, a significant number of neutral trapping
centers are introduced by ionizing radiation into the oxide layer.” Although it has been shown
that the positive charge and the surface states introduced into aluminum gate devices by
ionizing radiation anneal out at temperatures beiow 400°C no work has been performed to
study the anncaling behavior of damage associated with neutral trapping centers.  This
question is addressed here. MOS capacitor structures have been subjected to a range of
dosages of 25 keV clectrons, annealed at various times and temperatures and then subjected to
a current of hot electrons injected from the substrate to populate any residual neutral trapping
sites. In general, it was found that the residual damage associated with neutral traps does not
anncal out at temperatures up to SO0°C and that the density of these traps increases with

increasing dosage.

Because neutral traps are essentially uncharged they are expected to have a small
(<10 "em?) capture cross-section.  Their presence in the oxide layer of unirradiated MOS
capacitors has been reported by various authors.  Aitken and Young® have shown increased

density of neutral traps in MOS capacitors subjected to x-ray irradiation.

Aluminum gate capacitors used in this study consisted of a circular aluminum clectrode 32
mils in diameter and 5000 A thick evaporated onto a 500 A thick Si0, film on a 0.1Q-cm
p-type (100) silicon substrate. The film was grown in dry 0, at 1000°C. During the course of
irradiation, anncaling and measurement, this structure was left intact. The samples received a
400°C post-metal anncal for 30 minutes, in a forming gas ambient (909% N,. 10% H,) after

r-f aluminum evaporation.  Poly-silicon gate capacitors were dry-grown under similar condi-
3 y-g

tions on similar substrate material. However, after oxide growth a 3500 A layer of poly-silicon
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was deposited by chemical vapor deposition at 650°C and doped with POCL., followed by a
1000°C drive in anneal for 30 minutes. An aluminum overlayer was used to define 32 mil

dots, resulting in an Al-polysi-Si0,-Si sandwich.

Before irradiation the trapping characteristic of the device as wcll as high frequency and
quasi-static C-V curves were measured. The capacitors, their gates floating, were then
individually irradiated with 25 keV electrons to the appropriate fluence which was measured
after the irradiation and exhibited a negative flat-band shift which saturated at -2 volts for
dosages above 2.5 x 10*coul-cm”, a distortion of the high frequency and quasi-static C-V
curves and a large density of traps with cross-section between 10" and 10 " cm?’. The samples
were then annealed in forming gas at 400°C and remeasured. In the aluminum gate capacitors
this anneal was effective in removing all the positive charge and surface states introduced by
the irradiation and all the traps with cross-sections greater than 10 '"em?’.  Additional anneals
on the same wafer were performed at S00°C. Because aluminum begins to react with and
diffuse into bare silicon around this temperature, a practical upper limit exists for any anneal-
ing step with aluminum metallurgy. This is important in device structures where the radiation
damage generated in a lithographic step to define aluminum gate metallurgy must be eliminated
by an anneal. All the measurements were taken on the same 1 1/4" wafer for consistency but

similar results were noted on other wafers.

Between the various steps of irradiation and annealing the neutral trap density and
cross-section were determined by measurement in an apparatus which maintains a constant
average dc current through the capacitor and periodically interrupts the injection to measure
the shift in flat-band voltage. This technique has been discussed elsewhere® * 7 but involves
injection of hot electrons from the silicon substrate over the field-lowered barrier at the Si-Si0,
interface and into the oxide bulk. Experimentally, the devices are driven into deep depletion
by an alternating positive voltage pulse at the gate with a frequency (500 KHz) too high to

allow the formation of an inversion layer. A feed-back circuit automatically adjusts the
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voltage at the gate to compensate for any variation in the field at the injecting silicon contact
and maintains a constant average avalanche current. As electronic current is passed through
the sample a certain fraction of this charge is trapped in the oxide and induces an image charge
in the silicon resulting in a change of the flat-band voltage V. Capacitors were irradiated
with 25 keV electrons up to a maximum fluence of 1 x 10 *coul-cm®. This dosage is typical of
those used in modern E-beam lithography. These were then annealed in a 90% N,. 10% H,
mixture at 400°C for 30 minutes and avalanche injected at a current of 2 x 10" A, The
resulting change in flat-band voltage as a function of injection time is shown in Fig. 1. Note

that the total flat-band shift increases with increasing dosage and that the 400°C anneal does

not return the capacitor to its original state.

T'he effective trapping efficiency®™ is defined experimentally by the relation

n= CoxAV

;A
where Cox is the oxide capacitance per unit arca and j is the current density.  Essentially it is
the ratio of the rates of charge injection to charge trapping (as sensed at the silicon, injection
at constant current).  This quantity is particularly useful for comparisons of various cases
because it measures the initial rate of threshold shift of the device through the derivative of
the curves in Fig. [. The effective trapping efficiency is given as a function of the irradiation
dosage in Table I. It varies by a factor of 3.4 between the control oxide and the oxide
irradiated to the highest dosage and then annealed. These curves were also fit by a least
squares program to a sum of two exponentials from which the trapping cross-sections can be
determined. This technique is described in detail elsewhere.® The best fit cross-sections
grouped around an average of 1 x 10"7cm?® and 1 x 10" em?®. These numbers are only reliable
within a factor of two but are representative of the cross-sections quoted by others in unirradi-
ated oxides. The trap densities are around 1 x 10" cm? for the larger cross-section trap and 3

x 10"em™? for the smaller. Since the effective trapping rate is given by the sum of the
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products of the cross-sections and trap densities, the larger cross-section trap dominates the

initial effective trapping efficiency.

The extent to which traps remain in the oxide after annealing seems to be independent of
the initial numbers of traps present in the as-grown oxide. This point is illustrated in Fig. 2,
where the shift in flat-band voltage is plotted against injection time at a constant current of 2
x 107 A for two S00 A oxides, one with a poly-silicon gate, the other with an aluminum gate.
Both these samples were given identical F-beam exposures (10 coul-em* at 25 keV) and
identical anncals (400°C. 30 min. in 90% N,. 10% H,) then compared with similar controls.
Even though the poly-silicon gate capacitor started with a lower density of neutral traps than
the aluminum gate in the initial oxide. little difference exists between it and the other after the
irradiation and annealing steps. The trapping efficiency calculated from this figure is presented
in Table 11. Note that even though the irradiated d annealed capacitors have about the same
initial effective trapping efficiency this quantity is much lower for the poly-silicon gate
capacitor in the as-grown state than for the aluminum gate capacitor in the as-grown state.
The reason for the reduced density in the poly-silicon gate devices is not understood at this
time but perhaps the additional hot processing they receive (a drive-in step at 1000°C)

climinates the water-related centers usually associated with these traps.

The extent to which the traps are removed by annealing is shown in Fig. 3. The flat-band
shift due to capture of electrons by traps with electron capture cross-sections in the range of
10"em2 to 10'"®cm? is shown as a function of injection time at a current of 2 x 107 A. The
large number of these traps present after irradiation are reduced significantly by the first
anneal (400°C, 30 min, 90% N:. 10% HI)A The same sample was subjected to an additional
10 min. anneal at 500°C in forming gas. As seen in Fig. 3, there is a slight improvement in
the long term trapping after this anneal. The initial trapping efficiency calculated from the
initial slope of this curve is given in Table 1 and shows only about a 20% improvement. Most

of the improvement is due to the reduction in levels of the smaller cross-section (10'*cm?)
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trap.

An additional forming gas anneal at 500°C for 20 minutes was carried out and little
improvement over the prior anneal was noted. The initial trapping rates for samples which
receive a dosage of 7.5 x 10 °coul-cm? and were annealed at S00°C for 30 minutes following
a 400°C anneal for 30 minutes and a sample which received only a 500°C anneal for 30
minutes are compared in Table 1 and shown to be identical. In fact. the flat-band shifts as a

function of tiem for these two cases were identical within 100 mV.

In conclusion we have shown that in addition to the trapped holes which are generated in
the Si0, layer by ionizing radiation, additional neutral electron traps with cross-sections of
10"7¢m? to 10"™cm?® are also formed. The usual low temperature anneal which restores the
positive charge and surface state densities to the pre-irradiation level, does not bring the
neutral trap density to this level. Annealing at temperatures of 500°C for 30 minute periods is
also ineffective in eliminating these traps completely. In conjunction with hot electron effects,
these additional neutral centers introduced by irradiation steps in the fabrication of the device,

can limit the useful lifetime of the device significantly.
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DOSAGE
(Coul-cm?

