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ABSTRACT - 40 ‘

This report discusses the results of an iavestigation regarding the potential
of the high dielectric constant materials SrTiOrﬁ wot! and HFOM as alternate gate
insulators for radiation hardened insulated gaté fieid efPect transistors. The
insulators were deposited by rf sputtering. Capacitor structures fabricated with
srpiof and WoT? £ilms did not show adequate stability under bi and temperature
stresg to be Useful gate dielectrics. Reactively sputtered hafhjum dioxide MIS
capacitors exhibited far more steble characteristics with bias temperature stress,
although slow trapping effects were observed at high bias voltages. Hafnium dioxide
MIS cepacitors irradiated with Co(60) gemme rays to a dose of rads showed a high
degree of radiation tolerance. Based on these encoursging results, n-channel and
p-channel transistors with hafnium dioxide gate insulators were fabricated.gg The
devices exhibit excellent transistor characteristics. TFor a gate insulator t ckness
of 1. X, and 28 voltages of + 6V, threshold voltage shifts in most instances did
not exceed |1.5vi Tor a dose of 107 rads. The sense of the rediation induced thresh-
old voltage shi”lg observed was not always, consistent, although the same process
ennditions were used to fabricate devic.s. Further effort is required to achieve a
high degree of process reproducibility aud control or elimination of the slow trap-

ping effect.

The work described in this report is the last phase of a multiyéar program or
sputtered thin film research. A compilation of the research activities which pre-
ceeded this work covering the period 15 April 1972 to 30 Septemboer 1974 is contained

in Report Number N9?}§§Z:}§;ﬂ_ﬁ_

“hp-ACOTR 005
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1.0 INTRODUCTIONM

A great deal of effort has been expended on the problem of improving the
radiation tolerance of MIS devices exposed to ionizing radiation. Much of the effort
has focused on the modification or optimization of thermally grown silicon dioxide.
Several approaches investigated have included the substitution ¢f chromium for alu-
minum as the gate metallization (Ref. 1), diffusion of chromium into silicon dioxide
(Ref. 2, 3), implantation of the silicon dioxide gate insulator with aluminum (Ref.
L) and optimization of the MOS fabrication process (Ref. 5).

Generally, the above approaches with the exception of aluminum implantation
have led to a decrease in radiation sensitivity under negative gate biases but
increases in device sensitivity to ionizing radiation under positive gate biases.
In contrast, aluminum implantation led to improved radiation tolerance under positive
gate biases but increased the radiation sensitivity under negative gate biases. With
the increased utilization of complementary MOS circuitry, & radiation hardening
approach is required which will be compatible with both n- and p-channel devices.

A limited number of alternate insulators have been investigated with regard to
radiation hardened MIS devices. They include silicon nitride (Ref. 6, 7), silicon
oxynitride (Ref. 8, 9) and aluminum oxide (Ref. 10, 11, 12)., Although a significant
degree of hardness has been achieved with these materials, other problems have been
introduced in the process. 1In many cases a field dependent instability is observed.
In other cases, a large amount of oxide charge makes the technique unacceptable. For
example, Schmidt, et al (Ref. 8, 9) developed silicon oxynitride films which exhib-
ited an extreme dezree of hardness under both polarities of bias but an unacceptably
high flat band voltage of -10V. Modifications in the process to produce low thresh-
old voltage silicon oxynitride devices resulted in a marked degradation of hardness
and charge injection at low bias voltages (Ref. 9). Zaininger and Waxman (Ref. 10)
reported that aluminum oxide formed by anodization showed excellent radiaticn insen-
sitivity under both negative and positive bias. Schlesier and Norris (Ref. 12) fab-
ricated aluminum oxide gate dielectric CMOS circuits which showed excellent radiation
resistance up to radiation dose of 2 x 10' rads. The radiation resistance of the
aluminum oxide gate insulator is attributed in part to charge injection. The major
drawback of the aluminum oxide gate dielectric stems from charge injection at high
electric field. This results in an undesired threshold voltage shift of the device.
At elevated temperatures charge injection takes place at even lower bias voltages.
This raises questions to the suitability of aluminum oxide gate dielectrics at
elevated temperatures.

The radiation hardness of a gate insulator depends on a number of factors; such
as, the density and distribution of electron and hole traps, electron-hole recom-
bination rates, and charge injection. These factors, in turn, are derendeat on the

i
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choice of material and processing. There is no theoretical basis on which one may
predict the behavior of a given insulator subjected to an impressed electric field
and ionizing radiation. Radiation hardening of MIS devices has been based primarily

on empirical studies.

rted herein was to investigate the suitability

of several high dielectric constant insulators for use as gate dielectrics for radi-
ation tolerant MIS devices. High dielectric constant insulators potentially offer
two significant adventages over devices using silicon dioxide gate insulators. For
an equivelent device geometry higher IGFET transconductences can be achieved. In
addition, the high dielectric constant is more effective in shielding the silicon
surface from the effects of trapped charge generated by exposure to ionizing radia-
tion. Thais would result in a reduction of threshold voltage shift for an equivalent
density of trapped charges. The three materials which were chosen for this investi-
gation were strontium titanate, tungsten trioxide and hafnium dioxide. The dielec-
trie constant of bulk strontium titanate (Ref. 13) is about 300 and & dielectric
constant in excess of 1000 has been reported for tungsten trioxide (Ref. 1h).
Hafnium dioxide (Ref. 15) is known to have a dielectric constant of 25.

