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RF Sputtered  Strontium Titanate Films 

Abstract: Two  deposition parameters  are  important in rf sputtering of SrTiOI  films:  the  oxygen-argon  content ratio, and the substrate 
temperature.  More than 1% oxygen is needed to produce  insulating films; the exact percentage  required depends on system  cleanliness. 
Both  dielectric ccnstant and crystallite size  increase  with  increasing  substrate  temperature. 

Films of 2400 A deposited at 500°C on gold  have a dielectric  constant of 200. The dc  conductivity  closely  follows  the  Poole-Frenkel 
model.  Two  dielectric loss peaks  are  believed to be caused  in part by an oxygen  deficient  region  near  one  electrode. The  variation  in 
the  dielectric  constant K with  electric  field  is  similar to that observed  in  bulk  material. 

Introduction 
The deposition of SiOz films  by rf sputtering has been 
extensively investigated by a number of researchers. 
The dielectric properties of sputtered SiO, are generally 
excellent, being influenced in  rather subtle ways by changes 
in deposition  parameters.  Sputtering of SrTiO, is quite 
different. As will be shown, the dielectric properties of  rf 
sputtered SrTiO, films are extremely sensitive to two of 
the sputtering  parameters, substrate temperature and 
oxygen partial pressure. The sensitivity to these  parameters 
arises through  their influence on oxygen deficiency and 
crystalline perfection. 

A brief  review  of the  room temperature  properties of 
bulk SrTiO, is in  order. SrTiO, has a cubic perovskite 
structure.' Its dielectric constant' is  about 300, resulting 
primarily from  an optical  mode which resonates, at 
87.5 cm-l (2.6 X 10" Hz). Dielectric loss4 is observed 
at lower frequencies in two broad ranges, one below 
lo4 Hz, the  other  from lo4 Hz to >lo7 Hz. SrTiO, is 
readily reduced, the resulting oxygen vacancies acting  as 
very shallow donors.' At  room temperature over a wide 
doping range, the free  carrier single crystal mobility6 is 
~5 cm2/v-sec. 

Sputtering  techniques  and  equipment 
In this section the sputtering  equipment and  its  operation 
will be described. Particular emphasis will be given to 
the problems associated with the  addition of oxygen to 
the sputtering gas. 

The sputtering system arrangement followed a conven- 
tiona16 diode design. The vacuum system consisted of a 
standard Edwards six-inch mercury diffusion pump with 
liquid nitrogen and  Freon baffles. A Varian bellows-sealed 
right  angle  gate valve connected the pumping system to a 
stainless steel "T" where the sputtering was done.  Rough- 
ing was done  through a liquid nitrogen trapped line. 
A Veeco GA-3 mass spectrometer connected between the 
gate valve and  the pumping system monitored  gas com- 
position  during  sputtering. The main  gate valve was 
closed during sputtering; a two-inch bypass valve was 
adjusted to provide a pressure of 5 to 10 millitorr in  the 
sputtering  chamber, while a pressure of 5 X torr was 
maintained in  the section with the mass spectrometer. At 
this pressure, the mass spectrometer sensitivity was slightly 
reduced. Much larger changes in sensitivity occurred when 
oxygen was introduced into  the mass spectrometer.  These 
effects were carefully accounted for  in  the gas analysis. 

The target" was pressed and fired by standard tech- 
niques from technical grade SrTiO,. The analysis provided 
by the supplier indicated a total impurity  content of 
about 5.4%. The  major impurities were:  1.25%  SiO,, 
1.00% &03, 0.5% CaO, 0.50/, MgO, 0.75a/, BaO 
and '0.750/, NaKO. Target outgassing was not a prob- 
lem. The system base pressure was < 5  X lo-*  torr. 

Substrate temperatures between 200°C and 500°C were 
investigated. The substrates, 0.025 cm thick, 2.5 cm 
diameter  sapphire diskst coated with various  metal films, 
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were clamped to  the temperature  controlled  holder with 
gallium at the interface to ensure  good thermal contact. 
The holder was made of molybdenum with tungsten disks 
brazed to  it to support  the substrates.  Tungsten  does not 
interact with gallium at 5OOOC.’ The holder was heated 
from  the back by radiation from a Pt-l3%  Rh filament. 