1x10°
2.5
5.0"
TSt
10"

10 x 10°

7.5x 10°

Gate
Material

Al
Al
Poly-si

Poly-si

TABLE 1

ANNEAL
HISTORY

400°C, 30 min
400°C, 30 min
400°C, 30 min
400°C, 30 min
400°C, 30 min
400°C, 30 min
500°C, 10 min
400°C, 30 min

500°C, 30 min

TABLE 11

Dosage
(Coul-cm™?

10

10

=20

n(0)

1.3x 10°
3If«x10°
2x10°

3Sx10°

(n(0))

1.3x10°
[t

23"

341"
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Shift in the flat-band voltage of aluminum gate capacitors as a functuon of time

during avalanche injection at a current of 2 x 107 A, These capacitors were

subjected to the indicated exposures of e-beam irradiation and then annealed

for 30 minutes at 4007C in a forming gas (90% N_. 10% H_) ambient
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Comparison of the trapping behanior of poly-silicon gate and aluminum gate
capacitors which were subjected to identical irradiation (10 ‘coul-cm®) and
annealing (400°C, forming gas, 30 min) treatments.  The flat-band shift is

plotted as a function of time for an injection current of 2 x 10 A
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Comparison  of the effect of various anncals on  e-beam  irradiated
(10 *coul-cm*) aluminum gate capacitors.  The samples were irradiated and

given the following successive anncals in forming gas.

100°C 30 min (Ist anncal)
S00°C 10 min (2nd anneal)
500°C 20 min (3rd anncal)
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ELECTRON TRAPPING IN Si0, AS A RESULT OF AL IMPLANTATION

D. R. Young, W. R. Hunter, D. J. DiMaria, C. M. Serrano

I. INTRODUCTION

I'he effect of Al implantation on the electron trapping behavior of Si0, has been studied
by Johnson, Johnson and Lampert (1) using MOS structures. They used a fluence of 1 x 10"
at/em? at 20 keV with a 510, thickness of 1400 A This work indicated that most of the traps
were due to displacement damage.  The maximum anncaling temperature was 600°C. In a
recent talk given by D. R. Young (2) some data were presented showing that anncaling
temperatures up to 1050°C result in a substantial reduction in the trapping rate. It was hoped
that these high temperature anneals would eliminate the displacement damage and enable us to
study the trapping associated with the Al sites. We have also varied the Si0, thickness from
490 to 1400 A and the implantation energy from 1S keV to 40 keV. The location of the
trapped charge has been studied on the sample samples by DiMaria, Young, Hunter and

Serrano using the photo I-V technique and these results are given in a later section.

II. EXPERIMENTS

A. Sample Preparation

Silicon p-type wafers are used with a resistivity of 0.1 to 0.2 ohm-cm. The Si()l IS grown
at 1000°C in a dry oxygen environment. The samples are ion implanted and then cleaned. A
heat treatment of 1050°C for 30 minutes is used. As soon as possible after the heat treat-
ment, Al metallurgy is applied in the form of dots, .080 c¢m, in diameter, by evaporation

followed by a post metallization annealing treatment of 400°C for 30 minutes in N .
B. Measurement Technique

The electron current is induced in the Si0, using avalanche injection from the Si (3, 4). A

feedback circuit is used between the output of the electrometer and the 500 khz square wave




-

generator to control the amplitude of the square waves and keen the curresi in the Siliz
constant at a value that is preset as desired.  As trapping occurs. the square wave amplitude is
automatically increased to compensate for the effect of the trapped charge. The square vaves
are interrupted periodically to measure automatically the flat band voltage as a means for
monitoring the lrupp;:d charge build up in the Si0,. In the course of a typical run 400 - 600

measurements arcAadc. These data are fed into a computer and the results are analyzed to

provide informg&ion concerning the trap cross sections and the trap densities.  The computer

program canAcsolve two different traps if their cross sections are separated by at least a factor

of 2. Thefanalysis of the results follows the same proceedure followed by DiMaria. Aitkin and
Young £&5). The Si0, current used depends on the cross sections of interest and in this
ular experiment the range was 9 x 10" 109 x 10" A The largest current is used for the

parij

all cross scetion traps. The change in flat band voltage is given by

)
where C s the Si0, capacity D is the Si0, thickness. Q is the trapped charge and X is the
centroid of the trapped charge as measured with respect (o the AI-Si0, interface. The flat
band voltage measurement does not enable us to determine Q, and X independently and as a

result we refer to an effective charge given by

(2)
Ning (6) has shown that these considerations do not effect our measurements of the trap cross

seetions.

We obtain the cross sections and the effective trap densities by fitting exponentials to our

data. The cross section is given by

3)
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where 7 is the time constant of the exponential, I is the current density and g is the charge on

the electron.

The magnitude of the exponentials gives us the effective density of the traps. The charge

centroid correction must be used to obtain the actual density

I'he implanted Al profiles have been caleulated using the LSS range statistics of Gibbons.
Johnson and Mybroic (7). Their data have been corrected for the lower density of our Sio, as
compared with fused silica.  The factor used is 84, These profile calculations are shown in
fig. 1. 1t can be seen that for our thinnest sample (D =490 A) penctration of the Al into the
Si should be appreciable for an implantation energy of 20 keV. Results are presented indicat-

ing that substantial penetration actually occurs even for the 15 keV implantation.

If we substitute the expression for the Si0. capacity into ¢q. | we obtain for the flat band

voltage shift

B 1
(1)
where ¢ s the dielectric constant of 510, This relationship is independent of D and thus
we see that V'“ should not depend on I)‘_‘ il"(_)I and X are independent ol I)‘_t. We assume

that this is the case if the implanted Al does not reach the Si-Si0, interface
C.  Experimental Resulns

We have compared our trapping results on implanted samples with non implanted. but
otherwise identical. samples and we find a large increase in the trapping rate. indicating that

we can neglect the graps present in the non-implanted Si0).

The experimental results are given in fig. 2 for D = 1400 A, fig. 3for D= 730 A and
fig. 4 for D/, =490 A. In the case of fig. 2 (1400 A) we see a large increase in the trapping

(AV,,) as the implantation energy increases, a significant but smaller increase is noted in fig. 3

—
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(730 A) and in fig. 4 (490 A). it is seen that the trapping actually decreases for implantation
cnergies above 20 keVo The change in these results with D is due to the penetration of the

Al into the Sic This is shown by fig. 5 where AV, is seen to be a function of D and not

independent of D as predicted by eq. 4. This penetration occurs for D =730 A at 30 keV

The large increase in trapping with the implantation ¢nergy (V,) shown by hg. 2 (D =
1400 A) is a surprising result. The average shift (AV, JAVG taken from these data is plotied
as a function ot implantation energy (V1) on a log-log plot in fig. 6 and we see that the slope
is 2 indicating that the trapping varies as \'|" The increase in the charge centrowd (X)) has
been shown by DiMaria to be proportional to Vand our result can not be explained solely on

this basis

A summary of the measured trap densities and cross sections is given in Table 1. The
total effective trap concentration observed 18 3.5 x 10" The charge centroid measurments of

DiMaria ¢t al. indicate the X D .= 4 tor this case. Using this correction results in an

actual trap density of 833 x 19" as compared with the implanted fluence of 1 x 10"
111.  Discussion of Results

Our results for the thick Si0, (D = 1400 A) which does not allow penetration of the Al
through the Si0, into the Si shows that the trapping varies as the square of the implantation
energy. The charge centroid measurements suggest a first power dependence. As a result. we
conclude that the number of traps is proportional to the implantation energy. This leads to the
conclusion that the trapping we arc observing is due to implantation damage in the $i0, even

though we have annealed our samples at temperatures of 1050°C.

