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1. Introduction

This report presents results on the basic mechanism associ-

ated with the photovoltaic phenomena observed in the R.F. sput-

tered BaT103/silicon system. Series of measurements of short-

circuit photocurrents and open-circuit photovoltage were made.

Furthermore, we have also investigated the composition-depth

profiles and the interface characteristics of the BaT103/sili-

con system for a better understanding of the electronic proper-

ties. These results were obtained with the help of a Scanning

Auger Microprobe combined with ion in-depth profiling.

2. Experimental

The details of the film and device processing are described

at length in the previous reports [1, 2]. Briefly, the BaT103

were sputtered onto single crystal n and p type silicon wafers

from a 5-inch diameter 99.99% pure BaTiO 3 target. Before the

film deposition, the wafers were thoroughly cleaned following the

standard procedures for cleaning silicon for FET's.

The composition-depth profiles were obtained with the help

of a Physical Electronics Industries (PHI) Model 590 Scanning

Auger System. The vacuum system Was degassed until a base pres-

sure of about 10- 10 torr was reached. The primary beam energy

Ep was 5.0 keV permitting the beast size to be reduced to 0.2 um

by electrostatic focusing. The	 S data were recorded in the

usual first derivative mode dN E 	 using 4V peak-to-peak
dE

modulation and 1 msec time constan (RC). The depth profiles

were recorded by sputtering with 3 kV argon ions, and an ion gun

emission current up to 25 mA was used.

3. Results and Discussion

3.1 Photovoltaic properties
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When a device is illuminated with near-UV light without

any applied field, at least three important physical effects can

take place [3] .

1. Photoexsitation of carriers both from the trap-

ping centers in the BaTiO 3 band gap and across

the band gap by near-UV light of energy equal to

or greater than the band gap.

2. Carriers photoexcited to the conduction state

diffuse (with no field applied) or drift under

the influence of an applied field to new trapping

sites beyond the absorption depth of the

BaTiO3. Retrapped carriers establish a space 	 3i

charge field Esc which modulates the applied

field EA and aids in the domain switching

process.

3. A transient photocurrent Isc is associated with

the photoexcited carriers which are retrapped to

establish Esc.. Carriers remaining in the con-

duction state contribute to a steady-state photo-

voltaic current Ipv, which is driver. by the

bulk photovoltaic effect [4]. The photocurrents

Isc and Ipv both exist in the domain nuclea-

tion and thus help the domain switching process.

Since poled ferroelectric BaT10 3 is also pyroelectric,

therefore, in addition to the effects enumerated above, photon

absorption produces a temperature rise which results in a tran-

sient pyroelectric current Ipy.

If the device is short-circuited and one of the surfaces of

BaTiO3 is illuminated with near-UV light, all components of the

photocurrent Ihv are proportional to the light intensity I.

This effect is illustrated in Figure 1 which shows Ihv plotted

i;
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as a function of time. The curve shows the transient Ipy and

steady-state Ipv for the light-on condition and the transient

Ipy for the light-off condition. From about 20 to 35 seconds,

the curves represent the steady-state Ipv. The steady-state

Ipv is proportional to the absorbed light intensity, I.

I pv . KaI
	

(1)

where I is the intensity and K is a constant depending on the

nature of the absorption center and the host lattice, This is

illustrated in the inset of Figure 2.

The open-circuit photovoltage Voc as a function of time is

plotted in Figure 2 for two devices. The transient voltages from

0 to 15 seconds are due to a transient pyroelectric charge

Vpy. From about 15 to 40 seconds, at which time the light is

turned off, Voc is a constant independent of intensity, I.

When the light is turned off, the transient voltage Vpy decays
i

to zero with the dielectric relaxation time of the material.

Under open-circuit conditions, the photocurrent charges the

BaTiO3'capacitance generating a macroscopic electric field Ei

given by

J = KaI + aE i	(2)

where a is the electrical conductivity of the BaTiO3 film dur-
ing illumination, so that in the steady state, the saturation

field

Esat	 a
KaI
	

(3)

Open-circuit saturation voltages (Voc) corresponding to

fields of about 24 KV/cm are observed in BaT10 3 films [2, 5].

For intensities greater than 7 mW/cm 2 , the open-circuit satura-

tion field is independent (Figure 3) as expected from Equation

3. Further, we also observed the photovoltage to increase as the

3



poling voltage was increased, until the polarization saturated.

However, the magnitude of the photovoltage in the two directions

of the polarization was quite different. This difference may

probably be due to the presence of an intermediate layer.

Figure 4 shows a family of 60 Hz hysteresis loops obtained

from a BaT103 device [2, 5]. The figure indicates that satura-

tioil polarization was not attained with the field amplitude

app"iv ied since the polarization continued to incr?ase with

increasing sinusoidal switching field. This effect results from

the specific properties of the silicon/sputtered BaT103 film.

Between the silicon and the sputtered ferroelectric film, an

intermediate layer with a markedly distorted crystal lattice

exists. The strong domain fixing in this intermediate layer,

which has a high concentration of defects, hinders the switching

process. With an increase in the amplitude of the switching

field, the number of domains switching also increases causing an

increase in the maximum value of P determined from the experimen-

tal hysteresis loop. Further, the presence of an intermediate

layer has been established from the layer-by-layer analysis of

the Auger spectra of the ferroelectric BaTiO3/silicon system.

The results obtained from such studies are presented in the

following section.