The objective of the research repo

The research program spamned twelve months and consisted of two phases. Phase
I involved the fabrication of MIS capacitors with WO, SrTid. and HfO.; their elec-
trical characterization; and, finally, assessment of3their rgdiation %olerance tec
Co 60 y-irradiation. This screening period lasted nine (9) months. At the comple-
tion of the first phase, the results indicated that HfO. offered the most promise
for radiation tolerant devices among the insulators evaluated. In the final phase,
lasting three months, the program consisted of the tasks of fabricating transistors
and a simple inverter circuit for additional data on the sultability of Hf02 as a

rediation tolerant gate dielectric
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2.0 EXPERIMENTAL PROCEDURE

2.1 Sputtering System

The dielectric films were deposited by reactive rf sputte.’ing of the
appropriate target material in an oxygen ambient, The sputtering chamber was ~on-
structed of stainless steel. Sputtering pressure was measured by Varian Millitorr

ion gauges. Two magnet coils which have been welded into stainless steel cases are
mounted internal to the chamber to provide an axiael field between the target and
substrate.

The magnets enhance as well as confine the rf plasma.

field strength influences substrate heating and uniformity of the d
chamber is evacuated by a Welsh 3103 turbomolecular pump which is ¢
ing 250 L/sec in the miliitorr range. Use of t
a conventional oil diffusion punp eliminates th
which would result in contamination of the fil

Adjustment of
eposition. The
apable of pump-
he turbomolecular pump in place of
e "backstreaming" of hydrocarbons

m during the sputtering process.

The substratie holder was constructed of stainless steel an¢ contained an
internal heater which provided the capability of achieving a deposition temperature
up to 700 °C. Sarple substrates were held in place by means of a ring clamp. The

substrate heater assembly was designed to provide the capability for sputter etching
of the sample prior to film depositiorn.

The sputtering targets were five inch diameter discs.

The hafnium dioxide
and tungsten trioxide were formed by

reactive sputtering of the appropriate metal
target in an oxygen ambient. The metal targets were analyzed to be 99.9 percent

pure. Strontium oxide films were deposited using a sintered strontium oxide tar-
get (95.0 percent). A reactive Orygen ambient was required for the deposition of
stoichiometric SrTio. films. Ult:ahigh purity oxygen (99.9g" percent) was used as
the sputtering gas. "The target t) substrate separation was maintained at 2.5 cm,

2.2 Silicon Substrates

The silicon used in this work was in the forwm of 1.25 inch diameter wafers
prepared by the Czochralski methods. Both pP- and n- type substrates of (100)
crientation were used The resistivity ranged between 5-i0-cm for ¢ .V studies
and 0.01Q-cm material was used for dielectric and optica. evaluation of the films
deposited. Prior to film deposition the wafers were degreased, boiled in nitriec
acid, rinsed in kigh resitivity deionized water, etched in hydrofluric acid,
rinsed again in dionized water and blown dry in a dry nitrogen gas stream.

In the cases where Si~SiOz-insulator structures were desired for study, the

silicon dioxide growtn was carried oul at 900 °C in dry oxygen in a horizontal
resistively heated furnace. The silicon dioxide was then annealed at the same
temperature in nitrogen for 30 minutes.
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2.3 Procedure for Film Deposition

At the outset of a run, the system was pumped down to 10-7 Torr. If the
substrate .s to be sputter cleaned, oxygen gas was introduced into the system to
a pressur. of 85 mTorr. With the shutters closed, sputter cleaning of the target
was started at an rf power density of 1.5 W/cmz. Sputter cleaning of the target
was usually performed for an hour. Simultaneously the substrate was brought up
to the desired deposition tempersture, With the semple at the desired temperature,
a 1 XV dc discharge was initiated for sputter gtching of the supstrate and con-
tinued for 1 to 5 minutes. At the end of the substrete sputter etching operation,
the dc discharge was terminated, the system pumped down to the desired operating
pressure (this operation takes approximately 30 sec.), the shutters were opened
and film deposition was commenced. If no sputter etching of the substrate. was
required, the system was pumped down to 10~T Torr, oxygen was introduced up to the
desired pressure, the target was sputter sleaned, gimultaneously tle sample was
brought to the desired deposition temperature and st the end of the sputter ciear=-
ing, the shutters were opened and film deposition was initiated.

After film deposition, heat treatments in nitrogen, hydrogen and oxygen were

investigated.

2.4 Measurements

The electrical evaluations were performed on MIS structures. These were pre=
pared by evaporating either 10 or 15 mil diameter aluminum or gold dots. Aluminum
was evaporated on the bare backside of the silicon for contact.

Interface properties were studied by MIS capacitance techniques. The high
frequency capacitance-voltage measurements were made at 1 MHz. Low frequency c-V
characteristics were obtained using the quasi-static technique described by Kuhn
(Ref. 16). Stability of the charge distribution was measured by applying positive
and negative bilas voltages across the MIS capacitors for varying periods of time
while the sample was maintained in a nitrogen atmosphere at a temperature of

200 °C.

Film thickness and refractive index values were determined by using a Gaertner
ellipsometer at a wavelength of 546 nm. The Trrlor-Hobson Talysurf was used on
thick specimens for thickness measurements.

