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1.0 SUMMARY

vas is the fir .1 report for Contract No. NAS 12-667 describing the work 	 I
performed during the contractural period from May 27, 1968 to May 26, 1969.
Studies were conducted on Al 2 0,3 growth on silicon or silicon oxide by chemical
vapor deposition. Important parameters relating to the film growth including
substrate temperature,source material composition, substrate preparation and
carrier gases were investigated. Interfacial properties of the silicon-dielectrics
concerning Al 203 deposited on in-situ thermally or pyrolytically grown silica
were studied. Selected property measurements included the flat band charge
density before and after thermal bias treatment, dielectric strength and film
refractive index. The masking capabilities of x',1. ) 03 against common impurities
of P, 13, Ga, and Na were determined. Test IGFET devices using composite films
of pyrolytic .11,,03 over thermal Si0 2 as gate insulators were successfully fab-
ricated and their electrical performance was measured. In comparison with
similar devices but using Si02 as gate insulators, Al ")03 -Si02 have proven cer-
tain advantages, in particular it gives rise to a higher trans conductance of the
FET.

2.0 INTRODUCTION

With the advent of integrated circuits, the technology of thin dielectric
film preparation by the chemical vapor deposition has made rapid progress
in recent ,years. A comprehe- give study' had been reported on pyrolytic in-
sulators of silicon nitride and silicon oxynitride for integrated circuit applica-
tion. These films exhibit many excellent properties including better diffusion
masking capability, and thermal stability. Other comparable materials, how-
ever including pyrolytic Al 2 03 and composite films of A1,;,, 03 over Si02 for
similar application have not been fully developed and thoroughly investigated. With
the objective of further improving the reliability and stability of circuit elements
for aerospace application and likewise in many other areas, this investigation was
conducted aiming at the developing of basic information and understanding of
these films in integrated circuit fabrication process. Based on experimental
findings, the relative merits of selected dielectrics in circuit devices can be
compared in terms of the fabrication techniques and device performance char-
acteristics.

3.0 CHEMICAL VAPOR DEPOSITION OF Al203

Aluminum oxide film can be formed pyrolyticall y by either oxidation of
organo-aluminum compounds or hydrolysis of aluminum halides. In this in-
vestigation anhydrous aluminum trichloride was chosen as the source material
and the Al2 03 film was formed through the hydrolysis of A1C1 3 at elevated tem-
peratures by the following reaction.



f

2A1C1,3 -+. 3 H
2
0	 Al"O + 6HC1

	
(1)

Under non-flow condition, the large positive values of the equilibrium constants

Of above c(Iuation (as sho p%'n in Fig. 1, equilibrium constant vs. reaction tem-
perature) are always in favor of A1.,0. 3 formation. If the water required for the
above reaction is replaced with 1  I2 and CO.^, the deposition of Al2 0:3 can be

modulated with case. Since the reaction of H 2 and CO. proceeds rapidly at

temperatures above 800 oC to furnish the needed water for A1C13 , nucleation

and growth of Al 2 03 can occur ont 'v on the hot surface of the substrate, when
the cold, mixed gases flow by it,  and become heated high enough for water for-
mation. Non-heated gases and reaction products are continuously swept out of
the system I)v introducing a large quantity of diluent with the reactants. Con-
sc(Iucnily, heterogeneous reaction in the vapor phase for the following overall
reaction would proceed in a very limited extent, if there is any.

2AIC13 + :3C09 + 3H2 -• A1 .) 0:3 + 6HC1 + 3CO	 (2)

Under such circumstances the film grown directl y at the substrate surface w:)uid
be most desirable. This type of film is expected to be homogeneous with least
property variation in the microscopic scale. For convenience we call it the
single mode of growth. On the contrary, if a substantially heterogeneous re-
action takes place in the vapor phase rather than on the substrate surface, the
resulting film would lade 1111'formity and its growth mode would be largely deter-
mined by the combined effect of both vapor phase and surface reactions. This
t; pe of film growth is differentiated from the other as bimodal growth. This
generally occurs when the bulk gas stream is excessively heated to the tempera-
ture favorable for the reaction of H2 and CO,,, appreciable water formed in the
vapor phase would cause formation of aggregates which then condense on the sub-
strate to form poor film.

In a flow reactor to be described latter in this report, the kinetics of Ai2v3
formation is far more important. unfortunately problems of this nature invt4ving
mass and energy- transports accompanied simultaneouslV with chemical reactions
is be'vond the scope of this contract. Thus study in this area has to be limited to
a few important parameters concerning the development of deposition process.
Parameters if preliminary interest include the growth rate, growth mode and
film morphology of Al203 with respect to temperature, type of diluent and the
ratio of C09 tc H2 etc.

4.0 DESIGN AND CONSTRUC'T'ION OF DEPOSITION SYSTEM

Tile deposition system for Al 203 consists of three major parts, namely, the
A1C1 3 evaporator, the gas feed system, and the reactor which is heated by a RF
generator. The sketch shown in Fig. 2 is the general set-up for the system. The
evaporator was made of a stainless steel pot with an air tight cover (Fig. 3).
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H2 + CO 2 " ' H2 O + CO	 (1)
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2AlC13 + 3H 20 " " Al20 3 + 6HCf (2)
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Fig. 1.	 Equilibrium constants of major chemical reactions as a "anction of reactio_ temperatures.
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Fig. 3.	 A1C1 3 evaporator.
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A perforated coil made of stainless steel was placed near the bottom of the
evaporator for evenly distributing the incoming carrier gas (11 2 ) while the gas
outlet port is situated near the top of the evaporator. To further insure even
distribution of the incoming carrier gas and to prevent AIC1 3 powder from falling
clown and blocking the openings, a thin layer of predried glass wool was placed
right on the top of the perforated stainless steel coil. The powder was then
loaded above the glass wool. Loading and unloading of the powder can be made
through the top of the evaporator with the airtight cover removed. After the
powder was loaded, a thick laver of moisture-free quartz wool was placed loosely
oil 	 top of the AIC13 powder but just below the AIC1 3 vapor outlet port to pre-
vent any dust from entering the feed line. To vaporize AIC13, the evaporator
was placed in an oven maintained at a constant temperature, 1150C.

The gas system was so designed that the gaseous reactants il 2 and CO2
would meet and thoroughly mix with the AIC1 3 vapor (carried by a small flow of
IL) ) before entering the reactor. An argon line was provided to supply argon gas
for flushing.	 All the ced lines thermally insulated to prevent con-
densation of AIC1 3 vapor. In addition, the gaseous reactants H 2 and CO2 were
preheated before mixing with the AIC13 vapor and entering the reactor.

The reactor itself was made of fused quartz tube 2.5" in diameter. A
silicon carbide coated graphite slab, heated by a RF coil, was used as sample
holder and also as susceptor.

The major difficulty of the system in the earlier stage was the conder.sation
of A1C1.3 vapor which leads to clogging of the lines. To eliminate this problem
the feed system was later modified to provide adequate thermal protection to the
entire feed line. All feed lines in the system were heated at least 150C to 200C
hi ther than that of the evaporator temperature. Another difficulty encountered
was the building-up of unstable pressure in the evaporator. This was overcome
later by replacing all the slip valves with straight opening valves.

5.0 MATERIALS AND DEPOSITION PROCEDURE

Materials available in high purity were chosen for the Al 2 03 deposition, in-
cluding anhydrous AIC1 3 powder, electronic grade %,0 2 gas, in-house purified
H,^ (99.9985(7o purity) andAr (99.998`,(, purity).

