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ABSTRACT 
\0 

4» 

-This report discusses the results of an i.ivestigakon regarding the potential 
of the high dielectric constant materials Srlioj WC* Ä HfOj as alternate gate 
L^atorf for radiation hardened insulated gatl fieJd efW tr-sistors Jhe 
insulators were deposited by rf sputtering. Capacitor strub^ures fabricated ^th 
SCd WOH fil^s did not show adequate stability under bias and ^erature 

sSsl to be useful gate dielectrics. Reactively sputtered haf^iun dxoxxde MIS 
Srcitors Lhibited^ar more stable characteristics with bias a^ ^^^ ^8' 
although slow trapping effects were observed at high bias voltag*ä. Hafnxumd!oxide 
MIS cScit's irradiated with Co(60) gmm  rays to a dose of ^rads showed a hxgh 
degree of radiation tolerance. Based on these encoureging resets -channel and 
p!SLel transistors with hafnium dioxide gate insulators were fabricated.^The 
dev^s exhibit excellent transistor characteristics. For a gate insulator feckness 
5 3 >D I and H^s voltages of + 6V, threshold voltage shifts in most instances did 
not'exceed uVl -or a dose of Itf  rads. ^e sense of the radiation induced thresh- 
old voltage'shi- c observed was not alway. consistent, although the same process 
eonaluoa* were used to fabricate device. Further effort is required to achieve a 
highTegree'of process reproducibility and control or elimination of the slow trap- 

ping effect. 

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

in Report Number I^lSST^lSi,-.-- 

ß 
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1.0 INTRODUCTION 

A great deal of effort has been expended on the problem of impro-ving 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 of chromium for alu- 
minum as the gate metallization (Ref. 1), diffusion of chromium into silicon dioxide 
(Ref. 2, 3)j implantation of the silicon dioxide gate insulator with aluminum (Ref. 
k)  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, a 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. In 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 degree 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 radiation insen- 
sitivity under both negative and positive bias. Schlesier and Norris (Ref. 12) fab- 
ricated aluminiun 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 dependent on the 

1 mi - '•■ 1 
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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 electrxc field 
Td ionising radiation. Radiation hardening of MIS devices has been based primarily 

on empirical studies. 

The objective of the research reported herein was to investigate the suitability 
of ce^ral high dielectric constant insulators for use as gate dielectrics for radi- 

er olra^t MIS devices, ^gh dielectric constant ^^f-^^^rs Tor 
two significant advantages over devices using silicon dioxide gate gators. For 
a^ equivalent device geometry higher IGFET transconductances ca* be ^^J« ^ 
addition the high dielectric constant is more effective in shielding the silicon 
^faceVom the effects of trapped charge generated by exposure to ionizing radia- 
S™ Vxis would result in a reduction of threshold voltage shift for em equivalent 
density of trapped charges. The three materials which were chosen for this investi- 
ga" on were strontium titrate, tungsten trioxide and ha^ium dioxide  The dielec- 
triHonstant of bulk strontium titanate (Ref. 13) is about 300_and a dielectric 
constant in excess of 1000 has been reported for tungsten trioxide (Ref. 14). 
Hafnium dioxide (Ref. 15) is known to have a dielectric constant of 25. 

The research program spanned twelve months and consisted of two phases. Phase 
I involved the fabrication of MIS capacitors with WO , SrTiO and HfO; their elec- 
trical characterization; and, finally, assessment of^their radiation %oler*ncetc 
Co 60 Y-irradiation.  This screening period lasted nine (9) months. At the comple- 

tion of the first phase, the results indicated that HfO 0f!rP\f^J ^^^ 
for radiation tolerant devices among the insulators evaluated. In the final phase, 
lästig three months, the program consisted of the tasks of fabricating transistors 
and a simple inverter circuit for additional data on the suitability of Hf02 as a 

radiation 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 

^ctd" 5    SKl Tl^ ^ T ^ ^^    The ^-Cclbe    was  in- structed of  stainless steel.    Sputtering pressure was measured by Varian Millitorr 
ion gauges.    Two magnet coils which have been welded into staimL!    *    n 
mounted internal to the chamber to provide an" ^^1       t^^ f t^ri^ 

lield strength influences substrate heating and uniformity of the deposition      Th. 

