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SECTION I

INTRODUCTION

Interface doping of dual dielectric charge storage cells of the IGFET

li types was introduced by Kahng et a11 and Thornber et al2 in 1974. 1In this
method, a layer of metal, such as tungsten, usually less than a monolayer
thick, is placed betwéen a thin silicon dioxide film (first dielectric),
which is grown tc a thickness of the order of 100A thick on silicon, and an
alumina or silicon nitride film (second dielectric), which is of the order of
400A thick. This was followed by an aluminum film, to make up the MAOS or
MNOS structure. It was established by Kahng et al that the dopants act as
trapping sites for charge injected from the silicon. Charge is injected into
these sites from the silicon under the influence of a high applied field.
Here the charge motion mechanism is by Fowler-Nordheim ‘tunneling, rather

than by direct tunneling, which is the mechanism which operates for the con-

ventional, thin oxide dual dielectric storage cells (Fig. l). The principal
differences between the conventional MNOS and the interface doped MNOS device
are:
1) The stored charge is separated from the silicon by a much thicker
oxide film,
2) The stored charge resides principally at the dopant sites, and not
100-200A inside the nitride film, as it does in the conventicnal
MNOS .

3) The stored charged consists principally of "excess'" electrons.

1D. Kahng, W. J. Sundburg, D. M. Boulin, and J. R, Ligenza, Bell System
Technical Journal, Vol. 53, 1974, p. 1723,

2l(. K. Thornber, D. Kahng, and C, T. Neppell, Bell System Technical Journal

vol. 53, 1974, p. 1741.
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This has the following important consequences:

1) The stored charge is retained for very long times.

2) The cell is very insensitive to read-disturb.

3) Device degradation mechanisms associated with charge motion in the nitride
are less important.

4) The memory window, i.e., the separation between the two threshold voltages
corresponding to the two memory states, is predominantly positive.

The charge retention in interface-doped MAOS devices has been studied
extensively by Thornber et alz. It was found by them that charge loss could
be accelerated at elevated temperatures and applied bias voltages; the ex-
trapolated charge retention was 500 years at 80°c. Thg charge decay mechan-
ism at temperatures between 150 to 300°C was found to be by activated con-
duction through the alumina to the gate electrode.

In this previous work, emphasis was placed on tungsten as the interface
dopant and alumina as the second dielectric, although other dopants such as
Pt, Ta, Ir, and silicon nitride as the second dielectric were also explored.

-2
A lower limit of the doping concentration of 1014 cm ~ and an upper limit of

5-1015 t:m‘-2 was identified. Device endurance toward write/erase cycling was
not reported.
The work reported here is an investigation of interface doping in both
n- and p-channel MOS devices, Specifically, we describe the use of ten
different interface dopant metals in MNOS memory varactors and transistors.
Included are the write/erase characteristics as a function of the dopant

concentration and oxide thickness, memory window as a function of dopant con-

centration and oxide thickness, write speeds as a function of write pulse

width and amplitude, the charge retention as a function of doping

L ke Gt




concentration and oxide thickness, the endurance toward write/erase cycling.

radiation hardness toward total dose ionizing radiation, and yield assessment.

In the first phase of this investigation, only p-channel devices were

fabricated and tested. In the second phase, the work was extended to n- 1
i channel devices. However, the number of dopants in the second phase was |
:4 limited to Pt, Cr, Ir and W. In addition, the total dose radiation hardness |
of interface doped devices was investigated during the second phase. This
work involved the exposure of interface doped transistors, both memory and
f‘ stable gate, to increasing 0060 radiation levels at various bias voltages on
the gate. This work concentrated on p-channel transistors, although some
| data on n-channel memory transistors were also obtained. Finally, a yield
assessment was made using simulated array processing to ascertain the effect
on yield due to interface doping.
Interface doped MNOS memory devices offer the potential for short write

and erase times, as wzll as very long retention. From circuit considerationms,

it is desirable that the memory transistor always be in the "off" or non-

conducting state, to avoid the necessity of an additional transistor for each 1
memory cell. Since the interface doped memory device tends to store 'excess'
electrons rather than holes, it follows that the memory window, which is the
separation between the threshold voltages corresponding to the two binary
memory states, is predominantly positive , the center voltage being typically
+5V. It is consequently the n-channel device which has the memory window pre-
dominantly in the non-conducting (positive) gate potential region, thus giv-
ing larger memory windows. In the second phase of this work, all fabrication
and testing was shifted to n-channel devices.