During the film deposition the following procedures were generally observed:

1. Flush the system and reaction chamberby argon gas for 15 minutes.

2. Flush the system and reaction chamber by hydrogen gas for 15 minutes.

3. Turn on IIF power, the substrate was then heated to the desired tem- '
perature. Depending on the final chosen substrate temperature, usually
10 to 15 minutes was needed to stabilize the temperature.

h
w
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4. Inject UO,^ 15 seconds prior to the injection of AIC1 3 vapor.

5. Inject AIC1 3 vapor.

At the. cna of deposition. the following steps were performed in sequence:

V	
6. Stop A1C1 3 vapor injection.

7. After approximately 15 seconds the injection of CO 2 is stopped.

8. One :Minute later, the RF power is turned off. Substrates are allowed
to cool-down to room temperature in the reactor under hydrogen
atmosphere.

During the initial study, only the substrate temperature was chosen as a
variable while keeping other conditions constant. The AIC13 evaporator was
kept at 1150C at which a vapor pressure of 4.5 mmHg of AIC1 3 may be obtained.

Since a large amount of H .) was used as the main carrier gas, the feed rate of CO.,
would be essentially determining the mode of chemical reaction at any given -
substrate temperature consequently predominating the film growth mode. In the
initial series of runs, excessive amounts of CO 2 were introduced to assure that
there would be adequate water in the system for complete hydrolysis of A1C13.

The representative deposition conditions for Al2 O3 films are shown in
Table I.

G.0 GROWTH MODE AND FILM MORPHOLOGY

For integrated circuits application, the dielectric films must be physically
homogeneous and free from pin holes or structural defects, all of which can
cause device instability. It is highly desirable to have a film of single phase so
that the film properties, both physical and chemical, can maintain uniformity
in every micro-spot. This requirement is extremely important to the reliability
of electronic device.

Al2 O3 films were chemically deposited under the general deposition conditions
in Section 5.O.Their growth mode was analyzed and the film morphology was
determined.

In general, films grown at 8500C or lower are characterized by having a
clear shiny surface which shows only a few "white spots" under the dark field of
a metallographic microscope. if examined under a phase contrast microscope,
the surface of the film looks as if it were composed of tiny spherical grains (Fig. 4).

6
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TABLE I. General Deposition Conditions

H2 (main carrier gas)	 20 1./min.

H2 (All Clvapor carrier gas)	 150 cq'Imin.

CO 2	400 cc/min.

Al Cl 3 evaporator temperature	 1150C

AlCl 3 feed line temperature 	 1400C

H2 (main carrier gas) + CO 2 pre-heat	 1400C

temperature

Substrate temperature	 Varies
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The grain size roughly depends on the substrate temperature. The higher the
substrate temperature, the larger the grain, hence the coarser the surface
appearance. It is evident that below 8500C the relatively slow water formation rate
tends to 1,vi ye rise to a homogeneous gas phase reaction. however, the possibility
of having some heterogeneous reaction can not be completely excluded due to the
presence of excessive CO9 which can enhance the water formation. Therefore
below 85000 although the Tilm is dominated by an epitaxial-like growth, the film
matrix containing some dispersed grains may be still observed. This is attributed
to the premature reaction occurred in the vapor phase. When the substrate tem-
perature was raised shove 9000C, the heterogeneous-gas phase reaction became
so prominent that tL . , cubic crystallites imbedded in the continuous matrix film
were observed. Cubic y - A1 9 O,1 crystallites were often observed in the films
grown at temperatures between 9000C to 10000C while needle like a - A1.>O3
crystallites were identified in the films grown at 11001C. Wren the grains were
large, the films appear less shiny and become milky, showing white spotty clouds
as typical surface texture under the clark field microscope. Films appear quite
haz' • when the y contain a large amount of heterogeneously grown crystallites. In
summary,	 of CO.., is present, the film growth is dcr.it-
nated by a chemical reaction at the substrate surface below the temperature of
85000, whereas at temperatures higher than 8500C, it is likely to be dominated by the
heterogeneous reaction in the gas phase.

7.0 FILM STRUCTURE

The structure of A1 ) O3 films was examined by an electron microscope. Glancing
electron diffraction revealed that ali the films deposited at temperatures higher
than 7000C were polycrystalline, except a few films deposited at 9001C and
10000C with a single crystal structure. (Figs. 5,6) The grain size ranged from
200X to 1000, depending upon the substrate temperature. Some line broadening
of the electronic diffraction patterns of films deposited at 700 oC anc' 7500C was
observed indicating the existence of amorphous, phase. The structure of 9000C
and 10000C films showed strong preferred orientation with ( 11 )1 in parallel to
the substrate surface of {100} orientation (Fig. 5), and some even showed
epitaxially grown single crystal of y - Al2 O3 pattern on (111) Si substrate (Fig. G).
In general, the crystal structure of the film as a function of the deposition tem-
perature may be summarized as:

Substrate Tem	
oTemp. ( C)	 700	 800	 900	 1000	 1100

AI,O3 Structure

Major phase	 Amorphous	 x	 y	 y	 y + a

Minor phase	 x	 y	 x	 of

The present observation of the structural change with the deposition tem-	 3
lx^raturc is more or less comparable with the process of dehydration of boehmite,
namely the fo rmation of partially dehydrated boohmite at temperatures lower than

8
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Fig. 5.	 Glancing electron diffraction pattern of some Al 2 03 films deposited at 9000C.
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8000C. As the deposition temperature increases, a transition from x - Al2O3
to metastable y - Al 2 O3 and finally to stable a - Al2 O3 occurs. There is no

clear-cut demarcation between transitions. However, in general, the x -4 y

transition occurred around 8000C while the y -+ cy transition occurred around

10000C.

8.0 FURTHER STUDIES OF GItOWTH MODE AND MORPHOLOGY OF Al2O3
FILM AT 9000C

For microelectronics applications. homogeneous, single modal, single phase
insulating films are most desirable. In addition, the film deposition temperature
should be as low as possible. Results obtained from earlier study shows that the
homogeneous single modal y phase Al 2 O3 film was formed at 9000C under suit-
able deposition conditions. Therefore, the effect of other process parameters
on the growth mode and morphology of the films were further studied at 9000C.

8. 1 Effect of CO2 /AlC13 Mole Ratio on the Growth Mode of Al20 

In this section the mode and growth rate of Al 2 O3 film were carefully studied
at 9000C as a function of the CO2 /A1C13 mole ratio. This temperature was chosen
because of the well identified y phase Al2 O3 film formation. By maintaining con-
stant flow of main, carrier gas (H 2 1 and the carrier gas for AIC13 (H2 ) (20 1/min
and 500 cc/min, respectively), the C09 /A1C13 mole ratio was varied from 15:1
to 90:1 by changingthe CO2 flow rate.

Experimental results are presented in Fig. 7, in which the film growth rate
steadily increases with an increas4ng CO 2 /A1C13 mole ratio. At low mole ratio
of CO2 /A1C13 , the Al2 O3 films were visually clear, indicating a single mode of
growth. However, if the CO2 /A1C13 ratio was increased excessively, a bimodal
film formed. When excess CO2 is contained in the gas phase, the amount of
water formed can be sufficiently high to cause a pronounced Al•) O3 formation in the
gas phase rather than on the substrate surface. Experience from experimental
observation indicates that the ratio of CO.^/A1C13 approximately at 20:1 appears
most satisfactory in the existing system.