ing .50 L/sec in the milxitorr range.     Use of the turbomolecular pump in place of 
a conventional oil diffusion pump eliminates the "backstreaming"  oJZrocarbons 
which would result in contamination of the film during the sputterinTproce^ 

The substrate holder was constructed of stainless steel  and contained an 

P W 0 ^C      s^pl! 'Tr^ the CaPability ^ aChieVing a ^^ZTeZr^re ^h!f    +    ,    \        P      substrates were held in place by means of a ring clamp      The 

ZT     t ^^.^^    V" -tal targets „ere anl^ec, to 11 99 9 Par"rf 

get ;95?::rcrtr
id! mB:.were depoEited usi^a ^^ *™K" lizzi 

f- ?       frcent)-    * reactive o; ygen aoblent „ae recalred for the deposition of 

t^XZ ITC'T    ^T ^'^ ^^ '^.V percent r^u    .    s the sputtering gas.    The target t. substrata separation was maintained at 2.5 cm. 

2.2    Silicon Substrates 

The silicon used in this work was  in the form of 1.25 inch diame+er waf^r. 
preparedby the Czochralski methods.    Both p- and n- type sublaeTo    (100 

and roin^L6 ^1       ^ ^^ ™^ ^™ 5-100-cm for 0-V    tud es 
and 0 Oin-cm material  was used for dielectric and optica. evaluation of the films 
eposited.    Prior to film deposition the wafers were degreased, boiled in nitric 

acid    rinsed in high resitivity deionized water,  etched in hydrofluric acid 
rinsed again in dionized water and blown dry in a try nitrogL gas streZ 

In the cases where Si-SiO -insulator structures were desired for studv    the 

^tl iTLLST ^ ^r^ ^^   ^ 900 OC in dry 0X^ in a^i^al ^ 
TZT 7 t        naCe'    The SiliCOn d±0xlde was then sealed at the same temperature in nitrogen for 30 minutes. 

mmmmm 
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2.3    Procedure for Film Deposition 

At th, outset of a run.th. systa« .as P™*J™J°}^ f™\*^m to 

su^trat.     .. to be sputter oleauea, oxygen f»J"^*^d,^ of tZ target 
a pressu.   of 85 «Torr.    With the ^^      "f"1'^ f/c    an^of the target 
was startea at an rf power densrty ^^''^ substrate was brought up 
was usually performed for » ^;urf ^^thf slple at the desired temperature, 
to the desired deposition ^f f ^ *™ ^w of the substrate and oon- 
a 1 .V do ".0^ «• InltUt äj« «put «   tching^ ^^ ^^ 

tinued for 1 to 5 minutes      f th= Jna f .j iam t0 the desired operating 
the do discharge was terminated, the system P"«*°J1™1        shutters „ere opened 
pressure (this operation taKes «^ "f^ ^^^ ^ of the snbstrate^as 
and film deposition was commenced.    If "» »Putt« etching ^^^ up t0 the 

required, the system was ^/""u« cl.^.'.St^ou.ly the sa^le was 
llZl rrLiredtSurCera^e »i at the end of the sputter .ear- 
ing   the shutters were opened and film depositxon was initiated. 

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

investigated. 

2,k    Measurements 

The .eetriea. equations .ere Pef o^o. M^st.eture^ .ese we^ 

^IZ^^C:^* - siUeon for contact. 

Xnterrace properties were studied .y MIS capacitance ^^^^V 
frequency capacitance-voltage -asuremens were mad    at 1 MHz      L^^^.        ^ 

characteristics were obtained using ^^T^ ^^ by applying positive 

(Ref. X6).    Stability of the ^^f^'ZtZ "r^ing periods of time 
and negative bias voltages across the MIS c^c1^ *    temperature of 
while the sample was maintained in a   nitrogen atmosphere 

200  0C. 