The endurance of all devices fabricated in this program, p- or n-channel,
did not exceed 107 write/erase cycles. Therefore, attempts to fabricate RAM

devices were dropped.
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SECTION II
APPROACH
A survey of the various dopants and oxide thicknesses was made during

the first phase of this work using p-channel varactors. In order to survey
as many dopant concentrations and oxide thicknesses as quickly as possible
and without interference from processing artifacts, a large number of varactor
cells of varying concentrations and oxide thicknesses were prepared on a
single silicon wafer. This was accomplished by preparing 5 to 6 oxide j
stripes across the wafer of increasing thickness (usually from 50 to 140A) by
alternate thermal growth and subsequent partial removal of the oxide film by
etching. This gives rise to a step pattern in the oxide thickness. The in-
terface dopant is now deposited in such a way that its concentration varies

from zero on one end of the wafer to a pre~determined level such as 1015 or

1016 cm-z on the other, giving a wedge-like thickness distribution in between.

The dopant concentration gradient is perpendicular to the oxide thickness
gradient, thus giving a full range of dopant concentrations with each oxide
thickness. In practice, this method is applicable if the variation in the
doping concentration does not greatly exceed one order of magnitude. As a
result, a concentration range of about one order of magnitude and six oxide
thicknesses can be evaluated on one wafer. This is illustrated in Fig. 2.
From this survey on p-channel varactors, a selection of the six mosc
promising dopants was made, as well as the most suitable oxide thickness for
EAROM devices. Processing of both p-channel and n-channel transistors was
then limited to these dopants and thickness. The number of promising dopants
was still further limited for the fabrication of n-channel varactors and

transistors.
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(SIX) STEPPED OXIDE VARACTOR WAFER AND EVAPORATED
DOPANT PROFILE

THIN OXIDE
THICK OXIDE l '

l
|
I
|
i

R CONCENTRATION PROFILE
OF DOPED REGION

NO METAL DOPANT

Figure 2. Stepped Oxide Varactor Wafer and
Evaporated Dopant Profile




Accelerated test methods were used wherever possible. Thus, to measure
charge retention after writing, high gate bias voltages were applied to
force an observable charge decay within several minutes. Extrapolation to
zero bias voltage gives the expected retention under real use conditions.
Since the endurances measured in this program have not exceeded 107 cycles,
accelerated measurements have not been necessary.

In order to properly assess the effect of interface doping, each pro-
cessed wafer had a control region which was identical in all respects to the
rest -of the wafer except that it was not interface doped. 1In addition, pro-
cess control wafers were added at various stages to measure oxide and nitride

thickness and the nitride refractive index.




SECTION III
INTERFACE-DOPED MNOS DEVICE FABRICATION

In this section, the MNOS processes used to fabricate both p- and n-
channel interface doped varactors and transistors are described.
FABRICATION OF P-CHANNEL DEVICES

P-channel devices were processed on 2 inch silicon wafers of (100)
orientation, having 3 to 8 a-cm n-type resistivity (phosphorus). Aluminum
gates are used.

The general MNOS fabrication sequence used for p-channel memory tran-
sistors, including stable gate transistors, is shown in Table 1. For var-
actors, steps 2 through 8, 12 through 14, and 17 are omitted. All these
steps are described below.

TABLE 1

MNOS MEMORY TRANSISTOR FABRICATION SEQUENCE -- PHASE I

Step No. Description
1 Initial cleaning
2 Wafer oxidation
3 Source drain mask
4 Source drain predeposition
5 Source drain drive-in
6 Stable gate mask
7 Stable gate oxide
8 Memory gate mask
9 Memory gate oxidation
10 Interface doping
11 Nitride deposition




By ..

Step No. Description (contd.)