The radiation sensitivity of the jnsulators was determined by irradiating
MIS capacitors under positive and nezative gate bias with CO (60) gemme rays. The
radiation effects up to & total accumulated dose of 107 rads were investigated.
The cobalt 60 source used in these studies was located at the University of
Connecticut. The dose rate of the gamma sourcs Was 107 rads/hr.
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3.0 FABRICATION AND EVALUATION OF nIS CAPACITCRS

A wide range of deposition parameters and annealing treatments were
investigated in an attempt to find the conditions which would provide MIS structures
exhibiting the best characteristics with regard to, surface state density, flat-
band voltage, and stability under voltage bias and temperature stress. Substrate
deposition temperatures were varied between 100 °C and 600 °C. Oxygen sputtering
pressure was varied from 1 to5 x lO"2 Torr. Films were annealed in ambients of

B, N, and 02.

3.1 Strontium Titanate MIS Capacitors

Although strontium titanate films were sputtered from a ceramic target of the
compound, sputtering in a pure argon atmosphere resulted in the deposition of
oxygen deficient, highly conducting films., Sputtering in a reactive ambient of
oxygen was required to produce stoichiometric films. The dielectric constant of
the films was a strong function of the substrate deposition temperature and varied
from 40 for films deposited at 100 °C to a dielectric ccastant of 200 for films
deposited at 500 °c, A similar variation for rf sputtered SrTiO3 films has been
reported by Pennebaker (Ref. 17) and is correlated to crystallite size of the film.
Films deposited at low temperatures are fine grained and the grain size increases
with substrate deposition temperature. Sputtering pressire exhibited little
effect on the dielectric constant. The loss tangent ot the films measured at

100 kHz ranged between 0.0l to 0.02,

The index of refraction of the films was determined from measurements by
ellipsometry. Filwms with a dielectric constant of 40 had an index of 2.1 and
ranged up to a refractive inder vaelue of 2.3 for films wish a dielectric sonstant

of 200.

The requirement of a reactive oxygen ambient for the sputtering of strontium
titanate films resulted in considerable difficulty in our attempts to deposit
strontium titanate films on "bare" silicon. In order to achieve the condition of
an oxide free silicon surface, the silicon substrate was sputter etched and deposi-
tion of strontiuvm titanate followed immediately. In maay cases, this did not lead
to MIS capacitors with stable capacitance-voltage charecteristics. Generally,
the hysteresis was of the order of several volts with 2000 ! SrTiO3 films for bias
excursions of *10V. The sense of flatband voltage shift was positive for posltiva
biases and negative for negative bilas. The threshold voltage for cnse™ of churge
transfer varied between 4 to 6 volts. This is indicative of the formation of 2
thin silicon oxide layer between the silicon and SrTio,, film which permits the
tunneling of charge into treps in the SrTiO3 film. Th?2 combination of a high
dielectric constant film with a low dielectric comstan® film leads to the buiid
up of very high fields across low dielecuric constant wmaterial at normal gate bias
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voltages and hence would result in the type of instability observed. The exact
behavior was observed in an earlier variable threshold IGFET memory transistor
study (Ref. 18) with SrTiO, films intentionally deposited on20 & layers of thermal
Si02. In some cases devicés were fabricated which did not exhibit the above insta-
bility but instead showed a weak polarization at room temperature of the order of
a half a volt for bias voltage excursions of *8V. The shift was positive for
negative bias and negative for positive bias. High frequency C-V characteristics
for n-type and p-type capacitors of such devices are illustrated in Fig. 1. The
fiim deposition in both cases was done at a substrate temperature of 300 °C, a
power density of 1.6 w/cm and an oxygen pressure of 1.5 x 10™° Torr. The samples
were annealed in oxygen at 750 °C for one half hour. Unannealed samples showed

a positive fixed surface charge density of the order of 1013/cm2 and a smearing of
the C-V characteristics which is indicative of a high surface state density.

The relationship between the flatband voltage Vpg of the experimental curve
and the fixed surface charge density N is given by the expression

N g ad

Vip == [Fig
o

where ¢ is the metal semiconductor work function difference, q is the electron
charge,Mg is the thickness of the insulator, e, 1s the permittivity of free space,
and ¢ is the dielectric constant of the insulatior. The interfac1aJ charge is
fornd to be pesitive and the values of Nf vary between 1-3 x lO /cm 5
Introduction of a thermal silicon dioxide layer of approximately 100 2
stabilized the C-V characteristics to bias stressing at room temperature for volt-
ages up to t10V. Bias stressing of the thermal » 10,-8rTi0, at 200 °C at *10V for
15 minutes resulted in a marked hysteresis in the C-V characteristics. Positive
bias resulted in negative flat band vcltage shifts of 3 volts where as negative
fias resulted in positive shifts of 2 volts. This polarization is due to the marked
differences in the conductivity of SrTiQ, and 810, . Similar effects have been
observed with 8102-81 Nh and Si0 -A1203 capacitors employing Si0, filmr of the order
of 100 R in thickness?

In spite of the problems encountered with the fabrication of strontium titanate
capacitors, units which exhibited relatively stabie C-V characteristics for bias
excursions of +8V were examined fcr their radiation tolerance when exposed to ionizing
radiation. The results obtained for several process variations are shown in
Figs. 2 through 4.