8.2 Effect of AIC1 3 Concentration on the Growth of Al 2 O3 Film

The ratio of main carrier gas over AIC13 carrier gas is another factor to
control the reaction rate. The higher the main carrier gas flow rate, the less

the concentration of AIC1 3 in the gas phase thus lowering the reaction rate. At
9000C, the satisfactory ratio of main carrier gas over AIC1 3 carrier gas is
approximately 30:1 when the AIC1 3 vaporized at 1150C. If the substrate is heated
to a higher temperature, th i s ratio must be increased correspondingly, other-

12
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wise a single modal film growth would not be maintained. This is illustrated by
the following example. At 1000 0C and CO,,/AIC1 3 = 18:1, the A1.03 film pre-
pared was found to be of bimodal growth under the ratio within 70 for the main
carrier gas over AIC1 3 carrier gas. But when this ratio was doubled, the film
appeared to be of single modal growth. Thus, at high deposition temperature,
it is important to properly dilute the AIC1 3 concentration to prevent any possible
earl y formation of A1.,03 in the gas phase.

8.3 Effect of Argoi, Gas on the Growth of A1,,O 3 Film

A study was conducted by substituting A for H` as the main carrier gas.
It was found that the complete substitution of A for H.-) tends to substantially
decrease the film growth rate from — 150 X /min. to _ 20 Urnin. , when
other conditions were kept unchanged.

When a mixture of H,, and A was admitted as the main carrier gas, the
growth rate of the A1,_) 03 film increased. Results indicated that the growth rate
of A1;,03 film increases linearly with increasing H 2 concentrations in the gas
phase as shown in Fig. S. High A concentration appears to produce two effects.
First, the gas phase reaction seems to be depressed; and second, the single modal
growth is likely to extend to a higher substrate temperature. The stoichiometry
of the _11.,03 may differ when using H.) as the sole carrier gas. This sort of
speculation needs additional experimental study.

8. 1 Effect of Helium Gas on the Growth of A1:,03 Film

The effect of He on Al 2 033 film was investigated. It was found that the film
growth rate decreases linearly with increasing He content in the main carrier
gas. Results are shown in Fig. 9, in which the He content was varied from 10%
to 90`( and the re:,pective growth rate varying from 95 to 40 X/min. The film
quality appears poor and non-uniforrr, when the He content exceeded 9076. Its re-
fractive index is approximately 1.745 independent of He content in the carrier
gas.

3̀ . 0 STRUCTURAL COMPARISONS OF A1 9 03 FIL1I DEPOSITED ON O\1DIZED
AND NON-O\aDI1L ED Si SUBSTRATES

The structure and appearanre of the Al, )03 films deposited on oxidized Si
substrates differed markedly from that on bare Si-substrates. The amorphous-
crystalline phase transition temperature of the Al 203 films deposited on oxidized
Si is higher than those deposited on bare Si because of the structural difference
in substrates. For the same reason, single crystal Al 2 03 film was never observed
on oxidized substrates even though preferential orientation has been found in some
films.
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The topograph of the A1, ) O3 films deposited at different temperatures on
oxidized and bare Si suhstrates was investigated by using the scanning electron
microscope, SEM. Samples al, bl and cl were deposited on bare Si substrates
and a2, b2, and c2 on oxidized substrates. The deposition temperature for
s;unplcs al and a2 was 10500C, hl and b2 at 900 0C, and cl and c2 at 7000C.
Figure 10 shows the SEM topograph magnification at 100 and Fig. 11 at 10, 000.
Note in Fig. 10. that all samples appear to be smooth. However, under high
magnification, the topographs differed markedly from one sample to another.
In general, high surface asperity was observed on films deposited at high tem-
perature and on oxidized substrates. A sectional SEM micrograph of a 2.5p
film grown at 1100 0 C was shown in Fig. 12. Its columnar grain structure typical
of thick films of pyrolytic materials is readily ol,servable.

10.0 GROIXTH RATES OF Al 2 O3 FILMS

The growth rate of Al 2 O3 film was studied as a function of substrate tempera-
ture and A1C13 injection rate. In Fig. 13, the Al 2 O3 film growth rate is plotted
against the reciprocal of absolute deposition temperatures. The sharp break at
approximately 8500C suggests that two distinctive film growth mechanisms may
exist in the temperature range of 7000C to 11000C. The apparent activation
energy for the deposition in the lower temperature range is about four times as
large as that in the higher temperature range. At lower deposition temperatures
it is possible that the surface reaction is responsible for the film growth thus
requiring higher activation energy. Whereas, at higher temperatures the con-
densation of A1 90  from the gas phase appears dominating the film growth.

The growth rates were also studied at 750 0C and 10000C as a function of the
amount of AIC13 vapor introduced into the reaction chamber with the CO 2 in-
jection rate kept constant. At 7500C, the film growth rate, after a short in-
cubation period, was more or less independent of the injection rate of A1C13
vapor, indicating the H.,O formation rate as a limiting factor to the film growth.
On the other hand the deposition rate at 10000C increased continuously with
increasin-Y A1C13 injection rate, confirming that the condensation of Al 2 O3 from
the gas phase predominated the film growth at high temperatures. The growth
rates at respective temperatures 7500 and 10000C as a function of A1C13 feed
rate were shown in Fig. 14.

11. 0 GENERAL PROPERTIES OF Al2 O3 FILMS

11. 1 Etching Rates in Hot Phosphoric Acid

Al,,O3 films grown at 7000C and 7500C dissolve readily in hot phosphoric
acid. The etching rates were too fast to be measured. Etching rates of films
grown at other temperatures are shown in Fig. 13. As illustrated, 850 0C seems
to be a transition temperature.

17
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al	 60-3 ' OX

bl	 66-7 IOOX

cl	 54-3 IOOX

o2	 60-6 10OX

b2	 66-6 IOOX

c2	 54-7 IOOX

Fig. 10. SE's1 micrograph of the surface of Al 2 03 films deposited at various temperatures. Magnifications
X100. al and a2 deposited at 10500C; bl and b2 deposited at 900 oC; cl .,nd c2 deposited at

7000C. al , bl and cl without Si02 underlayer; a2, b2 and c2 with Si0 2 underlayer.
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at	 60-3 10,000X

bl	 66-7 10,000X

Cl	 54. 3 IU,000X

a2	 60-6 10,000X

t.

b2	 66-6 10,000X

C2	 54-7 10,000 X

i ig. 11. SDI micrograplu of the surface of Al 203 fihns. Same as that shown in Fig. 4 but at much
higher magnification: X10,000.
al and a2 deposited at 1050 0C, bl and b2 deposited at 9000C; el and e2 deposited at 7000C.
al , bl, and cl N%ithout SiO2 underlayer; a2, b2, and c2 with SiO2 urtdcrlaycr.
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11.2 Etching Rate in 48% HF Solution

Films grown at 700 
0 

C  and 7500C dissolve it 48% HF readily. However, all
the films grown at temperatures higher than 800 oC were practically non-etch-
able by 48% HF. Films left in HF folution for 110 minutes at room temperature
shots no signs of being attacked.

11.3 Index of Refraction

Index of refraction, n, of the Al2 O3 films deposited at various temperatures
were measured by ellipsometer. In general, the index of refraction of the films
deposited at or below 7500C was fo , ind to be 1.66 while it was found to be 1.73 to
1.76 for the films deposited at or ab-)ve 8000C. No general relation between the
deposition temperature and the index of refraction of the Al 2 03 film could be
found.

11.4 Dielectric Constants and Dielectric Strength

The dielectric constants, K, of Al 0 3 films were calculated from the capac-
itance of the MAS measurements. With the exception of 800oC film
where k = 20, the dielectric constants of Al 2 O3 films are in the range of 6.8 to
11.0 with a statistical maximum at 10.0 and appear to be independent on the de-
position temperature. The variation in K values of Al 2O film might be at-
tributed to the difference in degree of preferential orientation and the extent of
crystal imperfections. The dielectric breakdown strength of the Al2 O3 films is
approximately 9 x 10 6 /cm or higher. This breakdown strength does not appear
to bear any quantitative relationship with the substrate temperatures.