12 Oxide deposition (8102)
13 Contact mask (5102)

14 Nitride oxide etch

15 Metal deposition

16 Interconnection mask

17 Interconnection sinter

(1) Initial cleaning

The initial éieaning process removes any surface contaminants that may
remain on the wafers in the gs-received condition.

The silicon wafers are first immersed in a 50/50 mixture of hydrofluoric
acid (HF) and deionized water. They are next rinsed with deionized water and
blown dry with nitrogen. 1In a quartz tube furnace at 1050°C, a thermal oxide
is grown on the wafers. With pure oxygen flowing at 1 cubic £t./hr., 30
minutes is sufficient to grow a layer 1808 thick. At this point, the dilute
hydrofluoric acid bath is repeated. The oxide layer and any trapped impurities
are stripped away. The cleaning step ends with a final rinse in deionized
water and drying with nitrogen.

(2) Wwafer oxidation

Wafer oxidation occurs in two parts. First a layer of thermal oxide
11008 thick is grown on the wafers in the manner described in step 1. At
1050°C and an oxygen flow rate of 1 cubic ft/hr, three hours are needed.

Second 52008 of SiO are deposited on the wafers by chemical vapor de-
position in a silox reactor. The silox reactor is purged for 15 minutes with
line nitrogen. During this time, the heater block in the furnace is heated to
450°C. After the purge, the line nitrogen is turned off. Bottlea nitrogen,

oxygen and silane (Siﬂ4) diluated in argon flow through the reactor tube at
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the rates listed below:

Oxygen 0.211 liters/min.

Nitrogen 0.066 at

5.4% SiH4 in Argon 0.45 1
After thus clearing the gas feed lines, the silane-in-argon is vented directly
to the exhaust, and the oxygen is turned off, At this time,the wafers are
inserted into the reactor. During a two-minute nitrogen purge, the wafers heat

to the reaction temperature. The furnace now automatically begins a deposition

run. Twelve minutes at the specified flow rates is sufficient to deposit

5200 & of Si0,. Thickness is determined by referring to a color/thickness table.

2
The 6300 ) (total thickness) of SiO2 will act as a diffusion stop during

the source/drain diffusion.

One of the by-products of the silox reaction is water vapor. Because of
the harmful effect of water on photoresist, the wafers are baked for 30
minutes at 175°C in a nitrogen atmosphere prior to the next step.

(3) Source drain mask

The diffusion stop SiO2 layer must be etched in this step to expose the
source drain regions of the wafers. Photoresist is spun on to the wafers at
5000 rpm with a photoresist spinner. The resist is dried for 30 minutes in
a nitrogen atmosphere at 80°C. The source-drain mask is then aligned on the
wafers and the wafers are exposed to ultraviolet light. Resist developer is
now used to wash away the photoresist that was not exposed to the UV light at
the source and drain regions. The wafers are now baked for 30 minutes in a
nitrogen atmosphere at 175°¢C in preparation for the oxide etching step. The
etchant is composed of 1 part hydrofluoric acid and 9 parts NH4F. Three

minutes are sufficient to remove the oxide above the source and drain without

appreciable undercutting of the photoresist., After rinsing in deionized water,

10
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the remaining photoresist is removed in microstrip heated to 95°%¢C (5 minutes)

and boiling deionized water (3 minutes). Finally, the wafers are cleaned in a

vapor degreaser with a solvent mixture of equal parts of isopropyl alcohol,
acetone and trichlorethylene and blown dry with nitrogen.

Periodic microscope checks are made during this step to insure correct
alignment and proper etching.

(4) Source drain predeposition

The z-dopant which we use is boron. The wafers to be doped are arranged
vertically in a quartz rack, interspersed with wafers of boron nitride. The
fi rack is then inserted into a tube furnace (1000°C) with a nitrogen atmosphere
for 15 minutes. Boron is transferred to the silicon wafers, where a thin layer
of silicon at the source and drain regions becomes very highly doped.

(5) Source drain drive-in

Before the boron dopant is driven into the silicon surface, the silicon
dioxide and boron residing on wafer surfaces are stripped away in 50/50 HF.

The wafers are then inserted into the 1000°C tube furnace for 3 hours in oxygen. 1

The junction depth is about 1.5 microns. Simultaneously, 1100 £ of thermal
oxide are grown on the wafers.