A comparison of the results shows that the SrTiO3 film (Fig. 2) with a dielec-
tric constant of 200 deposited on "bare" silicon shows the higher degree of radia-
tion tolerance for a Co 60 Y- -ray doses of 107 rads and biss voltages of *6V. The
maximum flat band voltage shift is approximately 1/2 volt t» more negative values.
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FIG. 1

C—V CHARACTERISTICS OF N AND P-TYM Au—4TiO3—8 CAPACITORS
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C—V CHARACTERISTICS OF y—IRRADIATED Au-SrTiO3—Si CAPACITOR
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This film was deposited at 500 °C, oxygen pressure of 1.5 x lO'2 Torr, and an rf
power density of 1.5 W/cm2. The combination of a 100 ] SiO2 film with a stron*iam

! titanate film with e ~ 200 leads to significant degradation in radiation hardn:s

: ) (See Fig. 4). A marked increase in surface state density under positive bias

also occurs.

P b . Figure 3 shows the radiation response for a SyTiO, film with a dielectric
constant of 80 deposited on "pare" silicon. The radiation tolerance is sigﬁifi-
cantly less than the f£ilm with a dielectric constant of 200. The flat band volt=-
age shifts are not in the ratio of the dielectric constants. A possible explana=-

tion is an increased trap density for holes in the finer grained lower dielectric

constant films.

M sl enlbs I

3.2 Tungsten Trioxide MIS Capacitors

Films of tungsten trioxide were deposited on sputter etched "bare" silicon

at a substrate temperature of 40O °C, an oxygen pressure of 2 x 10-2 Torr, and
a power density of 1.5 W/cm2. After an ammeal in oxygen at 750° for one half hour,

the shift in flatband voltage tends to stabilize out. The index of refraction of
these films was determined to be 2.3. The dielectric constant of the films
measured at 1 MHz typically ranged between 120 to 160. The dielectric constant

ned a marked dependence on frequency. For example, ¢ = 120 @ 1 MHz, 162 @ 100

kHz and 182 @ 10 kHz. The loss tangent @100 kHz was O0.1T7 and 0.87 at 10 kHz.

At low values of electric fields, the film resistivity was of the order of 107 Q=-cm.

-V characteristics at room temperature of a 3000 & thick

s than a 1/2 volt when the bias voltage was
limited to *10V. A positive (negative) bias on gate resulted in a small shift to
more negetive (positive) flatband voltages. At 200 °c, the films became highly

: conducting, but, when cooled to room temperature, the films exhibited the initial
resigtivity and C-V characteristics. The leakage current of the WOj3 films was
significantly greater than the displacement current and prevented the measurement
of the low frequency Cc-V characteristics by the quasi-static techniques.

Measurement of the C
film showed a small hysteresis of les

The fixed surface charge density Ng, typically is of the order of -1 x 1012/
cm2. Figure 5 shows the radiation response for an Al-WO.-Si capacitor subjected to
107 rads of cobalt 60 radiation. The flat band voltage shift is limited to & half
volt in the direction of a more negative value. Irradiation et zero bias produces
virtually no flatband chift. Figure 6 shows the radiation response for a composite
MIS capacitor consisting of 3000 X of tungsten trioxide deposited on 100 4 of SiO2.
At a PY-ray dose of 106_rads, a significant degradation in the radiation tolerance
occurs under positive bias. A dose of lo7 rads under positive bias degrades the
C-V characteristics to the point where it was barely distinguishable.
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C—V CHARACTERISTICS OF y—IRRADIATED Au-—SrTiO3—SiO2—Si CAPACITOR
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. C—V CHARACTERISTICS OF y—IRRADIATED Al-WO3—Si CAPACITOR . ' ;
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C-V CHARACTERISTICS OF v—iRRADIATED Al-W03—S8i09—Si CAPACITOR
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3.3 Hafnium Dioxide MIS Capacitors

A wide range of deposition conditions for reactively sputtered hafnium dioxide
films were investigated. The parameters which appeared to yield the better films
corresponded to a substrate temgerature of 400 °C, a power density of 1.5 W’/cm2 and
an oxygen pressure of 1.5 x 107° Torr. Sputtered films prior to annealing,
exhibited a positive surface charge density of approximately 1013/cm2 and a moder-
ately high surface state density which was reflected by distortion in the high
frequency C-V characteristic. Annealing in oxygen at 800 °C for one hour stabilized

" the insulator charge distribution.

The surface finish of the sputtered films is relatively smooth. An electron
micrograph of a typical surface is shown in Fig. 7. All the sputtered films were

polyerystalline over ti.e range of deposition temperatures investigated (100°- 600°C).

A typical relfection electron diffraction pattern for a hafnium dioxide filu 1is
shown in Fig. 8. Thr crystal structure of the films correspond to the monoclinic

phase of HfO,.

The dielectric constant of the films ranged from a low of 15 for depositions
of 100 °C up to 22 for films deposited at 400 °C. Loss tangent measurements on
hafnium dioxide films measured at 100 kHz typically fell near 0.005. The dc resis-
tivity at low voltages was found to range between lO13 to lOl ohm-cm.

These properties compare closely with the results reported by Goldstein (Ref.
19) and Pratt (Ref. 20) for sputtered hafnium dioxide films. Goldstein reported a
value of 24.5 for the dielectric constant for dc reactively sputtered hafnium diox-
jde. Pratt reported a dielectric constant of 16 for films deposited by rf sputter-

ing from a ceramic HfO2 target.