The trap cross sections associated with this damage have been characterized and the

predominant cross sections observed arc 1.26 x 10" and 1.40 x 10",



TABLE |

Trap cross sections (o) and effective densities (N)) for the traps resulting from a 30 keV al

implant with a fluence of 1 x 10" At cm® and D, = 730 A.

a(em’) N](cm %)
1Loox 10" 160 x 10"
.26 x 10" 114 x 10"
140 x 10" 140 x 10"
1.26 x 10" 500 x 10"
=37
fry
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ALUMINUM IMPLANTED INTO THE SI0,
LAYER OF MOS STRUCTURES

D. 3. DiMaria, D. R, Young, W. R. Hunter. and C. M. Serrano

The centroid of trapped clectronic charge resulting from traps introduced by Al implanted
into the Si0, layer of metal-oxide-semiconductor (MOS) structures has been nvestigated using
the photo I-V technique developed by DiMaria (1), The techmgue has o sensitivity ol Jess

than 10" charges em?.

Ihe Al implanted MOS structures are in a net neutral charge state alter the processing
desceribed previously. To use the photo 1-\ technique which depends on the internal tickds duc
to trapped insulator charge. the traps in the Si0| laver must be charged.  This s accomplished
by injecting clectrons using avalanche of the Siosubstrate (2) or internal photoemission (3)
from cither the Sioor semi-transparent metal contacts. As described previousiyv. some ol these
clectrons are trapped on sites related o the implanted AL Without the implanted Al no

noticcable clection trapping is seen under similar injection conditions

In Figure 1. the centroid measured from the metal-oxide interface (X) is plotted as a
function of Al implant energy in the range of 15-40 keV for oxides with thickness of 490 A.
730 A. and 1400 A. The points in the figures are deduced from the photo I-V experimental
technique while the lines are calculated using LSS theory (4). Fach experimental point in
Figure | represents the average of X over many samples.  For all samples in Figure 1. the
fluence was | x 10'* Al/cm? and the post-implant annealing was carried out at 1050°C for 30
minutes in N,. As seen in this figure there is fair agreement between the experimental results
and LSS theory for all energies and oxide thicknesses (the phco I-V results show the centroid
closer to the Al except for X at 15 keV on the 730 A and 1400 A samples). The roll-off of X
at higher implantation energies on the thinner samples (730 A and 490 K) is due to significant

amounts of Al penetrating into the Si substrate which are not sensed with the photo 1I-V

=Ah.
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technique. On the 490 A sample, a significant amount of Al is lost to the Si substrate for all

energies from 15 - 40 keV.

The photo I-V experiments presumably sensed negative charge trapped on sites related to
the implanted Al. SIMS measurements done in conjunction with F. W. Anderson (IBM - E.
Fishkill) have shown that the centroid and distribution of the implanted Al and the negative
trapped charge are identical within measurement error for a 20 keV Al implant into a 770 A
§i0, film at a fluence of 1 x 10" em™. This can be seen from values of X for the implanted Al
deduced from the SIMS data of Fig. 2 which are 346 A and 274 A for 730 A and 490 A oxide
thicknesses, respectively. These SIMS measurements also have shown that the profile of the
implanted Al is not a measurable function of post-implant annealing conditions (unannealed as

compared to a 1050°C anneal in N, for 30 min).

Figure 2 also shows a profile of the implanted Al predicted from LSS theory. As seen in
this figure the SIMS profile is broader than the LSS calculation predicts even though the
centroids are almost identical for a 770 A thick oxide. This implies that more Al should be
lost to the Si substrate on thinner S$i0, samples and predicts that the measured values of X
using the photo I-V technique should progressively deviate more with the LSS calculations as
the oxide is made thinner. The former trend is consistent with the calculated (LSS) roll-off of
X occurring at higher implantation energies than seen experimentally in Figure 1. The latter
trend is consistent with the results of Figure 1 and Figure 2 where the largest deviations with

theory for all energies are found on the MOS structure with the 490 A thickSi0, layer.

The centroids of the negative trapped charge were found largely to be independent of the

following experimentz! variables:

1. Amount of Trappsd Charge-in the range from 10" to 10' electrons/cm?.
2. Injection Mechanism - avalanche or internal photoemission from the Si substrate, or

internal photoemission from the Al electrode; except for a small anomolous effect

observed for the sample with a 40 keV implant into a 1400 A oxide.
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Post-implant Annealing Conditions - from 600°C to 1050°C for 1/2 hour in N..
Fluence of Al - from 5 x 10" to 2 x 10" Al/cm?,
Oxide Thickness - in the range of 490 A to 1400 A if the Al does not penetrate into

the Si substrate.
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X as a function of Al implantation energy from 15-40 keV for 490 A, 730 A,
and 1400 A thick 8i0, layers. The points o, o, and A are experimental values

for the trapped negative charge distribution using the photo I-V technique and
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Normalized Al density for a 20 keV implant energy and 1 x 10" em * fluence
as a function of distance from the air-oxide interface into a 770 A thick Si0,
film.  The normalization factor was the peak value of the Al density in the
film.  The dashed and solid lines are the profiles determined from SIMS
measurements and LSS theory with centroids of 353 A and 368 A respectively

for an oxide thickness of 770 AL
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SILICON OXIDATION STUDIES:
ITHE INITIAL OXIDATION REGIME
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Introduction

The thermal oxidation of single crystal silicon at high temperatures (800-1000°C) in pure
dry 0, has been found to be represented adequately by a linear-parabolic film growth model
(1), with an accuracy better than 10 percent, so long as the data fitted includes film thickness-
es greater than a minimum value (d)) of about 200A.2 However, for oxidations in H,0
containing ambients (3.4), the minimum thickness value, d . to be included for a good fit to
the linear-parabolic model, decreases with increasing H,0 content of the oxidizing ambient.
An examination of the regime of thicknesses less than d . shows that this thin Si0, region is
characterized by a faster rate of oxidation than is anticipated from the rate constants for the
lincar parabolic regime (1-5). One report (S) describes this region by another lincar-parabolic
equation while other authors (6,7) assume it is the linear part of the linear-parabolic rate law.
The former analysis (5) does not consider the possible error assoctated with assuming a
linear-parabolic initial regime and the latter authors have insufficient data to analyze for the
determination of a best fit. The present study is concerned with an examination of the initial
regime of oxidation (Si0, film thicknesses <d_to determine why the initial regime for dry 0,
oxidation displays a more rapid oxidation mechanism while for H 0 oxidation d, =0. and the

oxidation data follows the linear parabolic model throughout.

In the present study, it was found that there was a decided difference between the
linearity of the data for dry 0, oxidation and oxidation in a H,0 containing ambient for Si0,
films up to 200 A thickness. The dry 0, data were more linear. The linear-parabolic model
(1) can be summarized by the integrated rate equation:

1
t-t =

0

L (dd)
LIN : PAR

(d*-d))

where t and d are the time of oxidation and Si0, film thickness respectively t and d_represent
the upper bound of the initial oxidation regime which does not conform to linear-parabolic
kinetics and k. and k. are the linear and parabolic rate constants respectively. In this

model, linear kinetics are the result of a surface controlled reaction while parabolic kinetics




demonstrate that the oxidation is diffusion controlled.  This experimental finding suggested

that wet grown Si0, films are more protective.  Dielectric breakdown histograms support the

contention that 1SOA wet grown Si0, films have less defects than films grown in dry 0,. These

results can be explained if micropores existed in the Si0, films. For the purpose of observing

micropores in the films, transmission electron microscopy (TEM) studies were performed.
Experimental Procedures

Substrate Preparation and Oxidation

I'he oxidation experiments were performed using an automated ellipsometer capable of
measuring the Si0, film thickness in-situ during oxidation. The instrument used for this study
has been described in detail eisewhere (8). Basically, the ellipsometer uses a laser light source,
polarizer, compensator, and a rotating analyzer-encoder. The light intensity measurement after
the analyzer is automated.  The ellipsometry measurements are made with the sample con-
tained in a fused silica rf-heated reaction tube. Therefore, it 1s possible to collect and analyze
cllipsometric data as the Si0, film grows without interrupting the oxidation run. The optical
constants characteristic of the Si surface as a function of temperature were previously meas-

ured (X)

All substrates were < 100> oriented chem-mechanically polished sihcon wafers measuring
3.2 ¢m in diameter and 0.025 ¢m in thickness. All the wafers were p-type with a nominal
resistivity of 2 ohm-cm. It was reported previously (3) that the resistivity type or value in the
range 0.5-10 ohm-cm had no influence on the oxidation process. The wafers were cleaned as
reported elsewhere (3) and an initial oxide thickness of 3 to 6A Si0, was measured at room

temoperature.