A ^fr.otive index values were determined by using a Gaertner 
Film thickness and ^^^ The T^ior-HobSon Talysurf was used on 

ellipsometer at a wavelength of 5^6 nm.    ine      .J. 

thick specimens for thickness measurements. 

^ nation sensitivity of the insulators was ^^f^^f ^ The 

MIS capacitors under positive and ^^/^.e 0^10"^« were investigated, 
radiation effects up to a f ^^^f^^ at the University of 
The cobalt 60 source used la these studies was xoc 
Connecticut.    The dose rate of the gamma source was KP rads/hr. 

I   i 
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3.0 FABRICATION AND EVALUATION OF kIS CAPACITCfiS 

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 0C and 600 0C. Oxygen sputtering 

pressure was varied from 1 to 5 x 10 

H2, N2 and 02. 

"2 Torr. Films were annealed in ambients of 

3.1 Strontium Titanate MIS Capacitors 

Although strontium titanate films were sputtered fro» a ceraaic 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 i+0 for films deposited at 100 0C to a dielectric constant of 200 for films 

deposited at 500 0C. A similar variation for rf sputtered SrTi03 films has been 

reported by Pennebaker (Ref. 1?) aM 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 pressure exhibited little 

effect on the dielectric constant. The loss tangent of the films measured at 

100 kHz ranged between 0.01 to 0.02. 

The index of refraction of the films was determined from measurements by 

ellipsometry. Films with a dielectric constant of ho  had an index of 2.1 and 

ranged up to a refractive index value of 2.3 for films wi :h a dielectric constant 

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 fi-lms 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 strontium titanate followed immediately. In maiy cases, this did not lead 

to MIS capacitors with stable capacitance-voltes characteristics. Generally, 

the hysteresis was of the order of several volts with 2000 I ÖrTiO, films for bias 

excursions of ±1ÖV. The sense oi flatband voltage shift was positive for poflltiva 

biases and negative for negative bias. The threshold voltage for onset of charge 

transfer varied between U to 6 volts. This is indicative of the formation of a 

thin silicon oxide layer between the silicon and SsTiO film which permits the 

tunneling of charge into traps in the SrTiO^ film. Thi combination of a hig1! 

dielectric constant film with a low dielectric constant film leads to the build 

up of very high fields across low dielectric constant material at normal gate bias 

. ■■-■ ■.■■^■■i.... ■ ■",  ■v.1, ., .'.'■■■■■. ■ itääüHHÜWilHi 
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• 
voltages and hence would result in the type of insbability observed.    The exact 
behavior was observed in an earlier variable threshold IGFET memory transistor 
study (Ref. l8) with SrTiO    films intentionally deposited on 20 S layers of thermal 
Si02.    In some cases devices 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 öf such devices are illustrated in Fig.  1.     The 
film deposition in both cases was done at a substrate temperature of 300 0C,  a 
power density of 1.6 W/cm2 and an oxygen pressure of 1.5 x 10"2 Torr.    The samples 
were annealed in oxygen at 750 0C for one half hour.    Unannealed samples showed 
a positive fixed surface charge density of the order of lO^/cm2 and a smearing of 
the C-V characteristics which is indicative of a high surface state density. 

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

Nfcqd 

'FB ee, 
+   0 MS 

where 0  is the metal semiconductor work function difference, q is the electron 

charge, d is the thickness of the insulator, e0 is the permittivity of free space, 

and e is the dielectric constant of the insulator. The interfaciaJ charge is 

fovjid to be positive and the values of Nf vary between 1-3 x 1012/cm2. 

