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TRENDS AND TECHNIQUES FOR
SPACE BASE ELECTRONICS

Final Repcst
June 1979

SUMMARY

During the reporting period of this contract, four activities
ﬁe:e in progress:

1) the completion of the 2-D diffusion studies in SOS,

2) the set-up of a sputtering system, furnaces, and
photolithography related equipment at MSU,

3) experiments on double lsyer metal, and

4) the investigation of 2-D modeling of MOSFETs.

Using the 2-D diffusion program developed in the previous
contract period, simulations of various phosphorus and boron
diffus?ons in SOS have been completed.

The MSU I. C. Laboratory has in place the furnaces, the
photolithogtaphykfacilities and metallization system to reproduce
the NASA/Huntsville double layer metal process - the only missing
equipment being the S;lO2 vapox reactor,

The double layer metal activity initially emphasized wet

chemistry techniques. By incorporating the following technijues:
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(1) ultrasonic etching of the vias, (2) preqc&al clean using a

modified buffered HF, (3) phosphorus doped vapox, and (4) extended
sintering, ylelds of 98% were obtained using the standard test
pattern,

A two dimensional modeling program has been written for the
simulation of short channel MOSFETs with nonuniform substrate
doping. A key aimplifying assumption used is that the majority
carriers can be represented by a sheet charge at the silicon
dioxide-silicon interface. The program is not complete. In

solving current continuity equation, the program does not converge.

However, solying the 2-dimensional Poisson equation for the
potential distribution has been achieved, The status of other

2-D MOSFET simulation programs are summarized. £
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I. REDISYRIBUTION DIFFUSIONS FOR ION-IMPLANTED
PREDEPOSITS OF BORON AND PHOSPHORUS IN SOS FILMS

The objective of this work was to produce curves describing
the variation with diffusion time and temperature of the junction
depth, sheet reaistance and integrated impurity dose, This data
has been generated for boron and phosphorus redictyibuted in
nitrogen, dry oxygen and steam ambients for <111> oriented SOS
films. The following section presents discussions of the implan-
tation and redistribution model, further program develop, the

computational procedure and of the computed results,

A. The Redistribution Model

There are three aspects of the redistribution model which are
considered: (a) the implanted profila, (b) the oxidation model,

and (c) the diffusivity model.

a.) The implanted profile, The fimplanted profile is described

by the Caussian function,

B (v - B )
Oy = Gy yexp (5 —p—2— ) (1)

where C 18 the concenctatiOn, y' is the distancé from the entrant

silicon surface, Rp is the range and AR is the straggle for

p

the implant. The peak concentration, 'Cmax’ is related to the

implant dose, Qimp by:

H

TR M y ok PSS e T e
e -

T O N L U L S



g

i
i
7”
i
] ’é
¢
i
¢ )%
S
: i
o
b
b"‘:"
i
4 g
| ;
#
i
3
‘
f
:
rooi
3 g

S

R A SRR et 2t

R

T LT T R aas i, . _ontul
T -

Coax ™ Qi-p /fi?,bnp ; (2)

Redistiibution data has been generated for the following condi-
tions: [1&1]
#

0yt sx10%2 | 10*? | sxa0t? | 108 ea?
mp .
R 3 0.2735 ym 80 keV boron implant.
P 0.1727 ym 150 keV phosphorus,
AR : 0.0665 ym 80 keV boron implant.
P 0.0440 pm ‘150 keV phosphorus.

The doses are light to moderate resulting in soncentrations mno
heuvier\than,ﬁxlola'cm-s, and the range-straggle values are typical
of those employed at MSFC. It is assumed that all of the iOns‘
become activated shortly after redistribution begins and thereby
diffuse by a substitutional mechanism 1nvoiving yncancles,

b.) Oxidation model: The oxidation model is assumed to be the
same as for bulk silicon and the data of Deal et. al, [1.2] has

bean used to calculate the oxidation rate according to:

dxo :
TRt B/(2x_ + B/C) , (3)

whereé B and C follow Boltzm&nd—like,cemperature dependences.

Figures (1 ) and ( 2 ) illustrate the oxide thickness dependence

upon time and temperature for both\drj‘Ozynnd steam ambients. :
During the oxidation, thé~éilic§p film'thickness is redﬁch

according to:

W ='W -ax_ , (4)

e
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SN vhere W, 1s the initial film thickness, taken to be 1 um, and
@ w 0,45 48 the ratio of the hunsities of 510, to silicon.
Redistribution data is given for wb w 1 ym and an initial oxide
thickness of x, = 300 Z.

c.) Diffusivity model: The diffusivity model for boron was
discussed in an earlier report [1,3) and it includes a linear

dependence of the diffusivity upon the vacancy concentration as

ety €

well as the field-enhancement effect, The diffusivity model for
phosphorous includes only the field-enhancement effect which is
sufficient tqrdeﬁﬁrihn the non-linear behavior of phosphorous
diffuaions:aﬁ concentrations lower than 1019 o:m-3 as ghown by
Barry [1.4] aud Fair and Tea! [1.5]. The diffusivity temperature
o dependence is after Fair {1.6] and Fair and Tsai [1.5] adeptation
of data by Ghostagore [1.6]. For eithar boron or phosphorous the

effective diffusivity is given by:

D

age ® DO x 4w/ /2T, (5)

where,
: | u = C€/2n;, , (6)
and,

B

D(u) = D* u , for boron, (7)

& D; , for phosphorus. (8)

and where ni is the intrinsic carrier concentration at the

B
b | vities of boron and phosphorus;

diffusion temperature and DX and D; are the intrinsic diffusi-
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Df = 3.17 exp (-3.59eV/ kyT) cn?/sac.,
DA = 3.85 axp (-3.66eV/ ;u':) (9)

B. Further Program Development

The program which was used to generate the data has been
described in detail in an earlier report. It was noted that the
program was developed in such a way that one could take advantage
of a normalization procedure for predeposition diffusions and
generate data applicable to diffarent film thicknessee, However,
itisnot possible'to gain such an advantage for redistribution
diffusions involving ion-implants or growth of an oxide. Then
the program was used to generate data, it was discovered that ;ome
other festures of the program are extraneous unless further refined.

The program was developed to account for both tnin and tp;ck
oxides such as would be encountered in some practical situatiouns.
However, such a simulation requires the incorporation of a warped
grid system, a modification which would require considerably more
effort, Therefore, the variable oxide feature is of limited value
at this time, since the program, at best, only approximates the
conditions for growth of a very thin oxide during redistribution,

A modification was made which allows accurate treatment of
redistribution under oxidizing conditions when only a single oxide
thickness is involved. The original program treated the oxidation
process with regard to the boundary conditions; however, unlike the

case of bulk silicon, one must also account for the reduction of




the silicon film thickness. This feature is now included in the
program, During the simulation of a redistribution in an oxidizing
ambient, the vertical grid spacing continuously shrinks while the
horizontal grid spacing is constant. The wodification does not
show up on logic flow din;rlnﬁ at the level of detail which has
previously been given. For completeness, a new listing of the

affected main and sub-programs in given in Appendix C.r
C. Computational Procedure

The program described in an earlier report, and modified as
described in the preceding, was used to generate the data, Two-
dimensional cata was obtained in the form of isoconcentration con-
tours for typical situations. The bulk of the data which can be
correlated with experimental measurements is generated using a
quasi~one~dimensional modc% in a manner described in a previous
report. [1.3] A brief review of the procedure is given in the
following.

For generation of sheet resistance, junction depth and inte-
grated impurity dose data as a function of time and temperature,
only a one-dimensional profile need be calculated. This is accom-
plished by making the horizontal grid only three units wide but
keeping the field six film thicknesses wide. Periodic boundary
conditions for the horizontal dimensions are employed in the
program and result in a calculation which produces the vertical
profile equivalent to a none-dimensional model. Thus without

llérificing the generality of the program for treating
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two-dimensional cases, the amount of computing time is drastically
reduced when the data that is desired does not require the full
pover of the program.

The vertical grid variéljfrpm’thirty one to sixty one points
as required for accuracy in de;ails of the profile, and most of
the data is not sensitive to the number of grid pbintﬁ used if the
number is chosen in this range. For the purpose of illustrating
the unusual nature of phosphorous profiles, the larger number of

points was required,

D. Discussica of Results

L]
First, some of the unusual behavior of redistribution diffusions

in SOS films will be discussed in this section. Next, the format
for the calculated curves will be discussed, and, finally, the
bﬁlk of the generated data is given in Appendi;.A and B without
further comment. '

Figures ( 1 ) and ( 2 ) illustrate the oxide thickness growth
and silicon £ilm thickness reduction as functions of time for
<111> silicon films oxidized in steam and dry 0, ambients. The
evolution traced beginning with an initial oxide of 300 R thickness
on an SOS film of 1 uym initial thickness. The curves are shown for
four temperatures. The data are necessary for interpreting some
of the results for simulated redistributions.

‘Figures ( 3 ) and ( 4 ) show impurity profiles for boron and
phosphorus implants being redistributed in a steam ambient at

1000 deg. C. The profiles are all plotted with a common origin as

LR il
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would be the caie for éxperimentally derived profiles where the

1-8102 interface would serve as the logicnl origin. However,
the profiles are normalized with respect to the film thickness
which is of course shrinking. The boron profiles are not unusual
but show the wellknown leaching effect due to qegrégation into the
oxide. The phosphorus profiles ;how'the effect of impuritles
being rejected from the oxide, There is a pile-up of impurities
in front of the advancing 81—5102 interface and then a dip which
eventually disappears. It is easy for one to draw an erroneous
conclusion from observing the profiles, because it appears that
the integrated dose should increase or at least remain constant
and éhe sheet resistance should decrease with time. This is n9t;
true. Although the segregation coefficient favors phcsphorus in
silicon vs. 8102, eventually all of the phosphorus will be in the
8102 when the SOS film is completely oxidized since the model
assumes that there is no diffusion into the sapphire.

Figures (5-7) illustrate the behavior of the junction
migracion, sheet resistance variation, and integrated impurity
dose variation over a long period of time. All of the curves are
plotted with respect to normalized time, and ttue’timé is bbtained
by multiplying by the normalizing time value given on the plot.
Junction depths are in mictons, sheet resistance values are in ohms,
and dose values are in cm -2 units unless otherwise marked. The
curves are given in the typical format for all of the data.

For an ion-implanted profile, there are in fact twd junctions

until one of the junctions emerges at the 81—5102 interface. :
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Therefore, the sheet resistance values are for the buried layer
until the front junction disappears. This typically occurs in a
short time compared with that for through-diffusion of the back
junction. Fienre ( 5 ) i1llustrates the through-diffusion of the
back junction for the heavier doses, This always occurs for
redistribution in a nitroéen ambient but not necessarily so for an
oxidizing ambient. After the through diffusion, or even before
for light doses, the junction depth will eventually decrease due
to the reduction of the film thickness or due to the relatively
slow advancement of the junction with respect to the moving
Si-SiOzzinterface. In some of the data presented in the appendix,

the junction appears to remain almost stationary for this same
reason. The variation of the sheet resistance and dose with
redistribution time also may appear strange when compared with
results for bulk silicon; however, consideration of the previously
mentioned factors also explains these results.