11.5 Infrared Spectra

The infrared transmission spectra of the films deposited at various tem-
peratures were measured by Beckman IR-10. Results are shown in Fig. 15
absorption bands beyond 11.Oµ are observed, which agrees with the findings of
Harris. 4 It is noted that the films deposited at higher temperatures show several
strong peaks, in particular at 13g, 19.811, and 2911. These peaks are generally
absent in the spectrum of sputtered amorphous Al 20  films. 5

11. 6 UV Absorption Spectrum

An UV absorption spectrum of film deposited on a quartz disk at 750 0C was
taken using Beckman DK-2. It shows a strong absorption band around 1880X
with the high energ y edge at about 1820X and a prolon ed low energy tail extended
to 1950X. Two weak absorption bands peaked at 2700 and 42u,uX, respectively,
were also observed.

I`
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Fig. 15. Infrared absorption spectrum of pyrolytic Al 2 03 films deposited at various temperatures.
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11.7 Diffusion Masking Effect

The masking effect of Al 0
,

film prepared at 9() 1)oC against the diffusion of
common dopants such as P, S, and Ga was investigated. Diffusion was carried
out individually in sealed capsules for 70 minutes at 1050 0C for P, 60 minutes

at 110000 for B, and 70 minutes at 1100 0C for Ga. Diffused junction depth was
determined by the bevel-delineation method. Several Al 2 O3 thicknesses were
used for each diffusion species. The results are shown in Fig. 16. The All O33 films,
effectively masked P-diffusion but not the B-& Ga-diffusion. Thick Al 2 O3 filins

did not help mask B-& Ga-diffusion because thick films tend to have a well de-
fined columnar grain structure. The preferred grain boundary diffusion sug-
gested a rugged junction as shown in Fig. 16.

12.0 Na RETAINING ABILITY OF Al2 O3 FILMS

Two samples consisting of composite films of Al 0 3 -SiO2 were prepared.
One sample designated as 12 Al has 45008 thermal S102 and 1000 Al2 O3 and
the other, 7 AI has 80OX thermal SiO2 and 120OX Al 2 O3 . These samples were
then deposited with NaCl so that the surface concentration of Na contamina-
tion was approximately 10 13 atoms/cm2 . This was done by first evaporating
0.5 ml of 0.0005 mole NaCl solution in a tungsten boat and then vacuum vaporiz-
ing the salt onto the films. Finally the MAOS samples were prepared using Al
metallurgy as done by standard methods. The VFB and NFB of these samples
were calculated from the measured C-V curves under temperature bias treat-
ments. Results were presented in Table II. Data indicated that these Na con-
taminated samples tend to increase the negative V FB , independent of the film
thickness. As compared with the data from non-contaminater' samples pre-
pared in runs 10 Al and 5 Al-2 having comparable film thickness as 12 Al and
7 Al, respectively, the increment of negative V FB of these Na contaminated
samples is approximately 3 volts. Consequently there is an increase of nega-
tive surface charge at the silicon surface of about 6 x 1011 charge/cm2 . It is
further noticed that both V FB and NFB of these Na contaminated samples did
not snow any substantial change even after prolonged heat treatments, indicative
of excellent film stability. After these samples were under temperature bias
treatments (applied voltages ranging from + 5 to + 30), the thin composite film
(7 Al) was found to have a maximum VFB shift of - 1.4V and the thick compos-
ite (12 Al),- 3.OV. The change of surface charge density, (-A N FB), for both
samples were in the order of 10 11 charge/cm2 . Results from above measure-
ments strongly suggest the low mobility and high retaining ability of Na ions in
Al2O3 film. These results confirm previous finding in the Na isotope diffusion
experiment. 16
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Fig. 16. Microphotographs of the beveled and stained cross-section of silicon wafers, with or without
Al 2 03 covered, after diffusion treatment. 	

0
Photo (1). Phosphoroous capsule diffusion. A. blank wafer; E. 1500A Al 2 03 covered;

C. 3300A Al2 03 covered.

0
Photo (2). Gallium capsule diffusion. A. B, C. Same as photo (1). D. 5300A Al203

covered

Photo (3). Boron capsule diffusion. A, B, C, D. Same as photo (2).
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TABLE II. V FB and N FB of No-Contaminated Samples.

A. Sample 12 AI, .000 4 Al 2 O 3 + 4500 ^ Thermal SiO2

Temp. - Bias Test
VFB NFB V FB NIN

No. of Test (in dry N 2 )
/cm2) (V) (charge/cm2)Sequence Temp./Time Bias (V) (charge

1 As Received and -6.5 -3.14 x 10 1 -3.2*
*

-4.4 x 1010
No Contaminated

200oC/30 min. 0 -6.0 -2.74 x 10 11 +0.5". +4.0 x 1010
2 200oC/30 min. +5 -7.8 -3.56 x 10 11 -1.8 -8.2 x 1010

200oC/30 min. 0 -6.0 -2.99 x 10 11 -0.0* * -2.5 x 10 
10 **

3 200oC/30 min . +30 -9.0 -4.49x 10 11 -3.0 -15.0 x	 1010

200aC/30 min . 0 -6.0 -2.79 x 1011
-0.0**

-0.5 x 10 10
4 200OC/30 min. -5 -6.0 -2 .79 x 10 11 -0.0 -0.5 x	 1010

200oC/30 min. 0 -6.0 -2.79 x	 10 11 -0.0** -0.5 x 1010**
5 200aC/30 min. -30 -6.0 -2.79 x 10 11 -0.0 -0.5 x 1010

6
200oC/150 min. 0 -7.8 -3.56 x 10 11 -1 .8 -8.2 x 1010
200oC/ 150 min. +30.0 -7.8 -3.56 x 10 11 0.0 0.0

7
200oC/150 min. 0 -7.8 -3.56 x 10 11

-2.79 x 10 11
0.0**

0.0**

+8.2 x 1010200oC/150 min. -30.0 -6.0 +11.8

•
Compared with the VF B and N F B of yon-No contaminated Sample 10 Al which has VFB and NFB
of -3.3V and -2.7 x 10 11 charge/cm , respectively .

Compared with the corresponding values of those of as received No-contaminated sample .

B. Sample 7 Ad 1200 X Al 2O 3 + 800 a Thermal SiO2

1	 As received -4.2 -7.03 x 10 11 -3.16* -5.03 x 1011'
No T-B Test

200oC/30 min . No -4.0 -6.34 x,10 11 +0.2** +6.9 x 1010 **
2	

200oC/30 min. +5 -4.2 -6.8 x 10 11 -0.2 -5.4 x 1010

200oC/30 min. Nc. -3.7 -6.06 x 10 11 +0.5** +9.7 x 1010
3	 200oC/30 min. +30 -5.1 -8.37 x 10 11 -1.4 -2.3 x	 1011

200OC/15G min. No -4.2 -7.00 x lu ll 0.0** +3.0.,( 109 **

4	 200oC/150 mir. +30 -5.5 -8.79 x 10 11 -1.3 -1.79 x 1011

r
Compared with the VF g and N FB of Non-No contaminated Sample 5 AI-2, which has V FB and NFB

of -1 .04 V ana ?.0 x 10 1	respecti ve!y .