Introduction of a thermal silicon dioxide layer of approximately 100 Ä 

stabilized the C-V characteristics to bias stressing at room temperature for volt- 

ages up to ±10V. Bias stressing of the thermal > iO,- •SrTi03 at 200 
3C at ±10V for 

15 minutes restated in a marked hysteresis in the C-V characteristics.    Positive 
bias resulted in negative flat band voltage shifts of 3 volts where as negative 
fias restated in positive shifts of 2 volts.    This polarization is due to the marked 
differences in the conductivity of SrTi03 and Si02.    Similar effects have been 
observed with SiOg-SiJ^ and Si02-Al203 capacitors employing Si02 filmr of the order 
of 100 % in thickness. 

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

A comparison of the results shows that the SrTiOo 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 T-ray doses of lO^ rads and bi£s voltages of ±6v.    The 
maximum flat band ^oltage shift is approximately 1/2 volt to more negative values. 
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FIG.  1 

C-V CHA«ACTERISTICS OF N AND P-TYM A«-*Ti03-8l C^ACITORS 
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C-V CHARACTERISTICS Of- 7-IRRADIATED Au-SrTi03-Si CAPACITOR 

Au-SrTi03-8102   CAPACITOR 
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iuSafe nS » t" ^ oo'lel to significant deg^aticn in relation har^.- 
(Serng. 1)      A Irxed increase in eurface state density under pos.tive bla. 
(See Fig. k). 
also occurs. 

i Figure 3 shows the radiation response for a SrliO, film with a "l«*^ 

• eonstXf 80 deposited on ..hare"  silicon.    ^^Z^TT^^fZl- 

cantay less thah the fil. ^ «'^   ^   ^on   ^i    A^ossihle explana- 

constant films. 

3.2    Tungsten Trioxide MIS Capacitors 

Ij        ■ FILS of tungsten trioxide were deposited on ^"J «/f f .'Äf ^ 
at a sutstrate temperature of ^^ZTZZZl * ?50 "or ^.S hour, 

LeTif Tna hi5Xe tfufs to stahilUe out.    The ^ ""f» * 
tue smiT; in ixa       -e dielectric constant of the films 
these films was determined to he 2.3. The dieiec        äieiectric constant 

5 ^   rir.r^:;trn:Ä^ 
^ +v,0 p v characteristics at room temperature of a 3000 % thick 

Measurement of the C-V char^riS;^        /2 volt ;hen the biaS voltage was 
film showed a small hysteresis of less than a l/a vo±^ wn« 

United to ±10V.     A PO'"^ ("n™^" It loo^rt      ilL h    ^e hi hly 
^d "r^^r: o   fr ortS^atl    -fi^a exhihited th. initial 
conducting, but, when cooxea T-O ^ leakage current of the WO3 films was 

ri^r^^ef rhrrhrdriacreniTuTent ahd prevented tL .easurcent 
1 ÄlÄZoy C-V characteristics hy the quasl.stati= technics. 

The fixed surface charge density Nfc typically Is of the order of -1 x l^/ 

MIS capacitor --isting^f 3000 ^oj tion in the radiation tolerance 
At a y-ray dose of 10    rads,  a slgniiic v positive bias degrades the 
occurs under positive bias.    A dose of 10'  rads under posx 
C-V characteristics to the point where it was barely distinguishable. 
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C-V CHARACTERISTICS OF 7-IRRADIATED Au-SrTiOa-SiC^-Si CAPACITOR 
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FIG. 5 

C-V CHARACTERISTICS OF    7-IRRADIATED Al-WOs-Si CAPACITOR 
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FIG. 6 

C-V CHARACTERISTICS Of T-JRRADIATED Al-W03-Si02-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 temperature of kOO  0C, a power density of 1.5 W/cm and 
an oxygen pressure of 1.5 x ,10"2 Torr. Sputtered films prior to annealing, 
exhibited a positive surface charge density of approximately lO^/cm and a moder- 
ately high surface state density which was reflected by distortion in the high 
frequencyC-V characteristic. Annealing in oxygen at 800 0C for one hour stabilized 

the Insulator charge distribution. 