The gases used in this study included Ar, N, and 0,. Both N, and 0, were supplied from
boil-off of liquid sources. As previously reported (2.3) the 0, contained trace amounts of
methane (17 ppm) which at the experimental oxidation temperature combusts to form H 0.

I'his trace H,0 substantially increases the rate of oxidation (3,4). For dry oxidations, the
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methane was removed by preheating the oxygen to about 10007C, in order to combust the
methane to H,0 and €O, and then cold trapping at -807C to reduce the H .0 concentration to
less than ITppm H,0 in the 0, To add H,0 to N the N s flowed through o thoroughly
cleaned fused silica vessel which contains deionized H,00 By controlling the H,0 temperature
with a variable temperature refrigeration unit the concentration of H,0 can be adjusted to any
desired fevel from less than 1 ppm upwards.  The Ar was purchased in pressurized eylinders
and was the highest purity available. The moisture content was less than 0.5 ppm as measured

at the furnace exit during the actual anncaling experiments to be described.

In order to check on the charge levels i the S10) film grown, capacitance-voltage (C-V)
measurements were made on some oxides. Evaporated aluminum counter-clectrodes were used
as clectrical contacts. The C-V measurements at (IMHZ) revealed an average fixed positive
charge level of S x 10" charges cm™. Bias-temperature stressing (10°V cm at 200°C for 15
min and subscquent cooling under bias) revealed an average mobile positive charge level of 7 x

10" charges ¢cm” These values are characteristic of MOS quality oxide
! { b

Dielectric Breakdown Measurements

Diclectric breakdown measurements were made using a special triggering circuit configura-
tion previously described by Osburn and Ormund (9).  Essenually a hincar voltage ramp is
apphed to the MOS sample.  The voltage ramp was obtained by charging a fixed capacitor
using a constant current venerator, the ramp rate was then controlled by adjusting the output
current from the generator. Triggering 15 obtained by a circuit which senses a voltage across a
resistor in series with the MOS device.  The series resistor must be kept at a reasonably low
value (10-1000 ohms) to prevent a large error in the reading of the final breakdown voltage
I'he clectrodes used were RE evaporated Al dots of 0.127 e¢m diameter yiclding a dot arca of
1.27 x 10“cm® These larger dot sizes were used to obtain more realistic breakdown histo-

grams.  The Al thickness was approximately SOOOA and this thickness plus the use of a small



sense resistor in the circuit contiguration (9) msured that the measured breakdown voltage was
the final destructive breakdown. The ramp rate was the same for all measurements and about

0.5 MV cm-scc.

Ihe breakdown measurements were done with the Al biased negatively. ic. with the
28-cm p-type Stoin accumulation. At high fields electrons are injected from the Al into the
S10, 1 electrons were trapped at or near the AL-SIO interface. the trapped charge would alter
the ficld across the MOS device and possibly lead to erroncous conclusions concerning
histograms of the number of breakdown events versus applied field. For the purpose of
determining if there s sufficient trapping at or ncar the Al-Si0, (injecting) interface a recently
described (10) technigue using Fowler-Nordheim (EN) current is used.  The EN technique
consists of a4 measurement of current while applying a voltage ramp. The FN current regime is
identitied by the lincarity of the plot of log I versus Fo The fields at which the FN conduction
mechanism dominates is usually greater than 6 MV ¢cm for Si0, I trapping occurs, the EN
curve would be shifted to higher ficlds duc to trapped negative charge. Trapped charge causes

ficld reduction, . at the cathode according to the cquation (10):

gN X

where g is the electronic charge, N is the total trap concentration, and ¢ I8 the diclectric
constant for Si0,. X is the distance of the centroid of the charge from the anode and D s the
oxide thickness. This means that the effect of the charge on the field at the cathode increases
as the distance to the cathode decreases. Experimentally the current through the MOS device
is measured using a logarithmic picoammeter while the field is increased by means of a linear
ramp.  The EN regime is scanned in field from about 6 - 10 MV/cm and then held at 10
MV em for a few scconds to insure large current flow through the device: then the field is
removed and the experiment repeated.  If trapping occured the FN characteristic curve would

be shifted to higher fields. Results of this experiment will be shown below.
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Capacitance - voltage measurements (I MHz) at room and [N temperatures were made
to determine whether charges were trapped, and/ or surface states (11, 12) created, at or near

the Si-S10 | intertace due to the Large currents which exist prior to dielectric breakdown

Transmission Electron Microscopy (FEM)

Speaimens of 1S0A S10 films were prepared by chemically etching away the Si from the
S1-S10 0 composites. The details of this procedure have been previously described (13). The
preparation was done i four different ways, in order to eliminate possible artfacts duce to a
particular ctchant, and to decorate features of interest. Type T samples were prepared by
stmply ctchimg away Siowith a mixture of HE and HNO - This ctchant also vigorously attacks
S10 - and the successtul preparation of samples with this etchant is somewhat fortuitous. When
the SI-S10 interface is approached. the ctchant nuxture s changed to a solution more dilute in
HE. in order to reduce the speed of attack on the S10) film. - Type H samples were prepared
similarly to Type 1 except that when about 8O percent of the Stowas removed with o HE-HNO
ctchant. the etchant was changed to a mixture of pryocatechol-cthylenedianne-H 0 (14)
FThis mixture attacks St very vigorously (20 hr at 100°C) but S10 very slowly (200A hr)
Fyvpe HI films were prepared exactly as Tyvpe I and when etching was fimished were anncaled
m dry Noat 10007°C for 2 hs. This treatment was used to simulate an observed degradation in
diclectric rehability to be reported later. Tyvpe IV samples were prepared as Tyvpe 1 samples
but before etching they were cither coated with T00A of Au by cvaporation or dipped in a
solution of NaCl and anncaled. The Au samples were annealed for 102 hr at 800 C and the
NaCl contaminated samples were heated for 1 hr at SO0°C. In some cases the Au coated
samples were not annealed and in other cases the Au was removed after anncaling with
aqua-regias It was hoped that the Au would decorate preferred diffusion paths and the NaCl

would decorate weak arcas by reaction

EXPERIMENTAL RESULITS
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Film Growth Kinetics

Fig. I shows the experimental data for the oxidation of < 100> Siin dry 0 and H,0-N,
ambicnts for Si0, film thicknesses of 20 - ISOA  Visually these data appear o be hincar
Lable I shows the results of fitting the data to the lincar equation

L=k d+Kk,
by the method of least squares (15) where tis the oxidation time. and d s the 10, thickness
The dry 0 data is relatively more linear than the HLO-N - datas Indeed it s known that tor
2000 ppm H .0 i N _ambient d =0, hence the data fits the lincar-parabohic equation for all
values of Si0 - film thickness (4) while for dry 0 a best fitis not obtained when film thickness
es less than ~200A are included in the analysis. In keeping with the hncar-parabolic modcel
(1), the lincar rate is associated with a surtace controlled reaction. This plus the fact that the
mitial lincar regime for dry 0 displays a greater oxidation rate than the hincar-parabolic mode.
suggests that the Si0 films produced by ultra dry 0 oxidation arce less protective than films
crown in an H 0 contaming ambient.  Enhanced protecuvity for the H O grown 150A films
may be manifested i terms of reduced Himeodetects. The results ol diclectrie breakdown
measurements to be deseribed can be interpreted o terms of Hilm defects and will shed some

heht on this question of protectivity

I'he difference in hinearity of the oxidation data tor wet and dryv grown films s fargest at
the lower oxidation temperatures: and at the lower temperatures there s closer agreement
between the stope of the strarght hine fitted to the data and the hincar rate constant as obtamced
from the lincar-parabolic model applied o film thicknesses up to 2000 (2). For dry 0]
grown oxides this is understood by considering that the initial regime for dry O hilms s nol

18 not to be expected exceept

lincar-parabolic and therefore agreement between ko oand k|

where d is close to zero at the lower temperatures For the H O grown hilms the parabolic
rate constant is important even for these thin films and therefore agreement between k| and

K, will depend on the importance of ko




Dielectric Breakdown and Trapping Measurements

The shape of the histogram of the number of diclectric breakdown events versus the field
at which breakdown occurs yields information relative to the defects in the Si0, films (9, 16).
Fig. 2 shows a comparison of the histograms for 150A Si0, films grown in H 0-N, (2a) and
dry J, (2b). It is readily seen that the maximum breakdown field for both wet and dry Si0,
are nearly equivalent at a value of 14 MV /cm yet the shapes of the disiributions are decidedly
different. Theoretically, the histogram for a defect free Si0, film would be a delta function at
the maximum breakdown field. Thickness fluctuations as well as random measuring equipment
imperfections would broaden the delta function slightly, but Si0, film defects would cause a
larger tail toward the lower fields. This type of tailing is observed in the histograms for both
wet and dry grown Si0,. However, the broadening is more severe for the dry oxides where the
peak in the distribution is shifted some 2-3 MV /cem further toward low fields than for wet
grown oxides and results in a distribution with a nearly Gaussian shape. The wet grown Si0,
films have 80 percent of the breakdowns at field 210MV . cm while only 30 percent for dry
grown films.  Therefore, in view of these dielectric breakdown results the previous asseition

based on the film growth Kinetics that wet grown oxides are more protective seems justified.