Two~dimensional isoconcentration contours are given in the
appendix for the various ambients and the two impurity types. The
results are not as remarkable as those given in the last report

which were for chemically predeposited boron. In that case,

there was initially a heavy concentration of fast diffusing

impurities at the Si-8102 interface which were strongly retarded

due to the segregation phenomena. This does not happen with the
ion-implanted predeposit because the initial profile lies below the

interface at which the segregation phenomena is effective.
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IX. DOUBLE-LEVEL METALLIZATION TECHNIQUES

A, Long Term Objective

Integrated circuit technologies which incorporate two-levels
gi‘metallization,into the interconnection scheme are often limited
in density and yield because of limitations in the double-layer
matal technology itself. With a dual level aluminum and deposited
(low temperature) qll%con;oxide as the base system, the primary
objective of this pro;ram is to evaluate the basic yleld limitations
of that system and investigate alternate approaches in order to
enhance the yield and/or facilitate improved circuit denlicy.' With
the pressure of device'(or design rule)ﬂscaling as an on-going
philosophy, high yield for a large number of small vias and small
lines becomes extremely important.

B. Fabrication Facilities at
Mississippi State Univeraity

Most of the facilities work during this coniracc period was
directed toward the development of a sputtering system for pré-
paring aluminum and aluninuméalloy films in support of the double
layer metalyprograﬁl A photograph of the cbmpieted system 1is
shown in Figure 8. Briefly, the system consists of the following,

The’basic vacuum system is a Vatian—NRC 6 inch oil diffusion
and mechanical roughing pump equipped for automatic and manual

operation. The diffusion pump is equipped for LN cooling of the

2
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Figure 8. Photograph of metallization system
using sputter-gun source.

18

ORIG|
oF INAL

POOR QUALry




cold trap. The sputter gun and power supply were obtained

from Sloan Technology. The sputtering chasber was designed and
built at Mississippi State. It consists of a Corning 12x18 glass
cylinder and an aluminum top plste machined to acromodate up to
three sputter guns. A cold cathode discharge gauge was constructed
and installed in the baseplate of the chamber to measure the
pressure during the sputtering operation. A throttle value with
several threaded holes for accomodating plugs is operated by one
of two mechanical feedthroughs in the baseplate, A lift mechanism
with a reverasible motor was designed and constructed for raising
the top plate and sputter guns,

Inside the chamber is equipped with a rotating table which
accomodates up to eight wafers of 1%-2" in diameter. The cabie is
driven by a vacuum sealed shaded pole motor through a magnetic
coupling at 7 rpm. The entire motor-table assembly is rotated by
a chain—aptockec-mechanicai feedthrough arrangement through three
sputter-gun and two mask positions. The mask is attached to the
rotating assembly and provides one hole through which thesputter=
gun deposits metal on the wafers. A crystal film thickness sensor
is located beneath the sputter-gun and receives a deposit through
a hole at an unused wafer position on the table.

The sputtering chamber opens into a class 100 clean bench in
order‘to maintain a high level ofkcleanliness. The system is
located in the metallizing,ﬁnd;Ponding room of the microelectronics
laboratoriés in éimtall Engineering,nuilding, ahd this room was

designed with air conditioning and filtering units to maintain a

class 10,000 environment.
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The installation of a six-~tube Thermco Ranger diffusion
furnace was completed with the addition of a venting system for
exhausting the scavenger boxes.

Complete PMOS circuits have been fabricated in tha MSU

facilitiex.

A svmmary of the microelectronics facility at MSU is provided

in Appendix E,

C. Double Layer Metal Experiments

Reviewing the literature has disclosed many investigations
relative to the surface oxidation processes of aluminum, inciuding
recent reported results by Bell Lab personnel which directly °*
relates to double layer metal processing. These studies sﬁoﬁ that

the aluminum surface is extremely reactive and grows szoa.nnzo

films rapidly in water based solutions to thicknesses which
cannot be reducﬁd during the sintering operation, Even the growth
r rate ovalzo, on Al in air at room temperature is reported to be

3 >

]
in the range of 30 4., This compares with the Bell Lab's estimate

’ o
of 55 A of A1203

After careful review of the basic double layer metal process,

which can marginally be reduced by sintering.

certain ones stand out as suspect: (1) The via etch using buffered

r : etch, (2) the initial oxidation during vapox deposition, and

(3) the photoresist removal.

Consequently, three sets of expgriments vere initiated:

1) modification of the wet chemistry techniques,
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2) dry chemistry processing and/or new insulation materials,
e.8,, polymide, nitride,

3) the incorporation of in situ back sputtering;

Dramatic improvements in yield were achieved with relatively
minor changes in the wet chemistry processing. The effective yield

in the number of vias having a total contact resistance of less

-than 500 ohms has been increased to the 98-99 per cent level for

a test pattern having 560 vias of varying sizes by the use of
wet chemistry processing techniques and post-heat treatments.
Alternations in the process which accounts for these results

consists of the following: ﬁ

1) etching the vias (intermet:l contact windows) through
C.v.D. - 8102 using an ultrasonic etch process in the dark has
rendered 1mproved results over that whereby etching was accom- . -
plished by dipping the wafer in stirred B,O.é.

2) chemically cleaning the first level metal through the
vias with 1:1:1 ethylene glycol: buffered,HF:Hzo solution for
20~30 seconds just prior to depositing the second level metal.

3) the use ofkphosphorus doped vapox to allow for faster
via etch times and the ability to perform post heat treatments
of temperatures in the 500°C. range without the cracking (crazing)
observed with undoped vapox. The use of phosphosilicate glass also

tends to give a lower initial contact resistance over that obtained

’

‘with undoped vapox.

4) the use of post heat treatment (sintering) in the vicinity

-~ of 500°C. tends to drastically decrease the total via contact

.
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resistance thereby increasing yleld. On wafers exhibiting initial
poor yields, sintering can improve this yield by 500-800 percent.

On wafers having good yield initially, the contact resistance can

be substantially improved. (Average contact resistance of 150 and
200 ohms have been obtained for 560 vias of 0.5 and 0.2 mil square
viag, respectively.)

The details of these double layer metal experiments relative
to wet chemistry have been repbrted in a special report, but are
included for convenience in Appendix ¥,  "Sintering Effects on
Double Layer Metal for VLSI Applications".

The exploratory processing involving dry chemistry required
the use of plasma etching and plasma deposition equipment not,
available at either the Marshall Space Flight Center or Mississippi
State University. Consequently, the logistics involved in pro-
cessing the wafers have been difficult,

Four types of insulators were to be investigated:

1) 5% phosphorus doped silox,

2) plasma nitride,

3) the GAF version of polyimide, and

4) the Hitachi PIQ,

Whenever possible, dry chemistry processing was to be compared with
"standard" wet chemistry. The wafers were processed through the
first metal mask at Marshall-Spéce Flight Center in standard
fashion. The polyimide materin1‘wé9 processed at Américan/Micrd-

systems, Inc. (AMI) using the standard recommended procedures by

22
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the manufacturees, The nitride and silox were deposited at AMI
using their standard processes, the former on an Applied Materials
plasma reactor, The wet chemistry processing was perfdrmed at
AMI using AMI's standard processing, The plasma etching was
performed by Davis and Wilder on one of their production parallel
plate plasma system using their proprietary processes.

The wet chemistry split involving‘ailox was lost when the
standard "pad" etch attacked the metal completely. The same
batch etchant continued to.provide good results on AMI material,
Since the first layer metal at NASA was deposited via sputtering
and with many different impurities, compared with approximately
1% Si:Al deposited with electron beam, the difference in the
metal film is believed to be the source of Qheupggblgé!

The plasma nitride material and silox material, deposited by
AMI and plasma etched by Davis & Wilder, was processed \ithout
any problems other than long delays. This material pluskthe
polyimide material has £inally been received for the final
processing here, Although, no electrical results are available
at the present, the microscopic examination displays the expected
sharper edges of the dry processed material vs. the standard wet
chemistry. |

In the meantime, the results of the in situ back sputtering
experiment were obtained. As was expected, the in situ back
sputtering split gave much improved yields over that for the
standard material = the detail results being published elsewhere.

The results of these experiments points to the requirement to
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veyy effectively remove the A1203 priox to the second metalization
or minimize its formation during wafer processing to within the
order of 30 A which a good sintering treatment can reduce, The

in situ cleaning forgives prior processing which tends to grow

% g the A1203 such as photoresist removal and buffered HF etching ’; i
F?if of oxide. ? i
. f The dry processing has the potential in the future of
§ resolving smaller via sizes and, simultaneously, avoids the i
‘harmful H20 to accelerate the aluminum oxide (and hydrate)
formation., Although dry processing to remove the photoresist is j é
routinely done pne should expect A1203 formatilon due to the |

presence .0f active oxygen in the "ashing" process. Some parallel

3

JL_
S

o plate reactbrs can be modified to introduce Ar at low pressure
and effectively as in a back sputtering mode. This latter mode
could then be used as a elean up step prior to second metal
deposition - although not in situ. Undoubtedly, dry processing
' : is going to be extremely important in future double layer metal

development work.
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beffects. The program is intended to model MOSFETs with short channels

, and demonstrate computer methods suitable for analysis and investigate

III. TWO-DIMENSIONAL MOSFET SIMULATION PROGRAM

A. Long Term Objective

k]

The basic long term objective is to develop a two-diménsional
computer program which derives the channel current in steady-state
from given values of potentialy source, drain, gate, and substrate.
Also given are physical parameters such as gate length, dielectric
thickness, doping levels, ;tc. The substrate doping level should
be variable in two dimensions and the substrate potential is

independent of the source potential in order to include body-bias

with particular emphasis on subthreshold and punch-through conduction.
Secondary objective is to utilize techniques in the computer
program to minimize computer run time while still maihtaining reasona- :

ble simulation accuracy.

- B, Scope of Work

Review the literature dealing with electrical models for the

~ MOS transistors which takes into account two dimensional effects and

investigate their applicability to short channel structures, Identify ;

preliminary problems which need to be solved,

.25
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C:. Introduction

At the beginning of this project no programs were available

which satisfied the specified objectives. There has been consid-

erable work in twe-dimensional modelling of JFETs including the

works of Kennedy and 0'Brien [3.1] and Martin Reiser [3.2). The
MESFET has als¢ received attention in two-dimensional simulation,
e.g., Barnes [3.3], Various modes of MOSFET operation have been
simulated or modeled using two-dimensional techniques, e.g.
Schroeder and Muller [3.4] (saturation), Barron [3.5] (low level
currents), Armstrong e al [3.6] (pinch-off), Kennedy [3.7] (effects
of ionizing radiaticn); Kennedy and Marley [3.8] (saturation),

Mock [3.9), Motta [3,10], El-Mansy and Boothroyd [3.11]. Alchough
these works all contribute to the knowledge required in reaching
the objective of this task, only the effort by Mock is sufficiently
general to meet the objectives~-and it is unavailable for public
distribution. |

The work by Barnes [3:.3] described the aphlidation of tﬁe _
finite-element method to the analysis of the MESFET.