The refractive index of the films varied from 2.0 for the low temperature
deposits at 100 °C up to 2.2 for the 400 °C depositions.

Exposure of the films to acids, such as boiling HCL, hot H,S0), 49 percent HF,
and boiling aqua-regia, did not result in any significant etching of the HfO.
Aqueous solutions of KOH and NaOH had no appreciable effect either. Only boiling
phosphoric acid was found to slowly etch the HfO, films formed by reactive sputter-

ing.

The C-V characteristics, for an MIS capacitor fabricated with sputtered hafnium
dioxide on "bare" silicon is shown in Fig. 9. The interface charge density for
this sample is =~1 X loll/cmz. For other depositions, the interface charge density
ranges between -1 x 107 to =5 X lOll/cmE. These films do show some effects of a
slow trapping instability for bias fields exceeding %10 V/cm at room temperature
and t4 x 105 V/cm at 200 °C. Shifts of 1-2 V in flatband voltage occur if the
bias voltages corresponding to the above fields are maintained for a period of 10
min. The sense of the shirt is positive for negative bias and negative for positive
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o
ELECTRON MICROGRAPH OF REV'LICATED SURFACE OF 2500A THICK HfO5 FILM
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REFLECTION ELECTRON DIFFRACTION PATTERN FOR HfO2 FiLM
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C-V CHARACTERISTICS OF Al-#02—Si CAPACITOR
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bias. Wnen hafnium dioxide films are depcsited over 100 R thermal SiO, films, the
slow trapping instability is reduced under positive bias for most samples but does
not show significant improvement under negative bias. The C-V characteristics for
a compositc HfOZ-SiO insulator is shown in Fig. 19. Positive flat band voltages
are achieved with the HfOZ-SiOZ composite insulator. Similar effects have been
observed for Alp03-8i0; composites.

Hafnium dioxide films were excmined to determine if they would act as barriers
to positive ion drift. The HfO, qurface was contaminated by dipping the wafer into
a salt solution prior to depositior ~f the aluminum electrodes. The film was
stressed av 5 X 10° V/em at 200 °C lor one hour. This resulted in a flatband volt-
age shift of -12 velts., An anneal at 250 °C for 1/2 hour produced only & small
recovery in flat band voltage. Flatband voltage shifts produced by charge'injection
normally recover to their initial state for a comperable anngal. The results show
that polycrystalline HfC, will not act as a diffusion barrier for positive ions.

Fast sur’ace state density near midgap can be estimated from the dispersion
between the quasi-static capacitance and the low frequency capacitance (Ref. 15).
Using this technique, the surface state density at midgag for sputtered HfO,
capacitors is found to range between 5 x 1011 to 1 x 10" [en? .

Capacitors exhibiting stable C-V characteristics were subjected to Co (60)
7Y-ray exposures up to 107 rads. In most cases the capacitors fabricated on "bare"
silicon showed remarkable radiation resistance. In many cases, negative flatband
voltage shifts of 1 to 3 V were observed for bias voltages of +6V and a radiation
exposure of 10/ rads. Capacitors of the same group with zero bias and =6V bias
also exhibited negative flatband shifts and these shifts ranged between O to 2V.
Figure 11 shows a typical variation in C-V characteristics for an irradiation dose
of 107 rads. Deviations from this behavior were also observed where the sense of
flatband shifts for comparable bias were reversed, although comparable deposition
conditions were used to fabricate the samples. Unfortunately, there was insufficient
time to determine the cause of these discrepancies.

Capacitor structures fabricated with HEO, sputtered on 100 } thermal Si0, films
exhibited a greater degree of radiation sensitivity. Flatband voltage shifus were
observed to range from 2 to 6 Vv for irradiations of 107 rads. In most cases the
shifts were consistent with the development of positive charge in the insulator.

3.4 Discussion of Results

Since the nature of the investigation was & survey of the radiation tolerance
of a selected group of high dielectric constant insulators, far from optimum deposi-
tion conditions for the various insulators could be determined. In spite of this
limitation, samplescould be selected which exhibited reasonable degree of stability
under bias and temperature stress to provide a vehicle for the evaluation of the

radiation tolerance of the dielectrics HfOo, SrTiO3 end WOs.
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C—V CHARACTERISTICS OF Al-biip—8 CAPACITOR
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Overall, a high degree of radiation tolerance was shown by all. The major
drawback of SrTiO3 and WO3 is related to their poor insulator qualities. Both are
known to be defect semiconductors in the nonstoichiometric sta“e. Evidently the
failure to produce films sufficiently near stoichiometry places a severe limitation
on their usefulness in most applications. Because of hafnium dioxides superior
insulating properties, it appears to have considertbly more potential for the fab-
rication of radiation tolerant insulated gate field effect transistors. A higher
degree of reproducibility for the process would be desirable fo: the fabrication
of MIS structures exhibiting a high degree of stability under bias and temperature
stress. In spite of these problems, the results obtained with irradiated Hfog
MIS capacitors were sutficiently encouraging to justify the fabrication of tran-
sistors for further evaluation of the potential of HfOE for radlation hardened
insulated gate fieid effect transistors., These results ar covered in the following
section. :
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4.0 HAFNIUM DIOXIDE TRANSISTOR FABRICATION AND EVALUATION

The insensitivity of hafnium dioxide to etching by acids and bases presented
a problem regarding the fabrication of transistors. A method for making contact to
the source drain electrodes was required. In order to achieve this end, a lift-off
technique was developed which removed hafnium dioxide from all areas but the gate
region. The processing of transistors forced elimination of the sputter etching of
the substrate prior to deposition of the hafnium dioxide. It was found that this
process modification did not have a significant effect on the radiation hardness.