Previously, it was reported that the effect of H,0 on the Si0, film oxidation kinetics is
reversible (4). 1e., the oxidation Kinetics of an oxide growing in an H,0 containing ambicnt
reverts to dry oxidation Kinetics soon after the wet ambient is switched to a dry ambient. It is
worthwhile to investigate whether the enhanced diclectric reliability of the wet grown thin Si0,
films is coupled with the rather labile-OH in which case the enhanced dielectric integrity is
casily lost or whether the enhanced reliability is duc to a more stable form of OH in the 510,
network.  Fig. 3a shows that the histogram for a wet grown oxide reverts to that for a dry
grown oxide after 1/2 hr 1000°C anneal in dry N, However, Fig. 3b, ¢, and d show that
compared with the control (3b) annealing at 10007C in dry Ar for up to 18 hrs. caused only a

small amount of degradation. In fact, the small amount of degradation could simply be due to




sample to sample variations. In any case, the degradation in dry N, is unambiguously larger
Therefore, since the films were stable to the 10007 C Ar anncal, the enhanced reliability of wet
grown thin oxides appears to be related to a stable form of OH in the 510, The fact that
there exists several forms of OH having different lability in fused silica has been reported (17)
Also the reactivity of N, in the Si0,-Si system in a non-oxidizing atmosphere has been reported
(18) as well as the detrimental affect that the reaction of N, has on the diclectric reliability
(19, 20). Thus, the degradation of the H,0 grown thin films is accelerated by N reaction and

not by the out diffusion of labile OH.

Electron Trapping and Surface States

Representative results for the clectron trapping measurements by the previously described
Fowler-Nordheim (FN) technique are shown in Fig. 4. The samples were ramped up to 10.5
MV cm and held there for 10 sec (i). Then the curve was retraced (re). The initial and
retraced curves for a wet grown oxide (W104) differ at most by 0.5 MV /cm shift in the
breakdown histogram peaks.  Samples W104 and D113 displayed more than the average
amount of trapping for wet and dry samples examined in this study: the average shift in the
FN characteristic curve was found to be 0.2 - 0.3 MV cm for both wet and dry samples with
wet grown films usually exhibiting more trapping. It was sometimes difficult to find dots on
dry grown Si0, samples which could withstand the high field for this experiment.  Other than
this problem, however, the trapping behavior at or near the cathode was observed to be similar
for wet and dry films and in no case was the trapping sufficient to cause the degree of electric

ficld change necessary to explain the histograms of Fig. 2.

Capacitance-Voltage (CV) measurements at room temperature and liquid nitrogen
temperature have shown that about 7.5 x 10" positive charges per em? are created at or near
the Si-Si0, interface and about the same number of surface states are created by virtue of the
above described EN currents. These results were the same for both dry and wet grown oxides

and are in quahtative agreement with previous studies (see, for example, Refs. 21 thru 24).
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Fransmussion Eleciron Microscopy (TEM)

Fie S shows representative results from Type T and o samples. The results from Type |,
I dey and wet samples were substantially the same. e as seen from Figo S that the mode fTor
the dissolution of the films s via attack by the ctchant at selected small arcas on the Tilm
surlace. The differences seen between Sa and b s probably duc to the time of exposure of the
film to ctchant I'he time duration i which the sample was exposed to ctchant would
determine the size relationship between the final size of the hole and the original defect. This
tume was not controlled mm this study.  The nature of the defect, e, whether a void., micro-
pore. impurity cluster, ervstallite, cte. depends on the refative reactivity of the ctchant to these
tvpe of possible detects. Toas clear that a void or nucropore could vield the final observation,
but other detects cannot be ruled out. The maximum size ol inhomogencity must be as small
or smaller than the hole found after cteching. Holes which measured less than TOOA were
observed. and theretore, considering the speed of the etehants, the inhomogencities could be
SOA or less in diameter. No differences were seen upon anncaling Fyvpe Toand T samples

Lheretore, no tigure for Type HI samples s shown

By way of explaining these results, gas permeation studies (25) have led to the assertion
that pores in Si0, of less than SOA diameter would explaimn ['hk‘ measured permeabilities tor
different gases.  Another model was proposed (26) in which a non-random distribution of
bond angles in the Si0, network may result in chain-like defeets where dr-pm orbital overlap
between Sioand 0 is greater than in surrounding regions. Such higher density regions may be
more violently attacked by etchant. This latter model (26) predicts higher conductivities for
films which have this chain structure.  However, the conduction measurements made in the
present study do not show any systematic differences between wet and dry prepared 150A Si0,
films.  Also, it is difficult to reconcile the oxidation Kinetics results based on more dense

localized regions
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Represeatative results from Type IV samples are shown in Fig. 6. Fig. 6a shows that less
than a monolayer of Au forms rod shaped structures. A closer examination reveals that
contained within the rod like structures are smaller darker regions Presumably these are the
nuclei for the growth of the Auislands. The arca density of these nuclei (~ 10" ¢em ) is much
larger than the clectrically active deteet density (< 10°) as obtained by diclectric breakdown
measurements. Fig. 6b shows the results from Au decoration. Au was crvaporated into a 1SOA
SI0, film on Si. The Siowas removed from a portion of the sample and then the Au was-driven
nto the film at 8O07C for 12 hro The Au was then removed using agua-regra. Fhe darker
transparent region of 6b was caused by a picee of the tilm tolding back 1o the silicon cdee and
then breaking off. Theretfore. there is 300A Si0 i the durker remon. Al the Au has not
been removed and is seen as the non-transparent dots and islands tormed by coalescence and
growth. The regions where the Au has been removed appear as tunnels. However, it s known
that Au reacts with S0, (27) and the shape of the tunnel like structures s similar to the shape

ol the Au islands. Therefore, it is believed that the tunnel-like structures are due 1o reaction

of Au with Si0 . Furthermore, if the Au is removed after o 300 C anneal or no anncal at all.

the tunnel structures are less visible

Fig: 6¢ shows the result of decoration with NaCl The NaCl nucler appear to be located
preferentially on the perimeter of holes which were produced by the ctehant. Also, around the
NaClnuclei and clusters is another dark band. This is probably a region in which reaction has
taken place between Na and S0, The holes may have been preceeded by arcas which were
the reaction product of NaCl and S0, and this may be more vigorously attacked by the
ctehant. Sodium silicates are usually soluble in H,0. The shapes of the holes are irregular as

compared with the ircular holes which occurred without attempts at decoration

There are several things learned from the TEM experiments.  The Type | and 1 samples
strongly suggest that the films have inhomogeneities.  The size of the inhomogencities s

certainly less than 100A and probably less than 20A which makes the resolution of the defects
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within the present study doubtful. The number of these inhomogerciries, assuming that they
are related to the etched holes in a one to one ratio, is of the order Hf 107em ™ which is more
than 10" times too large compared with the number of defects obtained from diclectric
hrcukdqwn statistics. This probably means that although the type of inhomogeneity observed
is part of the Si0, thin film structure, only a small fraction are sufficiently electrically active to
cause d-iclcclric failure. The shape of defects was not obtained by decoration experiments
because ambiguities arise from the reaction of the decorant with Si0,. However, the number
of nuclei of Au and NaCl is roughly the same as the number of holes observed from etching.
I'his may mean that the decorants did indeed decorate the defects but also simultaneously

obscured their shapes by reaction.
Summary and Discussion )