The surface fin? a>i of the sputtered films is relatively smooth. An electron 
micrograph of a typical surface is shown in Fig. 7- All the sputtered films were 
polycrystalline over the range of deposition temperatures investigated (100°- 600DC). 
A typical relfection electron diffraction pattern for a hafnium dioxide film is 
shown in Fig. 8. Thf  crystal structure of the films correspond to the monoclinic 

phase of Hf02. 

The dielectric constant of the films ranged from a low of 15 for depositions 
of 100 ''C up to 22 for films deposited at kOO  0C. 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 1013 to 10  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 2k,3  for the dielectric constant for dc reactively sputtered hafnium diox- 
ide. Pratt reported a dielectric constant of 16 for films deposited by rf sputter- 

ing from a ceramic HfOp target. 

The refractive index of the films varied from 2.0 for the low temperature 

deposits at 100 0C up to 2.2 for the ^00 0C depositions. 

Exposure of the films to acids, such as boiling HC1, hot I^SO^, kS  percent HF, 
and boiling aqua-regia, did not result in any significant etching of the HfOg. 
Aqueous solutions of K0H and NaOH had no appreciable effect either. Only boiling 
phosphoric acid was found to slowly etch the Hf02 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 10i:L/cm2.  For other depositions, the interface charge density 
ranges between -1 x 1011 to -5 x lO11/™2. These films do show some effects of a 
slow trapping instability for bias fields exceeding ±10b V/cm at room temperature 
and ±k x  105 V/cm at 200 0C. 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 shift is positive for negative bias and negative for positive 

15 
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ELECTRON MICROGRAPH OF REHICATED SURFACE OF 2500A THICK Hf02 FILM 

H' 

7 6-02-105 10 

16 

BMMHI ««________ . i A. 



JKMSSiPIIBW«»«"»*?»«»"».'!!1:    'I    '       H»- 

R76-921337-19 FIG. 8 

REFLECTION ELECTRON DIFFRACTION PATTERN FOR Hf02 FILM 
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FIG 9 

C-V CHARACTERISTICS OF Al-Hf02-Si CAPACITOR 
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Mas     When hafnl« Moxlde films are dap.sitad over 100 % thermal S10   ™™'*' 

not ahow aishmcant *--f »   ^ f ^.I"" P^tU flat hand ,oltagea 
a cotrmosrw Hi0p-biuo msuxauux   xa t. a .n„v, ^^^O^-I-Q vinvp beer 
are achieved with thl Hf02.Si02 composite insulator.    Sxmilar effects have 

observed for AlgC^-SiOg composites. 

Hafnium dioxide films »ere examined to determine " ^.T!^^^^" 
to positive ion drift.    The HfOj surface was contaminated ^dipp^s the wafer 

recovery in flat ^Jolt^;  J1*™ a ^^^e annual.      The results show sar^rx smrr. d^- ^ .r po.^ ^3. 
Fast surface state density near midgap can be estimated f» ^ ^"^ 

hetween the quasi-static capacitance and the low frequency capacitance  (Ref. 15). 
^ this technique, the surface state density at ^ f« sputtered Hf02 

capaeltors la found to range between 5 x lo" to 1 x 10   /em . 

-   ^zrrnz^ ri;tiL »r-tt-TO--ÄT^ri 
■u'^>4.„ ^^ i   +n Q v wf>rp observed tor oxas voxuaeco ^x    >.'. 

voltage ■«"• »'l " ^ ^t'rf of the same group with zero bias and -67 bias 

STT Lr^rirfrSirbihavfo/rrSo observed where the sense of 

time to determine the cause of these discrepancies. 

capacitor statures t^^^^^*^^^^ 
exhibited a greater degree of radiation ^l^'.'j In most cases the 

3.U Discussion of Results 

In3 ^S« J fo? the various insulatora ^^tÄl.V- of .f^Uty 

rr^'^rr/arrsTo ^rr^: - z „^ * - 
radiation tolerance of the dielectrics H£02,  SrTi03 and WO3. 
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C-V CHARACTERISTKJ« OF Al-i CAPACITO« 
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FIG.  11 

