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INTRODUCTION

Considerable work has been done on studies relating to the build-up of positive charge

at the Si-SiO, interface resulting from the application of high electric fields, the passage of \
electron current through MOS devices, and the exposure to radiation. Previous work has 3J
shown that this can result from the application of non-penetrating UV (with energy > 9 eV) ’ ;

to the outside of the oxide and that water related species in the SiO, can significantly

accelerate the process. One of the mechanisms proposed is that atomic hydrogen, released

during the process of electron trapping on water related sites in the SiO,, migrates to the
Si-SiO, interface and results in the generation of the positive charge. S. Lai has studied the
use of other metals in comparison with Al for the gate electrode. The original proposal was to
use Ti which is known to be a getter for hydrogen and he found a reduction in the positive
charge generation; however, this also occurred with the use of Au as the electrode. The net

conclusion is that Al plays a unique and vital role in increasing the positive charge effect. This

work is described in the first paper included in this report.

It is well known that the number of useful read-write cycles in contemporary floating
gate devices is limited by electron trapping in the SiO,. Previous work under this contract has
shown that the number of. cycles increases as improved processing procedures are used:
Nevertheless, these improved procedures seemed to indicate uitimate limitations in the number
of useful read/write cycles to be in the range of 106 cycles. Recent work on the contract has

shown that this is not the limit and can be significantly extended with useful write/erase

windows remaining up to 1010 cycles. The means for doing this consists of using Si-rich Sio,
(with a smaller concentration of excess Si) in the intervening oxide as well as in the charge
injector regions. This significant development opens up an entirely new range of applications

for these devices. It can be expected that the use of the excess Si in these layers might resuit

in a deterioration of the charge retention characteristic which certainly occurs if too much Si is
used; however, our work has shown that a useful range of composition exists with excellent
charge retention characteristics. Trapping studies have shown that the effect of the excess Si
is to essentially eliminate the build-up of negative charge in the SiO, due to charge trapping.
Experiments are underway to investigate the physical mechanism responsible for these

observations. This work is described in the paper by DiMaria, Dong, Falcony and Brorson.

We have been gratified to observe that DEIS structures can be made using a Plasma-
Therm CVD system as well as the usual CVD process. This supports our earlier conclusion
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that the characteristics of these devices are not strongly process dependent and that compara-

ble results can be obtained in different systems.

The Si rich charge injectors have enabled us to inject surprisingly large current
densities into SiO, without introducing destructive electrical breakdown (current densities > 1
amp/cm?). The use of these injectors in conjunction with electroluminescent materials
(ZnS:Mn) have resulted in a new type of electroluminescent device. These devices have
produced a useful luminance of 79 fL at 48 volts which is a significantly lower voltage than
for conventional AC thin film or DC devices. The potential energy step at the 8i0,-ZnS
interface (due to the larger energy gap of SiO, compared to ZnS) also offers the possibility of
injecting hot electrons into the ZnS. This suggests a solid state analogue to the cathode ray
tube. This work is described in the paper by Robbins, et al.

Photon-assisted tunneling and internal photoemission measurements have been made
by Hartstein, Weinberg and DiMaria on the same samples. The effective barrier height as
determined by the internal photoemission measurements is about .3 ¢V higher. A quantum

mechanical image force theory has been developed to explain this result.

E. Irene has proposed a viscous flow model to explain his observation that SiO. grown
at 800°C has a higher density than SiO, grown at 1000°C. Two papers by Irene are included
in this report. The first one suggests that there are two oxidation species at the Si-SiO,
interface that act in parallel. This is based on the nature of the curvature for the Arrhenius
plots. The other paper suggests a method for measuring the diffusion of the oxidant in SiO,
based on time lag measurements using in situ ellipsometry. Resuits of these studies are given

in the paper.

We are excited about some new work involving the measurement of the spectra
generated by clectrons falling from the conduction band of SiO, into the metal gate electrode
and creating surface plasmons. This is an inverse photo-emission process and offers new
vistas for studies of the hot electron distribution in SiO, at high electric fields and on the
nature of the metal-insulator interface. This work requires a means for obtaining & large
electron current flow through the SiO, which can be accomplished using our Si rich charge
injectors. The results of these studies by Theis, Kirtley and DiMaria will be presented in our
next report.
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Effects of Gate Metal on Interface Eﬂ.'ects in
MOS Systems after Electron Trapping

S.K. Lai

I.B.M. Thomas J. Watson Research Center
Yorktown Heights, New York 10598

Technical Assistance by J.A. Calise and Silicon Processing Facility
Abstract:

In the study of electron trapping in silicon dioxide, a turn-around effect in
the flatband voltage shift as a function of injected electrons has been report-
ed. Most of the reported work was on capacitors with aluminum gates. When
polysilicon gates were used, very little electron trapping and turn-around
effect was observed. The difference was explained by the decrease in the
density of water related traps after the additional high temperature process in
polysilicon deposition and doping. In the present experiment, gate metals
other than aluminum were used. It was shown that even though the density of
electron traps was not changed significantly, a large turn-around effect was
only observed when aluminum gate was used. This result seems to imply that
aluminum is mostly responsible for the slow state generation and turn-around
effect.

* This work was sponsored by the Defense Advance Research Projects Agency
(DoD) ARPA Order No. 4012 under Contract No. MDA903-81-C-0100
issued by Department of Army, Defense Supply Service-Washington, Wash-
ington, DC 20310.
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In the study o1 the process dependence of electron trapping in silicon
dioxide, a turn-around effect in the flatband voltage shift as a function of
injected electrons has been observed! 4. The turn-around effect was studied in
detail and was shown to be due to the generation of fast and slow interface

5. The fast states were donor

trap states at the silicon-silicon dioxide interface
states below midgap and acceptor states above midgap and were positively
charged around flatband for P type silicon. The slow states were donor states
and depending on the bias conditions, they were filled by electrons to differ-
ent levels giving rise to a net positive charge at the silicon-silicon dioxide
interface. Together with the fast states, the total positive charge at the inter-

face compensated the negative charge from electrons trapped in the bulk of

the oxide to give the turn-around effect.

Even though the charge components that give rise to the turn-around
effect have been identified, the origin of the interface charge is still not
known. From the svidence collected so far, the interface trap generation is
related to electron trapping in the bulk of the oxide. In one experiment6, when
the density of electron traps in the bulk of silicon dioxide was reduced by high
temperature anneal in dry nitrogen, the generation of interface traps, both fast
and slow states, were also reduced. In another experiment, Pang et al.” used
internal photoemission at low electric field to study the interface effects and
they showed that there was a thickness dependence in the interface trap

generation, showing a bulk dependenc.
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There were basically two models proposed so far to explain the turn-
around effect. The first model was based on the observation made by Nicolli-
an er al.8 that hydrogen was released after electron trapping in silicon dioxide.
It was proposed that the same hydrogen, when diffused to the silicon-silicon
dioxide interface, gave rise to the slow states and turn-around effect® 10,
Weinberg et al. had studied the generation of positive charge under vacuum
ultra-violet light (VUV) and proposed that exciton transport might be respon-

1 Ina subsequent experiment, they observed an

sible for the positive charge
enhancement of positive charge generation in a wet oxide and proposed that
hydrogen might be an alternative explanation for their observation!2. In the
same experiments, it was shown that the positive charge otserved had charg-

ing and discharging behavior similar to that of slow states generated by

electron trapping”.

So far, most of the results on interface effects and turn-around effect
were obtained on structures with aluminum gates. When structures with
polysilicon gates were examined, they showed much lower density of electron
trapping and significantly reduced interface effects?. It was proposed that the
high temperature processes required for the preparation of polysilicon reduced
the density of water-related centers in the oxide2. The effect was equivalent
to the high temperature anneal experiments reported previously6. The use of
gate metals other than aluminum or polysilicon were not investigated. In the
present work, the use of gold and titanium as alternative gate metals was

10
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explored. Very different results were obtained, showing that the turn-around

effect might be related to the use of aluminum.

In the present experiments, HCI oxides, dry oxides and water-diffused!?

oxides were used, with thicknesses from 48 nm to 56 nm. In a set of HCI
oxides, either 500 nm aluminum or 500 nm aluminum/100 nm titanium (with

titanium in contact with the oxide) in 32 mil diameter dots were used as top

electrodes. In a set of water-diffused oxides. 30 nm of gold or 400 nm of
aluminum were used. The wafers were P type. boron doped, 0.1 to 0.2 Q-cm

in resistivity and <100> in orientation. The systems for avalanche injection

and flatband voltage tracking has been reported earlier’

. The experiment was .
carried out in a probe station which could be heated to 250°C. The probe

station was filled with dry nitrogen during the course of the experiment. :

The results of the experiment are summarized in figures 1 and 2. In figure
1, the flatband voltage shifts as a function of injected charge were plotted for
aluminum and aluminum/titanium gate capacitors at room temperature and
120°C. The results for aluminum gates were similar to those reported
earlier?. At room temperature, the turn-around effect was observed with the
flatband voltage shift going negative. A normal trapping curve was obtained
for 120°C. This is because at elevated temperattires, it is possible for the
silicon surface region to communicate better with the slow states to minimize
the anomalous positive charges. The flatband voltage shift curve at the high
temperature was basically the curve due to bulk electron trapping. Also

11
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shown in figure 1 were the results for aluminum/titanium gates. The differ-
ence was very significant. First of all, a very small turn-around effect was
observed at the room temperature. Secondly, the change in the curves from
room temperature to 120°C was much smaller compared to the ones with
aluminum gates. The 120°C results for aluminum and aluminum/titanium
were slightly different but in terms of the density of electron traps, they were
within ten percent of each other. The difference was too small to explain the

big difference in ihe turn-around effect at room temperature.

Figure 2 showed the curves for aluminum and gold electrodes. The results
for aluminum gate were similar to figure 1 except for the fact that the curve at
room temperature did not go negative. The results for gold were more inter-
esting. There was actually a larger turn-around effect at 120°C compared to
room temperature. This is totally different form t1e results for aluminum and
aluminum/titanium electrodes. But still, the important point is that the densi-
ties of electron traps for aluminum and gold electrodes were within ten
percent of each other. The difference was not sufficient to explain the

difference in the turn-around effect.