(6) stable gate mask

Fifty-two hundred R of sio, are again depcsited on top of the thermal oxide

2
layer. This oxide layer, which totals 6300 X, is masked and etched to give the

stable gate mask pattern.

(7) Stable gate oxidation

The stable gate oxide, which is 500& thick, is a thermal oxide grown at

1000°C for 1% hrs with an oxygen flow of 1 cu. ft/hr.

; (8) Memory gate mask

In the great majority of our devices, the stable gate oxide was not used.

11 i
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In these cases, the stable gate mask served to expose the memory region.
Those wafers which had stable gates, however, employed a memory gate mask
for the thinner memory oxide.

. (9) Memory gate oxide

}j The memory gate oxides ranged in thickness from 308 to 1342. They were
grown in a tube furnace at 1050°C. To more closely control the growth
process, the flow gas is 1% oxygen in argon. Figure 3 shows the relation-
ship between oxide thickness and time.

(9a) Memory gate oxide varactors used in survey phase

; For much of the initial survey of interfacial dopants, varactors were
used instead of transistors because of their much more rapid producibility.
The use of varactors enables us to vary the gate oxide thickness within a
single wafer, further minimizing the effect of wafer-to-wafer differences,
as illustrated in Fig. 2. It required oxidizing the wafers 6 separate times.
After each oxidation, the wafers were partly immersed in 50/50 HF and water
to remove a portion of the oxide layer. For instance, after the first gate

? oxidation, all but the leftmost strip of the wafer would remain. Table 2

1 contains the thickness vs. total oxidation time data for onme particular six
step oxide run.

i (10) Interface doping

This important process step is covered in section IV.

(11) Nitride depositicm

Silicon nitride is deposited in an epitaxial reactor by the 81H4/NH3

reactiocn at a wafer temperature of 850°C. The reactor is first given a 10

minute nitrogen purge. During this time, the silane, ammonia and hydrogen
flow rates are set. The ratio of silane to ammonia is 1/1000. After the

purge, the wafers are inserted into the reactor and brought to temperature in
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Figure 3. Oxide Thickness vs. Time for (100) Silicon
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the presence of the hydrogen flow gas. Fast write devices have a nitride
thickness in the neighborhood of 3008, and most slow write devices have 450
- 600 & nitride layers. Deposition times are from 1/2 min,to 1 min. long.

(12) Oxide deposition (Sioz)

For a third time, 52008 of Sio2 are deposited by the chemical vapor
method. This oxide will remain on the wafers as a field oxide.

(13) Contact mask

This mask allows windows to be etched down to sources and drains, so that
they can be contacted with aluminum, which will be deposited in a later step.

(14) Nitride oxide etch

The 52008 of oxide are first etched by immersing the wafers for three
minutes in buffered HF (NHAF/HF:9/1) as described earlier. The photoresist
is removed and wafers cleaned, degreased and dried. The wafers are then
boiled for 45 minutes in phosphoric acid to etch the nitride layer.

(15) Metal deposition

An aluminum layer is deposited by electron beam evaporation. The wafers
are placed in a bell jar which is evacuated to 10-6 torr. An aluminum slug
is melted with an electron beam and the wafers are coated to a thickness of
1 to 1.5 pm. The thickness is monitored by quartz crystals.

(16) Interconnection mask

Photoresist is patterned on the wafers as before, using the inter-
connection mask. The aluminum is etched in a solution of 767% phosphoric
acid, 15% acetic acid, 5% water, and 4% nitric acid heated to 45°¢. Etching
time is 1 to 2 minutes. The photoresist is stripped and the wafers are
again boiled in deionized water and vapor degreased.

(17) Interconnection sinter

Processed wafers are annealed at 500°C for 25 minutes in an annealing




oven. Nitrogen and hydrogen are used at the following flow rates:
Nitrogen - 2 cubic ft/hr.
Hydrogen - 0.1 cubic ft/hr. |
FABRICATION OF N-CHANNEL DEVICES

N-channel devices were processed on 2 inch silicon wafers of (100)

orientation, having 2 an-cm p~type resistivity (boron). Stable gate devices i
possess polysilicon gates. All memory devices are aluminum gate.
The general MNOS fabrication sequence used for n-channel stable gate

| and memory transistors is shown in Table 3. All steps are described below.