As noted earlier, substrate temperature and oxygen 
partial pressure were the two important deposition  pa- 
rameters. Changes in rf power, magnetic field (supplied 
by two  Helmholtz coils), total gas pressure,* anode- 
cathode spacing, and  dc bias on  the substrate  holder 
changed the deposition  rate, but  not (to first order)  the 
film properties. All the samples described in this paper 
were deposited using standard conditions listed in Table 1. 
Film thicknesses ranged from 1400 A to 7300 A. 

The only parameter listed in  Table 1 that could not be 
accurately  controlled was the oxygen partial pressure. The 
problem is illustrated  in Fig. 1. The pressures plotted in 
Fig. 1 were the  ion gauge pressures calculated from  the 
peaks recorded by the mass spectrometer;  they were pro- 
portional  to  the  partial pressures in  the sputtering  chamber, 
but  the proportionality  constants  depended on  the  throttled 
gate valve conductances which were different for  the 
different gases. The startling feature  (apparent  in Fig. 1) 
was the conversion of most of the oxygen to  carbon 
monoxidet during the initial  moments of the  run.  The 
source of the  carbon was hydrocarbons adsorbed  on  the 
walls of the system during exposure to  room air.  This was 
proved in a series of experiments in which the  duration of 
system exposure to  air was vaned. With no  air exposure 
(system raised to atmospheric pressure with argon)  no 
CO was evolved. One half hour of air exposure  produced 
the effect seen in Fig. 1. Exposure for 16 hours gave an 
effect which persisted through several runs.  Hydrogen and 
water vapor also were evolved initially, in a manner very 
similar to  that of CO. However, their  partial pressures 
were more  than  an  order of magnitude smaller than  the 
CO pressure, and were not changed when the  shutter was 
opened. The increase in  CO  partial pressure that occurred 
upon opening the  shutter suggests that  carbon contami- 
nated the fully outgassed substrate holder. It should  be 
noted that similar, but  far smaller, CO evolution has 
been observed at hot tungsten filaments.2B 

The presence of CO was not  harmful,  in that films 
deposited  in  argon, 10% oxygen, 10% CO were not 
significantly altered by this  deliberate  contamination. 
(Normally, the  CO pressure was less than 1% of the 
total  during film deposition.) The reaction between oxy- 
gen and hydrocarbons, however, made control of low 
oxygen concentrations (less than 5%) quite difficult. For 
this  reason the  data  on  the effect  of oxygen pressure are 
qualitative. 

t The  carbonmonoxide was uniquely identified through  its  cracking  pattern. 
* Except a s  this affected oxygen partial pressure. 
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Figure 1 Partial pressures  during  sputtering. 

Table 1 Sputtering conditions. 

RF power during depositiona 
Magnetic field (axial) 
Total  discharge  pressure 
Substrate  temperature 
Oxygen concentration  (in  argon) 
Anode-cathode  spacing 
Cathode  diameter 
Clean-up  before  opening  shutter 

Substrate  bias 
Deposition  rate (for O2 

concentration > 1 yo) 
Base  pressure of system 

60 to 100 watts 
60 gauss 
5 to 10 millitorr 
200 to 500°C as  desired 
0 to 100~o-see  text 
2.5 cm 
I O  cm 
60 minutes at deposition 

Floating (= - 30 volts) 

= 30 A/minute 
1 to 5 X 10-8 torr 

power 

to 20 watts  just  prior to  opening  the  shutter  and held a t  this level for the first 
a To improve  control of the  various  parameters  the rf power was reduced 

20 minutes of film deposition. 