4,1 Transistor Fabrication

P-channel devices were fabricated on 10Q - cm phosphorous doped (100) silicon.
N-channel units were fairicated on 5Q - cm boron doped (100) silicon. The process

steps, including the diffusion of the source and drain, followed standard processing

procedures. The steps leading up to the deposition and definition of the hafnium
dioxide gate dielectric are shown schematically in Fig. 12. The processing steps

are as follows:

1) Sputter 500 & film of chromium metsl (Fig. 12a)

2) Photoresist first oxide,remove mask and etch chromium (Fig. 12b)
3) Etch silicon dioxide, leaving approximatelyeoooigof 510, (Fig. l2c)
4) Photoresist second oxide,remove mask and etch chromium (Fig. 124)
5) Etch remaining 2000 R of 510, in gate area. (Fig. l2e)

The etching of the chromium to define the gate area can be done elther
chemically or by ion milling. Devices were fabricated by both techniques. Figure
13 shows the gate region just before deposition of the HfOp, film.

The purpose of process steps 4 and 5 may not be obvious but their function
was to provide a steplass transition between the 510, and sputtered HfOo film in
the vicinity of gate and source-drain junctions. If the gate regionwere opened
completely in step 3 and sputtered HfO, deposited, one would run the risk ofa dis-
continuity betwecen the Si02 and HfO,. This is a consequence of the shadowing
effect of the overhanging chromium film. Deposition of the gate metallization
therefore, would result in the shorting of the gate to either the source or drain.

6) Following deposition of the HfOp (40000, 1.5 x lO'-2 Torr Op), the wafer
was placed into a chrome etch (HCl) and ultrasonically agitated. The
hafnium dioxide was removed from all but the gate reglons (Fig. 12f).
Following these steps, the wafer was annealed in Op at 800°C for one hour.

Contact holes are opened up, 5000 A of Al is evaporated, and the metalliza-
tion patternwas defined. The con’ cts are sintered for 15 minutes at 500°C

in a nitrogen ambient.

23

e

Ty T S D B s

iy s




R76—921337-19

FIG. 12

I PROCESS SEQUENCE FOR 'HFO, TRANSISTOR FABRICATION
1
; a. = ——‘- 500 X Cr
g SILICON
:
] |
L .I
é b, 1 | :
;
,ﬁ_
E ) —
b |
B |
L
]
E C, ] | L
4 e
i J )
d . | | .
. e 3
)| L

2y

76-02-108-12




L,( R76-921337-19 FiG. 13

GATE AREA AFTER SECOND ION MILL OF CHROMIUM MASK

)
|
. i
f
= *
& ’
£
BEFN™L rifO, 952-5 200X
i
i
!
; !

76-02-105-4

SRR bt d . i s 30 WA iR g 2 u
R T T e o e A i e B g e e ¢ BT B s T i B e "ol ol b R i o L R e e oaliitil 2 s Ul Ry i




S

5
]

VLS oD

R76-921337-19

The test chip designed for the evaluation is shown in Fig. 14, Two 15 mil
diameter capacitors were provided for C-V measurements for the evaluation of the
surface properties. A single transistor and simple inverter comprise the remaining
chip elements. The single transistor and input transistor of the inverter were of
identical geometries. The channel length of the transistors was one mil. The
channel width to length ratio (z/1) was 10 for the large transistors whereas this
ratio was 2.5 for the load transistor of the inverter. The transistors were fabri-

cated with gate protection diodes.

The wafers were scribed into chips and mounted in TO-5 packages for testing

and irradiation.

4.2 Transistor Evaluation

Both n-channel and p—chagnel transistors were fabricated. The_HfO2 gate
insulator thickness was 1200 A. 1In all, three wafers of each variety were pro-
ceased. The variation in device characteristics tmong the three separate p-channel
runs were negligible. On the other hand, the results ware quite varied between the
processed n-channel wafers. The first of theprocessedn-channelwafersled to
devices with threshold voltages centered about +0.1 to 0.3 voltc while the second
wafer yielded devices which were normally on &t zero bias. The last n-channel
wzfer procecsed produced devices which had threshold voltages centered at Vqp = +1.8V.
Figure 15 shows typical Ip-Vg characteristics of the first processing run of n~
channel and p-channel devices. The device transconductances were excellent., Sur-
face mobility of holes was determined to be 235 cm?/V-sec and electrons 500 cme/V-sec.
These figures indicate that sputtering of the gate dielectric did not result in a
serious degradation of device characteristics.

4.2.1 P-Channel Devices

The c¢istribution of threshold volucages observed for p-channel devices is
shown in Fig. 16. It is evident that the bulk of the device threshold fall below

VT = "lVo

circuits under bias were subjected to co(60) vy-ray exposures of 10° rads, 162
rads and 10! rads. The dgse rate was 10° rads/hour and therefore 100 hours were

required to accumulate 10° rads. Higher dose levels were impractical due to time

limitations.