The above results do not prove or disprove the two models proposed
earlier to explain the turn-around effect. However, the present resuilts seem to
indicate that aluminum is an important component in the effect. It is possible
that there are species generated by the reaction of aluminum with silicon

dioxide during deposition that are released by the passage of electrons. Anoth-

12
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er possibility is that aluminum may catalyze the liberation of hydrogen after
electron trapping. The present results might also explain why significant
turn-around effect was not observed in oxides that were nitridized in
ammonia'®. If there was indeed an oxynitride layer formed at the outer
interface, such a layer, being a good diffusion barrier, might minimize the
reaction between the aluminum and silicon dioxide. In conclusion, it was
observed that when aluminum/titanium or gold was used instead of aluminum
for the gate, the generation of positive charge at the silicon-silicon dioxide
after electron trapping was significantly reduced. The results may account for
the different results reported by different workers using either aluminum or

polysilicon gates. Much more work has to be performed to understand the

turn-around effect.
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FIGURE CAPTIONS

Figure 1

Figure 2

Flatband voltage shifts as a function of injected charge at room
temperature and 120°C for oxides with aluminum or

aluminum/titanium as top electrodes.

Flatband voltage shifts as a function of injected charge at room

temperature and 120°C for an oxide with gold or aluminum as

top electrodes.
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Exteaded Cyclability in Electrically-Alterable Read-Only-Mewories®
D.J. DiMaria, D.W. Dong and C. Falcony(®)

1.B.M. Thomas J. Watson Research Center

Yorktown Heights, New York 10598

and

S.R. Brorson
Massachusetts Institute of Technology 4
Cambridge, Massachusetts 02139

Typed by Stella B. Havreluk (3277)

Abstract: An electrically-alterable read-only-memory using silicon dioxide and silicon-rich
silicon dioxide layers capable of being cycled 2 107 times by minimizing electron charge
trapping in the SiO, layers of the device by incorporation of smail amounts of silicon is
reported for the first time. Charge transfer to and from a floating poly-crystalline silicon layer
from a control gate electrode is accomplished by means of a modified dual-electron-injector-
structure stack. This modified stack has the intervening silicon dioxide layer, which is
sandwiched between silicon-rich silicon dioxide injectors, replaced by a slightly off-
stoichiometric oxide containing between 1% and 6% excess atomic silicon above the normal
33% found in silicon dioxide. A brief discussion of a physical model which is believed to
account for the observed phenomenon is given.

*Sponsored by Defense Advanced Research Projects Agency (DoD) ARPA Order No. 4012
Under Contract No. MDA903-81-C-0100 issued by Department of Army, Defense Supply
Service-Washington, Washington, DC 20310

(8)Sponsored in part by Consejo Nacional de Ciencia y Technologia (CONACyT) and Centro de
Investigaciones y Estudios Avanzados del [.P.N. (CIEA), Mexico.
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The cyclability (that is, the number of write/erase cycles) of electrically-alterable
read-only-memories (EAROMs), using SiO, layers for transferring charge to or from a storage
layer, is limited by electron charge trapping in the SiO, layers [1-4]. This charge trapping
occurs in sites situated 4-5 eV deep from the bottom of the conduction band edge in the
= 9 eV forbidden bandgap of SiO, [S]. These sites are believed to be related to H,O and
OH impurities bonded to Si [6]. Furthermore, it has been shown that these impurities, and
therefore the electron trapping associated with them, can be reduced by extended high
temperature annealing [4,6,7]. However, the improvement in cyclability is usuaily only one or
two orders of magnitude [4). Cyclability of these EAROMs is ultimately limited to < 106
cycles by electron traps with very small capture cross sections (£ 10~1? ¢cm?) which seem to
have no relationship to water incorporation into the SiO, layers during processing [8].
Clearly, to extend the cyclability of EAROMs into a range (2 1010 cycles) where they can
function as non-volatile random-access-memories (NVRAMs) a new material other than Sio,
is needed. It is the purpose of this letter to describe the use of such a material, which is
formed from a slightly Si-rich off-stoichimetric SiO, layer, in EAROM type devices.

The basic EAROM device used in this study is shown schematically in Fig. 1. It is
composed of an n-type degeneratively doped floating poly-crystalline silicon (poly-Si) storage
layer and a modified dual-electron-injector-structure (DEIS) stack [1,4,9,10] which is used to
charge or discharge the floating poly-Si layer with electrons. The DEIS EAROM has been
recently discussed in the literature [1,4,9,10] and will not be described here. The modification
of the DEIS stack is the use of a slightly off-stoichiometric chemically-vapor-deposited (CVD)
SiO, layer with = 1 to 6% excess atomic Si as a replacement for the normally stoichiometric
intervening SiO, layer. The Si-rich SiO, injectors of the DEIS stack which sandwich this
modified layer (see Fig. 1) still contain 2 13% excess atomic Si as has been reported previ-
ously {1,9,11]). The fabrication procedure for the device shown in Fig. 1 is very similar to the
poly-Si gate process previously reported [1,9] except that an extra masking step has been
added to make the control poly-Si gate smaller than the floating poly-Si gate with aress of 1.3
x 10-6 cm? and 2.5 x 10~6 cm?, respectively, at the masking level. The unequal gate areas
were used to increase the electric field magnitude across the DEIS stack with respect to the
field across the gate oxide which separates the floating poly-Si layer from the Si substrate. In
Figs. 2-4, R, is the ratio of the concentration of N,O to SiH, in the gas phase during CVD
deposition [1-3,4,9-11), and it is used as an indicator of the Si content of the SiO, layer of the
DEIS. R, 2 100 implies that this layer is 33% atomic Si in composition (that is, stoichiome-
tric SiO,), while R, < 100 implies the oxide has excess Si in it. R, = 50 t0o R, = 30 corre-
spond to & 1% to = 6% excess atomic Si, respectively. The threshold voltages of the devices

21
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after being written or erased were determined from measurements of the channel conductance

as described previously [1,9,10].

The main conclusion from this work is shown in Fig. 2 where DEIS EAROMS with the
normal stoichiometric SiO, layers are compared to identical devices with the exception that the
intervening SiO, layer of the DEIS stack contains = 1% to = 6% excess atomic Si. These
figures show an increase in the cyclability of at least 104 orders of magnitude before threshold
voltage window collapse starts due to charge trapping [1-4] in the modified DEIS EAROMs

compared to the normal oxide structures.

The threshold voltage window collapse in the normal oxide structures of Fig. 2 has
been accelerated by design to emphasize this result. This is achieved by using thicker
intervening SiO, layers (300 A in Fig. 2) than used in devices reported in previous publica-
tions [1,4,9,10] to get more bulk SiO, electron trapping {1-4). This is apparent if the rate of
threshold voltage window collapse as a function of oxide thickness on the normal DEIS
EAROMs is compared for SiO, thicknesses in the range from 100 A to 600 A [4]. Figure 2
shows that adding more Si (up to = 6% excess atomic Si) to the modified intervening SiO,
layer of the DEIS gives even-a larger number of cycles. Currently, on a device similar to one
of those in Fig. 2 with an R, = 30 off-stoichiometric SiO, layer 600 A in thickness. 3.5 x
1010 cycles have been achieved with a 60% reduction in the value of the threshold voltage

window which was initially set at = 6 V.

Increasing the Si content of the intervening oxide layer of the DEIS will be ultimately
limited by the degradation in the retention of the device; that is, charge leakage off of or on to
the floating gate storage electrode. Figure 3 shows the retention characteristics at room
temperature for a grounded control gate condition for the same series of devices as in Fig. 2
after the floating poly-Si layer had been charged from a virgin as-fabricated .state with
electrons to produce a threshold voltage of ~ +6-7 V. Over a 24 hr. period the DEIS stack
with = 2-3% excess atomic Si in the intervening 600 A thick oxide layer has the same
retention characteristic as the control structure with the stoichiometric 300 A thick interven-
ing SiO, layer. As seen in Fig. 3, adding more Si to the intervening oxide layer does degrade
the retention somewhat, as expected. Other DEIS stacks with 1-2% excess atomic Si in a
300 A thick intervening oxide layer also showed the same retention characteristic as the
control structure in Fig. 3. Observations concerning the retention degradation similar to those
in Pig. 2 were seen on devices from the same wafers as in Fig. 2 when electrons were
removed from the floating gate, leaving the devices with a threshold voitage of » 1.5 V
initially. Clearly, there is a trade-off with these devices between the maximum number of
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cycles attainable and long term charge retention due to the added conductivity of the off-
stoichiometric intervening oxide layers. Measurements of the retention characteristics on the
devices in Figs. 2-3 after cycling to at least 107 cycles produced results similar to those in
Fig. 3 indicating no degradation of the material in the DEIS stack. Fig. 4 demonstrates this
point for a device similar to one of those in Figs. 2 and 3 with a 600 A thick off-
stoichiometric intervening oxide with 5-6% excess atomic Si (R,=30) in it which was cycled
out to 4.3 x 109 cycles and had its retention characteristic measured periodically after various
amounts of cycling. Degradation phenomenon in retention characteristic has been observed in
EAROM structures employing Si;N, layers, usually called metal-nitride-oxide-silicon (MNOS)
devices [12].

The modified DEIS devices have been observed to operate more symmetrically at
lower voltages than corresponding control structures with stoichiometric intervening SiO,
layers for write/erase pulse times 2 1 msec. However, for write/erase pulse times < 1 msec,
these modified devices require larger voltages for the write or erase operation compared to
control structures. This observation is believed to be due to differences in the conduction
mechanisms (i.e., the current vs. voltage characteristics) in the different DEIS stacks (with
intervening SiO, or off-stoichiometric oxide layers) which control the write/erase operation.
Also, the write/erase operation of the full DEIS stack with the intervening off-stoichiometric
S$iO, layer and both top and bottom Si-rich SiO, injectors has been observed to occur at lower

gate voltages than equivalent devices with no top or bottom injectors.

The physical details of the conductivity of the intervening oxide layer of the DEIS
stack accounts for the improvements of the modified stack with the off-stoichiometric oxide
layer. Although the physics of this conduction mechanism will be discussed in detail in a
future publication [13], the main aspects will be summarized here. The Si-rich SiO, injector
interface with stoichiometric SiO, is believed to provide localized electric field enhancement
due to the curvature of Si islands at this interface which accounts for the observed high
current injection (via a Fowler-Nordheim tunneling mechanism) at moderate average electric
field strengths [1,2,4,9-11]. These tunneling electrons still must penetrate an = 3 eV energy
barrier at this interface to get into the SiO, conduction band as "free” electrons. One out of
every 103 to 107 of these "fres" conduction band electrons (depending on processing) can be
captured by the deep trapping sites in forbidden bandgap of the SiO, which are 4-5 eV deep
from the bottom of the oxide conduction band [3,6-8] which eventually leads to the threshold
voltage window collapse observed in the control structures in Figs. 2 and 3. By adding small
amounts of Si to the intervening SiO, layer, smail localized Si regions (similar to those seen in
the Si-rich SiO, injectors [1,14-15]) are formed (13} which are believed to allow another type
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of carrier injection into this layer of the DEIS. This injection mechanism is by direct tunnel-
ing from the larger interfacial islands of Si (£ 50 A in size) in the injector region to the
smaller islands of Si (probably £ 20 A in size [13]) in the off-stoichiometric SiO, layer.
These injected carriers (which could also include holes) could move from Si island to Si island
by direct tunneling in the intervening oxide layer of the DEIS until they reach the opposite
injector-oxide interface. Electron capture into deep trapping sites under this type of conduc-
tion mechanism would not be expected to be similar to that for "free” electron capture from
the SiG, conduction band. The fact that any electron capture occurs at all in these off-
stoichiometric oxide materials suggests that a component of the injected electrons still has a
finite probabiitiy of getting into a "free" SiO, conduction band state, and/ot that the
probability of capturing a tunneling electron is very small, and/or that some fraction of
tunneling holes (if present) can annihilate trapped electrons. Additionally, electrons captured
into the deep SiO, states would also have a finite probability of directly tunneling under
energeticaily favorabie conditions (which are probably strongly influenced by the electric fields

in off-stoichiometric oxide layer) to the small Si islands in the off-stoichiometric SiO-.