Once the discharge was struck, the oxygen in  the system 
was far  more reactive. This  produced the evolution of 
CO; it also caused significant oxidation of other materials 
exposed to  the discharge. In  the first experiments, clean 
silicon wafers were used as substrates in place of the 
metallized sapphire. It was found, in  comparing with 
later films deposited Ion gold, that  the equivalent of ap- 
proximately 100 A of SiO, grew during the deposition 
of a 2500 A film of SrTiO,. The SiO, growth seemed 
to be  independent of substrate temperature.  Although the 687 
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Figure 2 Dependence of K on  deposition  temperature. 

films on silicon had curious  capacitance-voltage character- 
istics, the series  layer of low-dielectric-constant  silicon 
oxide  obscured the properties of the SrTiO,  itself.  SrTiO, 
was deposited on films  of Au, Cu, Ag, Ti, Ta, Mo, W, 
and Pt. All  except Pt and Au  oxidized  sufficiently to mask 
the properties of the SrTiO,; some  (Cu, Ta) were con- 
verted  completely to their oxides. Pt reacted in a different 
and adverse way with  SrTiO,, the surface  becoming so 
rough that the SrTiO,  was shorted. This was  presumably 
the same  reaction' that occurs when  SrTiO,  is  fired in 
contact with Pt. 

Only  Au  showed  no  reaction  with the oxygen or SrTiO,. 
Therefore, in all samples to be  described in this paper, 
the SrTiO,  was  deposited on Au-Mo-sapphire  structures. 

The Au  films did  have  one  problem, a growth of micron- 
sized hillocks  due to compressive  stress  in the Au at 
500°C. This has been  fully  described in a recent  publica- 
tion.' To minimize this growth, the substrate holder 
was outgassed at 200°C during pumpdown. The substrates 
were heated to 500°C  only for the actual film deposition. 

Counter electrodes were formed  with  sputtered films 
of Mo and Cu, and evaporated films  of AI. The A1 elec- 
trode structures had high  leakage  currents.  Since faint 
signs of cracking of the SrTiO,  were  observed  near  these 
AI electrodes, this structure was not investigated further. 

Film properties 
This section  describing film properties will  be  divided into 
five parts. First, those  properties that depend on the 
deposition  parameters  in a direct  manner will  be  discussed. 

688 The second part will present  dielectric  loss  measurements. 
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The third part will analyze the dc  conduction  in highly 
insulating films. The fourth part will  present the heat 
treatment and electrode  dependent effects. The fifth and 
final part will describe the variation of the dielectric 
constant with  electric  field. 

Film properties depending directly on deposition pa- 
rameters 
As noted  earlier,  two  deposition  parameters, substrate 
temperature and oxygen partial pressure, were the main 
factors determining the properties of the SrTiO,  films. 
The difficulty in controlling  small oxygen partial pressures 
made it impossible to obtain complete data on this pa- 
rameter.  However, the following  general  observations  can 
be  made:  Films  deposited in pure argon were dark, almost 
metallic in appearance, and conducted  readily. When 
about 1% oxygen  was added to  the argon, a poorly 
insulating film resulted.  With  more than 5% oxygen  in 
the argon, the film had a high  resistivity and a breakdown 
field greater than lo6 volts/cm. 

These qualitative results are in agreement  with the 
properties of bulk  SrTiO,, in  that  an oxygen  deficient 
material will conduct readily. In earlier,  unpublished  work, 
H. Caswell and the author used the apparatus described 
in this paper to measure  crudely the amount of  oxygen 
lost from SiO, during sputtering. The loss was not large, 
only about 0.25%. However, if this much  oxygen  was 
lost from SiO, during sputtering, it is not surprising that 
SrTiO,  (which  is more readily  reduced)  formed  conducting 
films  when sputtered in pure argon. The conductivity of 
the insulating SrTiO,  films  will  be  discussed  more  fully 
later in this  paper. 

Although oxygen partial pressure was a strong factor in 
determining film resistivity, the high  frequency (> 100 kHz) 
dielectric constant K was  essentially  independent of that 
sputtering parameter.  What  did  influence the dielectric 
constant was deposition  temperature.  Figure 2 gives an 
idea of its effect. The exact variation of K with  deposition 
temperature is a function of both the temperature and 
the frequency at which the measurement is made.  However, 
the dependence on these parameters is  relatively  small,* 
and Fig. 2 presents the essential  picture. 