Further, the finite-element method has been used for some time
in solving problems in mechanics and elasticity; however, it has
oqu recently been applied to semiconduction problems. This method
has the power to treat some problems, such as eigen-value problems,
for which the finite-difference method is awkward if at all

applicable., It can also be applied to the solution of field |
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distributions governed by partial differential equations, and one
of the most attractive features as compared to the finite-~element
method is purported to be the ease of treating non-rectangular
gebmetries and irregular boupdaries; For example, the geometry
of the VMOS structure could be accomodated. It was decided to
further investigate this technique,

The details of this evaluation are included in the appendix.
In summary, the evaluation resulted in somexakepticism that the
finite element method would be sufficiently effective for semi-
conductor problems to justify the effort. A more recent paper has
reinforced this attitude. This paper indicates that the proper
formulations of the semiconductor problem for the finite element
approach remain to be demonstrated, and, in agreement with out
observations, point out that the application of Galerkin's method
is subject to skepticism. Therafore, it was concluded that the
furthér work should be based upon the finite-difference method
which we have used before although the finite-element method is
intriguing and may be further developed in the future.

Rey in the development of this task is the proper selection
of assumptions. Certain assumptions'are xequiréd to focus the
effort and facllitate convergence expeditiously'and;'therefore,
minimize computer time. On the other hand, too many aséumpcions
lead to loss in utility.

The basic assumptions follow:

1) Recombination/generation is négligible.

2) Hole conduction is negligible.
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3) The gonventional expression for Poisson's equation is
valid [seé'nﬂ%t section],

4) The mobile majoxity carriers are included in an
infinitesimally thick layer of chaxge at the Si---SiO2 interface.

5) The current flow in the channel is then described by a

one-dimensional equation,

d
P
o

« 088
Jn =4qD ax'+ q "nSEx

where
S = density of majority carriers in the channel,
D = majority carrier diffusion constant,
n = channel carrier mobility, and

Ex = tangential electric field component.

The first three sections are common inrthé,stated literature
and restrict the model from covering phenomena associlated with
breakdown and bulk generated leadage currents. The last assumption
is key and separates this work seriou31§,from that of Mock although
Kennedy [3.7) used a similar approach for the sake of simplification.

Key also are the nofmél assumptiobs which are not made and
which are commonly utili;ed:

1) the;grédual channel approximation,

 2) constant substrate“dbping, and '

3) zero substrate bilas.

Although a constant effective channel mobility is utilized

_duringgfhe initial development of the program, it is not intended

to remain a basic assumption.
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Assuming step junctions at the source (or drain), the potential
4in the depletion region and oxide is defined by Poisson's equation
with appropriate boundary conditions (Figure 9):

1) fixed potential along thé source (ox drain) boundary
(BCD and TJKY, | |

2) fixed potential deep within the bulk substrate (AL),

3) zero horizontal component of electric field under the
source and drain and far from the channel (AB and KL),

4) zero horizontal component of electric field in the oxide
far from the channel (EF and KH) and

5) constant potential on the gate electrode (FG).

For convenience the substrate in the basic program is def}ned
as having zero potential. The source, drain, and gate potentials
are their respective applied potentials plus their wérk functions

with respect to the substrate, i.e.,

Wsource = VS B VBi '
wdrain = VD + VBi ’
wgate = Vg + ¢ms )

For the NMOS example the potential ¥ is always noﬁ-negative.

The gate dielectric is assumed to be ideal wiﬁh infinite
resistivity. The chargé dénsity in the dielectric is assumed to
be zero except for a sheet charge representing the silicon-silicon
dioxide interface charge‘ st which is arbitrarily assumed to be

0
50 A within the oxide at one grid spacing above the channel grid,

29

e e ey

TSI R LTV AT



T T A

PRI covtiors S-S S S S e,

P GATE _ 6
ORI .. M
E D I H
SOURCE DRAIN
i ¢
Y
ORIGIN SUBSTRATE
Al X
DISTANCES | CO-ORDINATES
AB = YDIST - YDIF A= (1,1)
CD = JI = YDIF B = (1,JK1)
EF = HG = TOX C = (IK,JKI)
BC = JK = XDIF D = (IK,JMAX)
AL = XDIST F = (IKS5,JL)
G = (IL5,JL)
OTHER RELATIONSHIPS Y= (L JHATY
IKS = 1K-5, IL5 = IL +5 K = (IMAX,IKL)
JL$ = JL-1, JK = JK1-1 o (IMAX,I)

JMAX1 = JMAX +1

JMAX$ = JMAX-1

Figure 9. MOSFET Cross—Section
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Key to the simulation of short channel devices is solving the
two~dimensional Poisson's equation without making unnecessary
approximations. The finite~difference formulation for Poisson's
equation is given in the next section, The majority carrier charge
18 neglected in this formulation except for the sheet charge
representation at the oxide interface. The intent is to ignore the
charge where it is negligible compared with the ionized doping
charge~-which 18 a good assumption everywhere except in the channel.

One can then solve Poisson's equation for the two-dimensional
potential distribution more easily and faster than if the coupled
majority carrier current equation is included and the majority
carrier density variable is included for every mesh node.

After finding the potential distribution one can, after the
fact, explicitly solve for the majority carrier densities and
current in order to predict punch-thru and subthreshold conduction
behavior. This approach is aimed at minimizing computation time
while retaining the essential relationships to maintain sufficient
accuracy for modeling purposes. One should expect a compromize in
accuracy, under certain conditions, when compared with the more

general approach of solving the two-dimensional conduction equation.

D. The Poisson Equation, Difference Form
The Poisson equation in different form is

7oy = - Ple | | (10)
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where
¥ = electrostatic potential,

p = charge denelty, and

£ permittivity of the material,

For acceptor doped material the charge density is

p = alp-oN)) , depletion, (11)
where

charge density,

e
R

hole density,

=
X

=
|

electron density, and

Na

ionized acceptor density.

The hole density is defined by

F

=
N
A

p = N exp(-u)
where
u = q¥/kT , the normalized
potential, and
u = 0 in the charge neutral bulk,
Consequently, in the bulk substrate and in the depletion layer where

the electron density can be neglected,
po==qN [l-exp(-u)] . (13)

In the channel region the assumption is made that the electrons
exists only in a sheet form of infinitestimal thickness at the
sllicon dioxide-silicon interface. Since the hole density is

insignificant at inversion, the charge density in the channel ia
pg = =q(Nagtng) , chanmnel, (14)
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where

‘an is the effective sheet charge due to the donized
acceptors within the grid spacing defined by the interface
grid, and ng is the sheet charge of olectrons in the
channel.

Near the oxide~silicon interface there are positive interface

charges of density N

g5 ? consequently,

p = qNSS + interfaca, (15)

[}
with the location being assumed to be 50 A inside of the oxide,

Otherwise in the oxide the charge 1a assumed neutral,

p = 0 , oxide, (16)

To solve the Poisson equation numerically, the left hand side

can be expanded in difference form as

2, 2
" VT veu

= Vp AU F BTyt Ol

+ D u:M,j 4+ E Ui,jﬂ] (17)

where V., = KT/q ,

; -1
(hj-l+ h.",)] ’

. | -1

A = 2(h

_ R |
D= 2[00 W)
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with the grid system defined in Figure 10,
Using the charge equation (13) the complete Poisson equation
in finite-difference form is written for node (1,}) as
Na

q : ,
+ B g4 ", [ 1-expl-Uy )] (18)

The above nonlinear equation can be lineaxized by defining a function
F such that
PO yep0 Ugen,gr Y,g0 Ui, Yaigs? ™ Tugg
" A gt P vy ko) vy
04,5y Yana,y Y PG Uy gy
- (N /eVp) [l=exp (-Uy ) = O (19)
Dgfiniug a set of reference value of U's and F such that

r r r . "
ui,j-l’ Ui»l,d’ Ui,j’ ete, and ri,j’ one can expand F around the

reference potentials:

T r
rtl | . F 9F aF “
F;, v = F + . AU, L F ~| AU, . 20)
oF__|F . OF r oF ¥
o4 » AU + AU, + —1 AU
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Aui,j-l

o o mE
;L,j-l ) ui.j"‘l ] et‘:-

The above expressions defines a system of equations in AU as

Fi'j = A(1,1) LA B(1,3) AU 11,4 +"d”(1,j)_,:s_ui_,:j ¢21)

i — ; R -
+ D(4,]) AU1+1,3 + E(1,3) Aui’jﬂ + Fi’j

where
A=A, B=B,D=D, EmE, and
T = ¢ - (qNa/kT) exp (~UF )
i,

with A through E being defined inequation (17 ). The function F is
theoretically zero; thérefore, by setting Fif} = (0, a system of
5]

linear equations in AU is obtained. For the node 1,j

ADUy 4 g +BAU, , o+ CAU, (22)
- - — - - r
+ DA'ui'i‘l,'j + EA'U:L,j*Fl Fi,j
where Fi j 18 defined in equation (19 ).
]

By applying the method of lines, the linearized equations are

resolved into a tridiagonal matrix form as

AAU +CAU p +E

1,31 1,3 AUS, 341 (23)

r = e
1,3 7 P00,y 7T PV

»

= = F

where AU are taken as the most recent updated values of AU

each iteration, but still keeping the U's fixed until convergence
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is achieved. The above equation (23 ) retains the old values
of AU along the x-axis and calculates the new values of AU
aleng the y-axis. Obviously, equation (23 ) can be written for
the inverse case. By alternating between the vertical ard
horizontal forms of the tridiagonal matrix, the convergence can
be expedited.

Special consideration must be given to Poisson's equation at
the silicon-silicon dioxide interface. Figure (11A)illustrates the
channel sheet charge S in charge per unit area, the acceptor
charge Na in charge per unit volume, and the discontinuity in
permittivity. Applying Gauss's law in one dimension with two
surfaces at the midway points between C & C+ 1 and C -~ 1 & C.

leads to the expression

onElIZ»_ esj§_1/2 = positive charge enclosed (24)
N h

3

2

Multiplying through by

— leads to
Vplhoth 1)€gy
, . )
; : : R 8. ac-l
2 ©ox (Uc+1euc) + Uc-,—l—Uc - 29 ,+ 2 (25)
hotheglees  Be b | ev LI 1
’ " "84T ek
which is the one dimension form of Poisson's Law
gfa.[veu,]  peff (269
2 {e ~J= T €
dy St si
37

p Ameidbal o aliddl e

ik A e bty (T i T

P I Nk 7Y




e e gig e

. oA Q'*‘}ﬁ
p =0 L&

J=e

////d-ls

€ E.

) o 2 ¢ =1

Figure 11A. Gauss's law at the silicon-silicon
dioxide interface
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with
2q(S + N h /2)

0 e ™ = c1
ek Vp (hethoey )

Therefore, the finite difference form of the equation is obtained

by modifying the following terms in equation (18):

1 4
ox -1 ‘
E= 2 [—gs—; } [hc(hc__l"‘ hc)] ’ (27)

Ce=~(A+B+D+E) , and

(S+Nh
. ac
(hc+ h

/2

)

€5y Va1

Peff _ _2q
e~

[Note: y =J

mai for the channel node in the program,])

Similarly the linearized version is modified by

Eikg Ei' Qi = ci, and , (28)
X , )
Fi,c = AiUL,c--l + Bi“i-l,c+ Ciui,c

o i
0V, t By cpat Pess /Say

where the subscript i has been inserted to demote the coefficients
for mesh node (i,c).

In the region of si - §107 interface where the Qg chaiges
.are assumed to exists, one mesh node is assumed inside the oxide,

the coefficients are.