I'he kinetic oxidation data suggest that the wet grown thin (~1S0A) oxides are more
protective than ultra dry 0, grown films.  The evidence for this is the greater linearity of the
thickness-time data for the dry grown oxides as compared with wet grown films. The linearity
suggests a surface reaction controlled mechanism for oxidation rather than diffusive transport
of oxidant. In effect, for the case of ultra dry 0, oxidation, the growing oxide film does not
provide an effective barrier to the diffusion of oxidant A comparison of the diclectric
breakdown histograms for the wet and dry ~150A Si0, films strongly supports the contention
that the wet grown oxides are more protective.  Anncaling the wet grown oxides in dry Ar at
OG0T C for long times does not cause degradation Iherefore, the enhanced diclectric
reliability of the H 0-grown films is due to a rather stabile OH species. The TEM experiments
offer significant evidence that Si0, films are not homogenous and the size of the inhomogenei-

ties 1s probably less than SOA

I'he experimental observations made in this study are consistent with the existence of
micropores in the Si0, films. even though such small pores were not directly observed.  Firstly,

the presence of pores in solids is expected (28) The size and type of pore structure that a




material displays is dependent upon the material. Secondly, the pores would provide a "short
circuit” path to the Si-Si0, interface for oxidant species which do not attack Si0, (such as 0,
related oxidant). Rapid lateral diffusion of these oxidant species would yield lincar oxidation
kinetics which is typical of surface controlled reactions. In addition, such pores could cause
premature diclectric failure. For H,0 grown films the reactive OH attacks Si0, forming SiOH
species. The micropores could then become partially clogged with OH groups thereby yielding
parabolic oxidation kinetics and improved dielectric integrity.  Thirdly, micropores are known
to bind vapors tenaciously (28) in the interior of the pores thus explaining the irreversibility of
the dielectric improvement even to 1000°C inert gas anneals.  Further experiments would be
necessary to prove the micropore model.  Indireci measurements such as adsorbtion isotherm
studies are usually performed to detect the existence and nature of pores (28). particularly
micropores. Only a few studies have reported the direct observation of pores smaller than
~100A and no studies have been found in the literature by this author which show the direct

(TEM, SEM, etc.) observation of micropores




TABLE 1

Results of Fitting the Data from Fig. 1 to the Linear Equation, t = k, d + Kk, where tis the
time (min) and d the Si0, film thickness (A). D represents dry 0, oxidation ambient and W

represents 2000 ppm H,0 in N,.

Iemperature Ambient Std Dev of 1/k, ku\‘
(°C) Fit {(A/min) (A/min)
780 D 0.86 0.56 0.57

W 4.0 0.1 0.10
893 D 0.40 2.8 2D

W 1.0 0.78 0.60
980 D 0.37 8.9 % |

W .1 3.3 4.6

*

K, . from the linear - parabolic model (2)
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The Electronic Structure of SiO,, Si Ge,_ O,, and GeO,

from Photoemission Spectroscopy*

B. Fischert, R. A. Pollak, T. H. DiStefano and W. D. Grobman
IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598

ABSTRACT

The valence band structure of the mixed silicate Si,Ge, O, was investi-
gated for a range of compositions by X-ray and UV photoemission spectros-
copy. Structure in the valence band, which is derived from the oxygen non-
bonding orbitals and frem the Si-O bonding orbital, 1s seen to move continu-
ously in initial ¢nergy in going from SiO, to GeO,. The width of the non-
bonding bands at the top of the valence band decreases from about 3.3 ¢V in
Si0; to 2.0 ¢V in GeO, in which separate peaks are no longer resolved. The
decrease in width of the non-bonding band:s is correlated with an increase in
the average oxygen-oxygen separation from 2.62 A to 2.85 A. The results
indicate that the width of the non-bonding bands is largely due to oxygen
wavefunction overlap.  The valence bands measured by photoemission from
the mixed oxide are not a superposition of Si0, and GeQO, valence bands. On
the other hand bandgap excitations, as determined by energy loss satellites on
the photoemission spectra, were found to be a superposition of those for S10,
and GeO,, indicating local conduction band states centered about the Ge and

Si sites

* Supported in part by the Defense Advanced Research Projects Agency and

monitored by AFCRL under contract No. F19628-76-C-0249.
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L. INTRODUCTION

The general class of silicate materials, which has been studied extensively both in nature
and in several materials of technological interest, is only recently being investigated from the
point of view of electronic structure. The best understood member of the class is SiO,, for
which theoretical calculations'™ of the electronic structure are based on X-ray and UV
photoemission™® spectra, in combination with optical properties and X-ray emission spectra,
and clectron energy loss spectra.  The picture which emerges for the clectronic structure of
Si0, is a collection of narrow, oxygen-like bands at the top of the valence band, with a broad
S1-O bonding band lying more than S ¢V below the valence band edge. The character of the
valence band edge of Si0, is dominated by the oxygen orbitals, and is only weakly sensitive to
crystal structure as is seen in the similarity of the optical properties of amorphous and
crystalline quartz’. Both the crystal structure® and electronic structure? of GeQO, are similar to
that of SiO,. Nevertheless, the physical properties of these two materials are somewhat
different: ¢.g. the amorphous and hexagonal forms of GeO, are water-soluble while all forms
of S10, are insoluble. The bandgap of amorphous S10; is 9.0 eV compared to about 5.6 ¢V
for GeO,'"". Photoemission and differential photoyield spectra of 510, and GeO,. published
recently by Rowe®, are similar for both oxides, although there are some differences in the
energy levels of the valence bands. Since both SiO; and GeO, have the same structure based
on tetrahedra of oxygen atoms around Si or Ge centers (see Fig. 1), one can produce a mixed
system Si, Ge, O, in which each of the tetrahedra may be centered about either Si or Ge. By

studying variations in the photoemission spectra of the mixed systems of different compos-

itions, it 1s possible to examine details of the oxygen derived bands.

In this paper we study systematically the trends in the features of the photoemission
spectra for the mixed system Si Ge, O, with 0<x<1. The parameter which changes most
dramatically in this series is the O-O distance. This occurs because GeQ, tetrahedra with a

central Ge atom have an O-0O separation which is about 99 greater than that in SiOy tetrahe-
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dra. More specifically, for some intermediate mixtures, there are three nearest neighbor
possibi'ties for an oxygen ion: it can be shared by (1) two SiO, tetrahedra, (2) one SiO,4 and
one GeOy tetrahedron, or (3) two GeO, tetrahedra. The average O-O separation is increased
as the GeO, concentration is increased. Other parameters such as the small variation in the
Si(Ge)-O-Si(Ge) bond angle or in the ionicity are not thought to influence appreciably the
valence band structure of the Si,Ge, ,0,. Thus, by studying the electronic structure of
§i,Ge,_,0, we are able to determine the influence of the O-O wavefunction overlap interaction
on the electronic structure of silicates. The nonbonding O 2p orbitals comprise the top of the
valence band, and therefore these studies aid our understanding of fundamental electronic
properties'? such as hole-conduction, radiation damage, and dielectric breakdown in silicate

glasses.
II. EXPERIMENTAL

Si_ Ge, , films several thousand Angstroms thick were prepared by DC sputtering onto
sapphire substrates. The sputtering target was prepared by melting a mixture of high purity
polycrystalline silicon and germanium onto a molybdenum substrate in an argon arc furnace.
The films studied with UPS were oxidized in the ;sp‘ectrnmctcr by heating at 450°C in 10 torr
of oxygen for 15 min. The films studied with XPS were oxidized by heating at 650°C in a
tube furnace for 3 hours while flowing oxygen over the sample and then immediately transfer-
ring the sample to the spectrometer vacuum. The compositions of the films used in the UPS
cXperiments were determined by electron microprobe analysis and the compositions of the
films used in the XPS experiments were estimated from the relative intensities of the Ge 3d, Si

2p. and O Is core-levels.

The UPS measurements were performed using a cylindrical mirror electrostatic-deflection
type electron energy analyzer (resolution 0.25 eV) and 21.2 or 40.8 eV photons from a
He-discharge lamp. The residual chamber pressure during measurement was between 5 x 1010

torr and 2 x 10® torr. The XPS measurements were performec with a Hewlett-Packard ESCA
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spectrometer which has a monochromated AlKa, , X-ray source (1486.6 ¢V) and a resolution

of 0.5 eV. The pressure in the measurement chamber was 10 torr.