C-V CHARACTERISTICS OF Hf02    CAPACITOR SUBJECTED TO 10? RADS Co |60) 7 
IRRADIATION 
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Overall, a high degree of radiation tolerance was shown by all. The major 

drawback of SrTiO^ and WO^ is related to their poor insulator qualities. Both are 

known to be defect semiconductors in the nonstoichiooetric sta'e. Evidently the 

failure to produce films sufficiently near stoichiometry places a severe limitation 

on their usefulness in most applications. Becaust of hafniura 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 HfCU 

MIS capacitors were sufficiently encouraging to Justify the fabrication of tran- 

sistors for further evaluation of the potential of HfOg for radiation hardened 

insulated gate field effect transistors. These results ar covered in the. following 
section. 

j 

m 
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k.O    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. 

k.l    Transistor Fabrication 

P-channel devices were fabricated on 10Q -  cm phosphorous doped (lOO) silicon. 
N-channel units were fabricated on 5n - cm boron doped (lOO) 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 A film of chromium metal (Fig. 12a) 
2) Photoresist first oxide,remove mask and etch chromium (Fig. 12b) 
3) Etch silicon dioxide, leaving approximately 2000 A of Si02 (Fig. 12c) 
k) Photoresist second oxide,remove mask and etch chromium (Fig. 12d) 
5) Etch remaining 2000 A of Si02 in gate area. (Fig. 12e) 

The etching of the chromium to define the gate area can be done either 
chemically or by ion milling. Devices were fabricated by both techniques. Figure 
13 shows the gate region just before deposition of the Hf02 film. 

The purpose of process steps 1+ and 5 may not be obvious but their function 
was to provide a steplass transition between the Si02 and sputtered Hf02 film in 
the vicinity of gate and source-drain Junctions. If the gate region were opened 
completely in step 3 and sputtered Hf02 deposited, one would run the risk of a dis- 
continuity between the Si02 and Hf02. 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 Hf02 (U00OC, 1.5 X 10" Torr 02), the wafer 
was placed into a chrome etch (HCl) and ultrasonically agitated. The 
hafnium dioxide was removed from all but the gate regions (Fig. 12f). 
Following these steps, the wafer was annealed in O2 at 800oC for one hour. 
Contact hole; are opened up, 5000 A of Al is evaporated, and the metalliza- 
tion pattern was defined, 
in a nitrogen ambient. 

The con' :ts are sintered for 15 minutes at 500WC 
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PROCESS SEQUENCE  FOR   HFO2 TRANSISTOR FABRICATION 
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GATE AREA AFTER SECOND ION MILL OF CHROMIUM MASK 
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^ test chip designed for ^e -al^tle^s fo» in ^-^JonÄ 
diameter capacitors »ere provided for C-V Bf ^^f J" ise the remaininf 

surface properties. A single ^^^ITtlrZCof^e  inverter were of 
chip elements. The single ^srstor and ^^Xa was one mil. Ihe 
identical geometries. The <*a™^le"gt* 0!Jf^™"   transistors whereas this 
channel width to length ratio SA> ™ ^ ^^^ transistors were fabri- 
ratio was 2.5 for the load transistor of the inverter, 
cated with gate protection diodes. 

The wafers were scrihed into chips and mounted in TO-5 packages for tasting 

and irradiation. 

1+.2 Transistor Evaluation 

Beth n-channel and ^^^X^rZ^^tt^l^^- 
insulator thickness was 1200 A. In all, ^nree separate p-channel 

cecsed. The variation in ^^^^Z ^ -led heLeen the 

^.r. SriwafSs^re first of ^process, n-ch.nelwa.rs led to^ 
devices with threshold voltages centered ^ ^ '" °;3 V^\ast n.chanIlel 

Figure 15 shows typ.cal ^VQ C^C
^ trarisconductanCeS were excellent. Sur- 

channel and p-channel devices. The device T:ra   2        electrons 500 cm
2/V-sec. 

face mobility of holes was ^-^V^f J^ dielectric did not result in a 
These figures indicate that sputtering of the gate dieiec^n 
serious degradation of device characteristics. 