TABLE 3

n-MNOS STABLE GATE AND MEMORY TRANSISTOR FABRICATION SEQUENCE

Step No. Description
: 1 Initial cleaning
2 Surface doping
3 Wafer oxidation
4 Source drain mask
| 5 Stable gate oxidation f
] 6 Polysilicon deposition
{ ; 7 Polysilicon stable gate mask
| 8 Polysilicon doping
! 9 Preferential etch
10 Source drain predeposition
11 Source drain drive-in
12 Memory gate mask
13 Memory gate oxidation
14 - Interface doping
15 Nitride deposition
16
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Step No. Description (contd)
16 Oxide deposition (Sioz)
17 Contact mask (3102)

18 Nitride oxide etch

19 Metal deposition

20 Interconnection mask
21 Interconnection sinter

(1) Initial cleaning

The initial cleaning process is the same as that described on page 9
for p~-MNOS device fabrication.

(2) Surface doping

The tendency of the surface of a lightly doped n-type ﬁafer to invert
makes n-channel MOS transistors prone to become depletion devices. This can
be avoided by doping the surface of the wafer somewhat heavier with boron
than the interior of the wafer. In this way, enhancement devices are obtained
without adding greatly to the junction sidewall capacitance.

The p-type wafers used in the fabrication of n-channel MNOS devices in
this program have an initial sheet resistivity of about 80 n/[1J. Surface
doping by boron decreased this value to about 75 a/[]. This results in en-
hancement devices with a threshold voltage of around 1.5 V.

Because of the heavier surface doping, and the associated higher defect
density compared to the undoped case, there was a reduction of the mobility.
The mobility with surface doping is approximately 200 cmZ/V-sec. Although
this is less than one~half that obtained without doping, it is a necessary
trade-off to obtain higher threshold voltages.

The 5 o/C] decrease in sheet resistivity is achieved by arranging the

wafers vertically in a quartz rack, interspersed with wafers of boron nitride.

17
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The rack is then inserted into a tube furnace (1000°C) with a nitrogen atmos-

phere (0.5 cubic ft/hr) for 90 seconds.

(3) Wafer oxidation

Wafer oxidation occurs in two parts. Approximately 10002 of thermal
oxide (Si02) are grown in a quartz tube furnace at 1050°C. Pure oxygen
flows through the furnace at 0.5 cubic ft/hr. Time required is 1.5 hrs.

Second, 52008 of Sio2 are deposited on the wafers by chemical vapor
deposition in a silox reactor. This procedure is described on page 9, step
2.

(4) Source-drain mask

The source-drain regions for stable and memory devices are opened in
the IOOOX oxide layer deposited in the previous step. After baking the
wafers at “‘180°C, a negative photoresist is spun on to the wafers at 6000
rpm for 10 seconds with a phororesist spinner. The resist is dried for 20
minutes in a nitrogen atmosphere at 65°C. The source-drain mask is then
aligned on the wafers and the wafers are exposed to ultraviolet light (4
seconds). Resist developer is now used to wash away the photoresist that was
not exposed to the UV light at the source and drain regions. The wafers
are now baked for 20 minutes in a nitrogen atmosphere at 135°C in prepar-
ation for the oxide etching step. The etchant is composed of 1 part hydro-
fluoric acid and 9 parts NHaF. Three minutes are sufficient to remove the
oxide above the source and drain without appreciable undercutting of the
photoresist. After rinsing in deionized ater, the remaining photoresist is
removed in microstrip heated to 95°C (5 minutes) and warm acetone (5 minutes).
Finally, the wafers are boiled in an isopropyl alcohol bath (10 minutes),
rinsed in deionized water, and blown dry with nitrogen.

Periodic microscope checks are made during this step to insure correct

18
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alignment and proper etching. The source and drain contacts for the stable
gate devices are self-aligning, that is, the source and drain regions and
the gate region between them are etched simultaneously and, in later steps,
the polysilicon gates will act as masks during the doping step.