Compared with the corresponding values o` those of as received Na-contominnf ea sample.
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i

13.0 SU11FACE CHARGE OF MAS (A1-Al^0 3 -Si) AND MAOS (Al-Al203-Si02-
Si) SYSTEMS

The insulator-semiconductor interfacial charge property of MAS and MAOS
systems has been studied by measuring the C-V characteristocs of MAS and
MAOS capacitors. 6 The surface charge densities of these two systems were
studied as functions of substrate temperature, CO 2 /A1C13 mole ratio and the
composition of main carrier gas. The effect of biasing at elevated temperatures
(temperature bias test) and past deposition annealing on the surface charge den-
sity of the systems were also studied. In general, regardless of the dopant
type and the substrate orientation negative charge was always found in the in-
sulator of MAS samples. On the other hand, positive charges were found fre-
quently in the insulator of MAOS samples. Only occasionally the negative charge
was observed in the insulator of MAOS s, jtem. This is believed due to the
nature of the Al203 -Si02 interface.

13. 1. Effect of Substrate Temperature on the Surface Charge Density N FB of
MAS System	 i

Figure 17 shows a typical C-V curve of the Al 203 films deposited at tem-
peratures higher than 800 0C. As can be seen, in contradiction to the findings
in the MOS (metal -Si02-Si) system in which the insulator is positively charged,
the flat band voltage, V FB , in the MAS system is positive, indicating the in-
sulator is that negatively charged, and the silicon surface is positively inverted.
This is in agreement with the findings of Aboaf 7 and Matsushita and Koga. 8
Generally, except that of the Al 203 films deposited below 7500C, the C-V curves
of Al203 films deposited at higher temperatures are fairly stable at room tem-
perature and exhibit only minor trapping type hysteresis.

Table III presents the calculated data of flat band charge densities N FB of
A1 9 03 films deposited at temperatures from 750 0 to 10500C. It appears that in
the temperature range from 800 0C to 10500C, NFB is more or less dependent
on substrate temperature. The positive flat band voltages are indicative of
negative charges in the film and positive charge on the silicon surface. This is
so-called-"P-type invert" of the silicon surface as just mentioned.

13.2 Effect of the CO2 /AlC13 Mole Ratio

Table IVsummarizes the VFB and NFB data of the Al203 films deposited in
a reactant gas containing different CO 2 /A1C13 mole ratio. Since hydrogen was
used as main carrier gas, any changes of CO 2 /AIC I mole ratio will corres-
pondingly alter the concentration of CO2 in the gas phase, consequently affecting
the kinetics of water formation.

As a predominant rate controlling factor for film growth, the kinetics of
water formation may significantly affect film properties. This study was con-
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**
TABLE III. Effect of Substrate Temperature on NFB

Sample Wafer
Substrate Temp .

(oC) VFB(V) NFB('/cm2)

21-8 P	 (100) 750 +4.5 12.7 x	 1011

10-6 N	 011) 800 +11.7 7.4 x	 1011

15-6 N	 000) 850 +2.92 8 .4 x 1011

19-8 P	 (100) 950 +3.6 11 .0 x	 1011

17-6 P^ (100) 1050 +2.8 8 .7 x 1011

*
C-V curve shifts readily at room temperature. The inaccuracy of
N FB is hig for films deposited at 750 0C .

**Flow rate: H 2 (main carrier gas) = 20 1/min, H2/AIC1 3 = 150 cc/min
 = 400 cc/min.
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TABLE IV. Effect of CO2 AlCl 3 Mole Ratio on NFB.

A. Al 20  Fi Ims Deposited at 7500C .

S ample CO2/AIC13 VFB(V) NFB(1/cm2)

21-8 M +4.5 +12.7 x 10 11

22-6 248 -0.52 -1 .82 x	 10	 11

23-6 205 -0.52 -1.80 x 1011

24-6 154 -4.6 -17.0 x 10 11

25-6 145 -0.65 -2.0	 x	 1011

B . Al 2 O3 Films Deposited at 9000C .

Sample CO2/AIC13 VFB(V) NFB(1/cm2)

42-7 18.5 +1.95- +2.15 +5.33- +5.85 x 1011

65-7 24.6 +2.28 +5.46 x 1011

45-7 40.0 +1 .95- +2.67 +4.6- +5.92 x 1011

46-7 49.3 +3.25-+3.8 +6.2- +7.2 x 1011

47-7 61.7 +3.9-+4.36 +8.13- +9.2 x 1011

48-7 92.5 +5.72- +6.11 + 13.0 - + 13.7 x 1011

„49-7 • 123.0 +0.65-+2.6 + 1 3. 0 - + 49.4 x 10 11

I'
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ducted at 7500 and 9000C. Only limited data are available for comparison. It
appears that at 750 0C there is no definite correlation between flat band charge
density and the CO3) /A1C13 ratio varying from 145. 1 to 310.1 (Table IVA;. For
films prepared at 900 0C, NFB increases steadily with increasing C09/A1C13
mole ratio (Table IVB). The chargc density is generally related to the degree
of film imperfection; films having more imperfection should exhibit greater
charge density. This is probably true for Al 203 films prepared with a large
CO2 /A1C1 3 mole ratio.

13.3 Effect of the Main Carrier Gas on NFB

Based on the experimental results, it was found that partial substitution of
A for H2 as the main carrier gas has drastically reduced the N FB of the MAS
samples. As shown in Table V, when film was deposited in a main carrier gas
having H2 content less than 15%, the NFB of MAS sample was as low as 1010/cm2.
When the H2 content in the main carrier gas exceeded 20%, the NFB of the
A1^03 filr.' was increased by one order of magnitude. The effect of the type of
wafer on NFB was also noticeable in using A as the main carrier gas. Results
also strongly indicate that the Al 203 film on P-type wafer has a smaller NFB
than that on a N-type wafer.

13.4 Flat Band Voltage and Charge Density of MAOS Samples 	 i

The flat band voltage and charge densities of MAOS samples were measured.
I_	 The results are presented in Table VI. The composite layer of Al 203 over low

temperature pyrolytic SiO 2 exhibits the highest N FB , while the Al 2 03 over in-situ
Si02 composite film has the lowest N FB . With the exception of one sample, the
flat band voltages of all the samples containing composite films of Al 203over
thermally grown SiO were negative. The charge density ranges from 2.0 x 1010
to 2.6 x 10 11 per cm^. As shown in Table VIC, the apparent turn-on voltage,
VT of the composite film (Al 2 03 over in-situ thermally grown Si02 ) is less
than + 1.0 volts. This makes Al 2 03 films quite attractive for gate insulator
application in FET devices.

13.5 Effect of Temperature-Bias Treatment

Resulta from preliminary study of the temperature-bias treatment of the
Al203 and the Al 203 over Si02 composite films reveal that, the VFB and the
NFB of the MAS change only with positive temperature bias, whereas that of the
A1ACS, with negative temperature bias only (Table VII.).

0otained by extrapolating the "knee" of C-V curve to absissa.

r^.
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TABLE V. Effect of A Carrier Gas on NFB'

Sample Wafer

Carrier Gas

H2(%)	 A(%) VFB(V) NFB('/cm2)

102-3 P	 (100) 15 85 -0.26 +0 .14V -6.8- +3.7 x 1010

133-5 P	 (100) 20 80 +2.6 +6.7 x 1011

48-7 P	 (100) 100 0 +5.72	 +6.11 +1 .3- +1 .37 x 1012

102-6 N	 (100) 15 85 -0.26	 -0.45 -6.64- +1 .15 x 1011

103-4 N	 (100) 20 80 +4.5 +4.9 +1 .2- +1.3 x 1012

Note: Deposition condition: substrate temperature = 900 oC; H 2/AIC13 = 500 cc/min;
CO, = 200 _t/mi n .
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TABLE VI . V FB and N FB of MAOS (Metal-AI 203 - Si02 Si) Structures.