It is of interest to know  what structural changes  occurred 
as the deposition temperature was  changed. The films 
were too thin (2000 A to 3000 A typically) for x-ray 
diffraction  analysis.  However, 1000 A films  could  be 
removed for examination by dissolving the Au in aqua 
regia.  These  unsupported structures were analyzed by 
transmission  electron  microscopy; the results are shown 
in Fig. 3. The micrographs  clearly  show an increase in 
grain  size with increasing  deposition temperature. This 
~~~ 

In the  discussion  which follows, care  should  be  taken to distinguish 
between  the  two  different  temperatures, deposition temperature  and measure 
ment  temperature. 
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Figure 3 Transmission  electron  micrographs of 1000 A 
films  deposited at (a) 2OO0C, (b) 300°C and (c)  500°C. 

was accompanied by a sharpening of the electron dif- 
fraction  pattern. It is significant that only SrTiO, lines 
were found in the diffraction patterns; x-ray fluorescence 
and chemical analysis also gave qualitative  indication 
of a correct Sr-Ti ratio in the films. 

Dielectric loss 
The dielectric loss in these films was a complex function 
of a number of variables: oxygen pressure during  sput- 
tering,  deposition  temperature, film thickness, electrode 
material, and  the temperature and bias during measure- 
ment. However, changes in  the relative humidity of the 
ambient  during measurement did not affect either K or 
dielectric loss. Because of the complexity, considerably 
more work remains to be done before a full understanding 
can be reached. 

Figure 4 gives a set of loss curves measured without 
dc bias for a 2400 A thick SrTiO, film deposited at 500°C 
in 10% oxygen. The  data illustrate a feature  common to 
virtually all the films: a distinct minimum between low 
frequency and high frequency regions of loss. Not sur- 
prisingly, the loss was much larger in oxygen deficient 
films. A similarly larger loss was encountered when Mo 
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Figure 4 Dielectric loss in a typical SrTiOa film deposited 
at 500°C with 10% oxygen added to the sputtering gas 
(film thickness 2400 A).  

Figure 5 Conduction  in the forward direction,  Cu  negative. 

was used in place of Cu as  the  top electrode. This is also 
believed to be an oxygen deficiency effect, caused by the 
formation of molybdenum  oxide at  the expense of the 
SrTiO, oxygen content. Further evidence for  the relation 
between electrode  material and oxygen deficiency  will be 
given in  the discussion of dc conductivity. 

Although oxygen content was an  important factor, the 
dielectric loss in highly oxidized films was far  too large to 
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be due  to shunting dc conduction. An  important insight 
into  at least part of the loss mechanism was gained when 
it was discovered that (throughout the range of measure- 
ment) the loss decreased with increasing film thickness.* 
This  indicated an inhomogeneity in  the film: a region of 
higher loss associated with at least one boundary. Such a 
region could  have been created by surface  reduction of the 
film immediately following the deposition. At  that point, 
the film was exposed to a relatively low pressure environ- 
ment while still at 500°C. The surface of single crystal 
SrTiO, is  known  to reduce  under  these conditions.10 It is 
also known  that oxygen diffusion is enhanced if the SrTiO, 
is polycrystalline. l1 

The effective capacitance at very high frequencies was 
measured by using typical  structures to  terminate 5 0 4  
coaxial lines. The capacitance inferred from  the charging 
rate following reflection of a 0.2 nsec risetime pulse was 
essentially the  same  as measured at 100 kHz. Thus, 
dielectric loss was small between lo5 Hz and  about loQ Hz. 
On  the  other  hand, slowly decaying transient  currents were 
observed during the measurement of the  dc characteristics, 
evidence for  additional very low frequency loss. This could 
well have been caused by the blocking contact that is 
known to exist between the SrTiO, and  the  Au base 
film.17 This mechanism was proposed as  an explanation 
of the dielectric loss in bulk SrTiO,.* 

The low frequency dielectric loss was greatly decreased 
as the deposition temperature was lowered, except in  the 
two films deposited at 200°C. Since the Cu top electrode 