(5) Stable gate oxidation

Another 10008 thick layer of thermal oxide is grown on the wafers in

the manner described in step (3). This layer will act as the stable gate
oxide.

(6) Polysilicon deposition

The polysilicon gate material is obtained through pyrolysis of dichloro-
silane. This takes place in a hot wall furnace. The wafers are set on a
quartz rack, inserted into the reaction region and heated to 853°c. After a
5 minute nitrogen purge, 0.32 4{/min. of dichlorosilane (SiClZH) diluted in
404/min. of nitrogen is admitted. In 10 minutes, approximately 80008 of
polysilicon are deposited. Another short purge follows and wafers are
withdrawn.

(7) Polysilicon stable gate mask

The polysilicon gate regions are defined by depositing ~50008 of silox
on top of the polysilicon, patterning the oxide with a mask of the gate re-
gions and doping the surface of the exposed gates with boron. This selective
doping will permit a preferential etchant to remove the undoped polysilicon
in later steps. Silox is deposited as in step (3) and is patterned as in
step (4).

(8) Polysilicon doping

The surface doping of the polysilicon with boron takes place as in step
(2), but the predeposition time is increased to 7 minutes. After predeposi-

tion, the silox is stripped in buffered hydrofluoric acid.

19

o Soaod it > ~ . n
sasicien Nt P ol 0 et e it




(9) Preferential etch

The undoped polysilicon is preferentially etched in 4N potassium hy-
droxide, heated to ~ 65°C. Etch time is typically 2 to 3 minutes. Wafers
are then rinsed in deionized water and then subjected to a buffered HF etch
during which the source-drain contacts are cleaned. A rinse in deionized
water is followed by a nitrogen blow dry.

(10) Source-drain predeposition

The n-dopant used is phosphorus. The wafers to be doped are arranged
vertically in a quartz rack, interspersed with PH3 wafers. The rack is then
inserted into a tube furnace (IOOOOC) with a nitrogen atmosphere (0.5 cubic
ft/hr) for 15 minutes. Phosphorus is transferred to the silicon wafers,
where a thin layer of silicon at the source and drain regions becomes very
highly doped.

(11) Source drain drive in

The wafers are inserted into the 1000°C tube furnace for 1.5 hours.
Pure oxygen is admitted at 0.5 cubic ft/hr. As the phosphorus is driven
into the source and drain, ~ 10008 of the thermal oxide ar simultaneously
grown.

When the diffusion is complete, all the oxide is removed from the
wafers in buffered HF acid. All that remains on the wafer surfaces are the
polysilicon gates and the gate oxide directly beneath them.

(12) Memory gate mask

As in step (3), 10008 of thermal oxide and ~ 50008 of silox are deposited
on the wafers. This oxide layer is then masked so as to reveal the gate
regions of the (aluminum gate) memory devices.

(13) Memory gate oxidation

The memory gate oxides ranged in thickness from 508 to 90R. They are

20
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grown in a tube furnace at 1050°C. To more closely control the growth process,
the flow gas is 1% oxygen in argon. Figure 3 shows the relationship between
oxide thickness and time.

(14) Interface doping

This important process step is covered in section IV,

(15) Nitride deposition

Silicon nitride (Si3N4) is deposited via the pyrolysis of ammonia
and dichlorosilane at 800°C in a hot wall reactor. The wafers are placed on
a quartz rack and inserted into the reaction region. After a 10 minute
nitrogen purge, 200 sccm of ammonia are admitted. The nitrogen carrier gas
flow rate is 50 £/m. After one minute, 20 sccm of SiC12H are added to the
flow and nitride deposition takes place., Approximately 350A are deposited
in 2.5 minutes. Ammonia flow is maintained for one minute after the SiClZH
flow ceases. A 5 minute nitrogen purge follows and the wafers can then be
removed.

(16) Oxide deposition (8102)

For a fourth time, SZOOX of Si0, are deposited by the chemical vapor

2
method. This oxide will remain on the wafers as a field oxide.

(17) Contact mask

This mask allows windows to be etched down to sources and drains, so
that they can Le contacted with aluminum, which will be deposited in a

later step.