Figure 17 shows the outpub characteristics of the large transistor (z/1 = 10)
as a function of irradiat.-on level, and impressed bias of -6V. There is negligible
degradation of device transconductance. The primary effect is a shift in threshold
voltage to more negative values. This is illustrated more clearly in Fig. 18 which
shows the transfer characteristics as 2 function of irradiation exposure. Trans=
fer characteristics of the small transistor (Z/l = 2,5) for irradiation with zero
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FIG. 16

DISTRIBUTION OF THRESHOLD VOLTAGES FOR

HfOo P—CHANNEL TRANSISTORS (92 UNITS)
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BEFORE
IRRADIATION

106 RADS

ip — Vp CHARACTERISTICS OF P—CHANN :L HfOp TRANSISTORS
BEFORE AND AFTER Co (60) v— IRRADIATION

FIG. 17
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TRANSFER CHARACTERISTICS OF 140, TRANSISTOR BEFORE AND AFTER 7— IRRADIATION
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gate bias shows a similar behavior (see Fig. 19). An accumulation of lO5 rads
results in a negligible effect on device characteristics. Irradiation to 10~ rads
at zero bias leads to negative threshold voltage shifts AVp ranging between -0.5

to -0.9V with the distribution skewed toward -0.9V(see Fig. 20). TFor a -6V gate
bias, and 100 rads, AVp ranges between -O.4t to -1.1V (see Fig. 21). Two units from
the 50 irradiated shorted out. Transistors with zero gate bias and a dose of 107
rads show an overall pVp ranging between -0.8 to -2.0V (see Fig. 22). Those.tran-
sistors biased at -0V showed a spread in AVp between =0.5 t0-2.2V with most of the
units centered near -1V. Three devices shifted to positive values of threshold
voltage. Four of the 48 units irradiated shorted out. Eleven units were lost due
to open bonds due to the problems being experienced with the ultrasonic bonding unit
at the time. Unfortunately, the bonding problems placed a limitation on the number
of mwits which could be packaged for study.

4.2.> N-Channel Devices

"% indicated earlier, reproducibility problems were encountered w-.th the
Iabr ction of n-channel units. The first units fabricated had very low threshold
voitiges typically between +0.1 to 0.3V. When these devices were subjiected to
iv vl aniou levels exceeding g rads, they no longer functioned as us¢ful enhance-
ment mode devices. The threshold voltage shifts were typically -0.4V for 10° rais
and -3.0V for 106 rads with the devices biased at +AV. The effects of radiation »n
these devices is shown in Fig. 2k. It was soon discovered that the chromium etch
being employed for defining the gate dielectric area was an aqueous solution of
K3Fe(CN), and NaOH which could result in ionic contamination of the devices. Sub-
sequent devices were fabricated using ion milling of the chromium rather than a
chemical etch to define the gate dielectric area,

The second attempt at processing n-channel units resulted in devices which
were normally on and the third and final attempt produced devices with threshold
voltages closely grouped about +1.8V. Irradiation of these devices under zero bias
and +6V bias produced threshold voltage shift: to more positive values of threshold
voltage. This is illustrated in Figs. 25 and 26. Typical for +6V bias and 10°
rads produced AVp ranging between +0.6 to 1.0V. Transistors irradiated with zero
gate bias showed AVT ranging between +0.4 to 0.8V. TIrradiation to 107 rads and
+6V bias produces threshold voltage shift ranging between +1.1 to 1.5V. Devices
with zero gate bias exhibit AV between +0.9 and 1.4v.

4.2.3 Tnverters

Simple enhancement load p-channel and n-channel inverters were fabricated.
The transconductance ratio of the input to load transistor was 4:1. Time limita-
tions did not permit the process development for the fabrication of CMOS inverters.

The transfer characteristics for the inverters were obtained with a supply

voltage: Vpp of 6V. P-channel units showed a small change in transfer characteris-
Lics with irradiation as can be seen in Fig. 27. The rapid degradation with
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FIG. 19
TRANSFER CHARACTERISTICS OF Hf02 LOAD TRANSISTOR AS A
FUNCTION OF ~— IRRADIATION ( IRRADIATED WITH Vg =0
".,-'r_—_l
UNIRRADIATED
OV BIAS 105 RADS
Sl O\ 51AS 107RADS
VERT — 0.1 ma/div
HORIZ — 1.0 V/div
76-02-105-6
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DISTRIBUTION OF THRESHOLD VOLTAGE SHIFT FOR P—CHANNEL HfO2 TRANSISTORS
SUBJECT TO OV BIAS AND 105 RADS Co (80) Y— IRRADIATION (32 UNITS)
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DISTRIBUTION OF THRESHOLD VOLTAGE SHIFTS FOR P—CHANNEL
HfO2 TRANSISTORS FOR —6V BIAS AND 106 RADS Co (60)y— IRRADIATION
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FIG. 22

DISTRIBUTION OF THRESHOLD VOLTAGE SHIFTS FOR P—CHANNEL HfO2 TRANSISTORS
SUBJECT TO OV BIAS AND 107 RADS Co (60) 7— IRRADIATION (32 UNITS)
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DISTRIBUTION OF THRESHOLD VOLTAGE SHIFTS FOR P—CHANNEL HfO3 .
TRANSISTORS BIASED @ —6V AND 107RADS 'Co(6G) Y—IRRADIATION
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ip — Vp CHARACTERISTICS UF N-CHANNEL HfOo TRANSISTORS