was deposited at 250"C, there is reason to suspect that 
the subsequent electrode deposition influenced the loss 
in  those films. While it is tempting to ascribe the  change 
in loss with deposition  temperature to a change in surface 
reduction, the thickness dependence of loss has  not been 
established at  the lower deposition temperatures. 

DC conductivity 
Order-of-magnitude differences in  dc conductivity were 
encountered among various samples. The problem stem- 
med from defective regions in the SrTiO, caused by hil- 
locks" and  other protrusions from  the underlying gold 
film. To circumvent this  problem, a method was devised 
to etch away the  top electrode near these defective regions 
and  thus isolate them.  A thin layer of Shipley AZ-1350 
photoresist was spun  onto  the 5000 A thick copper film 
using standard techniques. The sample was then immersed 
in 25% HNO,. After a short time, usually about  one 
minute, the copper film began to show etching wherever 
there was a  protrusion large enough to cause a flaw in  the 
photoresist.  This process usually eliminated shorts,  and 
worked well enough in a few cases to allow the measure- 
ment of the intrinsic conductivity. These measurements 
will be described in  the next paragraphs. 

* The frequency dependence was also  altered. 
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Figure 6 Conduction in the  reverse  direction, Cu positive. 

Reliable and reproducible data were taken  on films 
deposited at 500°C in 10% oxygen. The current-field 
dependence was non-ohmic and asymmetric in the Cu- 
SrTi0,-Au  structure, indicating at least one blocking elec- 
trode. Below 50"C, the transient  current decayed so slowly 
that reliable steady state measurements could not be 
made. Above about lOO"C, oxidation of the copper made 
the contact  there  uncertain; dielectric breakdown  also 
restricted the range of applied field at higher temperatures. 
Thus,  the temperature  range of the  data was necessarily 
limited. The conduction was not affected by a change 
in  ambient from  room  air to dry nitrogen; it was also 
not affected by visible light. Reproducibility of the  data 
from electrode to electrode was good (E f loyo) for a 
given SrTiO, film, but differences almost as large as an 
order of magnitude were found  among different films. 
Data  taken  on a typical film are given in Figs. 5 and 6 for 
the two directions of current flow. 

Figure 5 shows that conduction  in the easy direction 
had  the field dependence expected" for  the Poole-Frenkel 
mechanism*: 

J = un E exp(- cd/kT)  exp (&,E'/kT); 

There is controversy in the literature regarding the value 
of p,,. Mark  and Hartman13  demonstrated, however, 
that  the expressions in  Eq. (1) are valid for  the most likely 

mann's  constant; ed is the trap  depth  helow  the  conduction  hand; n is the 
* The  notation is conventional. T is the  absolute  temperature; k ,  Boltz- 

index  of  refraction; E is the  electric  field; and J is the  current  density. 

10-13 - 0 

-\\ 
0 For Poole-Frenkel conduction 

un=6.4(Dcm)-1  

F t  
Ed=1.04eV 

A For Schottky emission 
A=2.5X amplcm2 O K 2  

6 =0.80eV $ 1  

Figure 7 Zero-field  conduction as a function of reciprocal 
temperature. 

situation, partial compensation of donors by acceptors. 
They  also calculated that uo is  given  by 

u,, = epN,a, (2) 

where e is the electronic charge; p, the mobility; Ne, the 
density of states  in the conduction band;  and a is a number 
greater or less than one, depending on  the acceptor, donor 
and/or  trap concentrations. In  the free electron approxima- 
tion  the bulk values of mobility and effective mass5 yielded 
a value of 

M 2 X lo3 a (Q-cm)". (3) 

A good fit to a plot such as Fig. 5 was no guarantee 
of Poole-Frenkel  conduction. An equally good fit was 
obtained with a plot of log J vs. E*, a test for Schottky 
emi~si0n.l~  The relationship expected for Schottky emis- 
sion is 

J = AT2 exp(- 4 /kT)  expw, Ea/kT),  (4) 

where p. = %&, 4 is the barrier height, and A is a con- 
stant equal to 120 amp/cm2-"K2.  Poole-Frenkel  conduction 
was distinguished from Schottky emission in two ways. 
First,  the barrier height or  trap depth was obtained from 
a plot of the zero-iield intercepts vs. reciprocal tem- 
perature, Fig. 7. The (constants determining the magnitude 
of the current density term were then derived and com- 
pared with theory. The empirical value  obtained for uo 
was 6 (Q-cm)"; the value obtained for A was 2 X 