A . Al 2 0 3 over Pyrolytic Si0 2 . .

Film (R) Sub.Temp.
NFB(1 /cm2)Sample Wafer Si02 Al 203 (aC) VFB(V)

88 P	 100 1200 1000 900 -7.0 -1.3x	 1012

60-5 P	 100 1900 1000 1050 +4.6 +7.0 x	 1011

Deposition tempera t ure 475o C .

8 . Al 2 03 thermally Si02.

Wafer
Film (R) Sub .Temp

(oC) NFB(1/cm2)Sample S 0 2 Al 203 VFB(V)

40 N	 100 4000 1200 900 +0.25 +2.1x	 1010

55-7 P	 100 4000 1200 900 -2.6 -2.6 x	 1011

65-4 N	 100 500 2000 900 -1.3 -1.5 x	 1011

65-2 N	 100 1000 2300 900 -1.95 -1.8 x	 1011

86-9 N	 100 4500 1500 900 -3.3 -2.6 x	 i0 t 1

87-5 N	 100 780 1500 900 -1.04 -2.0 x	 1011

C. Al 2 03 over in-situ Si02 " (substrate temperature 9000C)

Wafer
film (^).

NFB(I/cm2)Sample SiO 2 Al 203 VT(V) VFB(V)

91-2 P 100 500 500 +0.6 0.2 +4.75 x	 1010

91-5 P 111 5J0 500 10.01 -0.4 -1.05 x	 1011

94-3 P 100 500 3000 + 1 .5 -0.3 -4.4 x 1010

94-4 P 1I1 500 3000 -1.6 -2.4 -3.4 x	 1011

95-5 P 100 1000 500 40.4 -0.14	 0.12 -2.8- + 2 .0 x	 1010

95-3 P 100 1000 500 +0.01 -0.52 -9.5 x 1010

* Dry oxygen at 10000 C .
IP
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TABLE	 VII. Effect of Temperature- Bias Treatment.

Film Temp. 2
Sample Wafer S'02	 Al 2 O 3 Bias AVFB(V) 0 N FB(1/cm )	 i1

65-7 N	 (100) 0	 200) - 0 0

+ -3.04 -7.4 x 1012

65-4 N	 (100) 500	 2000 - +2.6 +6.2 x 1011

+ 0 0

65-2 N	 (100) 1000	 2300 - -1 .6 -1 .6 x 1011

+ 0 0

Note: "-'' -30 volts at 2000 C for 30 min in dry N2
+30 volts at 2000 C for 30 min in dry N2
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13. G Effect of Post Deposition Heat Treatment

The objective of post-deposition heat treatment is to make the film more
liomogeneous, to reduce the surface state charge and to minimize the space
charge density. In some instances the chemical stoichiometry might even be
innproved and lattice defects can be reduced. This has been demonstrated
in the case of thermally grown SiO 2 layer on s ilicon. In Al2 03 -SiO2 composite
film the interfacial structure as well as its stability becomes extremely import-
ant. Thus we have conducted some limited experiments studying the effects of
N'FB and NF B resulting from post-deposition heat treatment.

_ T^vo sets of samples, each consisting of N (100), N (111), P (100) and
P (111) silicon wafers, were annealed in nitrogen at 550 0C and 800 0C for half
an hour, respectively. These temperatures were chosen so that no possible
structural transformation of Al 2 03 film from y to a phase would occur during
annealing. This structural transformation was noted to take place at approxi-
mately 950 3C. (Sec. 7.0) After annealing, samples were cooled in air. Metal-
Insulator-Si (AIIS) capacitors were then made and C-V curves were plotted. The
flat band voltage, VFB , deduced from the C-V curve of the samples, before and
after annealing, are presented in Table VIII. In the same table, the voltage shift
of the C-V curve due to s *rface charge only, V q , and its change due to annealing
AVq , a -e also presented.

As noted in Table VIII, after 300 0C annealing, the change of V values in the
MAOS system appears larger than that in the MAS system wherAhe change of
surface charge in the Al 2 03 films deposited on (100) wafers appears higher as
compared with that on the (111) wafers. Furthermore, as result of 800 3C anneal-
ing, the silicon surface of the MAS samples of (100) orientation tends to be more
P inverted. However, annealing in N 2 caused an increase in the positive charge
in the insulator in the MAOS system which is different with the findings in the
MOS (metal-Si02 -Si) system. 9, 10 The reduction of the surface charge in the
BIOS system (or a decrease of positive charge in the insulator) was interpreted
as the result of a modification in the structure of the Si0 2 -Silicon interface. 11, 12
Since the same type of atomic bonding exists across the insulator-silicon inter-
face in both the MAOS and MOS systems, a reduction of the surface charge should
also be observed in the MAOS system if annealing in N 2 exerted the same effect on
the MAOS system as it did on the MOS system. Therefore, in the MAOS system the
increase of surface charge indicates that a different charge modifying mechanism
was functioning. However, due to limited data available, the findings can not be
more conclusive at this time. More exploratory work in this area would be valua-
ble to better und:rstand the characteristics of Al 203 over Si02 composite film for
the gate insulator of IGFET.

See Appendix A
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TA I  V:II. F f.cf rd ►a.f Dq aM a 11rr 7rr6rnl on S 4.w F4.Wy o1 MAS .nd MAO  S..i1w

A. MAS b.pl. r

S."I.

1.6- 4- A

146-4- 8
146-4-C

146-1-A
146-1-8
146-1-C

14t-2-A
146-2-8
I46-2-C

146-3-A
146-3-6
146-3-C

Mblw	 Ir.Walw

n	 c 100 •	 AI2O3
n ( 100 1	 Al 2O3

n ( 100 1 	N2O3

n	 ( III)	 A)2O3
n (111)	 AI2O3
a (nt>	 N2O3

p	 ( 100)	 A	 0
p	 ( 100 i	 AI2O3

p	 ( 100)	 Al 2O3

p	 (111)	 Al 2O3

p	 (111 1	 Al207
p 	 fill >	 Al 2O3

11..r Trrlwwnr

ro
a
6

ro
a
b

ro
a
6

ro

b

VF11 V)

•	 1 . I7
1.78
2.17

• 0.2
• 0.05
-0.2

• 0.66
1.20
1.27

- 2.17
2.70

-	 2.11

VOIV)

• 1.45
• 1.70

7.45

• 0.52
• 0.57
•0.12

1.58
:.10

• 2.17

- 1.27
- 1.40
-	 1.21

6 VOIV)

-
• 0.25
• 1.00

-
-0.15
- 0.40

-
• 0.52
• 4.99

-
- 0.17
• 0.06

Non:	 •	 c annrl.d or S50aC for 70 n. i-we in N2
b =	 enr.fal.d or SW *C far 30 Ti-f.r in N2

ro = Ard"If.d
••	 a V0 • V0 a ronpl. '8" w "C"	 minty V 0 of	 .Vi.