This letter has reported some of the initial observations of a large improvement in
cyclability of DEIS EAROMs by the addition of a small amount of Si to the normally stoi-
chiometric intervening SiO, layer of the DEIS stack. Devices reported here have been shown
capable of achieving 2 107 cycles with some degradation in the charge retention of the
floating gate electrode. The possibility of achieving even more write/erase cycles with lower
voltages and faster switching speeds by using thinner layers and/or more Si incorporation is

currently under investigation and will be reported in the future.

The authors would like to acknowiledge heipful discussions on inelastic tunneling with
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A NEW LOW-VOLTAGE Si-COMPATIBLE

ELECTROLUMINESCENT DEVICE®
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ABSTRACT

Thin film direct-current electroluminescent devices with ZnS:Mn as the active light-
emitting layer have been fabricated on Si wafers. The devices incorporate a high-efficiency
electron injector layer capable of passing high curreat deasities (>10-2 A cm 2 DC) through
the active layer. A useful luminance of 78 fL has »een achieved at 48V, i.e. at significantly
lower voltage than for conventional AC thin film or DC powder electroluminescent devices.
The structure also includes a potential energy step at the interface between SiO, and ZnS due
to the difference in electron affinities which offers the possibility of hot electron injection into
the active layer. The unique combination of efficient cathode emission and hot injection

possible in these devices suggests that a solid state analogue of the cathode ray tube may be

realizable.
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Large area, high field electroluminescence (EL) continues to be an active area of
display research.!:2 In recent years the most widely investigated technology has been that of
AC thin film electroluminescence (ACTFEL), using Mn2+-activated ZnS$ as a light-emitting
layer sandwiched between two dielectric layers of high breakdown strength.3 Structures of
this kind can produce devices with good brightness stability, but the capacitive coupling
necessitates high voitage AC drive waveforms (typically > 100V rms) which in turn require
relatively high cost customized driving cir::uitry. From this point of view.low voltage DC
electroluminescence (DCEL) has many attractions. Powder DCEL ceils have been
developed,*® but these still operate at relatively high voltage (:iypically ~100V) and also require
electrical forming of the active layer. Attempts to produce DC thin film electroluminescence
(DCTFEL) devices have met with the fundamental problem of controlling current flow and
preventing the catastrophic breakdown associated with current runaway. Several approaches
to the control of current injection into the active ZnS:Mn layer have been tried. including
tunnel injection in reverse-biased Schottky diodes’ and in heterojunctions formed electrically®
or during growth,”-8 and the use of series resistive layers.® However thus far no DCTFEL
technology has emerged which combines low voltage operation, reproducible electrical
characteristics, large area compatibility and long-term stability. The development of such a
technology remains a major goal in display research.

Here we report a low voltage, Si-compatible DCTFEL structure potentially suited to
the production of integrated flat panel displays. The structure incorporates a high-efficiency
electron iniect'or layer, viz. (Si-rich $i0,)-SiO,, originally developed for application in
electrically-alterable read-only-memory (EAROM) devices, 10 and used here for the first time
in a display device. Prototype devices, illustrated in Figure 1(a), have been fabricated on
1.25-inch Si wafers. The Si-rich SiO, and SiO, layers were made by a chemical vapour
deposition (CVD) process.!! A 1.5 cm x 1.5 cm ZaS:Mn layer was deposited in the centre of
the wafer by e-beam evaporstion through a mask, followec by post-growth annealing. The

Mn:Zn mole ratio determined by X-ray /.uorescence vis tyrital’v ~" G5, A 10 x 10 matrix
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of 1.25 mm diameter, semi-transparent indium-tin oxide (ITO) electrodes on 3.1 mm centres
was finally deposited to define each device area; these ITO contacts will be referred to as the
'gate’ electrodes. A feature of this structure is that some of the gate electrodes are deposited
directly onto the SiO, layer, generating "control’ devices which are useful for electrical
characterization of the injector layer itself.

The energy level diagram for these devices, with the gate biased positively, is illustrat-
ed schematically in Figure 1(b). Electton'injection is controlled by tunneling from the n-type
Si substrate into the small (< SO A diameter) Si islands in the Si-rich SiO, layer!?, represented
as potential wells in Figure 1(b). At sufficiently high fields electrons can move readily
through the Si-rich SiO, layer to the interface with the SiO, layer. There they are injected
from the last layer of Si islands into the conduction band (CB) of the SiO, via a field-
enhanced Fowler-Nordheim tunneling mechanism,!? which is the rate-limiting step in the
current flow. After crossing the SiO, layer the electrons are injected into the active layer at
the Si0,-ZnS:Mn interface. A detailed analysis of the device properties. to be reported
elsewhere,!2 shows that the Mn?* inpurity centres are excited to emit their characteristic
yellow (~ 580 nm) luminescence by direct excitation involving a hot electron distribution in
the active ZnS:Mn layer.

The use of the two-phase Si-rich SiO, layer to control current injection has two major
advantages over a conventional semiconductor-insulator interface, both of which are illustrated
in Figure 2. First, high current densities can be passed through the insulating SiO, and
ZnS:Mn layers, in the range 10-2 A cm2 DC to ~ 102 A cm-2 under short voltage pulses.
However, because of the field enhancement at the surface of the irregular Si islands the
Fowler-Nordheim tunnel injection occurs at significantly lower average fields than is the case
for a planar Si/SiO, interface.!® Curve A in Figure 2 is the I-V characterisfic under forward
(positive gate) bias for a control device on wafer 15N-5 which has no Si-rich SiO, layer; i.e.
the SiO, is deposiéed directly onto the Si substrate and the gate deposited directly on the SiO,.

These 1-V characteristics were measured using a voltage source ramped at a constant rate of
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0.5 V sec'! from zero. The constant-current portit;n of the curves is a measure of the
capacitance of the structure i.e. I; = C dV/dt. The threshold for real current injection (i.e.
for current > I,) is observed to be ~ 27 V, corresponding to an average field of ~ 5.4 x 106 V
cm-! in the oxide layer. Curve C is a similar characteristic for a control device on wafer
9L-14 which has the standard injector layer. In this case the threshold is ~ 10 V, correspond-
ing to an average field ~ 2 x 105 V ¢cm-! in the oxide. Curves B and D are forward bias I-V
v .

characteristics for wafers 15N-5 and 9L-14 (without and with the injector layer respectively),
but now including the ZnS:Mn layer. For a fixed voltage ramp rate the average field in the
active layer at a particular current is given by the voltage difference between the I-V charac-
teristics for the control and ZnS devices on a wafer [i.e. AV (A-B) and AV’ (C-D) in Figure
21, divided by the ZnS thickness. At a current of 3 x 10-% A the average field in the ZnS:Mn
layer for both wafers is ~ 0.6 x 106 V cm-l. Curve E in Figure 2 is the I-V characteristic for
a ZnS device on wafer 9L-14 under reverse (negative gate) bias. Under reverse bias the
Si-rich SiO, injector layer plays no part in controlling current flow through the insulators and
the I-V behaviour is determined by tunneling at the highest barrier, which occurs in this case
at the ZnS/SiO, interface. The closeness of the electron affinities of ZnS (3.9 eV) and Si
(4.0 V) produces comparable barrier heights at the ZnS/SiO, (~ 3.0 eV) and Si/SiO, (~ 3.1
eV) interfaces. This is the reason for the similarity of the reverse bias curve E in Figure 2 to
curve B, i.c. to a device under forward bias with a similar ZaS layer but with no injector layer.

The second major advantage of the injector layer is that it provides screening against
low field breakdown of the structure.!9 Curve A in Figure 2 shows evidence of current noise
associated with local field variation at irregularities on the Si/SiO, interface, leading to
catastrophic breakdown at a current density of ~ 3 x 10-6 A cm 2. Devices incorporating the
Si-rich SiO, injector, on the other hand, can be reversibly cycled to current densities of ~ 10-2
A cm2, as illustrated by curve C. In this case the negativ: space charge in the Si islands tends
to screen out any local fieid variation at the Si interface, producing a macroscopically uniform

current injection and preventing current runaway.!0.13 The hysteresis in the 1.V characteris-
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tics shown in Figure 2 arises from electron trapping in the Si0, layer.!3 This charge trapping
can lead to instabilities and represents a limitation of the present devices.

A further feature of these devices is illustrated by the energy level diagram in Figure
1(b). The electron affinity difference between SiO; (0.9 eV) and ZnS (3.9 eV) generates a
potential energy step of ~3 eV at the SiO,/ZnS interface. In principie this step may allow hot
electron injection into the ZnS:Mn layer, offering the possibility of higher energy conversion
efficiency than can be achieved for exam;Ie in conventional ACTFEL de.vices where excited
electrons are generated by field ionization of impurity or interface levels.!* The advantage of
hot injection into the luminescent layer has been discussed by Morton and Williams!5 for a
structure in which the processes of electron heating and light generation are spatially separat-
ed. However the EL structure described here represents the first display device in which the
possibility of hot electron injection due to a potential energy step at an insulator/ZnS junction
has been clearly proposed.

Typical I-V and corresponding light output-voltage (B-V) curves are shown in Figures
3(a) and 3(b) for different device locations on the 10 x 10 gate electrode matrix of wafer
9L-14. Luminance measured with a calibrated spot photometer at various device currents is
listed in Table 1. The calculated luminous efficiencies quoted in Table 1 are external efficien-
cies for the device which make no correction for iight extraction or optical transmission factors
in the thin film structure. They therefore represent a lower limit for the device efficisncy.
The voltages at a given current level are higher in Table 1 than in the ramp I-V data of Figure
3(a). This is because the luminance measurements were made under conditions of fixed
current over a period of time appreciably longer than the ramp time, when the I-V curve is
displaced by charge trapping effects.