amp/cm2-"K2. While it is not unusual for  the empirical 
value of A to differ significantly from theory, a value six 69 
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Table 2 Values of & and BPI obtained by fittings Eqs. 
( 1 ) and (4)  to measured  data. 

323 4.39 x 10-4 2.63 x 10-4 
341 4.67 x 10-4 2.72 x 10-4 
358 4.66 x 10-4 2.84 X 
376 4.60 x 10-4 2.78 x 10-4 

692 

orders of magnitude too small was unreasonable. On the 
other hand, the empirical  value for uo required a value 
for (Y of 3 X lo-,. This value  was  plausible if almost 
complete  compensation of donors by acceptors occ~rred. '~ 
Consequently, the magnitude of the conduction  strongly 
indicated a Poole-Frenkel  mechanism. 

The second  test  involved the magnitudes of 0. and &. 
Table 2 gives the values  obtained from least square fits  of 
Eqs. (1) and (4) to the data. 

From this analysis,  Schottky  emission  required an index 
of refraction, n = 0. 8 f 0. 1 and Poole-Frenkel  conduc- 
tion required n = 2. 8 f 0. 1.  Cardona" found that in 
bulk  SrTiO,, n varied from 2.3 to about 2.6 across the 
visible  spectrum. Furthermore, the index of refraction in 
these films  was measured  crudely by the Abeles  technique" 
and found to be about 2.4. Thus, the data again  pointed 
strongly to Poole-Frenkel  conduction in the forward 
direction. As  final  proof  of this, even though the low  field 
conductivity of various films varied by almost an order of 
magnitude, the value of &, remained E 2.7 X eV- 
cm*-V-*. 

The currents in the reverse  direction  (Fig. 6) were not so 
easily  understood.  Certainly, their asymmetry  ruled out the 
contact-independent  Poole-Frenkel conduction. Au  was 
known17 to make a highly  blocking  contact to SrTiO,. 
Furthermore, for a similar  material, BaTiO,, the Cu 
barrier was  much  lower than the Au barrier."  Therefore, 
the asymmetry  seen in  the J-E characteristic could  reason- 
ably  be  ascribed to a contact effect.  However, from the 
similarities between the forward and reverse character- 
istics, it was apparent that the reverse current was not 
compatible  with  Schottky  emission  either. In particular, 
the current density was more than seven orders of  magni- 
tude too small to be  consistent  with the low activation 
energy. 

The slow transient currents  observed  when the voltage 
was  first  applied  indicated a charging of the Au-SrTiO, 
barrier. For reverse  polarities this was probably  accom- 
plished by the emptying  of traps, very  likely the same 
traps responsible for conduction in the forward direction. 
Judging from the high  impurity  concentration in the cath- 
ode, we observe that the positive  charge  density  resulting 
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from  empty traps could  have been as high as lOZ0/cm3. 
If it is  assumed that the charge  applied to the film  was 
localized  in the barrier region, the fields applied to the 
barrier could than have been as high as 5 X 106V/cm. 
According to  Tantra~orn, '~ this is in a transitional region 
between  Schottky  emission and tunneling, where no simple 
approximate formula for the conduction  is  available. 

It is also  possible to explain the reverse  conduction in 
terms of tunneling from the Au conduction  band  directly 
into the traps. This is an attractive hypothesis, for it avoids 
the necessity  of  very  high barrier fields.  As  will  be  discussed 
below, the dielectric constant was a strong function of the 
applied field.  But this dependence  was not a function of 
the field direction, and some  dependence on field direction 
would  have  been  observed  if the fields  were  highly  non- 
uniform in one  direction. 

Heat treatment and electrode effects 
When Mo was  used for the final  electrode  in  place of 
Cu, the leakage current was increased by about two orders 
of magnitude in each  direction. This seems inconsistent 
with the preceding  analysis, in that trap-limited conduction 
should not have been electrode  dependent.  However, heat 
treatment experiments  provided an explanation. The ex- 
periments  were  performed as follows:  Devices contacted 
by Mo top electrodes and devices contacted by Cu top 
electrodes were overcoated  with  sputtered 7059 glass; 
holes  were  etched through these  glass films to the electrodes 
and a final  layer of Mo-Au was deposited and etched to 
provide  contacts to the capacitor structure. The resulting 