S.	 MHOS S..Wl.r

$arrpl. w f.r	 1r	 1orw	 H-1 Trr6rl.nr • VFB(VI VOIV) 'V0 ^(V3

160- C p f 100 1	 500 R A2 2O3 • ro - 0.10 • 0.80

400 R 902

160-6 p ( 100)	 300 R	 A' 	 • o - 0.95 - 0.05 -0.85
100 R 9o2

160- A p	 ( 100)	 500 R Al 2O7 • b - 1.15 -0.30 - Lk

100 R 902

161-1-A n	 ( 100)	 660 R A) 2O3 • ro • 0.40 • 0.72
760 R 902

161-1-8 n	 ( 100)	 640 R A) 2O3 a • 0.45 • 0.75 • 0.03
760 R 902

161-1-C n (100, 	 660	 A) 2O3 • b - 0.45 -0.13 -0.85
760 R 902

161-4-A n ( Ill'	 640 R	 Al 2O3 ro - 0.90 - 0.56
760 R	 902

161-4 b n r Ill	 640 R AI 2O3 o - 0.75 -0.43 • 0.15
760 R SO2

161-4-C n	 r 111 `	 640 R	 A) 2O3 b - 1.75 - 1.07 - 0.45

760 A 9O2

161-2-A p '100 ,	640 R A 2O3 • ro -0.10 • 0.80

760 R SiO2
161-2-8 p ( 100 `	 640 R	 AI 2O3 a -0.15 0.75 - 0.05

760 R	 902
161-2-C p t 100	 640 R	 AI 20., • b -0.90 • 0.00 - 0.80

760 R	 So 2 

161-} A j f Ill	 640 8 Al 2O3 • ro - 1. A - 0.70
760 R SO2

161-}8 p	 111 •	 640 R x 207 • a -	 1.15 - 0.20 •0.10
760 X SO2

161-3-C v	 111'	 640 A	 Al2O3 •
b -	 1.95 - 1.05 -0.75

360 R SO2

Nor. Some mrninp a it M. ror. a fable I Par A.
•• Som..w	 N .. in d.* nor. of Table I Pere A.
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1.4. 0 APPLICATION OF COMPOSITE AL-1 03 -Si02 FILM IN IGFET AS GATE
INSULATOR

14.1 Device Wafer Fabrication

In order to investigate the actual performance and merits of Al„03-SiO2
gate insulator in integrated circuits applications, a test device of one-bit shift
register, n-channel FET circuii, designed previously 15 , had been used. Each
circuit is located 0.032” apart, and consists of six FET, essentially of a flip-
flop type. The circuit was so designed that each FET can be individually tested.
The circuit has an overall size of 0.018" x 0. 020". Figure 18 shows the circuit
diagram and Fig. 19 represents its actual layout.

In preparation the devices P (100) silicon wafers, chemical-mechanical
polished,were used. The wafers used for the first two batches of device wafers
had resistance of 212 -cm. Approximately 5000X Si0 2 were first thermally grown
on the well cleaned wafers, and the source and drain window patterns were care-
fully opened by conventional photo-etch methods. Phosphorus diffusion for the
source and drain was coitclicted in an open tube at 970 0C. The junction depth of
source and drain was controlled at approximatel y 1.5p and the sheet resistance
after phosphorus diffusion was approximately 50 / q . As indicated before, the thin
composite film of F 1 203 -Si0 has a low surface charge densit y and low apparent
turn-on voltage of less than 1.OV. Therefore, in the initial study, a composite
film of 50OX A1 9 03 over 50OX Si02 was arbitrarily chosen for gate insulator in
the intended IGFET device preparation.

The first two batches of one-bit-shift register device wafers were completed
in late March. Unfortunately, due to excessive circuit shortings and leakages
found in most of the devices, they were discarded. A third batch of device wafer
was then initiated observing rigid precautions in every step of processing, and
this batch was completed in late April. In fabricating the third batch of the devices,
140-cm P - (100) Si wafers were used. The N+ regions of the discrete device
were formed by open tube phosphorous diffusion at 970 0C. In these two regions,
the surface concentrations of phosphorous C o , are both 3.8 x 10 20 atoms/em3
with a depth of 1.5	 The composite gate insulator in this case consisted of 50OX
of Al 2 03 over 500r in situ Si02 grown at 10000C. During the device wafer fab-
rication, some difficulties such as mask alignment, gate region etching, etc.
were encountered. Excessive undercuts often resulted from overetching which
produced leaky devices.

37



Vg

VLG

DATA
OUT

DATA
I N

u

b

Fig. 18. Circuit diagram of one-bit shift register circuit. (Ref. 15).

Fig. 19. Mask layout for one-bit shift register circuit. (Ref. 15).
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14.2 Performance of Al 2 O3 -SiO2 Gate IGFET

The set-up for do characteristic measurement is shown in Fig. 20. A
Textronic type 575 transistor curve tracer was used for tracing the I d versas
N'd curved. The source of the discrete FET was always grounded while the
substrate was either grounded (zero substrate bias) or negatively biased by
a constant do voltage supple. All the FETs were normally at the "on" stage
when the substrate ,vas grounded (zero substrate bias, i.e. , V sub = 0.)
Figure 21ashows a t ypical family o^ vs Vd curves obtained from a discrete
FET in the circuit where the gate voltage Vg was increased 0.2 V per step.
Figure 2 l throa gh 21c show the families of curves of Id vs V d of the same
device but at various substrate bias levels (Vsub). As expected, a larger turn-
on voltage or threshold voltage, V t , was needed to turn on the device when the
substrate was more negatively biased. Data on the trans conductance * as shown
in Table I1 was calculated from the I d vs I'd curves according to the following
equation, using a saturation Id formula.

a Id
in 	 V

g 
`'d = constant

In the same table, the turn-on voltages, N't , of the device at various substrate
bias were also included. The turn-on voltages were obtained ')y extrapolati
he curves of channel conductance vs gate voltage to intercept the abscissa. Nal 

The average experimental value of the dielectric constant of pure pyrolytic
Al 2O3 film (y -phase, deposited at 900 0C), KAl2O3 obtained in this laboratory is
10.0. Assuming Al 20  and SiO2 films in the Al 20  + SiO2 composite film (double
layer) act as two independent capacitors in series, the "theoretical" dielectric
constant, K, can be calculated, using KAl2O3 = 10.0 and KSIO2 = 3.9.13b K
thus obtained is 5.7. Based on this value of K, the effective electron mobility,
µeff, of present A1 903 + SiO2 gate FET with suhstrate grounded was calculated
from its trans conductance and is found to be 518 cm2 /v-sec. The ratio of the
effective electron mobility of present Al 2O3 - SiO2 gate FET and that of intrinsic
silicon, µeff/µbulk is therefore 0.385. (µbulk = 1350 cm2 /v-sec. [Ref. 13]).
This is slightly smaller than the finding of Leistiko, et al 14 from a MOST.
However, the experimental value of K of the composite film of comparable
thickness (500X Al 2O3 + 500X Si O2 ) was found to be 5.0 from the C-V mea-
surement of a MAOS capacitor. If this "measured" K value was used, the cal-
culated µeff for the same FET will then be 590 cm 2 /v-sec. This is equivalent
to a µeff/µbulk ratio of 0.438 which is in agreement with the maximum µeff/
µbulk ratio found by Lestiko, et al. in a MOST.

Direct comparison with n-channel SiO2 gate and/or Si 3N4 + SiO2 gate FETs
of comparable geometric dimensions and gate insulator thickness is not possible
since no data from the latter is available.

10

* Taken at Vg - Vt = Vdsat = 2. 1 volt for Vsub = 0.0 volt. 	 39
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Fig. 20. (a). DC measurement setup.
(b). Grounded-source characteristics of the IGFET.
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TABLE IX. Transconductance of AI 203 - SiO2 gate IGFETs in IC 199 circuit.

Vsub(V)	 0.0	 - 5.0	 - 10.0	 - 15.0

yn (whos)	 550	 500	 450	 450

Vt (V)	 -0.9	 -0.55	 -0.14	 +0.23
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Device geometric dimensions and fabrication parameters can affect the

Id --Vd characteristic, which in turn affect the transconductance and charge
mobilitv to some extent. To further verify the results obtained from the above
circuit, 12 additional experimental device wafers were processed and evaluated.
The device patterns on these test wafers have different device geometrical di-
mensions and were previously designed by IBM Research Center (Yorktown
Heights) for its own development purpose. They were made available as a test

vehicle for composite Al2 O3 -SiO2 gate insulator evaluation through the courtesy

of IBM's T.J. Watson Research Center.