A=A, B=3B,0C= c, D= D, E=E, and

39
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S5 ‘ -1
(h+h .17 (29)
ox'T ¢c ¢ '

+ +1

Similarly, in the oxide where p = 0 , the coefficients are

A=A, B=B, CuC D=D, E=E, and (30)

r , ‘
F AUi,j—l + BUi‘l,j + CUi,j‘+ DUi+l,j + EUi,j+l

E. The Channel Conduction Equation,
Difference Form
As noted previously, a significant assumption utilized to-:
vfacilitate.convergence, is that the channel charge is modeled as
a sheet charge at the silicon-silicon dioxide interface. The
channel current is assumed to obey the single dimensional form of

the conventional three dimensionél equation, i.e.,

38 |
s 9D 3% tau, SE, (31)
where S = density of electrons in channel (#per unit area),
Dn = electron diffusion constant,
‘pn = electron mobility, normally field dependent, and

““E. = tangential electric field component.'

The above equation can be written in normalized form utilizing

_Q_Q D = D ' D):
E = V, 3, and D VTun (Einstein's relationshig).
40
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’ = -§-§n - .Qy.
To = AVphy G = 53 (32)
LI ]
Then £, 0= (s-us)un (33)
where £ ° Jn(qv,r) K S < »ond U 55 °

At any point x in the channel the general solution of § 1is

X X £ X
S(x) = exp fxi 1U'd:\‘: {jxi 1( :------u8 exp fxi 1U'dx) dx + Cz ( 34)
LN . n ’—‘

which reduces to the specific solution for S(x), given

S at xv-'xi_l: " ©
~-U J =u(§
-U i~-1 | n e
S(x)e” =S, e + Wy L BTG ( 35)
i-1
Rewriting the above leads to Si in terms of Si—l :
Siexp(—Ui)~ Si_lexp(~Ui~l)
X
, ; J v
[ ealaclec . %
X M) TV

Similarly, dintegrating between Xy and xi+l leads to

Sy410%P = (Uyy)) = Sy exp- “{B: In
Xy, qV .,
Ll oxp-u(E) d& T |
(37)
< u(E)
1

Assuming current continuity, i.e., *Jn = constant, leads to
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- ~ exp-U(E) d £
o -00] SO, o0
X+l
: exp U JdE
+‘{°"P - ”1] Q) }Si
xi*l

The above equation is of the form

a,$, ., +b 5 + ¢S 0

1241 T P45 T %% T

and define a tridiagonal linear system of equations.

Equation 36 should reduce to a familiar form as x,-x, ;= Ax+0..

Let Si~1= So’ Si=S°+ AS, Ui‘l‘ Uo, Ui- UO+AU « Then 36 becomes
-Uo ”uo
(s as)e °(1-AU)-S e 3
-1 ~U " Qv (39)
U e 0O Ax T
which reduces to
o JOS & AU
Jn qup {Ax So Ax} (40)

which displays the familiar diffusion and drift terms in the limit.

The integral form in (36 ) has the potential of being more accurate
with larger grid spacing.
Another observation one may note is that the coefficients

b may be scale&, or normalized, to values less dependent

i %

ai »
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on the exponential of potential by multiplying them by exp(zui)

which gives

X
a = = exp(U-U, ) J My () explu,-0E) 14 £

*4

¥4y '
b, = j W T(B)exp [U-U(E)] dE, and

*y

ey = exp(Uy= Uy y) J vl ()exp [U~u ()] d§ . (41)

X4-1

And, of course, if the mobility is assumed constant, then it can be

removed by multiplying through by u .

Noting that the integrand varies exponentially with potential
whereas the potential is expected to vary with x no worse than

the third power, one can approximate thz “intsgral by assuming
U=-U = alx~x) (42)

and evaluate the slope a = %% at the lowest yalue of potential |

over the range of integratipn. In this manuner the neglected higher
order terms contribute very little error since the iﬁcegrand falls

off exponentially wiﬁh potential. Changing variables for :ﬁe

integration of.‘bi , 88 an example, leads to

u,,.
41 -1
by = J LU expiu, - U} av o (43)

Ui-l

where

du ol
a ix " Further,
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b, = L) fexp(u- U,_) = exp(Uy-Uy, ) (44 )

with a and ¢ evaluated at the lowest value of U which for a > 0

is ui—l«' Similarly,

! a; = [au];l[exp(ui~u1+l> = 1] exp(U;- 1, )

M‘M

4%
et T e e e 8 S

=] .
ey = lanly [ - exp(Uy= Uy o)) explUy= Ugyy)

-1 ‘
b, = lan],_;lexp(u;~ Uy 1) ~ exp(Uy- U,y )] ( 4?)

where the subscript on [ap] denotes the node for evaluating a

: f and yu, assuming a > 0.,
The boundary conditions for this system of equations

assoclation with electron conduction in the channel must be defined

mah 3

L
;k j in terms of the source and drain corner mesh nodes for the MOSFET

vi operation in the active region. Figure 11 illustrates the applica- %

tion of Gauss's Law at the source corner of the channel. Mesh

AT P LY S 1T I S

8 nodes along the boundary of the source are common poential, therefore,

V f the tangential electric field terms along the boundary of the source
? ; are zero. Since the electric field along the chanmnel EE for |

i
| E - operations of interest - at least at this source corner, the surface

E charge is modelled in a single dimensional manngzc, i.e.,

:

# o Lo o
o Coufy ™ 98 46)

: é ' or, in terms of’potential,

: Ve (U =U_ ) ~

T +. . .
F & . ox; ;,Gl‘ r’c“ = qS : . (47)
| i | c
’ ;
- ‘ o




"

s emazns o e »«u_‘m..-ﬁ;_‘, - . e SR T wE

An alternate scheme involves the solution of the one
dimensional Poisson equation:
Sox

fox (VG- ¢ma) - (VC+ VBi) = st' qs + QB

-

where VG = the applied bias to the gate
¢ = the gate work function relative to the substrate,
V., = the applied channel potential,
Vg4 = the work function of the drain/source,
t _ = oxide thickness,
= oxide permitivity,
= gilicon dioxide-silicon interface charge,

q = electronic charge, and
QB = the bulk charge density (per unit area)

= 0 for drain and source.

(48)

The QB expression can be defined in terms of the vertical electric

field in the channel region:

Qp = &Vy (EQ%%_:;HEl.— q Na h%;l
c~1

where the subseript ¢ refers to the channel node.

F., Channel Coupled Equations

Although the channel conduction equation (38) is linear in S,

it 1s nonlinear in potential.

conddction,equatiOn and the Poisson equation along the channel

45

The simultaneous solution of the
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requires linearizing (38).

g ™ 8y Sy tby syt 5, where ay, by, ¢

are defined in (45). Since the temms [ap] ~1 vary more slowly

Lot Fc

than the exponential terms, the term is assumed constant for any
particular iteration, using the last known values of u's for its
evaluation., Then, the linearized conduction equation becomes

Ank
aFci

Aoy * B,y 40 [““]1 151 Uy p)

‘ : -1
cisi+1exp(ui~ui_1) [l-exp(ui-ui_l)}

Bog ™8y

C., = arZi =~ a8, .[lexp(U,~
ed ETA 174-1 i

i

i+1) -1]" Ly b 454

[1 - exp(U,- Tra-z exp (U ~U

¢844 U -1

Dci = bi '

L OFgy v =1
I R T A e S

T i -1
+ bisi exp(ui-Ui+1)[exp(Ui-Ui_l) - exp(Ui Ui+1)]

= %S4y

Geg = ¢y » and

r+l _ . | .
FL + A e18Vso1 + By A, 4 + C_ AU + D85, (49)

+E, 1A“1+1 6By = 0
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The Poisson equation has been previously derived, equations

(27) and (28), with the coefficients being defined below for the

new system of equations:

B, AU +CAU +HAS + D,A

r r
= AU BB =yt Ty
where
Hi - -Zq{esi T(h i,c“l)] ‘ »
Ki oy from (17)
ﬁi - Bi from (17) ,

3"”1 from (17) ,

1
E, = E, from (17) ,

1 1 T .
¢, = Gy from (17) ,
’fi‘ = as defined in (28 ) .

s C

(50)

Simultaneously solving for the channel potentlal and the

change charge requires the simultaneous solution of the above two

equations (49 ) and (50 ) which results in the following system

of equation in matrix form:

s —— o —

" AU,
CHDOOO-...

AS,,
CDEGOO... “,:13
I 0 EHE D o . A5,
A°BCDEG GO . . . :
0 0B OCHDO . « = ’
. AU, .

0 0ABGCDTETG GO O - - ASN'l-

VAR A Y | | N-L ]

:FN"l €

T e e e S

e 2
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The matrix is a 6 diagonal matrix. The number of variables is
twice the number of grid points within the vhannel=--not counting
the boundary nodes at the source or drain. The solution can be

conveniently solved by using a Guassian elimination technique,

¢. Overall Flow Chart

In order to expedite convergence, initially, the gradual
channel approximation is assumed and the potential is caleculated
along the channel. This analytilcal approach divides the device
cross-gection into two regions, the channel, silicon substrate
region and the oxide region.

In each of the two regions an initial approximation of the
potential distribution is obtained by solving the one-dimensional
form of Poisson's equation utilizing the given boundary potentials
including the channel potential derived in the previous step. The
one~dimensional equation is equivalenﬁ to setting dU/dx = 0 .

The potential distribution is found along one column (vertical)
simultaneously. By sweeping in the x direction, i.e., repeat
the solution on another column, the potential distribution for
the entire region(s) is obtained.

Next the solution to the two dimensional P. E. is obtained
in each region. In the oxide the potential along a column is
obtained with the region being swept in the x-direction. In the
silicon‘convetgence is expedited by using the alternating direction
implicit +iDI) scheme. First, the potential in the row below the

channel (JMAX0) is obtained. Next the potential distributions for

48
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each row betweén the source and drain are obtained by sweeping in

the negative y-~direction., When the solution to row JK1 is obtained,

the solution to the column I = 1 is obtained The colump solutions
are obtained by sweeping in the positive x-direction. This ADI
scheme is repeated until satisfactory convergence is obtained.

With the two-dimensional potential distribution obtained for

. e ki A o e

both regions based on the gradual channel assumption, a new

estimate of the channel potential and the channel charge is obtained

by solving simultaneously the P. E. and current equation along the S
channel row. The 2-D P. E. is then solved along the rows between §~'%
the source and drain by sweeping y in the negatiﬁe direction. Next ‘ %
the columns solutions are obtained sweeping the x-direction for

the entire regions--thus crossing the channel in the appropriate :

IR AT S

locations (I = IK 4 1 to IL-1) . This ADI scheme starting at the

simultaneous solution of the P. E. and the current equation along

L AT B s Sl

the channel row is repeated until satisfactory convergence is

obtained.

:
,‘g‘
&

The channel current is obtained from an explicit solution to
the channel current equation after the channel charge and potential

are found.

H. Progress Report

The basic program has been written which provides user

T T e 5 i el i G ke

flexibility for defining the physical dimensions, the number of
grid points, p or n type device, metal or silicon gate, type

orientation of substrate, ete. Provisions have been incorporated
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for sweeping multiple bias points in order to plot, for example,
drain or transfer characteristics., 1In ndditidn. pyovisions are
provided to plot the two dimensicn potential distribution as:
well as, print out this data in table form.