Two points should be made from the data in Figure 3. First, from curves 3 the light
output vs current relationship in the current range 10-9 - 10-4 A has the form B « I, where n
takes a value close to, but slightly greater than, unity; the luminescence quantum efficiency LN

« B/I therefore shows only a small variation over this current range. At the same time the

U




-6-

average field in the ZnS layer increases from ~ 0.55 x 106 V cm-! to ~ 0.90 x 106 V cm-!.
Therefore Ngs which depehds upon the hot electron distribution in the ZaS layer, is not a

sensitive function of average electric field in this range. Secondly comparison of curves 4 and

S, which are forward and reverse characteristics for the same gate electrode, shows that the
quantum efficiencies are similar for the two bias directions aithough the power efficiency is
significantly less under reverse bias. It should be said that this is not always the case since we 4
have observed that, while all devices with ’injector layers behave in a similar way under

forward bias, 7q can often be appreciably lower under reverse bias. However the fact that

some devices show similar 14 values in both forward and reverse direction is strong evidence

that hot electron injection at the SiO,/ZnS interface is not a significant factor in determining

efficiency, since hot injection at the potential step could occur only under forward bias. The
efficiency in the present devices is set by field and space charge distributions in the SiO, and /
ZnS layers.!2 On the other hand it is possible that the absence of hot injection effects results
from poor quality of the ZnS phosphor material near the SiO, interface, and that improve- ‘
ments in material deposition technology may lead to higher device efficiencies. % f’
The luminous efficiencies listed in Table 1 compare very favorably with other EL } !
technologies. External efficiencies ~ 0.5 lumens per Watt (1 W-!) are typically observed in b
ACTFEL, although values of 1-8 | W-! have been quoted.2 Powder DCEL cells,? and
DCTFEL structures incorporating cermet series resistance layers® or graded alloy insulators, !6

have efficiencies in the range 0.1-0.4 | W-1. The efficiencies of ZnSe:Mn/GaAs

heterojunction’-$ and ZnS:Mn Schottky diode!? devices are at least an order of magnitude
lower. The decrease in luminous efficiency at higher currents evident in Table 1 is not entirely

a true saturation of the light output. It is due in part to an increase in voltage necessary to

i

!

|

compensate for charge trapping, and in part to a transient reduction in luminescence efficiency ‘
which correlates with an increase in the rate of positive space charge accumulation in the ZaS i
p

layer.!2 This transient effect can be reversed over a period of several minutes under constant

current drive at 10-*A. Finally, it shot"d be noted that the !lawer limit to the conversion
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efficiency of the ZnS:Mn layer itself is ~ 2.5 times'grealer than the overall values listed in
Table 1, since only ~ 40% of the total voltage is dropped across the active layer.

In summary therefore the devices reported here have introduced two new elements
into high-field EL technology:

(1) A high-efficiency electron injector capable of delivering a macroscopically
uniform, high current density at relatively low voltage, with screening against breakdown
initiated at the semiconductor-insulator il:terface.

(2) The possibility of improvements in EL efficiency arising from hot electron
injection at the SiO- 'ZnS heterojunction. However improvements in phosphor material
technology may be required before this effect can be realized in practice.

To date useful luminance (78 fL at~ 4 x 10-> A cm2, 48V) has been achieved
without systematic optimization of the structure. These devices operate at lower voltage than
typical ACTFEL or powder DCEL cells, and are compatible with conventional Si driving
circuitry. The fact that the device is fabricated oa a Si substrate also offers the possibility of
partial integration of the driving circuits on the active area. The use of single crystal Si
substrates would limit display size, but the (Si-rich §i0,)-§i0; electron injector is itseif
amorphous and therefore suitable for use on larger-area amorphous-Si substrates. The
ZnS:Mn light emission is reproducible and uniform, and the B-V characteristic is sufficiently
steep to be useful for matrix addressing. A range of colors should be possible using other
phosphor layers. The limitation of the devices at the present time appears to be charge
trapping in the SiO, layer under DC operation, which causes a shift in the I-V characteristic

and leads to failure after a few hours operation.
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Table 1

External luminous efficiency under d.c. bias (9L-14; electrode area 1.2 x 10-2cm?)

Current (A) Voltage (V) Luminance (fL) Luminous efficiency

(lumens W-1)

1x 106 35.4 1.0 0.37
3x10* 17.2 3.3 0.38
1 %103 30.1 9.9 0.33
3xi6s 0.7 22.6 0.24
‘~x 10-4 423 45.5 0.14
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Figure 1
(3) Section through a typical EL device.
(b) Schematic energy level diagram under forward (positive gate) bias. The potential

wells in the (Si-rich SiO,) layer represent the small Si islands.
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Figure 2

Current-voltage characteristics for a wafer with no (Si-rich SiO,) layer (15N-5; curves
A,B) and a wafer with a 200 A (Si-rich SiO,) layer (9L-14; curves C,D,E). Areas with no
ZnS:Mn layer are control devices on each wafer. AV and AV’ represent the voltages across
the ZnS:Mn layers on each wafer at a current of 3 x 10-%A. Active d-.vice area is defined by

the gate electrode (1.2 x 102 ¢cm2). Gate polarity is indicatzd in the inset. Arrows indicate

directions of increasing and decreasing ramp voltage.
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Figure 3

DEVICE CURRENT (A)

bias at a current of 1 x 10-6A.
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ABS. GATE VOLTAGE (V)

(a) Current-voltage characteristics under forward (4 gate) and reverse (- gate) bias

(b) Light output-voltage curves corresponding to the appropriate I-V curve in (a).

The reverse bias 1-V curve 2 in (a) is determined by tunneling at the ITO/SiO,
interface, with an effective barrier height ~2.8 eV obtained by fitting the Fowler-Nordheim
tunneling equation.!2 This effective barrier height is similar to that at the ZnS/ SiO, interface
(~3.0eV) wl;ich determines curve 5. To a good approximation the voltage differences AV,

and AV, therefore represent the voltages across the ZnS:Mn layer under forward and reverse l
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for wafer 9L-14. Gate electrode locations and polarity are indicated in the inset.
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EXPERIMENTAL TEST OF THE QUANTUM MECHANICAL
IMAGE FORCE THEORY *

A. Hartstein, Z. A. Weinberg and D. J. DiMaria

with the technical assistance of F. L. Pesavento and J. A. Tornello

IBM - Thomas J. Watson Research Center
Yorktown Heights, New York

ABSTRACT

Both photon-assisted-tunneling and internal photoemission measurements

have been made on the same metal-oxide-semiconductor (MOS) samples. The

effective barrier heights between the metal (Al or Au) and the oxide (SiO,)

extracted from the internal photoemission measurements are found to be /
larger by ~0.3 eV than the effective barrier heights extracted from the
photon-assisted-tunneling measurements. Only the quantum mechanical image

force theory is capable of explaining this result.

*This work was sponsored by Defense Advanced Research Projects Agency
(DoD) ARPA Order No. 4012 Under Contract No. MDA903- 81-C-0100 issued
by Department of Army, Defense Supply Service-Washington, Washington
D.C. 20310.
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I. INTRODUCTION

Photon-assisted-tunneling measurements have demonstrated that the
classical image force theory does not provide the proper description of the
interaction between tunneling electrons and the metal from which they
emerge.!> Internal photoemission measurements on the other hand have long
been interpreted in terms of the classical image force.>* A qualitative expla-
nation of these seemingly contradictory results has been given in terms of a
quantum-mechanical formulaticn of the image force problem.’ The quantum
mechanical image force theory was then shown to be qualitatively consistent
with both photon-assisted-tunneling and internal photoemission
measurements.” The purpose of this study was to test the quantitative fit of
the quantum mechanical image for.ce theory with both the photon-assisted-
tunneling experiments and the internal photoemission experiments by doing
accurate measurements on the same samples. In particular we wanted to
explore the theoretical prediction® that the effective barrier heights between
the metal and insulator derived from the two experiments would differ by

about 0.2 eV.

The physical situation which we are considering for both the experiments
and the theoretical calculations is illustrated in Fig. 1. The conduction band
edge (E.) in the insulator (SiO,) and the Fermi energy (Eg) in the metal (Al
or Au) are shown. The triangular shape for the potential is the result of an

applied electric field F. The image force potential is not shown. Photon-
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assisted-tunneling involves the photoexcitation of an electron by an energy,
hr;, less than the barrier height and the subsequent tunneling of the electron
through the barrier. Internal photoemission involves the photoexcitation of an
electron by an energy, h»,, greater than the barrier height and the subsequent
transmission of the electron over the barrier. The current measured in a
particular experiment is the sum of the contributions from all of the electrons
incident on the barrier. From this brief introduction it is clear why a single

unified theory is necessary for the description of both processes.

In this paper we report the experimental study of both the photon-
assisted-tunneling and the internal photoemission at the Al/SiO, and the
Au/SiO, interfaces. These experiments are described in detail in Section II.
The main result is that the effective barrier i:eights extracted from the internal
photoemission measurements are ~0.3 eV larger than the effective barrier
heights extracted from the photon-assisted-tunneling measurements. This is in
agreement with the quantum mechanical image force theory. In Section III
both the classical and quantum mechanical image force theories are reviewed,
and some new numerical results are presented. In Section IV the theories are
compared to experiment and the results are discussed. It is found that the
quantum mechanical image force theory gives the best description of the
experimental results. However, the theory in its present form is not capable
of complete quantitative agreement with all aspects of the experimental

observations.
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Il. EXPERIMENT

The samples used in this study were MOS capacitors formed on (100)
oriented 1 Q-cm p-type silicon wafers. Oxides were thermally grown at
1000 C in a dry oxygen ambient and annealed in nitrogen. The oxide thick-
nesses were 301 A for the Al sample and 209 A for the Au sample. These
thicknesses were chosen to minimize the effects of optical interference in the
MOS structure and at the same time to minimize the dark currents in the
devices. The capacitors were formed by evaporating 0.5 mm metal dots on
the oxides. The semitransparent Al dots were 135 A thick, and the semitran-

sparent Au dots were 200 A thick.

We studied two wafers with Al counter electrodes and one wafer with Au
counter electrodes. Several samples were studied on each wafer, and meas-
urements were made on samples prepared both with and without post-metal
anneals. Quantitative differences in the measurements were seen for the
different sample treatments. The effect of post-metal anneal on internal
photoemission measurements has already been studied.” A less detailed
account of the effects of sample preparation on photon-assisted-tunneling
measurements has also been given.2 In this paper we seek to test the various
theories of photon-assisted-tunneling and internal photoemission. Therefore,
we made all of our measurements on one sample, and then repeated the

procedure several times. Variations from sample 1o sample were observed in
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the barrier heights and dielectric constant, but the general trends discussed

below were the same for all samples.