The I d --Vd characteristics of the fabricated devices were measured by an
automatic testing system. —he turn on voltage, Vt , and the normalized trans-
conductance of the FETs of two different ratios of channel width over channel
length, W/L, are shown in Table X. The turn-on voltages of the FETs, with
substrate properly biased, were the gate voltages, V

g , at Id of 30 µA,
whereas the normalized trans conductance, y n , is defined as

yn	 µeff Xox E0/tox )	 (2)

where

µeff	
effective charge mobility

Kox = dielectric constant of gate insulator

co = permitivity of free space

tox = thickness of gate insulator

The yn shown in 'fable X were calculated from the Id - V d data of cor-
responding device, substrate biased at -7.Ov according to Eq. (3) with V d and
Id chosen at

Vd = 0.5V, I d = 120 µA for devices having W/L = 8, and

Vd = 0.5V, Id = 60 µA for devices having W/L = 11

Id

yn

	

	
Vd	 W	 (3 )

Vd (Vg
 - Vt - 2 ) Leff

when

Id = Drain current

Vd = Drain voltage

Vt	= Turn-on voltage

W = Channel width

Leff
Effective channel length 43
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As can be seen in Table \, the transconductance of present 1000 Al-,03 +
Si O., gate FETE is approximately 22' higher than that of the comparable Si02
gate FET of same gate thickness, although its turn-on voltage is more or less
the same, as compared with the Si02 gate FET. Using the experimen tal di-
electric constant of the gate insulator, i.e. , K = 5. 0, the average electron
mobility', calculated from the normalized transconductance, was 496 em2 /v-sec.
in present 1000 Al203 + Si02 gate FET, with substrate biased at -r.0 volts.
This value is approximately W n of that of a comparable 10008 Si02 gate FET
and is approximately 0.368 of the electron mobility in intrinsic bulk silicon.

In summary, results show that in an A1.,03 + Si02 gate FET, the electron
mobilitY in the channel is more or less maintained at the same level as that in
a SiO,, gate FET, whereas its transconductance is somewhat higher. This
presumably is attributed to the fact that the "measured" dielectric constant of
the composite gate insulator is smaller than the "theoretical" value. Results
of post-deposition heat treatment (Sec. 12.6 of this report) show that a change
in the characteristics of the SiO2 -Si interface in MAOS structure was resulted
from the e^stance of Al203 -SiO2 interface in the insulator. It is plausible to
suggest that Al203 -SiO,) interface has appreciably modified the dielectric
characteristics hence the dielectric constant of the composite film. Additional
possible advantaget, of using Al203 -Si02 composite film as gate insulator are
(1) improved device reliability due to the prevention of sodium migration toward
the oxide-silicon interface and (2) reduced the danger of gate electrode shorting
due to the high resistance of Al 203 to further reaction with the metal

15.0 CONCLUSIONS

A. Thin film of y - Al 203 have been successfully prepared by reacting the
AM  vapor with CO 2 and H2 at temperatures up to 900 0C. Important deposition
parameters including temperature, feed rate and gas composition had been in-
vestigated. The growth mode, morphology, structure and fundamental properties
of the films prepared under various conditions were carefull y studied. In this
unique chemical deposition system, the rate of water vapoi formation apparently
becomes a key co-trolling factor in the film growth rate.

B. The masking ability of Al 203 film against diffusion of common dopants was noi.
very attractive but the film has excellent Na retaining ability in comparison with
Si02 iiim.

C. The interfacial charge characteristics of ALAS (Al-Al 203 -Si) structure was
found to be different from the MOS (Al-SiO2 -Si) structure. In MAS structure
the insulator exhibits negative charge,while in MOS structure the insulator is
characterized with positive charge.

D. HomogeneoLIs, single phase y - A1,0 3 film has been found to be satisfactory
for microcircuits application, in partic ,.rlar when combined •with Si02 to form a
composite gate insulator for FET d?vice.
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E. It has been observed that high temperature post-deposition heat treatment
can improve the surface charge density of MAS and MAOS structures. Present
results suggest that with suitable heat treatment, it is possible to tailor the
surface charge density of the insulating film to meet the requirements of the FET.

F. Based on the rest its obtained from a limited stud y , it is evident that the
composite film of Al 203 + SiO^ can be a satisfactory material for IGFET as a gate
insulator. A1903 + SiO,) gate FETs fabricated in this experiment have shown
higher transductance than a single layer SiO1).

_6.0 RECOMMENDATIONS

From this investigation the gate insulator of an FET device consisting of a
composite film of Al20 over SiO2 has proven certain advantages. To fiirther
optimize the device performance, additional studies should include:

A. Investigating the interfacial charge properties of Al 2 03 -Si and Al203 -SiO2
-Si structures with respect to the following parameters.

1. Other A1-containing source materials for Al 2 03 film deposition.

2. Variation of feed compositions.

3. Variation of thickness ratio of Al 203 over Si02 in the Al203-Si02_Si
structure.

4. Post-deposition heat treatment under different gas atmospheres.

5. Temparature-bias treatment.

G. important dopants for Al2 03 film.

B. Life testing on reliability and stability of the device.

C. CYaracterizatirn ba: ---i on the results from selected property measurements.

17.0 NEW TECHNOLOGY

After a deligent review of the work performed under this contract, the following
are considered to be the innovations and improvements in the development of pyrolytic
polycrystalline aluminum oxide film as useful material for microelectro-acs.

A. The .success of this project proves the feasibility of large scale production
or homogeneous single phase pyrolatic Al 203 on any kind of substrate in a RF
horizontal system in the temperature range of 700 0C to 9500C.
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B. A new design and construction of AIC1 3 evaporation apparatus will enable the
evaporation of AIC1 3 at a controllable and steady rate.

C. The use of a gas mixture of H 2 and inert gas (A or He) at certain proportion
for H2 as main carrier gas makes it possible to depo3it Al 2 03 film with low sur-
face charge densi,.y.

D. The application of composite pyrolytic A' 03 over thermal Si02 film in n-
channel IGFET as ,ate insulator tends to increase the device gain.

ftim

y
i
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APPENDIX A

By conventional definition, the flat band voltage, V FB , resulted from the
effective surface charge, Qeff, and the effect .,f the work function difference
between the metal and semiconductor, 0 MS ; i.e. ,

VFB - Qeff/Ci + 0 M

where

Qeff	 Qox + Qss	
effective surface charge

C.	 = capacitance of insulator
i

a^

0 
M = work function difference between metal and semiconductor

Therefore

Qeff/Ci = `J represents the voltage shift of the C-V curve due to the
effective surface charge.

Then
VFB = - V  + 0 M

knowing 0 MS , V
q 

may be calculated from VFB'

VF B and change in VFB are commonly used to measure the surface charge
and the change in surface charge of the MIS structure. However, due to the pre-
sence of OMS , the sign of V FB that is obtained directly from the C-V curve dues
not necessarily represent the sign of the surface charge existing in the insulator.
To represent the surface charge in the insulator directly ardfaithfully, V and
the change in Vq were used in this report in studying the effect of post-deposition
annealing. The values of V presented in Table VIII were calculated from co--
responding VFL 's by assuming 0 MS = — 0.9V for the P wafer and — 0.23V for
the N - wafer used in this investigation. (Ref. 11).
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