U.2.1 P-Channel Devices 

_t rrs s -dr:j^r:nL-v?;:r:^Su^ 
vT - -iv. 

Circuits under Mas were '^J'^Z TrZll. lOO^f ^rf 
rf^fd tfj^rXr Hl^ d^levels were impractical due to time 
limitations. 

Figure 17 shows the output characteristics of the ^^^T^l^U 
as a function of irraaiat.on level and ^^^ , ^ ^ft in threshold 

degradation of ^^^f^'^TuSSd .ore clearly in Fig. l8 which 
voltage to more negative JalueS-^^S

a
1S

f^ion of irradiation exposure. Trans- 
shows the transfer characteristics as a function of i^    irradiation with zero 
fer characteristics of the small transistor (Z/l - 2.5J tor 
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TEST   CHIP FOR Hf02 TRANSISTOR AND INVERTER EVALUATION 
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lD - VQ CHARACTERISTICS OF Hf02 N - CHANNEL AND P - CHANNEL 

Hf02 INSULATED GATE FIELD EFFECT TRANSISTORS 
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DISTRIBUTION    OF THRESHOLD VOLTAGES FOR 
Hf02 P-CHANNEL TRANSISTORS (92 UNITS) 
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lD - VD CHARACTERISTICS OF P-CHANN EL Hf02 TRANSISTORS 

BEFORE AND AFTER Co (60) 7- IRRADIATION 
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TRANSFER CHARACTERISTICS OF Hf02 TRANSISTOR BEFORE AND AFTER 7-  IRRADIATION 
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gate bias shows a similar behavior (see Fig. 19). An accumulation of 105 rads 

results in a negligible effect on device characteristics. Irradiation to ICT rads 

at zero bias leads to negative threshold voltage shifts ^VT ranging between -O.5 

to -0.9V with the distribution skewed toward -0.9V(see Fig. 20).  For a -6v gate 

bias, and 106 rads, ,yIT  ranges between -O.k  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 AVT ranging between -0.8 to -2.0V (see Fig. 22).  Those-tran- 

sistors biased at -oV showed a spread in AVT between -0.5 to-2.2V with most of the 

units centered near -IV. Three devices shifted to positive values of threshold 

voltage. Four of the 1+8 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 units which could be packaged for study. 

h.2.?    W-Charm el Devices 

r.n  indicated earlier, reproducibility problems were encountered with the 

fabr;oc.tion of n-channel -units. The first units fabricated had very low threshold 

voicjges typically between +0.1 to 0.3V. When these devices were subjected to 

.'Htion levels exceeding 10? rads, they no longer functioned as useful enhance- 

ment mode devices. The threshold voltage shifts were typically -0M  for 10? rads 

and -3.0V for 10 rads with the devices biased at +6v. The effects of radiation on 

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(CW), 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 shifts to more positive values of threshold 

voltage. This is illustrated in Figs. 25 and 26. Typical for +6v bias and 106 

rads produced AVT ranging between +0.6 to 1.0V. Transistors irradiated with zero 

gate bias showed AVT ranging between +0.i+ to 0.8v. Irradiation to lO7 rads and 

+6V bias produces threshold voltage shift ranging between +1.1 to 1.5V. Devices 
with zero gate bias exhibit AVT between +0.9 and l.kv. 

^.2.3 Inverters 

Simple enhancement load p-channel and n-channel inverters were fabricated. 

The transconductance ratio of the input to load transistor was k:l.    Time limita- 

tions did not pemit the process development for the fabrication of CMOS inverters. 