The physical arrangement for the experiments is shown schematically in
Fig. 2. Monochromatic light is incident on the MOS sample from either a
laser or a monochromator. The current is then measured as a function of
applied voltage both with light on and off. The difference between these two
values is the photocurrent. The photoyield is then determined by normalizing
the current to the number of photons absorbed in the metal gate. This in-
volves correcting for the source intensity (laser or monochromator), the
absorption spectrum of the metal, the photon energy and the interference of
the incident light in the MOS structure. All of the data were normalized in

this manner.

The photon-assisted-tunneling measurements were performed using an
argon laser. The experimental technique has been discussed in some detail
previously.!? A prism was used to disperse the laser light to filter out any
unwanted wavelengths present in the laser beam. For the case of the Al
samples four wavelengths in the visible were used. They were 514.5 nm, 488.0
nm, 476.5 nm and 457.9 nm. For the Au samples two ultraviolet wavelengths

of the argon laser were used. They were 363.8 nm and 351.1 nm.

The data for one of the Al samples is shown in Fig. 3 and the data for Au

is shown in Fig. 4. The data is plotted on a standard Fowler-Nordheim

4
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tunneling plot. The wavelengths of the incident light for each curve is indicat-
ed in the figures. The solid curves represent a one parameter fit for each set
of data. The theory used was the Fowler-Nordheim tunneling theory which
neglects image force.! For the range of photon energies used, that theory is
equivalent to the quantum mechanical image force theory because the quan-
tum mechanical image force becomes negligibly small in the tunneling regime.
The parameter in the fit is the barrier height between the appropriate metal
and the SiO, conduction band edge. For the Al sample shown the barrier was
¢ = 3.25+.01 eV, and for the Au sample the barrier height was ¢ = 3.91+£.01

eV.

The deviations of the data from the theory at high electric fields are
observed for non-post metal annealed samples but not for the annealed
samples used previously.! However, the internal photoemission measurements
which will be discussed below give better results on unannealed samples.’
Therefore, we chose to use the samples, unannealed, which would yield the
best results on the most difficult part of our experiments, namely the internal
photoemission measurements. Whatever uncertainties arise in the barrier
determinations from these photon-assisted-tunneling measurements, they are
small compared to the uncertainties in the barriers measured by internal
photoemission as discussed below. Our choice of samples then minimizes the

overall uncertainties in the experiments.
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The internal photoemission measurements were performed using a mo-
nochromator system described eisewhere.” The data obtained for an Al
sample are shown in Fig. 5. The data obtained for a Au sample are shown in
Fig. 6. These are standard plots for internal photoemission measurements and
show the same qualitative features which have been seen many times before.
The parameters on the curves are the applied voltages for each curve. Only a

portion of the data is displayed so as not to crowd the figures.

We analysed these data in the conventional way utilizing the classical

image force theory. That theory gives*

I(h»,F) « (hy - g + KF'/2)?, (1)

where I is the photocurrent, hv is the photon energy, F is the applied electric
field, ¢g is the interface barrier energy, and K is a constant. The experimen-
tally determined electric field F is given by F = (V - ¢...)/d,, where V is the
applied voltage, ¢, is the contact potential difference between the appropri-

ate metal and the Si substrate, and d, is the oxide thickness.

Using this theory, we extrapolated the straight line portion of the curves
in Figs. 5 and 6 to zero yield and determined the barriers, $(F) = ¢5 - KF'/2,
This extrapolation is clearly an important step in the data analysis. Since all
of the theories predict a linear range at high photon energy and a tail at low
energy, we extrapolated only the linear portion of the data at high photon

energies as shown in the figures. The numerical results of the theories were
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also extrapolated in the same way. We then plotted these barriers as a func-
tion of F!/2, The extrapolations of these lines to zero field give the barrier
heights derived from the internal photoemission measurements. Fig. 7 shows
these curves for the Al and Au samples. The barrier height determined in this
way for the Al sample is ¢g = 3.6 eV, and for the Au sample the barrier
height is ¢g = 4.2 eV. The average difference between these barriers deter-
mined from internal photoemission measurements and the corresponding

barriers determined from photon-assisted-tunneling measurements was found

to be ~0.3 eV.

It must be emphasized that the barrier heights determined in this manner
from the internal photoemission measurements are very sensitive to which
portion of the data is fit linearly. For example, if more of the lower energy
points were included in the fit for the Al data in Fig. 5, a barrier height as low
as ~3.2 eV could be extracted. This is what has usually been done by other
researchers in the past.” In order to accurately compare theory and experi-
ment, we have extrapolated the more easily recognized linear portions of both
the experimental and theoretical curves rather than making an arbitrary
extrapolation, which includes the curved portions of the data, as has been
done in the past. For this reason, our quoted values of the barrier heights
derived from internal photoemission are somewhat higher than values found in

the literature.
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The slopes of the curves in Fig. 7 are the constant K in the classical
theory. The slope is related to the dielectric constant of the insulator by the
expression K = (e/4me e)!/2, where ¢, is the dielectric permittivity of free
space, and ¢ = 2.15, the optical dielectric constant of SiO,. From the data
shown we find values of ¢ = 2.3 for the Al/SiO, interface and e = 3.1 for the
Au/SiO, interface. Even wider variations in the values of ¢ have been
reported when different processing conditions have been studied.” We will
have more to say on this subject in the later sections, but the determination of
¢ both experimentally and theoretically is the weakest part of our results, and

quantitative comparisons are difficult at best.

III. THEORY

The arguments which lead to the formulation of the quantum mechanical
image force potential have been given in Ref. 5. The calculation which gives
the numerical results that can be compared to the internal photoemission and
photon-assisted-tunneling measurements has been given in Ref. 6. In this
section we review that theory and present the results which pertain to the

present experiments.

We consider the problem of an electron in a metal which is incident on the
interface with an insulator. What we ultimately want to calculate is the
transmission probability of the electron through the interface. The wave

function of the electron is denoted by y(x,t). We want to describe the inter-
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action between this electron and the remaining electrons in the metal as the
electron attempts to tunnel into the insulator. Since all of the electrons move
on the same time scale, a Hartree-Fock type description is adopted. There-
fore, the wave function of the incident electron must be adjusted self-
consistently to the wave function of the plasma. The wave function of the
plasma in this approximation becomes an image of that portion of the wave
function of the incident electron which is in the insulator. The image force
potential is then derived from the force on a test charge in the insulator and is
given by’

e[ [ LS00

where ¢, is the dielectric permittivity of free space, ¢ is the dielectric constant
of the insulator, and x is the distance of the test charge from the interface. A
similar result has been derived rigorously for the case where the image force
arises from the interaction of an external electron with the surface optical

phonons of a dielectric medium.?

This potential must now be inserted into the Schrédinger equation in order
to calculate the transmission of the interface. This is a very difficult problem,
hence we make an important simplifying assumption. We approximate the
square of the wave function of the incident electron as a § function, | ¢(x,t) |2
= §(x’-x,t). After the electron interacts with the barrier, the square of the

wave function in the insulator will be T§(x’-x.t), where T is the self-consistent
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transmission of the barrier. This approximation is good as long as the portion

of the electron wave function in the insulator remains well localized after it

interacts with the barrier. The image force potential is then given by

Vim = -Te?/16me ex , 3)

i.e., it is the classical result scaled by the transmission of the barrier. For

energies far above the top of the barrier, where the electron can be assumed
to be a point charge, T & 1 and Eq. (3) reduces to the classical result. Far
below the top of the barrier T = 0, and the image force is negligibly small.
Equation (3) is thus an approximation for the important region near the top /

of the barrier.

The complete potential which an electron sees in the barrier region is then

given by
V = ¢ - eFx - Te*/16me ex , (4)

where the first term gives the energy difference between the conduction band
edge of the insulator and the Fermi level of the metal, the second term is the ‘
potential in the applied electric field, and the last term is the image force
potential. The transmission of the interface is then calculated by a numerical s
integration of the Schrédinger equation across the interface, iterating until a

self-consistent solution is obtained.
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In Fig. 8 we show the transmission probability of an Al/SiO, interface for

an applied electric field of 5x10° V/cm. The figure shows the transmission '
probability as a function of electron energy. The three curves shown are

calculated for the classical image force, the quantum mechanical image force,

and for no image force. In each case the transmission probability changes
abruptly near the barrier height (3.25 eV). It is clear that the results of the

quantum mechanical image force model approach the results of the classical

image force model for large energy. and approach the results of the no image

force calculation for small electron energy.

The current measured in an experiment is obtained by summing the /

transmission probabilities for the incident e¢lectrons over the supply function

in the metal. The supply function gives the number of electrons incident on ]
the barrier with a particular perpendicular component of momentum. The ‘

expression for the current becomes®
o0
I(hv,F) = A f _ S(E)T(F.E)E, (5)

where A is the equilibrium number of photoexcited electrons, S(E,hv) =
In{1 +exp(Eg+hv-E)/kT] is the supply function for electrons, T(F,E) is the
barrier transmission probability, hv is the photon energy, and Eg is the Fermi i
energy in the metal. In the classical limit, T=1 above the barrier, Eq. §

reduces to Eq. 1.

B s s
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This theory® has been used to calculate the photoyield for both photon-
assisted-tunneling and internal photoemission experiments at the Al/SiO,
interface. In this paper we extend this calculation to the Au/SiO, interface.
Qualitatively the results are the same. In the photon-assisted-tunneling
regime this theory gives the same results as a no image force theory' because

the quantum mechanical image force potential is negligibly small.

The resuits of the internal photoemission calculation for the Al SiO,
interface are shown in Fig. 9. The calculations for the Au/SiO, interface
show the same qualitative features. These curves were analysed, to obtain the
effective barrier heights and the effective dielectric permittivities, by the
procedure outlined in the experimental section. In each case the effective
barrier height. obtained from the internal photoemission curves, was found to
be ~0.2 eV larger than the assumed barrier height in the calculation. The
barrier heights obtained from the photon-assisted-tunneling curves were the
same as the values used in the calculations. Thus the theory predicts that the
analysis of the two experiments should yield different barrier heights as was

found experimentally in Section II.

The effective dielectric permittivity, derived from the slope of the theoret-
ically calculated barrier heights vs. F!/2 curves, is found to depend on the
metal parameters. The theoretical value ¢ = 2.05 reported earlier® is incorrect

due to a numerical error in the calculation, and should have been a factor of 4

LH)
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larger, e = 8.2. The present results will be discussed in more detail in the

next section.