During the photoemission measurements, the surfaces of the oxidized Si,Ge,  films were
in contact with the grounded sample holder. Only the 8i Ge ,0, sample exhibited substantial
charging during the XPS experiment. Charging was neutralized by flooding the sample with
10 mA of electrons of 10 eV kinetic energy. The spectrum of crystalline a-quartz (Fig. 8)
which we discuss later required a neutralizing current of 10 mA at 2 eV. All binding energies
are reported with respect to the top of the valence band which was determined by extrapola-

tion of the leading edge of the valence bands to the background level.
L. RESULTS

A. X-Ray Photoemission Spectroscopy

Six amorphous Si Ge, O, films with compositions x = 0.0, 0.03, 0.37, 0.78, 0.90, and 1.0
were studied by X-ray photoemission spectroscopy. Typically, a 1000 eV wide overall scan.
the Ge 3s, Ge 3p, Ge 3d. Si 2s. Si 2p, O Is core-levels, and the valence bands were
sequentially scanned and computer time averaged for a total of 15 to 20 hours. Fig. 2a. is a
1000 eV overview spectrum of the Si wGe O, sample. The first 200 eV of this spectrum is
plotted on an expanded scale in Fig. 2b. The small C Is peak near 280 eV is from carbon
contamination by adsorption of residual gases during the course of the experiment. The large
variation of photoelectric cross-section among different energy levels is exemplified by the
difference in intensity between the O 1s level with 4 electrons and the Ge 3d level with
10 x 0.63 = 6.3 clectrons per average molecular unit (see Fig. 2a.). The low photoelectric
cross-section of the valence orbitals (0 to 12 eV) necessitates a relatively long counting time
in order to reduce the effect of noise in the data. Germanium (LMM) and oxygen (KLL)

Auger peaks are also present in Fig. 2.




The X-ray photoemission spectra of orbitals within 40 eV of the top of the valence band
are shown in Figs. 3a, 3b, and 3¢ for GeO,, Si,,Ge 0, and SiO, respectively. The main
features are the Ge 3d level at 29 ¢V and valence orbitals between 0 and 25 eV. The peak at
20 eV is derived mainly from the O 2s orbital, and the structure between 0 and 12 eV is
derived from the O 2p, Ge 4s, Ge 4p, Si 3s, and Si 3p orbitals. Spectra of the outermost

orbitals of the Si Ge, O, films which were studied are compared in Fig. 4.

Inclastic energy loss structure is observed on the low kinetic energy side of every pho-
toemission peak. This is most clearly seen for the O 1s peak in Fig. 2a. A higher resolution
scan of the O Is energy loss region is shown in Fig. 5a. The regions of onset of the O Is
inelastic energy loss structure of the six films studied are compared in Fig. 5b, where the O Is
(not shown) peaks are aligned at 0 eV. Both interband transitions and plasmon excitations
contribute to the loss structure on the high binding energy side of the core level peaks. The
loss at 10 eV in SiO, (peak 1 in Fig. 5b) and 7.2 eV in GeO, (peak 2 in Fig. 5b) correspond
to the first interband transition®. It is interesting to note that this transition energy does not
smoothly vary across the solid solution series as one adds Ge, but instead the 7.2 eV excita-
tion at posiion 2 appears at low concentrations of Ge and increases with the amount of Ge
present.  This indicates that the conduction band edge is dependent upon local position in the
material. An optical excitation from an non-bonding oxygen derived orbital with a Ge nearest
neighbor can occur at an energy about 2.8 ¢V less than an excitation of an orbital with Si

nearest neighbors.

B. UV Photoemission Spectroscopy

Five amorphous Si Ge, . O, films with compositions x = 0.0, 0.24, 0.46, 0.73, 1.0 were
studied UV photoemission spectroscopy. Spectra (hr = 40.8¢V) of the valence band orbitals
between 0 and 12 eV are shown in Fig. 6. The variations of the positions and widths of the
three main peaks of the spectra are plotted in Fig. 7 for the mixed material. The major

features of the valence bands are seen to change continuously in going across the series from
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SiO; to GeO,. This continuity allows us to identify corresponding features in $i0; and GeO,

on a one-to-one basis.

UPS spectra obtained at hy = 21.2eV show an enhancement of the inelastic ¢'cctron
emission at low Kinetic energies, particularly for x near 0. Excited electrons with less crystal
kinetic energy than the optical gap E, have an extremely long inelastic scattering length since
they are energetically forbidden to decay by electron-electron scattering processes.'? Thus, the
secondary yield observed at low kinetic energies increases with a decreasing E, in going
through the series toward x=0. The UPS spectra measured at hr = 21.2 eV are not distorted
by the threshold for electron-electron scattering since all of the electrons excited from the

valence band lie at energies greater than E, above the conduction band minimum.

V. DISCUSSION

We will first describe the nature of the main features of the photoemission density of
states for SiO, by comparing the X-ray emission spectra and photoemission spectrum of
crystalline a-quartz. We will then describe how the change in the photoemission density of

states of Si Ge, O, adds to the overall understanding of the electronic structure of silicates.

Klein and Chun’s O Ka ', Wiech's Si L,, ' and Lauger's Si KB 16 X-ray emission
spectra of SiO, are drawn on the same energy scale with the X-ray photoemission spectrum of
a-quartz'” in Fig. 8. The relationship between the X-ray emission and X-ray photoemission
spectra is illustrated in the energy level diagram shown in Fig. 9. Since the final state of the
X-ray photoemission process is essentially the initial state of the X-ray emission process, it was
possible to accurately align all spectra with respect to the top of the valence band by subtract-
ing the XPS O 1s and Si 2p binding energies of quartz from the O Ka and Si L,, X-ray
emission spectra respectively. The Si 1s binding energy of quartz was determined by adding

the quartz Si Ka,, X-ray energy (1740.3)" (o the quartz Si 2p XPS binding energy and this



value was subtracted from the Si KB X-ray emission spectrum in order to align it in fig. 8.
This empirical method of aligning the X-ray and photoemission spectra eliminates the errors of
interpretation previously introduced into the literature by arbitrarily aligning the O Ka and

the Si L, , spectra.

It is immediately obvious that there is a close correspondence between structure in the
photoemission and X-ray emission spectra in fig. 8. Photoemission from all orbitals across the
valence bands is allowed, although it is modulated in intensity by the photoelectric cross
section. The X-ray emission process is governed by two factors: 1) the dipole selection rule
which only allo\ws X-ray transitions from valence orbitals with angular momentum quantum
numbers which are +1 different from that of the initial hole state and 2) wavefunction overlap
between the initial and final state one-electron orbitals. The dipole selection rule effectively
allows only X-ray transitions from orbitals with p-like symmetry about the appropriate atomic
center in the O Ka and Si Kf spectra and with s- or d-like symmetry in the Si L, , spectrum.
The overlap requirement makes the X-ray emission process a local probe which samples only
valence orbitals with amplitude near the core of the atom with the initial state hole; that is,
near the oxygen nucleus for the O Ka and near the silicon nucleus for the Si Kf and Si L, ;

X-ray spectra.

To understand the electronic structure of silica it is useful to use the molecular orbitals of
the cluster SiO * for which the point group is T, and the molecular orbitals are described in
terms of the tetrahedral irreducible representations.2? The energy eigenvalues of the molecular
orbitals of the SiO* cluster have been calculated by various methods.z Tossell, Vaughan, and
Johnson, using the results of their SCF Xa scattered wave calculation, have correlated the
molecular orbitals of the SiO,* cluster with the features in the X-ray emission spectrl of

quartz.* Yip and Fowler have made a similar comparison between photoemission and X-ray

emission data, and the results of their LCAO-MO calculation.2

We now compare the X-ray photoemission spectrum of quartz with the empirically aligned