Using an example bias the program has successfully completed
the steps through the solution of the two dimensional P. E. using
the fixed channel potential as a boundary condition. However, at
the next step, the channel charge is found to diverge. Time has
not allowed the resolution of the problem; however, an eiror has
been found in the current equation progrdm which may be the cause.
Of deeper concern is the possibility that the channel charge is
not diiec:ly tied to the channel potential through the P. E., put
only indirectly. This may require the formulation of an expression
for channel chérge qS as a function of potential and electric
field which is then inserted into the Poilsson equation. Furthef
investigation.of this problem is required before the best solution

can be determined.
T'. Availability of 2-D MOSFET Simulators

The first 2-D simulator program which could provide I-V
characteriaﬁicé was developed by Mock [3.9] and Kennedy [3.8) at
IBM in the 1970 to 1972 timeframe. The program, based on finite
difference techniques, is proprietary to IBM. However, a'modified
version of this program has been developed by Sutherland [3.14]

(and Kennedy) at the University of Florida under contract to ARPA.

~ This program is restricted to uniformily doped substrates and zero

50
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substrate bilas.

Kennedy at the Applied Electronics Research Corporation has
modified the Sutherland program to include proviéionalfor

1) 1-D substrate impurity profile,

2) mobility dependencewon gate voltage, and

3) substrate bias
and is now licensing the program (NEMOS) for $10,000 for one year
and $7,500 for each succeeding year.

In addition, Hitachi has developed a finite element version
with provisions, at least, for substrates with 1-D impurity'profilasa
Dr., Asal of Hitachi has indicated the possibility of licensing the
program to Universities, government and industry in the United
States. The Hitachi program called CADDET was developedin 1977~1978.

At least one other 2-D simulation program is under development.
Jim Meindl at Stanford is under contract with ARPA to continue the
work by Sutherland.

At this writing the author has been unable to determine when
the program under development at Stanford will be available for

distribution.
J. TRecommendations

In view of the recent "availability" of alternate sourées of
ﬁhe 2-D simulator, it seems prudent to evaluate mofe‘éeriously the
availability and cost for achieving a satisfactory and wgrking
program from the four possible sources. The compatibility with

existing computers and the difficulty in modifying them to meet
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the stated objectives must be considered. The authors believe

this should be accomplished before thiously continuing with the
present program. After all, the 2-D MOSFET simulator is just the
meanabﬁith which to evaluate various short channel MOSFET device

struciures and not the end product.
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APPENDIX D,

FINITE~ELEMENT EVALUATION

In order to hetter understand the applicability of the finite
element method, it was apvlied to a one-dimensional linear diffusion
problem. This simple problem is one for whiqh:familiar results are
available for comparison and at the séme time taxes the finite-
element method. In its most valid form, the finite element method
is applicable to variational problems in which a true minimum of an
energy-related function exists, Such a minimum does not apply for
the semiconductor problem in which current flow accurs by diffusive
and conductive mechanisms. It has been proposed that a "weak form",
the so-called Galerkin method, be applied to such problems. The
typical éemiconductor problem is a non-linear boundary value and
initial condiction problem of which the linear diffusion problem is

a very special case. In the example chosen, the diffusion variable

u, obeys: ,
u(x,t)lx‘o =ug = 1 (a) ~ (D.1)
’ux(x,t)lxga = 0 (b)
u(x,t)| o =1, x=0 ‘(c)
-~k 0 0, x>0
u -u = f(x,t),‘-“O'gv (0;2)

The Galerkin formulatibn'of this problem is:

I?k (u A e fv) dx = 0 (D.3)

0 t
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(a) Bllinear hill functions

¢(x)

q 'R 2 3 4

(b) Bicuble (Hermite) hili functions

Figure D-1. Iilustration of hill functions used
in tinite element method.
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where v(x,t) represents a "trial function" which is used to
approximate u(x,t). The finite element methods uses a set of
"hill functions" as illustrated in Figure D.l to conmstruct the
v(x,t) approximation. Two of the popular hill functions are the
Hermite bicubic and the bilinear functions which are illustrated
in the figure and were used in the example., The final form of the

approxiniate-solution is;

N
vix,t) = iZlqi(t) (%) . (p,4)

On the node points the solution is approximated by the set {qi(t)}
for the type of hill functions which‘overlap as illustrated in’
Figure D-1. Solution for the set {qi(t)} is then analogous to‘
solving for the set (ui(t)} on the node points using the finite
difference technique. The quations for the set (qi(t)} are

obtained by substituting (D-4) into (D-3).

N Ja (3qy 2,04 d 0
iil 0 Te %%t Y hox Y f¢j) x =
j - 1'2,‘3,0.....N (D.‘S)

From (D-5) a set of time differential equations is obtained which
is solved using an implicit numerical method.

" ‘The,solugion;of the prob#ém“poéed by the example is closelyk
approximated b} the erfc function in the’iangé’ Owj.x <3 if a=6,

and this solution was used to compare the accuracy of the finite

element and finite differnece methods. Figﬁres D+2,D~4 show the
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maximum error as 4 function of the reciprocal of the number of

grid points and the size of the time step, i.e,  32 = Ac/sz v

The error obtained in the solution by the bilinear finite
element method is very nearly the same as that obtained with the
finite difference method. This was natysurprising because the
system of equations for {gi(c)} and {°1<t)) were quite similar.
What was surprising was tbit the Hermite bicubic finite element
produced such poor results, although this surprize was based upon
the intuition that since this element was more difficult to

use it should provide some reward for the difficulty,
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APPENDIX E

MICROELECTRONICS AT MISSISSIPPI STATE UNIVERSiTY
A. Introduction

The new microeleccronicn faciiity‘atfuiusissipni s:ateyeonuip:s
of approximately 6600 square feet of space iocaced in the newly
constructed (1977) Harry Charles Fleming Simrall Electrical Engi-
neering Building, The space and equipment represent a million
dollars investment, Approximately’3000 sqnare feet consists ef 
class 10,000 clean rooms, w1£hine:hig space; facilities exilst
for mask-making and~phntolitnography. for chemical preparation,
cxidation, etching, diffusion of impurities, for metallization,
die~bonding and lead attachment, and for the evaluation of device
and integrated circuit parameters. In addition, the hybrid facili-
ties allows‘fabrication of thick and thin film circuits and
encapsulation. Close research ties with NASA Marshall Space
Flight Center makes available to EE students and faculty additional
research tools, including scanning electron microscope, Auger
analysis, e¢lectron microprobe, etc.

The vast field of solid state electronics has experienced
tadical.changes since the invention of the transistor in 1949, and
the invention of the integrated circuit in 1959, Today s hand held

calculator, for instance, contains more than 50 000 active solid
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state devices on a single substrate (called a "chip"); electronic
watches and appliances touch every aspect of our daily lives,

The rapidly changing technology which has made such electronic
marvels possible poses a continuing challenge to an electrical
engineering faculty not only to keep abreast, but to devise a
curriculum which passes such knowledge on to students, both graduate
and undergraduate, and to motivate them in a manner adequate to
enable them to join that technology as actively c;n;tibucinﬁv
graduate engineers, To this end, the Eleccrical Engineering
Department at Missi@gippi State University has recently established
an extensive laboratory facility and revised curriculum aimed at
meeting the threefold purpose of transmitting knowledge through
teaching, at the undergraduate and graduate levels; opening new
Erdhbietﬁ through research; and extending these effﬁrte and findings
to others through Serviée.

Success in these endeavors depends on several important
ingredients:

1) A dedicated faculty possessing interest and expertise in
the vatiégs areas of physical electronics.

2) An dndetgraduate curriculum devised to teach students not
only fundamental principles of physical electronics and of solid
state electron devices, but also of the technology which is used in
their realization. Students should be provided the opportunity to
achieve "hands-on'" experience in device fabrication,

3) A graduate teaching program offéring education which enables

students to do practical design and creative research contributing

lfd the state-~of-the-art.
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47 A comprehensive research program which simultaneously
provides for the education of advanced students while contributing
knowledge, basic and applied, to the advancement of the field.

5) The availability of adequate laboratory facilities to

support both teaching and research activities.

B, New Electrical Engineering Facilities

The Harry Charles F. Simrall Electrical Engineering building
was completed in January, 1977, consisting of 95,000 aquare feet of
floor space at a construction cost of 4.25 million dollars. This
building was built under the direction of the State of Mississippi
Building Commission with funds appropriated by the State Legislature,

The general theme of the building is ¢lassrooms, computer
terminal and other heavily populated areas on the first floor,
department offices and student activity areas on the second floor
with teaching and research laboratories on the third and fourth
floors. The features of the Harry Charles F. Simrall Electrical
Engineering building include:

1) 10 classrooms with 382 seats total.

2) Computer terminal operated by computing center housing
1004 terminal and other special purpose equipment.

3) 254 seat Auditorium,

4) Microelectronics laboratory complex for instruction and
research.

5) High voltage laboratory complex for instruction and

research and testing.
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6) Couputorvdali;n and application laboratory complex for

4
3
.
g
?

s instruction and research.
: 7) Dedicated laboratories for instruction and research in
control systems, microwave systems, communication systems, and

electronic systems.

8) Dedicated instructional iaboratories for study of digital

B L AN

devices, networks and electronics. .
9) Student activities and organization area.

10) Faculty and Departmental office complex.

The bujlding now houses all programs and activities of the

Electrical Engineering Department which have previously been housed

in parts of five buildings.

e s g s

The Electrical Engineering Department includes 26 faculty

van s nsgene

M

f» members, some with duties outside the department, 410 undergraduate

electrical engineering students, 42 undergraduate electronic

engineering technology students aud some 45 electrical engineering 1

graduate students for a total enrollment of some 500 students.

‘ é, C. Microelectronies

The objectives of the microelectronics program at Mississippi

State are consistent with the University charge to provide education,

L %f research and service. These objectives are:
1) To provide an outstanding facility for research dealing
. ‘é' with the electronic properties of materials, electron device

research, circuit fabrication technoiogy, and computer aided design

bbb crpmsrst s
EEH R IR SN

of electronic circuits.
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2) To provide circuit technology accessible at several levels f

of sopli!atication which will support research and teaching activities
within the department, college and University.

3) To provide a facility available for prototype development
of electronic apparatus by industrial concerns and to provide an é
expertise in élec::onic fabrication technology to assist industrial
start-up operations,

4) 7To provide operational strategles to allow utilization of
the facilities on an aconomically feasible basis consistent with :
the commitment to supporting agencies. € é

The SCOPE of the developing facility is detailed below:

I. Fabrication and processing capability

A, Silicon Integrated Circuit f
1. Thermal oxidation and impurity diffusion

2. Photolithography

3. Chemical vapor deposition
a. Polysilicon ‘ {
b silicon dioxide
c¢. other (phosphosilicate glass, siliconnitride,etc.)

4. Aluminum £ilm deposition

a. sputtering

b. E=beam eVaporation '

5. Expitaxial silicon
6. Ton-implantation

B, Hybrid Integrated Circuits

1. Thick film screen printing and firing
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c.

2, Chip and wire bonding
3. Component trimming
h, Substrate scribing

5. Packaging and encapsulation

Printed Circuits

1. Board sensitization, exposure, and daveiopment
2. Baord etching and drilling
3. Board plating

4. Board lamination

II. Computer Aided Design

A,

B.