IV. RESULTS AND DISCUSSION

In order for the calculations to be compared to the experimental results in
more than a qualitative way, it was necessary to choose appropriate parame-
ters for the calculations. The parameters which were chosen to characterize
the SiO, were an effective mass,'® m'=0.5m, and e=2.15. For the case of Al.
the barrier height was chosen to be ¢g=3.25 eV as determined from the
photon-assisted-tunneling measurements, and the Fermi energy was taken to
be 11.5 eV'! above the conduction band minimum. For the case of Au, the
barrier height was chosen to be ¢g=3.91 eV, and the Fermi energy was taken
to be 5.51 eV.!? The results of the calculation for the Al/SiO, interface are
shown in Fig. 9. The curves for the Au/Si02 interface are very similar,

showing a shift in the curves with barrier height.

It is clear that both the experimental and theoretical curves have the same
qualitative features. Each has a linear portion of the curves at high photon
energies and a tail at low photon energies. This tail is not predicted by the
simple classical theory, but it is predicted by a quantum mechanical calcula-
tion using the classical image force potential as well as by the full quantum
mechanical theory. In order to compare theory and experiment quantitatively,

we extrapolated the linear portion of the theoretical curves to field dependent
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effective barrier heights, ¢, as we did for the experimental curves. These
barriers were then plotted as a function of F!/2 along with the experimental
curves derived earlier. The results of this analysis for the Al/SiO, interface
are shown in Fig. 10, and the results for the Au/ SiO, interface are shown in

Fig. 11.

Each figure shows the experimental data as points compared to three
theories. The solid lines are the results of the quantum mechanical image
force theory described in Section III. The dashed curves are the results of our
quantum mechanical calculation using the classical image force potential. This
used the same computer program as the full quantum mechanical theory, but
with the classical image force potential. The dot-dashed curves are the resuits
of the simple classical image force theory. It is clear that the data show a
better fit to the quantum mechanical image force theory than to either of the
other theories. However, it is also clear that the quantum mechanical image

force theory does not accurately predict the slopes of these curves.

In these figures both the simple classical image force model and the
quantum mechanical calculation of the classical image force potential show
barriers which extrapolate approximately to the barrier assumed in the calcula-
tion, i.e., the barrier derived from the photon-assisted-tunneling measure-
ments. The curves and data shown in the figures were extrapolated using a
simple linear least squared fit. Neither the experiments nor the quantum

mechanical image force theory show the same barrier heights. In this respect
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the quantum mechanical theory is qualitatively different and better fits the

experimental results.

It is extremely difficult to assess the degree to which the theories ade-
quately predict the slopes of these curves. For the Au/SiO, _intert'ace the fit
to the quantum mechanical image force theory is not too bad, but for the
Al/SiO, interface the fit is not as good. To make matters worse there are
large uncertainties in the slopes as derived from the experiments. Qualitative-
ly, both quantum mechanical calculations show slopes which depend on
material parameters as seems to be the case from the experiments. The simple

classical model does not show this dependence.

In Fig. 12 we show a direct comparison between the quantum mechanical
image force theory and the internal photoemission measurements for both Al
and Au. The figure only shows data for F = 3x10% V/cm, where the derived
curves of Figs. 10 and 11 fit reasonably well. As can be seen, the theory fits
very well for the Au/SiO, interface and somewhat less well for the Al/SiO,
interface. The main purpose in showing these curves is to show a direct
comparison between theory and experiment with a minimum of data analysis
in between. The agreement between theory and experiment shown is as good
as can be expected from a theory which does not adequately predict the field
dependence of internal photoemission. In fact none of the theories adequately

predicts the observed field dependences.
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On the whole the quantum mechanical image force theory, presented in

Section III, does the best overall job of predicting the experimental results. It

is the only theory which predicts that the barrier heights derived from the
internal photoemission measurements should be targer than the barrier heights
derived from the photon-assisted-tunneling measurements. It is also the only
theory which includes an image force and can fit the form of the photon-
assisted-tunneling experiments accurately.! It does, however, have the draw-
back that it does not give a complete quantitative description of the experi-
ments. Perhaps this comes from the approximations used in arriving at a
tractable theory from which to perform numerical calculations. It is quite
conceivable that a more accurate calculation based on these ide. s will give a

better quantitative fit.




V. CONCLUSIONS

We have measured both photon-assisted-tunneling and internal photoemis-
sion curves on the same MOS samples. We find that the effective barrier
heights extracted from the internal photoemission experiments, by extrapolat-
ing the linear portion of the curves, are larger than the effective barrier
heights extracted from the photon-assisted-tunneling experiments by about
~0.3 eV. Only the quantum mechanical image force theory is capable of

explaining this result.
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Fig. 1 - The electronic structure of the interface illustrating electrons both

tunneling through the interfacial barrier (hv,) and passing over the

barrier (hv,) following photoexcitation. Eg is the Fermi energy in %

the metal, and E, is the conduction band edge in the insulator. |
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Fig. 2 - Schematic representation of the experimental arrangement. Monoch-

romatic light is incident on the MOS sample. The resulting photo-
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current is measured using a sensitive picoammeter.
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Fig. 3 - Photon-assisted-tunneling characteristics of the Al/SiO, interface.
Each curve is for a different laser wavelength. The solid curves are

the theory and the points are the experimental data.
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4 - Photon-assisted-tunneling characteristics of the Au/SiO, interface.

Two laser wavelengths are shown. The solid lines are the theory

and the points are the experimental data.
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i Fig. 5 - Internal photoemission characteristics for an Al/SiO, interface. The
points are experimental data and the solid lines are the extrapola-
tions made to zero photoyield. Each curve is labelled by the volt-
age applied to the device. Extrapo.ations were not made for the
lowest voltages where the errors in extrapolation would be the

largest.
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Fig. 6 - Internal photoemission characteristics for a Au/SiO, interface. The
points are experimental data and the solid lines are the extrapola-
tions made to zero photoyield. Each curve is labelled by the volt-
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Fig. 7 - Effective barrier heights as a function of applied electric field. The
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Fig. 8 - Barrier transmission probability for an Al/SiO, interface caluluted ‘or
an applied electric field of Sx10%° V/cm. The barrier occurs at an
energy of 3.25 eV. The solid curve is for the quantum mecharicul
image force potential; the dashed curve is for the classical image
force potential; and the dotted curve is for the potential with no

image force included.
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Fig. 9 - Theoretical internal photoemission curves calculated using the quan-
tum mechanical image force ‘heory for the Al/ SiO, interface. The
curves shown are for (1.3,5.7) x 10¢ V/cm applied electric field.
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Evidence for a parallel path oxidation mechanism at the Si-SiO, interface

E. A. Irene

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10592
(Received 13 August 1981; accepted for publication 22 October 1981)

Some controversy exists as to whether the reaction of oxygen and Si at the Si-SiO, interface
involves both atomic and molecular oxygen. From the direction of curvature of Arrhenius plots
for the observed rate constants substantial support is obtained for the mechanism with two
oxidant species. The direction of curvature was obtained from the second derivative >f In &k,
with respect to 7 ~'. Parallel rate processes yield concave upwards Arrhenius plots while
consecutive processes yield concave downwards plots.

PACS numbers: 82.65.Nz, 81.60.Dq, 82.20.Pm

The mechanism for the oxidation of single crystal sili-
con is phenomenologically characterized by linear parabolic
kinetics for SiO. film thicker than L, according to the
relationship'

I—I,,‘-=kL"(L—L‘,)J-k;':[_:—[_i)_ '

where 1 is the time for oxidation, L is the oxide thickness. &,
and &, are the linear and parabolic rate constants. respec-
tively. L,, and ¢, represent the lower limit of the linear para-
polic regime. The linear part of this oxidation model arises
from interface kinetics, while the parabolic behavior, which
predominates at large L. occurs because of transport of oxi-
dant across the oxide film. For the linear interfacial kinetics,
Ghez and van der Meulen® proposed an atomistic reaction
mechanism involving the reaction both atomic and molecu-
lar oxygen with Si at the Si-SiO. interface. This proposition
was deduced from experimental pressure dependencies of &,
and predictions from the two oxidant species mechanism.
Later Blanc® proposed a similar mechanism to explain the
early rapid oxidation regime except that Blanc aruged that
the reaction of oxygen atoms predominates. Totally inde-
pendent of this work, Irene and Dong® reported curved Arr-
henius plots (In k, vs //T') using k, values computed from
extensive oxidation data obtained over a wide temperature
range (780-1100 °C). The present study will demonstrate
that the direction of the curvature of the Arrhenius plots of
k, valuesi.e., concave upwards, is consistent with the paral-
lel paths mechanism proposed by Ghez and ven der Meulen,
thereby supporting the oxidation of silicon by both oxygen
atoms and molecules.

Consider the parallel paths at the Si-SiO, interface to be

k,
0, + Si — SiO, ()
and
&,
20 + Si — SiO,, {3)

where the atomic oxygen arises from the equilibrium
0,:320. {4)

The overall rate of formation of SiQ, is simply the sum
of the contributions from (2) and (3) above and the observed
composite rate constant is given as

K mky+ k.= k. i5)
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The first derivative of In & ,,. with respectto T ' yields
the Arrhenius plot. For a kinetically simple process. the plot
will be linear with a slope proportional to the activation ener-
gy for the process. For a nonsimple process. £..,, is acompos-
ite rate constant and the Arrhenius plot will show curvature.
Specifically for the parallel path process given by Eq. (51, the
first derivative is

diln k / o kiEs = E
nKa) ik | kkiE, 1:) o

diI/T) R |+ ko/k,
under the assumptions that each rate step obeys the Arrhen-
ius equation of the form
k=ke R il
and k, and E are not functions of T. The second derivative is
needed to test for the direction of curvature and is given by
dilnk,w) 1 ( iEy — E\ky/k, )
d1/T) R (1 = ko/ky)°
The second derivative test for concavity of functions shows
that a positive second derivative is indicative of a curve that
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FIG. 1. Arrhenius plot for the linear rate constant &, for Si oxidation indry
oxygen over the temperature range 7801100 °C from Ref. 4. [t 15 seen that
the lightly doped, STD. and B-aoped sampies are concave upwards.
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is concave upwards (see for example Ref. 5). Equation (8) is
everywhere positive hence, the Arrhenius plot for &,
should be concave upwards. Experimental data from Ref. 4
is shown in Fig. 1. It is seen that the Arrhenius plot for k,
which is k. for the interface reaction is concave upwards,
thereby supporting the parallel path mechanism proposed
by Ghez and ven der Meulen.? The curvature of the Arrhen-
ius plot indicates that k., is a composite rate constant and
therefore not governed by a dominant activation energy.