(18) Nitride oxide etch

The 52008 of oxide are first etched by immersing the wafers for three
minutes in buffered HF (NH4F/HF:9/1) as described earlier. The photoresist
is removed and wafers cleaned, degreased and dried. The wafers are then

boiled for 30 minutes in phosphoric acid to etch the nitride layer. A
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deionized water rinse follows as does a nitrogen dry.

(19) Metal deposition

An aluminum layer is deposited by electron beam evaporation. The
wafers are placed in a bell jar which is evacuated to 10-6 torr. An aluminum
slug is melted with an electron beam and the wafers are coated to a thickness
of 1 to 1.5 pm. The thickness is monitored by quartz crystals.

(20) Interconnection mask

Photoresist is patterned on the wafers as before, using the interconnec-
tion mask. The aluminum is etched in a solution of 76% phosphoric acid, 15%
acetic acid, 5% water, and 4% nitric acid heated to 45°¢. Etching time is
1 to 2 minutes. The photoresist is stripped and the wafers are again boiled
in deionized water and varpor degreased.

(21) Interconnection sinter

Lastly, the wafers are annealed in nitrogen for 20 minutes at 450°c.
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SECTION IV

INTERFACE DOPING

The interfacial doping step is carried out after the memory gate oxidation.
In this section the selection of dopants, dopant concentration, and doping
conditions are given.
SELECTION OF DOPANTS
In the selection of dopants, the following criteria were applied:
® The vapor pressure of the element or its oxide must be negligible
at 850°c.
® The diffusion coefficient of the dopant at 850°C in SiO2 or Si3N4
must be low.
® The dopant must not be subject to ionic motion in SiO2 or Si3N4
under bias temperature stress.
® The melting point of the deposited species must be above 900°c.
® Depositing reproducibly must not be too difficult,
These criteria eliminate the alkali and alkaline earth metals because of
their high ionic mobility, Au, Ag, and Cu, which have high diffusivities in

sio,, Zn, Cd, Hg, Ga, and In, because of high vapor pressures or low melting

29
points. Primarily the elements in group VII, I-VIIB, the rare earth elements
and perhaps Al remain. The reactivities of some of those elements are given
in Table 3. They fall into four classes, according to their oxide-free
energy of formation:
® Elements that will not oxidize on exposure to air (Ru, Rh, Pd, Os,

Ir and Pt).

® Elements that oxidize in air but can be readily reduced by hydrogen

at 850°c (v, cr, Mo, W, Fe, Co, and Ni).

23

D ndu f B g T it S i kSl

ik




® Elements that oxidize in air and are not reducible by hydrogen at
850°C (Nb and Ta).
® Elements that react with Sio2 to form the oxide, reduce the 8102
to form Si (Y, Ti, Zr, and La), and are not reducible by hydrogen
at 850°C.
TABLE 4

REACTIVITIES OF POTENTIAL DOPANTS

Element Group Oxidizes in Air Oxide Reducible Reduces SiO

in HZ z
La III B Yes No Yes
Ti Yes No Yes
IV B
Zr Yes No Yes
v Yes Yes No
Nb VB Yes No No
Ta Yes No No
Cr Yes Yes No
Mo VI B Yes Yes No
W, Yes Yes No
Fe ) Yes Yes No
Co Yes Yes No
Ni Yes Yes No
Ru } No - -
Vi1

Rh No - <%
Pd No - -
Os No - -
IE& No - --
Pt




At least one metal was included from each of these classes for the in-
itial survey phase. The metals in the fourth class will react to give a
layer of metal oxide. For the initial survey, the following elements were
selected: Ir, Pd, Pt, Nb, Ta, W, Mo, Cr, Ni, and Ti.

DOPANT CONCENTRATION

It is of interest to calculate the charge stored in a MNOS device to

give a threshold shift of AVT, if the charge is located near the silicon/

insulator interface. This situation is given by:

Q = ¢, v,

stored
where Co is the gate insulator capacitance. For AVT = 10 volts, Qstored':
1.6 x 10-1OC/cm2, e abdue 10° electronic charges/cmz.

Kahng et al1 have indicated that the effective doping range for tung-

A to 5'1015/cm?. There are

sten in thick oxide MNOS devices was between 101
then 105 to 106 available dopant sites for each stored charge.