The transfer characteristics for the inverters were obtained with a supply 

voltage VDD of 6v. P-channel units showed a small change in transfer characteris- 

tics with irradiation as can be seen in Fig. 2?.  The rapid degradation with 

52 



'*£. 
^■■rtM      !■    IM*!"   ' 

R76-921337~19 
FIG.19 

TRANSFER CHARACTERISTICS OF Hf02 LOAD TRANSISTOR AS A 

FUNCTION OF y- IRRADIATION ( IRRADIATED WITH VG = 0) 
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FIG.  20 

DISTRIBUTION OF THRESHOLD VOLTAGE SHIFT FOR P-CHANNEL Hf02 TRANSISTORS 

SUBJECT TO OV BIAS AND 106 RADS Co («0) 7- IRRADIATION  (32 UNITS) 
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DISTRIBUTION OF THRESHOLD VOLTAGE SHIFTS FOR P-CHA^NEL 

Hf02 TRANSISTORS FOR -6V BIAS AND 106  RADS  Co (60)7- IRRADIATION 
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DISTRIBUTION OF THRESHOLD VOLTAGE SHIFTS FOR P-CdANNEL Hf02 

TRANSISTORS BIASED 9 -6V AND 107RADS  Co(6C) 7-IRRADIATION 

Z 
■D 

S    10 
cc 
Ui 
m 
S 

I . M 

48 UNITS IRRADIATED 

11   LOST DUE TO OPEN  BONDS 

4 SHORTED 

3 SHIFTED TO +VTH 

J. 
0.6      0.8       1.0      1.2      1.4      1.6       1.8      7.0 

-AVT- SHIFT IN THRESHOLD VOLTAGE 

2.2 

76-02-105-16 

37 



■i 

R76-d21337-19 FIG. 24 

lD - VD CHARACTERISTICS UF N-CHANNEL HfC^TRANSISTORS 

BEFORE AND AFTER Co (60) 7-IRRADIATION 
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lD_VG CHARACTERISTICS OF SERIES III N-CHANNEL Hf02 

TRANSISTORS AS A FUNCTION OF 7- IRRADIATION 
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FIG, 26 

TRANSFER CHARACTERISTICS OF SERIES III N-CHANNEL Hf02 
LOAD TRANSISTOR AS A FUNCTION   OF 7- IRRADIATION 
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FIG. 27 

TRANSFER CHARACTERISTICS FOR SATURATED LOAD P-CHAISINEL INVERTER 
AS A FUNCTION OF Co(60)   7-RAY DOSE 
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irradiation of the sodium contaminated n-channel inverters is shown in Fig. 28. 
N-nhannel 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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TRANSFER CHARACTERISTICS FOR SATURATED LOAD IM-CHANNEL INVERTER AS A 
FUNCTION OF Co(60) 7-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(6o) gamma ray exposures of 10' rads and gate biases Of i 6v usually 
did not exceed |l.5V| for transistors with 1200 A Hf02 gate insulators. The process 
for device fabrication was not optimized since there were problems 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 making 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 SißNj^ and AlgO^ but this con- 
sideration alone should not discourage the application of HfOp gate dielectrics. 
The resistance to attack by most aqueous acids and bases does add some degree of 
complexity by requiring the addition 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 gäbe insulators. Charge injection at higher 
bias voltages  leading to threshold voltage shifts probably is the most serious 
problem encountered with rf sputtered Hf02 films. This problem is not unique to 
Ff02 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 usefulness of the Hf02 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 lonization of defects in the Hf02 film. This effect could be 

- 
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partic\ilarly significant at the ill defined silicon-Hf02 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 HfOp offers a 
number ox' attractive features. 

1. The dielectric constant of Hf02 (e = 22) makes it attractive from the 
standpoint of significantly higher IGFET transconductance relative to 
SiOp (e = 3.9) gate dielectrics. 

2. Sputtered hafnium dioxide films exhibit a relatively low negative surface 
charge density (-1 x loll to 5 x lO11/^2) pemitting 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 lO^/cm2 to 1 x 1012/cm2). 

k. Films did not etch appreciably in common aqueous acids and bases. This 
insensitivity of the Hf02 films to acids and bases make 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 Hf02 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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