It is easily shown that for the rates constants of the form
of Eq. (7) for any k,,, of the form

the second derivative is positive. Similarly, for consecutive
rate processes which can be characterized as series conduc-
tances by

Vky, =3 1/k;, (10)

and where Eq. (7) holds, the second derivative can be shown
to be always negative. A negative second derivative indicates
an Arrhenius plot that is concave downwards.

Firstly, it was shown that the dual oxidant species
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mechanism for the interface reaction of Si and oxidant as
proposed by Ghez and van der Meulen not only yields the
required pressure dependence’ but yields the correct shape
for the Arrhenius piot. Secondly, it was shown that it is pos-
sible to make deductions concerning the fundamental nature
of rate processes from a knowledge of the curvature of Arr-
henius plots.

The author is grateful to Dr. R. Ghez for helpful discus-
sions. This work was partially sponsored by Defence Ad-
vanced Research Projects Agency (DOD), ARPA Order No.
4012, Under Contract No. MDA903-81-C-0100 issued by
Department of Army, Defense Supply Service-Washington,
Washington, DC 20310.
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Silicon Oxidation Studies: Measurement of the Diffusion of
Oxidant in SiO. Films **

E. A. lrene*
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

A method for the measurement of the diffusion of oxidant through a grow-
ing SiO; film is presented. The procedure is based on so-called lag-time diffu-
sion methods in which the time to achieve steady-state oxidation is measured
using in situ ellipsometry. Two difterent modes of oxidant transport were ob-
served over the range of temperatures investigated (600°-1000°C). At tempera-
tures of 800°C and below, no lag-time was observed, and steady-state oxida-
tion was seen at the outset of oxidation. At 1000°C, a lag-time was measured
which yielded a value for the diftusion constant, D = 2.3 x 10-1 cm?/sec for
dry Og, and this value increased to 2.4 x 10—12 cm2/sec for 1000 ppm H in O,.
This study provides clear evidence for different dominant modes of oxidation
at higher and lower oxidation temperatures.

The thermal oxidation of silicon is generally believed
to proceed by a process that encompasses a steady state
of both diffusion of oxidant through an SiO: film and
reaction of this oxidant with Si at the Si-SiO; inter-
face. This notion of the mechanism of oxidation of sili-
con is primarily due to the success of the linear-para-
bolic oxidation model (1) in correlating the silicon
oxidation data {see for example early reports in Ref.
(2 and 3)]. Virtually every worker in this field has
reported parabolic-like behavior, i.e., a decrease in the
thermal oxidation rate of silicon with time. This plus
the several studies that show that oxidant rather than
silicon is the primary transported species (4-8) sup-
port the diffusion-reaction model. The statistical treat-
ment of copious oxidation data demonstrate reasonable
predictability (less than 10% error) of this model
(7-9). However, this model is largely phenomenologi-
cal and therefore contributes only little to the under-
standing of the details of the oxidation mechanism.

The present study is aimed toward a betier under-
standing of the details of the transport of oxidant
across the SiQ; film. To probe this transport process,
the well-known lag-time diffusion technique (10,11)
for thin membranes has been adapted to measure the
oxidant transport during oxidation. Basically, the
oxidation process is followed using in situ ellipsometry.
The analytical technique assumes Fickian diffusion of
oxidant through the growing oxide film, i.e,, transport
in response to a concentration gradient, and can there-
fore be used to test for true diffusion as the dominant
mode of oxidant transport.

In the literature, there exists diffusion data for
oxygen in fused silica (12-15). These studies report
divergent values for both the diffusion constant, D,
(several orders of magnitude) and the activation en-
ergy for diffusion (a factor of more than three). Diffu-
sion data for oxygen in thin films of SiO; has to my
knowledge not been reported. Since it is known (16)
that the precise method of preparation (temperature,
impurities, etc.) of amorphous materials determines
many of the physical properties of the material, it is
likely that part of the spread in the existing data is
due to differing samples. Therefore, in order to under-
stand the oxidation of Si to form S$iO; films, it is im-
portant that the measurement of diffusion be done for
thin SiO; films.

The present study presents the lag-time method us-
ing ellipsometry. Second, the method is used to obtain

* Electrochemical Society Active Member.
Koy words: steady-state oxidation, olupnmtry. oxidant trans-

data and then an interpretation is presented. The ap-
plication of this lag-time technique has enabled the
measurement of D associated with oxygen transport in
Si0O;z at 1000°C and has shown that a lag-time is not
observed at 900°C and below. In addition, it was dis-
covered that linear parabolic kinetics obtain at the
outset of oxidation for temperatures of 900°C and be-
low, even for films 1000 nm thick. These experimental
results lead to considering alternatives to pure Fickian
diffusion as the dominant mode of transport of oxygen
through SiO; films at the lower oxidation temperatures.

Experimental Procedures

Sample preparation.—The experimental technique
utilizes SiO: films grown by the oxidation of single
crystal silicon. The starting silicon wafers were com-
mercially available chem-mechanically polished 2 Q-
cm p-type with (100) orientation. The silicon was
cleaned by a previously outlined procedure (7) and the
starting SiO. films were prepared via thermal oxidation
in dry O3 at 1000°C.

Ellipsometry.—The automated ellipsometer used for
the present study. as well as optical constants and
procedures, was previously described (7, 17). The
ellipsometer can measure oxide growth while the sam-
ple is under oxidation conditions. A typical experiment
is started by placing a previously grown SiO; film of
about 10*A on an Si wafer in the oxidation furnace of
the automated ellipsometer. The sample is then heated
at 1000°C in either N2 or Ar for about 20 hr. The film
thickness is periodically measured to check the quality
of the N2 or Ar and to provide baseline initial oxide
thickness data. At some arbitrary time after outgas-
sing, the temperature is adjusted and equilibrated at
the desired value and the ambient is switched to oxy-
gen. Before and after this ambient change, SiO; thick-
ness is measured continuously. The experiment is usu-
ally continued for more than 40 hr after O; is turned
on to insure that steady-state oxidation is achieved.

In order to insure that any change noticed by ellip-
sometry is due to a change in SiO; thickness and not
perhaps a change in optical absorption, a separate ex-
periment was performed. A disk of optical quality
fused silica of about 0.64 cm thick and 2 em in diam-
eter polished on one face and purposely frosted on the
other face was placed in the ellipsometer furnace. The
polished surface was monitored by ellipsometry and J
and ¥ data were taken at various temperatures between
600° and 1000°C before and after switching the am-
bients. No change in the optical constants of the fused
silica was observed. Therefore, any change observed
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for the thick SiO: films on Si would be attributed to a
real change in the SiO; film thickness. As is shown
below, this lag-time experiment performed at or
below 900°C yielded initial oxidation rates equal to
final rates, i.e., no lag-time, Without the experiment
above, this observation could possibly be trivially ex-
plained by a difference in the optical constants of the
oxide in N2 or O» when the ambient is switched. On
the other hand, the rapid attainment of steady-state
oxidation at the lower experimental temperatures has
mechanistic implications and this is covered in the
Discussion section.

The temperature range 1000°-600°C was explored;
higher temperatures could not be attained in the pres-
ent equipment.

Lag-Time Method

The lag-time method (10,11) is based on the exist-
ence of a time delay for the transport of a gas through
a membrane that initially has zero concentration of the
gas. The time delay is measured from the time the
temperature-equilibrated membrane contacts the gas
(¢t = 0) to the time the gas appears in the other side
of the membrane as a steady-state flow.

The lag-time analysis due to Daynes (10) and
Barrer (11) is herein adapted to the Si-SiOz-oxygen
system. The key equations and boundary conditions are
reproduced below with some modification from the
publizh=d detailed analysis (10,11). For the Si-SiOz-
oxygen 2as system, the boundary conditions are shown
in Fig. 1 and the general solution for concentration is

X C -
c= c1+<cz—c.)—+~ (2°°"“' c‘)

3 m=)

( , n:xX) (-Dnzxz: 4C, i 1
sin—— ) exp ————) to— Ly e

L: X m=9 Cm + 1)
2m + 1)aX ( -D(2m 4 1)2x2t
n T exp o

where C is the concentration of oxidant st any time.
At the Si-SiO; interface, X = 0 and

(2) -a-a

X L
2 2 - Dna2t
+ — & (Czcosnn — Cy) exp )
nmt
4C D (2 it
4Co ( (2m + 1) ) (2]
mﬂo 12

The rate at which gas, Cq, emerges from a membrane of
unit area at X = 0 is given as

CsCy AT X =0 FOR ALL ¢
CsC; AT Xs|
C+Co FOR O < X <L AT 130
Fig. 1. Picterial raprasentation ot Si-$i02-O2 system with bound-
ary conditiom,

3
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=D ( X 'x-o {3}

Now substituting (aC/aX )x=0 from above and solving
for the concentration, Cg, by integration the resultant
equation is

D(C; - Cyt
L

S (G

“' A=l

C.:.-.

, oL S 1 ( o (—D(2m+ 1)%:))
T o @mE 1) P 7
4]

This concentration will increase toward a steady state
ast » % and Cg approaches the line

Cscolﬂ-‘!—c;)
2

D
s=7 (C2-C)) Dt 2

n=l

+4c,u' 1 ] )

a2D m=g (2m 4 1)2
Cal2 C,L2 CoL2 ] 6]
6D 3D + 2D
The intercept of this line with the time axis yields the

lag~time, ¢ 1 oop cw

1 Cs 3L

= [ + - ] (71
(C2=~C)) 6D 3D 2D

I the actual experiment commences with no oxidant in

the film, C, = 0, and if the reaction at Si-SiO; interface

is tast relative to tranport then C, =~ 0, then the lag-
time expression reduces to the equation

12

TS —— 8l

D[(C Cot
—E‘ 2 = -]

The condition of C, = 0 is achieved by a thorough out-
gas of the sample at 1000°C overnight and it s as-
sumed that the network oxygen does not contribute to
oxidation. The condition C; ~ 0 is consistent with the
linear-parabolic model.

The steady-state condition is observed by the con-
formity of the thickness-time data to the linear para-

bolic rate law
t=AL 4+ BL2 91

where ¢ is the oxidation time for a flm thickness L,
and A and B are the reciprocals of the linear and
parabolic rate constants, respectively.

This simplified linear-parabolic equation can be
used to test for linear-parabolic kinetics in the present
study. However, where the values of the rate constants
are of interest, it is necessary to utilize the physical
mode] related equation (2,7)

t—to=A(L=Lo) +B(L2=L%)  [10)

where L, and t, define the lower limit of applicability
for the linear-parabolic model or an oxide of thickness
L, at the start of an experiment

Equation (9] is easily linearized and linear least
squares analys:s of the ¢t and L data according to L vs.
t/L yield slope and intercept values that are used %o
extrapoate to the time axis at the initial oxide thick-
ness value. This intersection yields the ¢ value used
with the average L value in Eq. {8) to obtain D.