3.2 Auger Analysis

Auger spectra for the BaTiO3 films deposited on sili-

con substrates at different deposition temperatures in the energy

range between 0 and 2000 eV are shown in Figure 5. Figure 5(a)

shows the spectrum taken at the surface of the film deposited on

n-Si substrate held at room temperature. Figure 5(b) is for film

deposited on n-Si at 580°C, while Figure 5(c) is a spectrum taken

for film deposited on p-Si at 583°C. As can be observed, apart

from the main elements (Ba, Ti, and 0) tide surface contains

t

4



traces of carbon and sulphur impurities. Also note the carbon

spectrum in Figure 5(a) is different as compared to the carbon

spectrum in Figures 5(b) and 5(c). The carbon signal probably

results from the adsorption of carbon containing atmospheric

gases. Another source lies in hydrogen molecules forming part of

the vacuum oils of the system in which the films were sputtered.

The sulphur impurity may have been left after the standard clean-

ing procedure used in the device processing. However, the

changes in the shape of the carbon spectrum in Figure 5(a) as

compared to Figures 5(b) and 5(c) indicate the formation of a

carbon compound with a different type of chemical bond.

By recording peak-to-peak height as a function of removal of

material by ion sputtering, the information about the depthdis

tribution of the chemical elements in the sample can be obtained

[6]. The chemical depth profiles of oxygen KLL-, titanium: LMM and

barium MNN through the BaT103/silicon structures as a function

of ion sputtering time are shown in Figures 6-8. The parameters

are similar to those of Figures 5(a)-(c), respectively. The

cross section of the films contains three regions, an external

surface layer, a main layer, and an intermediate  fi lm-substrate

layer. The external surface contains an excess of barium. Apart

from this, the surface layer has a considerable amount of

adsorbed carbon, and hence oxygen combined with the latter. This

aspect, as well as the deficit of Ti, causes an increase in the

proportion of oxygen on the surface.

After the removal of the surface layer the concentration

curves (i.e., in the main layer) exhibit plateaus, the extent of

which is a function of deposition temperature. For films synthe-

sized at room temperature, an excess of Ti, relative to films

formed at high substrate temperature is observed.

The chemical depth profiles of the intermediate layer indi-

cate that the BaT103 interfaces are not abrupt but form a

5



continuous region of varying chemical composition. More detailed

analysis of the interface region shows the formation of titanium

dioxide TiO2_x (x < 2).	 The analysis also shows that SiO x (x < 2)

is formed. Another interesting feature observed is that the

width of the intermediate layers, with other ;p arameters constant,

is a function of deposition temperature. The width of the inter-

mediate layers is more for films formed at higher substrate

temperature. Two possibilities can be considered: (i) the

diffusion of Ba, Ti, and 0 into the substrate, and (ii) the

out-diffusion of silicn into the sputtered film. During the

sputter deposition, electron and ion bombardment of the substrate

occurs leading not only to heating but also to creation of point

defects at the surface. Figure 9 shows the spectrum taken after

the BaT103 film was sputtered out. Presence of Ti, Ba, and 0

is still observed. Of these the concentration of titanium is

high. The presence of argon is due to argon atoms implanted

during the sputtering process and is not an inherent impurity in

the BaTiO3.

Thus, experimentally, the formation of the following types

of layers in R.F, sputtered Bal'iO3 films on silicon are

observed:

1. an external surface layer containing carbon and an

excess of barium up to several tens of angstroms thick,

2. the main layer with stable composition, but the concen-

tration is dependent on the evaporation condition, and

3. an intermediate film-substrate layer consisting of the

components T102_x(x < 2), and the interdiffusion of

Ba, Ti, 0, and Si. The formation of the TiO2_x layer

is due to the combination of high temperature and

vacuum, which favors the reducing process. The adhesion

6



coefficient of oxygen falls rapidly with increasing

temperature which shifts the equilibrium of the reaction

BaT103 - BaO + T10 2 to the right. ,̂O, the other

hand, the volatile BaO reevaporates with greater proba-

bility than Ti02.

Therefore, the films of complex composition are layered sys-

tems in which the surface external layer differs in composition

from the main layer. Intermediate film-substrate layers are also

formed, consisting of variable composition oxide. These layers

are not ferroelectric or else they hinder the switching process.

Such layers, together with the defects in the main layer dilute

the ferroelectric phase. The effect of this is seen on certain

ferroelectric parameters, such as shift in Curie point, broaden-

ing of the a-T curve, lowering of remanent polarization and

dielectric constant, increase in coercive field and also the

dielectric losses.

bona and Shirane [7] have discussed the nature of surface
layers of ferroelectrics and classified them on the basis of two

models--space change layers due to ion vacancies, and layers

formed by chemical or mechanical action which takes no part in

the polarization reversal process, but will give rise to inter-

face charges. Our experimental results are in favor of the

second model.

4.	 CONCLUSIONS

The results on open-circuit and short-circuit measurements

illustrate the role of the photovoltaic field, photovoltaic

current and the photoconductance in photoferroelectric domain

switching. The results also illustrate the pyroelectric proper-

ties of the devices and, in general, provide an important basis

for the better understanding of the observed phenomena.
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Auger electron spectroscopy has been successfully used in
conjunction with argon-ion sputtering to determine the chemical
nature of MFS structures and to measure the quantity and distri-
bution of barium, titanium, and oxygen in the bulk BaT103
films. It was observed that the BaT103/si l icon interface w,-,),i

not abrupt but forms a continuous region of varying chemical cowio-
position. We feel that it is this intermediate layer and the

surface external layer that are formed which dilute or degrade
the ferroelectric properties of the MFS devices.
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