In the survey phase of this work, dopant concentrations ranged between
0 and 5 x 1016 cm~2. For the fabrication of transistors in the subsequent
phases of this work, dopant concentrations were kept in the 1014 to 5 x 101
cm region.
DOPING CONDITIONS

Methods that have the potential of introducing precise amounts of
dopant are:

a, Vacuum deposition by evaporation or sputtering.

b. Adsorption of metal ions from solution.

c. Electroplating by current flow through the thin oxide.
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d. Exposure to a gas bearing the dopant at high temperature or in

electrical discharge.

e. Growing the last portion of the oxide film in the presence of small

additions of dopants to the flow gas.

f. Ion implantation.

Doping by vacuum depositicn, sputtering, and adsorption from solution were
employed in this investigation.

VACUUM DEPOSITION OF METAL DOPANTS BY EVAPORATION

Vacuum deposition of the metal dopants is the most generally applicable
technique available. Evaporation by electron gun is readily controlled and
the use of quartz crystal monitors provides a reliable relative thickness
standard.

Figures 4 and 5 are schematics of the deposition equipment. Figure 4
indicates the relationship between the wafer holder, the Sloan 180° electron
gun, the flying shutter, and the two quartz crystal wmonitors. Figure 5
is a top view of the wafer holder. The open and closed shutter positions are
shown by the dotted lines.

The wafer holder has a capacity of four-two inch wafers. However, only
during the deposition of aluminum does it hold more than 2 wafers. During a
dopant evaporation only two wafers are placed at the points marked A and B
in Figure 5. The darkened areas indicate the position of shields used to
prevent deposition on those portions of the wafers. A small slug of the dopant
metal is placed in the electron gun and the system evacuated to below 10-5

torr. The shutter covers the wafers and the inner oscillator.

The dopant metal is slowly heated to its melting point by the magnetically

focused electron beam. The water cooled outer oscillator monitors the gradually

increasing rate of evanoration.
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E-BEAM EVAPORATION METHOD OF INTERFACE DOPING
THICKNESS
MONITORS
WAFER % f / ~ SHUTTER
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Figure 4. E-Beam Evaporation Method of Interface Doping
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Once this rate has stabilized at a predetermined level, the shutter

begins to open. If the rate of evaporation of a metal is high or a low
dopant concentration is desired, the shutter is set to turn through the 27
degrees necessary to expose the wafers completely in 1 second. For lower
evaporation rates, the shutter is allowed 5 seconds to rotate through this
angle. As the shutter opens, the inner oscillator measures the evaporated
metal thickness. By noting the oscillator frequency before the shutter
opens and after it closes again, we can calculate the amount of dopant on
those parts of the wafers exposed for the longest time.

When the wafers have been fully exposed (save for the shielded regions),
the shutter is released from motor control and swings shut instantly.

Table 4 shows the multipliers necessary to calculate dopant concen-

tration from the frequency change of the oscillator recorded during the

evaporation.
TABLE 5

MULTIPLIERS TO CALCULATE DOPANT CONCENTRATION
Dopant Maximum Dopant Concentration, x 1015 cm-2
Tungsten 0.0717 x Af
Iridium 0.0686 x Af
Palladium 0.1236 x &f
Platinum 0.0674 x Af
Niobium 0.1416 x Af
Tantalum 0.0724 x Af
Molybdenum 0.1369 x Af
Chromium 0.2536 x &f
Nickel 0.2252 x Af
Titanium 0.2740 x Af
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TUNGSTEN OXIDE EVAPORATION

Of the six most promising dopants, tungsten proved to be the most diffi-
cult one to deposit by electron beam evaporation. It was difficult to
maintain a constant rate of evaporation for the required length of time. As
a result, we investigated the possibility of evaporating tungsten trioxide
from a ribbon of the metal.

A tungsten ribbon of dimensions .003" x 3/8" x 5" is clamped between two
current leads from a step-down current transformer. The strip is oxidized
in air by passing a large current through it. By observing the colors on
the ribbon, the resulting oxide thickness can be controlled and is highly
reproducible. The system is then<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>