At
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To insure that steady state is achieved, oxidation is
carried out for more than 40 hr. Thickness-time data
from the last 10 hr are analyzed as steady-state values.
However, prior to any data analysis, the overall L, t
data is sampled in the first and second hours of oxida-
tion and then after 20, 30, and 40 hr. If the lag-time
method is applicable, the oxidation rates should be ini-
tially low and then incieasing toward steady state. This
information provides the basis for the lag-time anal-
ysis.

Resuits and Discussion

In order to assess the range of possible lag-time
values, 1 values were calculated from the divergent D
values of Norton (12) and Williams (13) and the re-
sults are shown in Table L. It is seen that if Norton's
values for D are applicable for SiO: films, then v is
virtually unmeasurable by the present technique down
to 800°C and marginally measurable down to to 600°C.
However, based on Williams' data, r can be easily mea-
sured at 1000°C and below. Therefore, if the measured
D values for oxidant in the SiO: films used for this
study are near Norton's (12) values, we would expect
to see no lag-time for the higher temperatures while if
Williams’ (13) D values obtain, a lag-time would be
observed for all temperatures, and for both sets of D
values the r values would be larger for the lower tem-
peratures. The experimental data which consist of
thickness-time measurements on films with starting
thickness of about 10*A were first surveyed to deter-
mine whether lag-times were observed. As previously
stated, this was done by comparing the rates of oxi-
dation at the beginning of the experiment to rates at
the end. At least two data sets were obtained at each
experimental temperature with substantially the same
results. Table II lists the rates from one data set at
cach temperature for the 1st, 2nd. 20th, 30th. 40th hours
of the experiment. It is clearly seen that only at 1000°C
is true lag-time behavior observed. i.e., the rate of oxi-
dation increases to a steady-state value. It is also in-
teresting to note that a steady-state rate of about 41
A/min at 1000°C for 10tA SiO» can be calculated from
the derivative of Eq. {10] and already published data
(18). Given that there could be a maximum of about
10% error in the reported rate constants (7), the rates
for the first 2 hr are below the steady-state rate. This
calculated result is in agreement with the experimental
result to follow and also the steady-state rates of the
present study agree with the published values. For the
lower temperatures, the initial rates are at least equal
to the final rates. There is some data that show a slight
trend toward the initial rate being larger than the final
rates. However, this type of behavior is anticipated
based on linear parabolic kinetics. Representative SiOq
thickness vs. oxidation time data is shown as Fig. 2a
and 3a for 1000° and 800°C, respectively. The solid
lines on these plots are drawn to illustrate the change
in the slope of the data and are obtained as average
slopes calculated from the data for a number of the
initial and final data points (see Table II). The 1000°C
data have a smaller initial slope than for long times
and the opposite is true at 800°C.

Figures 2b and 3b show plots of L vs. t/L at 1000°
and 800°C, respectively. The solid lines on these plots
are the result of fitting the steady-state data to Eq.
(9). It is clear that the 800°C data are well represented

Table I. Literature values of D end calculoted values for the log-time, ©
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Table 11. Comparison of initial and final rates of oxidation

Oxidation rates (A/hr)

T (C) st 2nd 20th 30th i0th
1000 33 37 38 44 4+
900 20 18 20 20 2
800 10 9 9 9 8
700 2 2 2 3 2

600 0.7 0.5 0.4 v3 0.3

by the linear-parabolic model and this was also typical
for the 900°, 700°, and 600°C data. The 1000°C data
show the expected deviation for shorter times which is
indicative ot the existence of a lag-time. The 1000°C
data were analyzed by linear least squares fitting of
L vs. t/L at long times and then finding the intersec-
tion of this line with the t/L axis. The intersection is
t/L, where L, is the starting oxide thickness. t is then
used in Eq. [8] to calculate a value for the diffusion
constant, D = 2.3 X 1013 cm2/sec at 1000°C in dry Os.
This value is about one order of magnitude larger than
Williams’ (13) value at 1000 C. The value for the lag-
time is v = 8490 sec. It is interesting to compare this
value for v with the value of 8804 sec calculated from
the formula derived by considering the approach to
steady-state flow through a piane sheet by Crank (19)

Dr o5 (11}

— s ).42

L? '
From the relationship between permeability, P, dif-
fusivity, D, and solubility, S

PL
S = —
) {12}

which applies when Henry's law is obeyed. the solu-
bility can be calculated. The permeability is the steady-
state oxidant flux which is calculated from the rate
of oxidation. At 1000°C the permeability is about P =
2.7 x 10712 Oy's cm~2 sec~! for 1 atm O pressure.
This yields a value for solubility of § = 1.2 x 102
em~3 which is considerably higher than Deal's (2)
value of 5.2 x 10!8 cm=3 calculated using the relation-
ship
k + 2,25 022
§ = tran 225 x 1 (3]
2D

and Norton’s (12) value for D, where kpar is the para-
bolic rate constant. The reason for the large difference
in S values in the present study and Deal's study (2)
is due primarily to differences in D. Using the value
for D obtained in this study and Deal's kpar (2), S is
calculated to be 1.6 x 10%t cm—3,

To determine the effect of H,O on D, 1000 ppm was
added to dry O; by a previously outlined procedure
(20). The data at 1000°C showed a lag-time, and a
value of D = 2.4 % 10-12 em?/sec or about a tenfold
increase in D with 1000 ppm H;O was obtained. From
previous studies of the affect of H.O on the rate of Si
oxidation (20), we reported less than a twofold in-
crease in rate with 1000 ppm H.O in Oa. From Eq. [12],
if D increases by a factor of 10 and P by a factor of 2
then the solubility of oxidant in the presence of 1000
ppm H:O must actually decrease by a factor of five.

T (*C)
1000 900 00
D ( cn‘/mb.mﬂom (12) 8 x 10~ 3 x 10~ 9 x 10-10
5((.:;'/ ‘t’g Willlame (13) 3" 10-14 3?: 10-13 310
x
v (s02) for a $100 8104 2% 108 ¢ x 10
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fig. 2. Thickness, L, and time, ¢, oxidation date for dry Qo at
1000°C: (o, top) as L vs. ¢, (b, bettom) L vs. t/L.

This result may indicate that, although trace amounts
of HsO enhance diffusion of oxidant so that the rate of
oxidation increases, the HzO ties up many active sites
in SiO2 thereby lowering the solubility of Oa.

In terms of the mechanism of oxidation, the present
results demonstrate the existence of a change in the
dominant mechanism for oxidant transport near
1000°C. Above this temperature, the transport can be
considered Fickian with undissociated oxygen as the
likely transported species. This latter contention is
based on the observation that Henry’s law is obeyed at
high temperatures (2). The question of whether any
transported species are charged is not addressed in this
study. Further evidence for the change in predominant
mechanism of oxidation was obtained from an earlier
study (18) in which considerable curvature in Ar-
rhenius plots involving both linear and parabolic rate
constants was reported. In that study (18), the higher
temperatures yielded a lower activation energy for k,
in agreement with earlier studies (2) that also em-
phasized oxidation temperatures above 1000°C., The
lower temperatures yielded activation energies for k,
more than 50% larger (18). The mechanism for oxida-
tion below 1000°C is likely to involve a superposition
of Fickian diffusion which is predominant at higher
temperatures with at least one additional mode of
transport. Excluding models which involve charged
species, two kinds of mechanisms come to mind which
would explain the rapid attainment of steady-state
oxidation. One model congsiders the migration of atomic
oxygen from network position to network position.
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Such a mechanism does not require long distance mi-
gration of oxygen to initiate oxidation. Rather, when
one atom of oxygen is taken into the network at the
gas-SiOq interface, an atom then becomes available at
the Si-SiOq interface for oxidation. This process takes
place on a time scale of atomic vibrations and would
therefore explain the rapid attainment of steady-state
behavior. However. the recent tracer studies of Rosen-
cher et al. (21) and Pfeffer and Ohring (22) demon-
strate that oxygen is transported across the oxide with
little or no jateraction with the network. Another
possibility is to consider the flow of oxidant in micro-
pores. If micropores exist in sutficient numbers and if
the pores penetrate to the Si-SiOy interface then very
slow diffugion at Jow temperatures may be short cir-
cuited by the flow of oxidant in micropores. Previous
studies on thin SiOg fllms yielded some indirect evi-
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dence for the existence of micropores in SiO, ilms (23)
and recent transmission electron microscopy studies by
Gibson and Dong (24) have shown micropores of about
10A to exist in dry O, grown SiO; films. Further work
on a micropore model is necessary and in progress, but
it is interesting to note that if Knudsen-Poiseuille flow
is considered in micropores (25) in steady state with
linear surface kinetics a linear-parabolic type rate law
can be derived. The fact that lower oxidation tempera-~
tures yield higher density SiO: (26, 27) probably also
contributes to a decrease in the importance of simple
diffusion and perhaps renders a different transport
mechanism dominant at lower oxidation temperatures.

Meek (28) has attempted to explain the large dis-
crepancy between Norton (12) and Williams (13) mea-~
surements of D for oxygen in fused silica based on the
differences in the experimental techniques, viz., Norton
measures chemical diffusion based on a lag-time while
Williams measures the transport of a radicisotope. Ac-
cording to Meek’s interpretation, Williams measured
value of D is necessarily smaller than Norton’s due to
the fraction of time the radioisotope spends in ex-
changing with the network rather than in the inter-
stices of SiO2. Recently, however, two definitive studies
(22,29) have appeared in the literature which show
that the transported oxygen does not exchange to any
measurable extent with the SiO: network. Therefore,
it is now clear that Meek's argument does not apply
and the large differences in the D data can be ex-
plained either trivially by experimental errors or
by real differences in the SiO, itself. It is quite clear
that both Pfeffer and Ohring (22) and Rigot et al. (29)
find large differences in the behavior of oxygen in
SiO2 when H;O is present and it is not unreasonable
to speculate that impurities and perhaps even fictive
temperature ani other preparation conditions lead to
the large reported differences in D values.

In summary, a method to measure diffusion of oxi-
dant in growing SiO, films has been developed. This
method is based on Fickian diffusion through a mem-
brane and therefore can be used to test for diffusion
conditions.

Diffusion of Os in 8iO; as the mode of oxidant trans-
port has been found as the dominant mechanism at
1000°C and a value of D = 2.3 X 10-12 cm?/sec has
been measured. This value increases by an order of
magnitude with 1000 ppm H;O in the Oy, At lower tem-
peratures, a different mode of oxidant transport is
dominant. This mode is characterized by the instan-
taneous achievement of steady state linear-parabolic
oxidation kinetics.
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