BEFORE AND AFTER Co (60} 7-IRRADIATION
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Ip—Vg CHARACTERISTICS OF SERIES 111 N—-CHANNEL HfO»
TRANSISTORS AS A FUNCTION OF y— IRRADIATION
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TRANSFER CHARACTERISTICS GF SERIES 11l N—~CHANNEL HfO»
LOAD TRANSISTOR AS AFUNCTION OF 7— IRRADIATION
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R76-921337-19 FIG. 27 ;
TRANSFER CHARACTERISTICS FOR SATURATED LOAD P-CHANNEL INVERTER 3‘
AS A FUNCTION OF Co(60) y—RAY DOSE I
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irradiation of the sodium contaminated n-channel inverters is shown in Fig. 28.
N-crannel inverters, from the series III wafer show a moderate degradation of the

transfer characteristics after 107 rads as shown in Fig. 29.
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FIG. 28

TRANSFER CHARACTERISTICS FOR SATURATED LOAD N-CHANNEL INVERTER AS A
FUNCTION OF Co(60) y—RAY DOSE
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TRANSFER CHARA

FIG. 29

CTERIST.CS FCR SATURATED LOAD N—CHANNEL (SERIES 41) INVERTER VS

Co(60) a y—RAY DOSE
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5.0 DISCUSSION OF RESULTS AND CONCLUSIONS

Reactively sputtered hafnium dioxide has been demonstrated co be a radiation
tolerant gate dielectric which holds potential for the fabrication of radiation
hardened insulated gate field effect transistors. The threshold voltage shifts
induced for Co(60) gamma ray exposures of 107 rads and gate biases of ¥ 6V usually
did not exceed |1.5Vl for transistors with 1200 X HfO, gate insulators. The process
for device fabrication was not optimized since there were probleus encountered
regarding reproducibility.

A prime example is the contrary sense of the shift of threshold voltages for
devices irradiated with zero bias applied to the gate. For zero bias charge injec-
tion should play no role. The series III n-channel transistors shifted to more
positive values of threshold voltage, whereas the transistors on the p-channel wafers
showed a shift to more negative values of threshold voltage. In one case, the insu~-
lator exhibits characteristics in which electron trapping is predominant, and in
the other case, hole trapping dominates. These results were obtained for devices
which were fabricated using the same processing conditions but at different times.
In the radiation tolerance screening with MIS capacitors, similar results were
observed with hole trapping predominating in most of the samples prepared. This
behavior suggests that the radiation response of hafnium dioxide is sensitive to
subtle processing variations. Contamination may be playing a role since the film
deposition was done in an area without special environmental control. It is unfor-
tunate that time or funds did not allow for adequate process development, nor for
an investigation as to the mechansims which play a role in meking sputtered hafnium
dioxide films relatively insensitive to ionizing radiation.

A disappointing feature of Hf02 is that the polycrystalline films did not act
as barriers to positive ion drift as was found for Si3Nh and Al,O, but this con-
sideration alone should not discourage the application of HfO2 gate dielectrics.

The resistance to attack by most agueous acids and bases does add some degree of
complexity by requiring the additiorn of nonstandard processing steps for device
fabrication, but the situation is not much different for the application of aluminum
oxide (Ref. 21) for radiation tolerant gate insulators. Charge injection at higher
bias voltages leading to threshold voltage shifts probably is the most serious
prot.lem encountered with rf sputtered HfO, films. This problem is not unique to
Pi0, and problems of a similar nature have been encountered with aluminum oxide
gate dielectrics (Refs. 11, 12, 21, 22). This slow trapping instability could
limit the range of usetulness of the HfOp films particularly in applications at
elevated temperature where the effect is more pronounced. One of several factors
may be contributing to the instability. From the sense of the hysteresis, one could
attribute the behavior to charge transfer at the gate electrode. An alternative
explanation is that the instability may be due to ionic polarization of the oxide
resulting from field ionization of defects in the HfO2 film, This effect couldbe
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particularly significant at the ill defined silicon-HfO, interface. The composition
here probably is some form of mixed hafnium-silicon oxide. Additional effort is
required to resolve this problem.

Aside from the slow trapping instability, reactively sputtered Hf02 offers a
number oi attractive features.

1. The dielectric constant of HfO, (¢ = 22) makes it attractive from the
standpoint of significantly higher IGFET transconductance relastive to
Si05 (e = 3.9) gate dielectrics.

2. Sputtered hafnium dioxide films exhibit a relatively low negative surface
charge density (-1 x 10:1 to 5 x loll/cmg) permitting the fabrication of
low threshold voltage n=- and p-channel transistors.

3. The surface state density at mid-gap of sputtered films is moderate
(5 x 101 /em2 to 1 x 10%2/em?).,

4, Films did not etch appreciably in common aqueous acids and bases. This
insensitivity of the HfO, filme to acids and bases meke them attractive
coatings for application in corrosive environments.

In conclusion, it has been demonstrated that n-channel and p-channel transis-
tors fabricated with a reactively sputtered gate dielectric of HfO, show a high
degree of radiation tolerance for gamma-ray doses to 107 rads. However, the
problems of the slow trapping effect must be brought under control.
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