cn-




valence band X-ray emission spectra. From the nature of the molecular orbitals of the SiO,*
cluster, we can deduce the character of the bands which occur near the corresponding energy
in the photoemission spectrum. Our band picture to a large extent follows the assignments
made by Tossel, Vaughan, and Johnson4, with some exceptions. The 4a, and 31, molecular
orbitals associated with binding energies 1 and 2 in Fig. 8 are mainly derived from O 2s with a
small amount of Si 3s and Si 3p respectively. The 4a, level is observed selectively as peak 1 in
the Si L,, emission spectrum, while the 3t, level is seen as peak 2 in the Si KB emission
spectrum. The 4a, and 3t, bands are not resolved separately in the photoemission spectrum.
The Sa, and 4t, orbitals associated with peaks 3 and 4 are o-bonding orbitals between the O
2p and the Si 3s and Si 3p orbitals respectively. Peak 3 in the Si L, X-ray emission spectrum
and the XPS spectrum appears to be due to bands largely derived from the Sa, molecular
orbital, while peak 4 in the Si KB emission spectrum, in the O K spectrum and in the XPS
spectrum is due to bands derived from the 4t, molecular orbitals. It is interesting to note that
structure in peak 3 is lost on going from crystalline a-quartz shown in Fig. 8 to amorphous
SiO; in Fig. 4f. A similar effect is observed on going from crystalline to amorphous silicon.2
The le, 5t; and the 1t, molecular orbitals loosely associated with peaks 5 and 6 essentially
comprise nonbonding O 2p orbitals with little Si orbital mixture. Bands derived from these
molecular orbitals comprise the group of nonbonding bands at the top of the valence band.
Following Tossell, Vaughan, and Johnson we identify peak 5 with transitions from the le and
St; levels; the prominent peak 5 in the Si L, spectrum is ascribed to a crossover transition?!
from a wavefunction largely centered on the O to the Si 2p core hole. Of these three
nonbonding orbitals, 1t, has the smallest component of Si orbitals and lies at the top of the

valence band at peak 6.

The width of the set of nonbonding bands derived from the le, 5t;, , 1t; orbitals results
from several factors, including the splitting of the oxygen orbitals due to the deviation of the
Si(Ge)-0-Si(Ge) bond angle from colinearity, and that due to an overlap of the O 2p wave

functions centered on adjacent oxygen sites (see Fig. 1). The relative importance of the bond
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angle and of the oxygen orbital overlap in determining the width of the set of nonbonding
bands is open to question. In the alloy series Si Ge, O, from SiO; to GeO;, both the oxygen
bonding angle and the average O-O nearest neighbor separation are changed significantly. The
average 0-O separation increases from 2.62A in Si0,3 to about 2.85A in GeO.*. The
variation in the Si(Ge)-O-Si(Ge) angle, on the other hand, is less well known. The bond angle
in a-Si0, is ~150°, on the average, while that in a-GeO; is thought 1o be near the 130" angle
found in hexagonal GeO,. However, the variation in bond angle is thought, for several
reasons, to have a relatively minor effect on the set of nonbonding bands. First, it has been
found for various polymorphs of SiOQ,. that a variation of the Si-O-Si bond angle of ~14°
induces no singificant change in the width of the nonbonding bands'’. Secondly. cluster
calculations? on Si-O by Yip and Fowler predict an increase of only 0.1 eV in the width of the
nonbonding orbitals in going from a bond angle of 180° to 144°. And third, if the angle
dependence of the width of the nonbonding oxygen band were dominant, then the top valence
band in GeO, would be broader than that in SiO; which was not found to be the case experi-

mentally. Overall the dominant parameter in the Si Ge, O, series is the O-O nearest neighbor

- separation.

The full-widths-at-half-maximum (FWHM) of the nonbonding bands from the Si Ge, O,
UV photocemission spectra in figure 6 are shown in Fig. 7. For both the UPS and XPS results
the FWHM is observed to decrease by about 1.3 ¢V on going from SiO; to GeO,. The
bandwidth is uniformly about 0.4 ¢V narrower in the UV photoemission spectra than the
X-ray photoemission spectra. This difference most likely results from different relative
photoelectric cross-sections across the band (le, 5t; and 1t;) when using 40.8 ¢V or 1486.6
eV photons. We also observe that the bandwidth decreases to a nearly constant intermediate
value between 75% and 25% silicon. Also in the UPS spectra, a shoulder develops on the

low binding energy side of the nonbonding O 2p band at high concentrations of silicon.
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We interpret the results on the width of the set of nonbonding oxygen bands in the
following manner. Since the germanium atom is larger than the silicon atom, substituting Ge
for Si in a SiO, tetrahedron effectively separates the oxygen atoms, increasing the O-O nearest
neighbor separation. The orbital overlap interaction between neighboring nonbonding O 2p
orbitals is then smaller for the larger GeO, tetrahedra in which the average ncarest neighbor
0-0 distance is about 2.85A 523 compared to about 2.62A in Si0,22. It is this separation of
the oxygen atoms that is responsible for the narrowing of the O 2p nonbonding band. Inter-
mediate values of bandwidth occur in the concentration region from x = 0.25 to x = (.75
where the probability is large that an oxygen atom is shared between a silicon tetrahedron and
germanium tetrahedron.  Within this interpretation, the nonbonding band is more band like in

$iO; and mure molecular in GeO,.

The specra of an intermediate $i Ge, O, composition cannot be simulated by Superposi-
tion of the spectra of pure GeO; and SiO, with x and (1-x) respectively as weight factors. The
spectra cannot, therefore, be viewed as resulting from separate local regions of SiO, and GeO,.
There is also the question of whether adding GeO, to Siv_ uffects the potentials at the O and
Si sites appreciably. The separations among the O 2p, Si 2p, and Ge 3d X-ray photoemission
core levels do not vary by more than 0.2 eV for the sample compositions studied, indicating
that the local potentials do not vary appreciably with composition, and that the ionicities of the

$i0; and GeO, components are comparable.

V. CONCLUSICN

The shape of the valence band structure in the mixed system 8i,Ge, O, changes continu-
ously across a series of compositions from SiO, to GeO,. The non-bonding oxygen 2p derived
bands at the top of the valence bands decreases from 3.3 eV to 2.0 eV in going from SiO, to
GeO,, apparently due to the increase in the average 0-O bond length from 2.62A to about

2.85A.
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The sensitivity of the width of the non-bonding band to O-O separation indicates that
oxygen-oxygen wavefunction overlap is largely responsible for the bandwidth which, in turn,
determines the effective mobility of holes near the valence band edge. The bonding band lies
at a binding energy, well below the valence band edge, which decreases continuously in going

toward GeO; as one might expect from the smaller chemical binding energy of GeO,.

Electron energy loss satellites on the X-ray photoemission spectra indicate an excitation
bandgap for Si Ge, O, which is local. It appears that the conduction levels around Si are
about 2.8 eV higher in energy than those around Ge, independent of composition. From this
picture of local conduction levels, one would expect that electron conduction occurs by site

hopping in the mixed system.
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Figure 1 Two SiOy tetrahedra in Si0O,.
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BASE UNITS:
Quantity
length
mass
time

electric current
thermodynamic temperature
amount of substance
luminous intensity

SUPPLEMENTARY UNITS:

plane angle
solid angle

DERIVED UNITS:

Acceleration

activity (of a radicactive source)
angular acceleration
angular velocity

area

density

electri capacitance
electrical conductance
electric field strength
electric inductance
electric potential difference
electric resistance
electromotive for: »
energy

entropy

force

frequency

illuminance
luminance

luminous flux
magnetic field strength
magnetic flux
magnetic flux density
magnetomotive force
power

pressure

quantity of electricty
quantity of heat
radiant intensity
specific heat

stress

thermal conductivity
velooity

viscosity . dynamic
viscosity, kinematic
voltage

volume

wavenumber

work

SI PREFIXES:

Unit

metre
kilogram
second
ampere
kelvin
mole
candela

radian
steradian

metre per second squared
disintegration per second
radian per second squared
radian per second

square mefre

kilogram per cubi metre
farad

siemens

volt per metre

henry

volt

ohm

volt

joule

joule per kelvin

newton

hertz

lux

candela per square metre
lumen

ampere per metre

weber

tesla

ampere

watt

pascal

coulomb

joule

watt per steradian

oule per killogram kelvin
pascal

watt per metre-kelvin
metre per second
pascal-second

square metre per second
volt

cubic metre

reciprocal metre

joule

Multiplic atiun Fac tors

1 000 000 006 00
1 000 0600 000

1 000 000 -
1 000 -
100 -

10

01

0ol

0001

0 000 001

0.000 0D (M

Q000 (06 D0 001

0.000 000 OO0 (M) 001
A0 000 000 DD G0N0 (M

* Tu be avoided where possible

1012
S 1
10*
1
1072
10'
10 !
10 ?
10!
10 *
10°*
S [t

10 '
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