Art work gencration by computer
1. Printed circuit layout from line drawing

2. fustom art work for hybrid and monvlithic IC's

3. Art work from cell librairies and layout programs

Art work processing
1. Reduction

2. Step and repeat reduction of IC master masks

(presently thru NASA)

C.

3. Development of working masks
Circuit Anialysis

1. PCAP

2, Nonlinear circuit analysis program

3. Digital logic and timing analysis

III. Experimental Evaluation

A, Electrical: C-V, sheet reaiséanca, curve tracing,

e il e, Yohamiis e e e A = aniita, o o i i AT L e i e Y, RTINS S AT

probe testing, circuit testing.
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B. Electrochemical: lap and stain, anodization
C. Optical: Microscopic, interferometric, ellipsometric
D. Surface analysis: SEM with SIMS or Auger attachment

(presently thru NASA)
D. Description of Facilities

As indicated earlier, the new $4.25 million Harry F., C. Simrall
Electrical Engineering Building heceme occupied in January of 1977.
In the electronics area, the department owned or had custody of

approximately $250,000 worth of equipment related to microelectronics

prior to moving into the new facilities. Primatily the existing

equipment consisted of that furnished by the state (mostly in the
in the past 3 to 5 years), surplus equipment from NASA, much built
in-house, and GFE items.

The microelectronics facilities are located on the fourth floor
of the building and consume in excess of 6,600 square feet.
Approximately 3,000 square feet of this consist of class 10,000
¢lean rooms. At a conservative building cost of $45 per square
foot, this represents approxiﬁntely‘a $300,000 investment in floor
space alone, In additibn, the department either has purchased or
is in the process of purchasing some $175,000 worth of new equipment
to furnish the microelectronics laboratory and associated supporting
labs, Thué; a total commitment by the University of well over a
half million dollars is being invested in this area for purposes of
fundamental research and teaching. In addition, equipment obtained

through industrial donations represents well over $350.000 to date.
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Through University acquisition and industrial donations, the
department will be equipped to do significant research in silicon
integrated circuits, thick film and chip hybrid circuits,

The following describes the fourth floor microelectronics
laboratories and related support facilities. All rooms have
compressed air, vacuum, chemical drains, and ¢xtensive venting
for safe and convenient operation.

A. Silicon Fabrication

This activity 1is to be carried out in three different rooms,
all class 10,000, The water supply consists of an evaporation still,
a storage tank with ultraviolet light source, a deionizer, and
submicron filters for delivering a minimum of two gallon/minute
of 15-18 megohm/cm. water.

Al. Process Room

This large 30 x 40 foot room has one fume hood with
etching sink and D. I. water. Benches and cabinets and a quartz/
mullite tube closet are albo included, There exist five vented gas
bottle closets capable of storing ten large cylinders. Water, drains
and 3-phase power are availahle for furnaces and reactor equipment.
The basic equipment includes:

+  ‘Thermco Spartan 6-tube furnace with c¢lass-100 load
station and source cabinets.
| . Three single tube furnaces (Lindberg, Marshall and BTU),
all with electrenic controls.

.  One class 100 clean bench
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. Vaponics deionized water system with additional
reservoir for continuous cycle filtering
. Wafer dicer

« Unicorp. Inc. Unipole VIII Epitaxial reactor with

dual 8" susceptors driven by a LEPEL solid state power supply (143KVA)

. Four point probe
« Lap and stain facilities
. Ellipsometer/Laser source
. Microscopes
+ Multiple probe station
. Capacitance-Voltage test station
+ Anodization equipment
. Large dewars for liquid nitrogen and liquid oxygen
For the furnaces, two tubes will be equipped to
operate as hot-walled low pressure CVD reactors. The remaining
tubes will‘be used for diffusion and oxidation. One or more tubes
will be available for non-silicon work.
A2, Photolithographic Room
This room is 10 x 24 feet and is equipped
with three in-line class 100 clean benches and two pass-through
ovens with nitrogen ambients. All photo resist and developing
operations are done in class 100 environment. Photo-resist

spinning is done under temperatury and humidity control. Oxide

etdﬁing and wafer washing is done in end stations with high quality

water. Other equipment includes:

. Two-head spinner, plus a single~head spinner
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. Electroglass mask aligner for 1 1/2" wafers, plus two
Casper aligners for 1 1/2" to 3" wafers

+ Balance table's

+ Interference microscope

. Hot plate/stirrers, etc.

A3, Metalization and Bonding Room
This large 30 x 20 foot class 10,000 clean room

if for the deposition of metal films and thermal-compression
bonding. It is equipped with compressed air, vacuum, D. I. water
and chemical drains. Pertinent equipment includes:

. NRC-Varian 6" diffusion pump vacuum station equipped
with a Sloan sputtering system and a thickness monitor

. Hughes pulse tip thermal compression bonder

. Class 100 clean station for bonder

. Varion Vacion vacuum station equipped for thermal
evaporation of aluminum including film thickness monitor and class
100 clean statiin

. Class 100 clean benches for multiple probe station
and vacuum system work areas

« Work benches and cabinets

. Large dewars for liquid nitrogen

. A 200 KeV ion implanter is to be added to this room
in early 1979.

. Perkin-Elmer Vacion vacuum station equipped with

dijal E-beam guns for depositing alloys.
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B. Hybrid Fabrication

This activity will be carried out in one large 48 x 42
foot room equipped with fume heads, sinks compressed air, vacuum
and three-phase power. Ample bench tops and storage cabinet space

is also available. Equipment includes:

Thick film screen printer

Class 100 clean bench for printer

Drying oven

Thermco belt furnace

Thick film trimmer

Thick film trimmer

Multiple probe station

Electronic instrumentation for circuit evaluation

Packaging and sealing station

C. Artwork and Mask Making

This work will be carried out in four different rooms.

Computer Aided Plotting Room

This 30 x 50 foot room was initially scheduled for

> L all artwork but a more comprehensive computer ailded graphics

| f heads)

facility is being developed; Equipment includes:

Gerber Scientific 1200 plotter with HP minicomputer

tape drive (36 x 36 inch plotting surface with ink or photo exposure

. Téktrqnix'graphics~terminal’with hard copy capability

computer

Uniscope CRT terminal to the central campus UNIVAC 1108
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. Data General Eclipse $/130 minicomputer with video
monitors and Varian Statos 42 high density ;lectroatatic printer/
plotter

. Lexidata color graphics terminal

+ Digitizing table for generating check plots on
Gerber plotter

C2. Manual Graphics

This will be done in the reduction room. Equipment
includes drafting tables and a Unitech coordinatograph with digital
read-out. Rubylith masks are produced with this system,

C3. Dark Room

This is a small dark room with modern developing sink

temperature controlled water source, and ample storage cabinets and
bench top space.
C4. Reduction Room
This room is part of the printed circuits lab and is
equipped with a precision Dekacon reduction camera (36 x 36 inch
mask mounting capabilities).
C5. - Step and Repeat Room
This is an 8 x 24 foot class 10,000 clean room and
is part of the silicon IC complex. It is eﬁuipped with two class
100 clean benches. One bench has a sink and hood for development
and 6ne bench 1s for a étep and repeat camera. The first bench is

equipped with compressed air, nitrogen blow gun, and a DI submicron

~ filtered water,

It is hoped that a step and repeat camera will be

added soon.
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D. Printed Circuit Lab

This laboratory is equipped with benches, a fume hood and
sink, and two spray etchers, water dryer, KPR developer unit, IR
oven, dip coater, rinse unit, -hen§. pilot hole punch, drill press,
light table, etc. Almost all of this equipment is new.

E. Other Equipment

The microelectronics laboratory has a wide assortment of
electronic equipment for evaluation of semiconductor devices and
circuits, including signal sources, meters, counters, curve tracers,
scopes, etc. A partial listing of new cquipment just purchased

includes:

100 meg Hz Oscilloscope (Tektronics Mod 465);

. Sampling Oscilloscope (HP Mod 182C main frame with HP

1810A sampler);

. Digital to Analog Converter, HP 49303A;
. X-Y recorder, HP Mod., 7015;
. LRC meter, HP Mod 43324;
Precision multimefers, HP 3490A;

. Interface bus, HP 59310A;

. ete,

F. Supporting Laboratories
Fl. Electro-optic Laborétoty
This lab is equipped with a vibration free table,

'optical benches, detectors, lens, filter, optiéal radiation detector,

two lasers (5 watt argon and 100 milliwatt Helium-Neon), and several

itemsiof‘standard electronic instrumentation.

209

[ R W A

-




Mo s e ?w e

e

it e ks
AT RS R, L LR G .

R e

T T S L i et

F2. 00nnunicationn.Laboratoty
This facility includes extensive electronic
instrumentation for microwave measurements and for signal analysis.
Equipment includes wave guides, slotted lines, microwave sources,
UHF sources, wave analyzers, antennas, etc. New equipment will
include a spectrum analyzer (up to 1.8 G ﬁz) and a vector voltmeter
for s-parameter measurements. Also included are maximal length
pseudo-random noise generators and bit pattern generators. The
laboratory is located in two rooms on the fourth floor and has two
antenna locations on the roof of the building.
F3. 1Instruction Laboratory
Two large rooms and several smaller rooms are
dedicated to teaching and project laboratories, A wide variety of
instrumentation, breadboarding equipment, logic trainers, power
supplies, etc. are available for instruction, training and project

work.,
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APPENDIX F

POST~-HEAT TREATMENT EFFECTS ON DOUBLE LAYER
METAL STRUCTURES FOR VLSI APPLICATIONS

A: Introduction

Theé increasing demands toward greater packing densities in LSI
and VLSI make it imperative that multilevel metallization systems
be developed. hAlthough several reviews have been §¥itten [E1-7].
the realization of reptoducibie and reliable results have yet to be
forthcoming. The most common probiem associated with double layer
metal has been the inability to make gﬂeccrical contacts between
metal layers through via holes etched in the dielectric to provide
electrical cotimunication between metals, The problem 1is more acute
when the number of vias is large (>500) and are relatively small in
size (<0.2 mil square). Another, less important problem is associ-
ated with shorts between metal layers due to binholes in the dielec-
tric £ilm, thin spots, or poor coverage of hillocks in the first
level metal. An example of the use of double layer metal for cir-

cult application [F-8] is given in Figure F-1,

In order to study the effects associated with double layer

metal structures having a large rnumber of small vias, a test pattern

was generated consisting of a string of 560 vias. The via size was

varied from 0.5 mil square to 0.2 mil square per string. Electri-

© cal measurements were made on the test pattern after initial

sintering and subsequent heat treatments in order to monitor
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VIA FOR RCONNECT

ACHANNEL GATE OXIDE ALUMINUM ELECTRODES
PASSIVATION
OXIDE
0;4» H»—q R
INTERMETAL
: : OXIDE
.-:Es. &R
7-4:4»-:::»1::-‘}: 444 QAR 1 .L
14 GATE OXIDE
—“ +
i e P-WELL
DEVICE WAFER
i (3-6!
COMPLETED
AL GATE CMOSFET

Figure F-1.

DOUBLE LEVEL METALLIZATION

An example of the use of double layer metal in the
realization of an aluminum gate C-MOSFET structure.