passivated  devices  were then subjected to heat treatment 
in air at 380OC. The changes in leakage current are shown 
in Fig. 8 for a negative potential on the Mo and Cu. 
The behavior was similar for positive  potentials, although 
the asymmetry  remained. 

The explanation of the heat treatment effects is that Mo, 
but not Cu, tended to reduce the SrTiO,. The rate of 
formation of molybdenum  oxide  decreased as its  thickness 
increased, until oxygen  diffusion through the glass  overcoat 
was able to replenish the oxygen  being  removed from the 
SrTiO, by the Mo. That the outside ambient was critical 
was established by a further short heat treatment in 
forming gas  of the device  with the Mo electrode; this 
raised the leakage current well above the peak  value 
observed  during the heat treatment in air. Significantly, 
the low  frequency  dielectric  loss in heat treated devices 
with Mo electrodes was far higher than that shown  in 
Fig. 4. Furthermore, the dielectric constant of  devices  with 
a Mo electrode was  decreased  more than 10% by the 
heat treatment. 

Dependence of K on electricJield 
Devonshire," and later Slater,"  developed  theories  which 
provide  guidance for  the expected  dependence of the 
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dielectric constant on electric field. For a cubic crystal 
their expressions relating polarization to the electric field 
applied in a particular direction have the form: 

E, = aP, + bP: + cPz + * , ( 5 )  

where cross terms are neglected because the crystal is 
isotropic. The higher order terms are  due to the  an- 
harmonic  lattice  potential.  Although the fifth order term 
is usually neglected, this term becomes important at the 
very high fields applied to these films. Inverting Eq. ( 5 )  
to express the polarization as a power series in the field 
gives 

P, = (l/a)E, - (b/u4)Et + [(3b2/u7) - (c/ae)]Ef - . . . 
(6) 

The small signal K is defined by 

K = 1 + 47r dP,/dE,. (7) 

If Eq. 5 is differentiated with respect to E, and combined 
with Eqs. (6) and (7), the result can be put  in  the  form 

c 

This is very similar to an expression given  by Rupprecht 
et aI.,'l except that  Eq. (8) does not neglect the  fourth 
order field dependence. In Ref. 22 the values for 4 ~ / u  and 
3b/u3 were obtained from measurements on bulk crystals. 
At 25"C, 47r/u is essentially equal  to 310, the dielectric 
constant at zero field.' The  other terms which can be 
evaluatedz1 are (at 25°C): 
For the [loo] direction (strongest field dependence): 

3b/ua = 3.68 X 10"' cm'/V'; 

6b2/ua = 9.0 X cm4/V4. (9) 

For  the [ l l l ]  direction (weakest field dependence): 

3b/ua = 2.21 X 10"' cm'/V'; 

6b2/us = 3.24 X cm4/V4. 

The dependence of K on electric field for various films  is 
given in Fig. 9. The measurements were made using a 
P. A. R. Model JB-6 lock-in amplifier in conjunction with 
a recorder. The dashed lines in  this figure were obtained 
by extrapolating the empirically fitted expression given 
in Ref. 21. Therefore, the dashed lines were calculated 
without the  fourth  order field dependence, a neglect 
that  is probably not justified. The fields applied to these 
films were as much as five times the breakdown field  of 
bulk  SrTi03." The term, (6b'/u6)E: in Eq. (8) (which  is 
negligible for  the fields applied to the bulk material) is 
actually larger at 10' V/cm than  the second order term, 

;" I Heat  treatment time in minutes 

Cu electrode 

I I 
61 

I Heat  treatment time in minutes 

Figure 8 Effect of heat treatment on room temperature 
conduction through a 3000-A film.  Device  areas, about 
2 x 10" cma each. ('a) Mo-SrTiOs-Au; (b) Cu-SrTiOsAu. 

Figure 9 Dielectric constant K vs. electric field;  films  and 
second order theory fitted  to  bulk  SrTiOs. 

*Fourth  order terms in field neglected 
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(36/a8)E,2. Therefore,  unless the two fourth order terms 
exactly  cancel (an unlikely  event), the fourth order depen- 
dence can not be  neglected at these fields. 

The trend of the data in  Fig. 9 supports this conclusion. 
If fields  above 10' V/cm could  be  applied to bulk  SrTiO,, 
it seems  likely that its K would  remain  higher than, but 
would  closely approach, the K of the film deposited at 
5OOOC. If so, the difference  between this K and that cal- 
culated from second order theory  would  require partial, 
but not complete,  cancellation of the fourth order terms. 