212




contact resistance behavior and variations in yield, Metal
interconnects between vias were nypicnlly 0.7 mils wide although
samples were also prepared and tested having interconnects of
0.4, 0.5, and 0.6 mil wide Al, with little or no variation in

results.
B. Preparation of Test Vehicle

The steps involved in preparing the test vehicle consist of

the following. The starting material was 3-8 ohm-cm, (100) oriented,

n-type phosphorous doped silicon wafers. A field oxide was thermally
grown in dry 02 for 5 minutes, boiling “20 for 60 minutes and then
dry 0, for an additional 15 minutes at 900°C resulting in an oxide
thickness of léxi. Prior to depositing the first layer metal, a
cleaning step was performed, this consisted of a one-minute rinse

in deionized water. The wafer was then dehydrated at 900°C in an

N, ambient for 10 minutes, The first metal layer was d.c. sputtered
structural grade Al alloy 6061 of 0.5um thickness. The metal was
patterned using conventional photolithographic techniques with
Waycoat-3) negative photoresist.

Prior to depositing the dielectric, scribe lines (0.7 mils
wide) were etched aronnd the test patterns through the thermally
grown field oxide down to the silicon substrate. These lines were
used as an etch end-point monitor in etching Vias in the intefmecdl
dielectric. |

The intermetal oxide was next deposited at 400°C using CVD of

SiH, (4% in Ar) and 02 (and later P,0. of approximately 3 mole

2°5

213

T S ST SRR S SR . ’ e e W TRNTY s A i % Ml P




percent) to a thickness of BK'. Dielectric thickness was measured

with an (laser) ellipsometer. Vias were etched in this dielectric ,
film with buffered HF using standard photolithographic masking.
This etching was done first by dipping the wafers in a stirred

solution of etchant, using the scribe lines as reference to deter~

S et

i mine when etching was completely through the dielectric film, In
later processes, this etching was done ultrasonically in a totally
- enclosed container,

The second layer metal wa;j also deposited using dc“§éﬁctetins

of the same target used in the first layer metal and patte:ne&.

Typically a 15 minute aluminum sintering process at 470°C preceded

the first testing of the completed test vehicle.

C. Experimental Results

Approximately 50 wafers were processed. Each wafer had 200-220
! test patterns with via sizes ranging from 0.2 mils square to 0,5
‘ mils square. Table I represents a summary of results in terms of
percent yield obtained for each via size as a function of fabrica-

tion process. Process A through L are explained below. Among

t o other variables it will be noted that each process is characterized
| by an etch time aaﬁocinted with etching the vias in the intermetal
dielectric film. The scribe lines were used as reference. When
all dielectric was etched from thesekscribe lines, this was defined
as the 'break' time. Any additional etching beyond this break time

is measured in seconds.
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~ Percentage Yield
Via Resistance for 560 Vias < 20 Mez Ohm
Process Identification

Via Size Alslc|o|jelFlelu|x]|J K L
E 0.5 mize | 81|76 (95 [98 |99 |98 |94 |84 |94 [98] o8] 98
. 0.4 mils | 70 [56 [88 |94 [97 |98 |02 |82 [89. [90] 97 97
o 0.3 mils | 61 |53 |64 |85 |93 |94 |92 |83 |87 |80]100] 100
§ ‘ 0.2 mils | 40 |18 64 |62 |91 |94 |93 |89 |72 |67| 98| 98
: ? Table I-A
| é Percentage Yield
» § Via Resistance for 560 Vias < 10 Kil Ohms
» ‘ Process Identification ;
f Via Size Alslc|po|ElFle|u|I|J K L
! ~§ 0.5 mils | 17 |59 |86 |97 |97 |94 |84 61 |92 |93] 98| 98
i j 0.4 mils | 8 |48 |73 [89 |94 [96 |88 |64 |82 |90 97| 97
E 0.3 mils | 0 |30 |45 |6« |89 |92 |88 |74 |85 |80| 100|100
; 0.2mils | o0 |14 |13 [26 [44 |59 |64 |52 |38 [67] 98] 98
[ Table I-B
"Peféénﬁnge Yieid
Via Resistance for 560 Vias < 1 Kil Ohm
Process Identification
Viasize | A|B|c|D|E|F|c|H T|J K L
; 0.5mils | 0 |59 |78 [85 |86 |82 [74 [56 |92 [92| 98| 98
0.4mils | 0 |46 |47 |66 |72 |72 |68 |54 [82 |90] 97| 97
. 0.3 mils 0 |28 |85 |36 |47 |55 |58 |56 |85 |8o|100]100
e [o-zmits | o |8 |10 [15 |22 [27 [30 |30 [32 [e7] 75| 98
i | Table I-C
: Table I Percentage yield as a function of processing with via

aize as a parameter for contact resistance of 560 vias

less than 20 Megohm, 10 Kilohm, and 1 Kilohm for tables

I-A, I-B, and I~C, respectively.
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Process Definitions:

1) Vafers were processed as described in section B, ?

The width of the first level metal interconnect of 0,4, 0,5, 0.6 and
0.7 mils corresponded to test patterns having square vias of 0.2,
0.3, 0.4, and 0.5 mils, respectively. The width of the second metal

was 0,7 mils, Via etch time vas break plus 10 seconds.

~§ - 2) Wafers were processed as describad in section B.

% v The metal interconnects on both levels were 0.7 mils wide. (This , |
; 7 is true for all processes 2 through 7)., Via etch time was break
§ plus 10 seconds. (
3) Wafers processed as described in section B with via
etch time in stirred dielectric etchant extended 20 seconds beond
break time, ”

4 thru 7) correspond to wafers processed as dedcribed in
section B but with via etch time in stirred dielectric etchant
extended 40, 60, 80, 100 and 120 seconds beyond break, respectively.
(Note that the values given for processes 1) through 7) represent

an average of five different process runs of eight wafers for each

i run.)

8) Wafers processed as desctibedvin seétion B but g
having a phosphorous doped intermetal dielectric of 3.1 mole per~ %
cent (as determined by Auger spectroscopy) and with vias etched in ;,f
stirved dielectric etchant for 20 seconds beyond break. (
oy " 9) Wafers processed as deac:ibed in 8 above except via

etching was done ultrasonically in a closed container for 20

S seconds beyond break.
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Yield vs. Etch Time

0.2 Mil Vias .

<20 M n;’“

0

10 20 30 40 50 60 70 80 90 100 110 120
Etch Time Beyond Break (Seconds)

Yield vs. Etch Time
0.3 Mil Vias

‘f-‘F-.\
< 1050 / \
< 1% / -

0 10 20 30 40 50 60 70 80 90 100 110 120

 Etch Time Beyond Break (Seconds)

Figure F-2. Percent‘yield as a function of etch time beyond

break with via size as a parameter. Intermetal
dielectric etch accomplished with stirred B.O.E.
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Yield vs. Etch Time ,
i | , 0.4 Mil Vias -

Yield (Percent)

1 ,
oo _ _ .
0 Ll L e i
0 10 20 30 40 50 60 70 80 90 100 110 120
L Etch Time Beyond Break (Seconds)
\
M Yield vs. Etch Time i
100 L5 200 0.5 Mil Vias
80
N
: ; & OKQ 4
5 60 .
: § 3
~
f o 40 1=
i '3 b
, R 20
: s |
0 | |
j 0 10 20 30 40 50 60 70 80 90 100 110 120
f Etch Time Beyond Break (Seconds)
1 - Figure F-2, (continued). Percent yield as a function of etch .

time beyond break with via size as a parameter,
Intermetal dielectric etch accomplished with
stirred B, 0. E.
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10) Wafers processed as described in 9 above with the
addition of a first level metal cleaning step through the vias
prior to depositing the second level metal, The metal cleaning
solution consisted of an ethylene glycol-buffered HF-H20 solution
for the removal of A1203 from the first level metal prior to
deposition of second level metal [F-10].

11) Wafers processed as described in 10 above but having
undergone a one-half hour post heat (sintering) treatment at 490°cC,

The results of prgcesses'B through 8 are displayed graphically
in Figure F~2, The data are shown in Tables Fl-A, B, and C which
give the percent yield for via contact resistances less than 20
meg-ohms, 10 kil-ohms and 1 kil-ohm. It is desirable to have.

" minimum contact resigtance (i.e. less than 250 ohms) since as the
number of vias increase from 600 to approximately 3000 for a VLSI
c¢ircuit, the resistance will increase proportionately. Any pattern
having a contact resistance greater than 20 meg-ohm is assumed to
be an open=-circuit in Table Fl.

Wafers processed as deacribed‘in D in Table Fl were used for
an Auger surface analysis of the first level metal through a 0.5 mil
via just prior to_depositing the second_level metal...The purpose
of the Auger analysis was to determine what insulating mateials
reside on the surface of the first level metal which prevented good
low resistance ohmic confact betweenkmetal levels. The results of
this analysis indicated the following materials were present with

an accuracy of # 5%:
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A1203 642
C 31X
N , 1.8%
Mg 1.3%2
si . 0.6%
F 0.62
S 0.7%
0  (other than A1203) <0.1%

For this contact, the amounts of Mg and Si were about the same as
the bulk Al alloy so there did not seem to be any surface enrichment
of Mg2Si which was suspected as a source of the high registance;
When about 190& of this surface was removed by ion etching, the
N,S,F, and C were greatly reduced, which suggested that Fhey may
be a source of interfacial contamination. | ;

The. large percentage of carbon measured (31%) is believed to
be a resultkof the photoresist leaving a carbon residue on the
wafer. The composition of this photoresist could not be obtained
from the manufacturer.

It should be noted that the composition of the structural

grade Al 6061 consist of the following impurities:

Si, Qo“ - 0«8%
Cu 0.15 - 0.4%
Fe 0. 7z

Mg 0.8 - 1.2%
Mn 0.15% 2
Cr 0.15 - 0.35%
Zn 0.25%

i 0.15%

The primary‘;éaéon fof ﬁsing this Al alloy was fdr ﬁhé preventiocn
of hillock=fofm§tign;’ )

Pbst heat treatmeni otksintering bfka ﬁafe? exhibiting an 7
initial poor yield (i.e. less than one kil-ohm fdf a chain of 560

vias in series) can increase the effective yiéld by 500 to 700% as
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Yield (Percent)

100 Percentage Yield vs. Time of Heat Treatment

at T = 490°C.

66.6 foe /‘i—-w.afer #1101

Wafer #2w
L //
- 'L/
l

0 1 2 3 4 5 6
Time of Heat: Treatment (Hours)

Figure F-3. Percentage yield of number-of chips less than 1 kil ohm
as a function time of heat treatment at 490°C for wafers
with undoped intermetal dielectric.
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Total Average Contact Resistance
l.zu‘ : vs. Post Heat Treatment Time
at_490°C.
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1llustrated in Figure 3 for wafers 10H and 2W. These wafers were
processed as in 'C' above, having only a 15 minute 470°C sintering
before initial testing. All addition sintering was done at

490°C in a nitrogen ambient.

The primary reason for this increase in yield with'post heat
treatment is due to the fact that the Al-to-Al contact resistance
decreases with sintering, as demonstrated in Figure 4. Here, the
average resistance for all test patterns having 0,5 mil square
vias (approximately 55 of the total 212 chiips) is plotted as
a function of sintering time. As the time of sintering increases,
the number of test patterns having a contact resistance < 1 kil-ohm
increases, hence the yield increases.

On an individual chip basis, the contact resistance for 560
vias per chip behaved as shown in Figure F-5. For a given wafer
which initially exhibits a relatively poor yield, the number of
chips behaving in the manner shown for chips #10C and 10W was
approximately 51%, those behaving like chip #10R was 277 and those
like chip #10T was 10%. The remaining chips either exhibited low
initial contact resistance (<300 ohms) or were open~-circuited
(>20 meg-ohms). Those chips initially exhibiting a low contact
resistance generally had their resistance lowered with increasing
heat treatment, howéﬁer a few chips showed a gradual increase in
resistance with increased heat treatment time as shown inFigureF-6.
It is believed that this increase in resistance is due primarily to
the consumption of Al by 8102 to lessen the Al thickness. Siﬁce

at 490°C Al reacts chemically with 8102 to lessen the Al thickness.
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Since at 490°C Al reacts chemically‘@ith 8102 o form A1203 and
free Si,Al is consumed at a rate of 210;/hr.[F-15]

The most predominant trend found in sintering of double level’
metal test patterns is demonstrated in Figure F-7. 4is inferred
from thfi plot of contact resistance as a £qnction of post-~heat
treatment for these two wafers, the average contact resistance
decreases drastically for the first few hours of sintering.

Because of this feature, the realization cf multiple levzl metal
LSI having a large number of vias (>2000) is-a distinct possibility.

One major problem involved in post heat treatment of double
layer metal structures is that the dielectric {C.V.D. - 8102) has
a tendence to crack or "craze" gf; elevated temperatures (>500°C).
This cracking, as illustrated in Figure F-8, is due to excess
stress on the insulating layer [F.9]. One method to lessen, if
not-alleviate this problem, is to use a phosphorous doped dielec-
tric of 3 to 5 mole percent. This increases the effective tempera-
ture for which sintering can be done *éefore; ceracking isobserved [F.9].

Using this ﬁhosphorous doped dielectric (also calledgﬁhos-
phosilicate glass or fSG) resuited in a much higher yield a;~shown
in Table 1 and also a considerable less cbntact resistance as
shown in Figure F-9. Here the average cpnﬁécﬁ fésisténée as a
function of via size is plotted for alte;tfpa:tetn with a dopéd

dielectric layer for ﬁo heat treatment (curve BO and with 30
mihutes post'heaﬁ treatment at 490°C (curve A). These results are

compared to the best results obtained for the undoped case (curveC),
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; 14 ¥ Contact Resistance vs. Heat Treatment
; Wafer #10H at 490°C,

12

-
o

“chip f#10C

Chip #10T

Contact Resistance of 560 Vias (Meg-ohms)

Chip #10W

0 1 2 3 4 5 6
 Time of Heat Treatment (Hours)
Figure F-5. Contact resistance of 560 vias as a function of heat

treatment time for several different chips of wafer
#10H at a temperature of 490°C.
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R e L A o Fi il

Contact Resistance of 560 Vias (Ohms)

Contact Besistance vs, Time of Heat Treatment
Wafer #10H at 490°C.

400 =

350 R

300 |
. ‘ ~ Chip #108
250 - 4 , —
200
e L
0 1 2 3 4 5 6 7

Time of Heat Treatment (Hours)

Figure F=6. Contact resistance of 560 vias as a function of heat
treatment time for wafer #10H showing slight increase
in resistance with time of heat treatment for «67% of
the chips on the wafer.
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Ao

Contact Resistance (Ohms)

700 )
E Z Contact Resistance vs. Time of Heat
1l Treatment for Wafers #2 and #10 at

490°C.
600

500 |
400
Chip
- h p #ZD;
Chip #10K | \C |
‘ hip #2G
Chip #10L
300 '
Chip #10P
200

0 T " .‘ P 4..,, 5  6 , .
Time of Post Heat Treatment (Hours)

Figure F-?7. Contact resistance trends as a function df'heat treatment
time for wafers #2 and #10,
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i even after many hours of heat treatment. The table in the '
figure indicates resistance and percent yleld for each case ﬁ

presented,

A resistance map of the wafer shown in curve B is given below:

173 159 154 217 161 143 158 196 176
170 171 «» 157 231 158 16). 159 183 171 158
% 166 163 168 158 166 226 162 162 162 171 167 161 164
‘ 164 164 167 161 158 208 164 159 161 172 170 163 165 173
168 170 170 160 159 212 163 161 163 228 169 164 = 172 164
157 168 169 170 165 158 219 162 161 160 234 168 163 163 170 160
164 170 170 171 164 156 213 161 163 159 221 173 159 163 170 165
112 173 201 176 164 151 143 173 =« 163 192 174 162 162 170 171
164 175 375 181 167 159 405 172 162 158 181 167 161 164 167 165
177 202 182 169 159 211 164 161 154 176 164 160 156.166
176 216 184 171 161 228 169 158 154 = 162 156 154 165
44.198 179 171 162 228 164 158 153 173 160 157 151
260 181 171 163 231 166 159 154 172 160 153
177 166 200 167 159 151 167 157

Rics o &4 ""W‘- E R _RT T
P e

Via size .4 .5 .2 .3 .4 .5 ,2 .3 .4 .5 .2 .3 4 .5 .2.3.4 : |

D. Analysis and Conclusions

The following comments and conclusions may be derived from

this investigation.

} ; 1) The Qatiation in width of the metal in:erconnectl between %
vias had little influence on yiéld; as expected, It may have had %;
a slight effect on total resistance, expeclally for the 0.4 mil g;
Y compared to 0.7 mil wide interconmnect, but this was not detectable.
'rhe‘ majordifficulty camein mask alignment of the smaller interconnects. ‘
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Photomicrograph (A)

ORIGINAL PAGE IS
OF POOR QUALITY

Y o T %

Photomicrograph (B)

y Figure F-8, Photomicrograph of test pattern at 300X magnification

! illustrating crazing tendency at temperatures >500°C
and for fast pull from the furnace. Photomicrograph

! (A) shows crazing around a test pad whereas (B) shows
crazing in the test pattern itself.
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Average Contact Resistance vs, Via Size
700 | For Wafer 14-1 Before and After Post
o ' Heat Treatment
600 b Via Size Avg. Resistance % Yield
f Curve A .2 - 206 98
; | ) : ; R | 170 97
i , | ‘ vh 160 100
’j . .5 150 98
5§ 50 Curve B .2 676 98
8 L | 4 180 100
g T b 177 98
| ' §’ B urve ¢ .2 4,6M 13
, ; o 400 B E 3 289 56
i 3 : V.4 241 77
P | .5 237 78
L o ]
i 0 u \
o (Vo)
.‘ ki ] \ = 3
r ‘ ¢ 300 B~ ' '
L g T \\(}urv.a €~
& d ~
y Curve B |
% 200 - %
g i . i
[ ——————
2 Curve A =—"" :
i %
100 = ; ‘ i
0.2 0.3 S04 0.5
{ Via Size (Mils)
P Figure F-9. Average contact resistance vs. via size for wafer #14-1
’ i * having phosphorous doped intermetal dielectric before post
G heat treatment (curve B) and after 30 minutes at 490°C (curve A).

For comparison with a wafer having an undoped dielectric, curve C
represents such a wafer after undergone 8 hours of post heat
treatment at 490°C., (Note contact resistance for 0.5 mil via
of wafer in curve C prior to post heat treatment was 90 kilohms.)
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2) The extension of the via etch time of the dielectric film
for both the dipped (stirced) etching and the ultrasonic etching
indicated a substantial improvement in yield with only a slight
undercutting for extended times below 90 seconds. (As expected,
the doped dielectric etched faster than the undoped.) For etch
times beyond break in excess of 110 seconds; the yield decreased,
This is believed to be attributed to an increase in contact
resistance~ and thus a decrease in yield - due to:a chemical
reaction between the dielectric etchant and the alloys of the
sputtered aluminum to form an insulating layer at the surface of
the first level metal prior to depositing the second layer.

As indicated in Figure F~2, the optimum etch time is dependent
on the size via being}etéhed.

3) The addition of phosphorous doping to the oxide eliminated
the possiblity of intermetal dielectric cracking for post: heat
treatment temperatures below 500°C. A considerable increase in
yield was also realized, having total average contact resistances
slightly over 200 ohms for 0.5 mil vias and 250 ohms for 0.2 mil
as per Figure F-9. (A slow pull of the wafer from the furnace was
also practiced to eliminate cracking.)

4) The use of an ultrasonic etching bath for etching vias
glves a auch better probability of etching small vias (<0.2 mils),
This etching was accomplished in a completely enclosed contailner.

'5) The chemical cleaning of the first level metal through

the vias prior to depositing the second level metal also increased

yleld. The first layer Al develops a thin oxide coating as soon as
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it i8 exposed to the atmosphere and this oxide skin creates a
high resistance upon depositing the second layer. This coupled

. with the difficulty of removing all of the dielectric film from

the via and the formation of oxides of the alloys contained within

the Al all tend toward low yield, high resistance contacts. There i

e R L L e

are actually two approaches for solving this problem, back sputtering ‘

it and chemical etching. Back sputtering has the advantage that the

oxide thickness can in principle be reduced to zero if the subse-

quent metallization 1s applied without exposure to air. The

é , é disadvantages include: possibility of radiation induced MOS damage; €
potential for contamination of the sputtering system; redeposition
of previously sputtered materials especially from the substrate
table; etc. The chemical etch procedure does not have these ;
disadvantages, but the oxide thickness can never be reduced to
zero. [F.14)
The use of a 1:1:1 ethylene glycol: buffered -HF : HZO etch
removes all but 30-50 R of oxide [F.10] without attacking the Al.
(The second layer sputtered Al can easily penetrate this oxide

thickness to form good ohmic contacts.) This etch was done just

prior to second level metallization,

6) The application of post heat treatments can drastically

1ncrease yield by lowering total via contact resistance, There
are several possible reactions which could occur to cause this
temperature effect. [F.11] Aluminum could react with aluminum

_suboxides and thus break up the continuous layer of dielectric.

Alternately, the recrystnllization'of aluminum in both of the
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level could mechanically disrupt the thin native oxide layer,
therefore forming aluminum-to-aluminum contarit. As yet, there
is no evidence for this speculation.

Figures F-4 and F-5 indicate that in some cases the contact
resistance increases with post heat treatment time prior to the
"diffusion" through this 'interfacial contamination' by the two
layers of aluminum, If this contaminztion were 8102. then it
could be said that there exists excess ionic silicon in the oxide
which‘Secomes tied-up upon the application of post heat treatments
[F~1]]. Since the contamination is probably A1203, one might say
there exist excees ionized Al in the oxide which reacts with the
oxidizing species during the sintering process, thus decreasing
the total ionic charge in the oxide layer causing the net resistance
to increase.

7) Testing the via test pattern can be tedious. For high
resistance vias the measured resistance was seen to be both light
sensitive and current: sensitive. As a result, 511 testing was
accomplished in the dark. Ideally, very low testing potentials
are applied in order not to break down a barrier 1éy¢r thus
turning a defective via into a good one. Also, theoretically,

vias should not be tested in series, since the entire applied

voltage will be dropped across a defective via, probably causing

it tobbreak‘down and appear good. However, in our testing, all
vias were measured at once in series using a digital voltmeter.
8) Recently, a new planar multilevel interconnection tech;

nology was introduced [F.13} using polyimide films. Although
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this procedure aﬁpears to bg very promising for future applications
if taken at face value'.. 4it 1is felt there is still many facets of
“"magic" associated with it.

. e A
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