A few questions  remain  regarding the above interpreta- 
tion.  At  high  fields the expansion of the field in a power 
series  such as Eq. (5) may not be  valid.  Also, the data 
may have  been  influenced by non-uniform fields  caused 
by stored  charge  in the dielectric.  However, the K-E curves 
were  essentially  independent of polarity,  except for effects 
of the order of 0.1% at low  fields. Therefore,  any non- 
uniformity in the electric field  must  have  been  small. 

While the K-E curves  were  essentially  independent of 
polarity, the very small effects  seen at low  fields  were 
interesting from another standpoint. They add support 
to some of the concepts  discussed  earlier.  With  Cu as the 
top electrode, the maximum in K occurred not at zero 
field, but at + O S  volts  applied to the Au. The K-E curve 
was not strictly  symmetric about this point, but had a 
region of nearly constant slope at small  negative  voltages 
on the Au. With Mo as the  top electrode the K-E curve 
had a distinct double peak, and was symmetric around 
the zero  field point within f O . l  volts. For both electrodes 
a very small and slow time  dependent drift was observed, 
making the K-E curves a function of the previous  history 
of applied  field. 

The dependence on electrodes and the asymmetry  were 
approximately  consistent  with the work function dif- 
ferences  between the various  metals. The time  dependence 
and the double peak  were  evidence  of trapped charge 
and electric  fields at the electrode  barriers.  Since the 
effects  were so small,  however,  higher order anharmonic 
terms in the lattice potential still appear to be  necessary 
to explain the high  field K-E curves. 

The decrease in sensitivity of K to electric fields in the 
films deposited at lower  temperatures was  very  likely 
related to the decrease in K itself.  This variation in K with 
grain  size was also  reported for BaTiO, films.23 The cause 
of these effects probably  lies in the disordering of the 
lattice by the grain  boundaries. 

Conclusions 
Although the properties of the films varied in fairly 
complex  ways,  only  two  significant factors were found 
that influenced  these  properties:  oxygen  vacancy  con- 
centration and crystallite size. In turn, these  two factors 
were initially  established by two sputtering parameters, 
oxygen partial pressure and deposition  temperature. The 
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oxygen  vacancy concentration was,  however,  easily  in- 
fluenced  by those  subsequent  processing  steps which pro- 
vided a reducing  environment. Oxygen partial pressure 
during sputtering proved  difficult to control. The difficulty 
arose  because of a reaction between  oxygen and hydro- 
carbons adsorbed on the walls  of the sputtering chamber. 
It was  necessary to  add approximately 5yo oxygen to the 
argon to overcome  this  problem and obtain insulating 
films. 

In many  ways the films  closely  resembled  bulk  SrTiO,. 
The conductivity of the highest  resistivity  films  was prob- 
ably  determined by impurities in the cathode material, 
but the influence of  oxygen on film conductivity  certainly 
paralleled  its  influence on conduction  in  bulk SrTiO,. 
Gold made a blocking  contact to the films, as it does to 
the bulk  material. The barrier between Cu and SrTiO, 
was  lower than  that between  Au and SrTi03, as expected. 
The index of refraction was approximately the same as 
that of bulk.  Dielectric  loss was larger, but at least partly 
understandable in terms of bulk  properties. The dielectric 
constant was, at best, about 65y0 of the value  given for bulk 
single  crystal SrTiO,.  However,  values reported for the 
dielectric constant of bulk  ceramic  SrTiO, are also  lower.24 
The influence of electric field on the dielectric constant 
was qualitatively in agreement  with  measurements of bulk 
crystals, although higher order anharmonic terms in the 
lattice potential were required to explain the high  field 
effects. 

Although the conduction  in the highly  oxidized  films 
was probably not an intrinsic  property of SrTiO,, it is 
interesting that so clear a choice  could  be  made  between 
Poole-Frenkel conduction and Schottky  emission. The 
data provided a striking  example of the need to use the 
high  frequency  dielectric constant in the theory of Poole- 
Frenkel conduction. l2 
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