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Abstract. Thermally stimulated current (TSC) measure-ionic transport mechanism involving oxygen vacancies and
ments performed in th&00 K—400 K temperature range on having an activation energy arout@dV was reported [11]
BisTi3O12 (BIT) thin films annealed ab50°C and 700°C Regarding the trap investigation it can be said that dir-
had revealed two trapping levels having activation energiesct investigation methods, like thermally stimulated currents
of 0.55eVand0.6 eV. The total trap concentration was esti- (TSC), were less used. Some TSC studies were performed on
mated at10'® cm~2 for the samples annealed 30°C and ~ PbTiO; thin films [12] or BaTiOs ceramics [13]. The meas-
3x10®cm3 for a 700°C annealing and the trap capture urements were performed on different temperature ranges,
cross-section was estimated ab@Qt 8 cn?. From the tem-  from 100 K up to 700 K, and they revealed the existence of
perature dependence of the dark current in the temperatusemultitude of trapping levels, their presence and concentra-
range20°C-120°C the conduction mechanism activation en-tion depending on the sample history or on the measurement
ergy was found to be abo®956-0.978 €\. The electrical conditions. The activation energy of these traps, determined
conductivity depends not only on the sample annealing temfrom TSC spectra or from photoconductivity measurements,
perature but also whether the measurement is performed govers a broad range fro@a2 eV up t02.75 eV, but the nature
vacuum or air. The results on the dark conductivity are disof the defects associated with them is still not clear [14, 15].
cussed considering the influence of oxygen atoms and oxygen The present papers is proposing to investigate the tem-

vacancies. perature dependence of the dark conductivityBoyTizO12
thin films, in a temperature domain close to the room tem-
PACS: 73.50.G: 77.22.E- 77.80 perature, considering different annealing temperatures and

different measurement conditions (air or vacuum). The aim
of this study is to determine which is the dominant transport
mechanism at room temperature. Also, the TSC method was
The interest shown in the last decade for ferroelectric thirapplied in order to determine the parameters of the traps that
film capacitors used in non-volatile memory devices [1, 2]are active near room temperature. The experimental data were
had renewed the research effort in the field of ferroelectri@analyzed and the final results were interpreted considering the
thin films. The primary goal of this effort is to clarify some role of oxygen vacancies in transport mechanism and the pos-
problems connected with the fatigue processes [3-5], theibility of oxygen-related defects to act as trapping centers.
transport phenomena in ferroelectrics [6], and the influence of
traps on the ferroelectric polarization [7].

Usually, the ferroelectric films are considered isolators .
and the semiconductor properties are almost ignored. Few Experimental
works are so far devoted to study the electronic structure of
ferroelectric thin films [8—10]. The perovskite ferroelectrics BisTizO12 thin films were deposited ddt/Si substrates using
are generally speaking wide-band-gap semiconductors, hathe chemical solution deposition (CSD) method described
ing the band gap in the range 8f4 €V. Data like carrier elsewhere [16] and were crystallized by3&min thermal
concentration and mobility, affinity, trap levels properties, lifeannealing in air a650°C and700°C. The two sets of sam-
time, which one need to build a real device model are verples will be referred as BTO1 (samples annealef1°C)
seldom. and BTO2 (samples annealed &0°C). After annealing,

Some recent papers had reported, from photoconductit-2 x 1.2 mm top semitransparent gold electrodes were ob-
ity measurements, the presence of some trapping states teined by vacuum evaporation and standard photolithographic
SrBi;TaxOg (SBT), SrBi, TaxOg (SBN), andBisTizO12 ma-  techniques. The film thickness was estimated to athquh
terials (thin films or bulk). From impedance spectroscopy arior all samples.
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Dark conductivity and TSC measurements were per-
formed in air and in a vacuum better tha@* Torr, mount-
ing the samples in a cryostat provided witfCaF window
which allows the sample illumination with ultraviolet (UV) or
visible (VIS) light. The sample can be cooled-dowrl@) K
and then heated up #00 K at a constant rateg8(= 0.1 K/s).
Basically a TSC measurement consists of the following stepss

8000

-~~~ 6000

(i)the sample is mounted in the cryostat and is cooled dows>
in dark conditions to the desired temperature. Considerin@
the high resistivity of the ferroelectric materials, the sam-= 4000
ples are cooled down in short-circuit conditions to prevent
the charge accumulation on the electrodes.

(inpfter the cooling temperature is reached, a constant volt-
age is applied on the sample (in this c4s¢) and, while 2000
the sample is heated-up at a constant rate, the current
flowing through the ferroelectric film is recorded. Know- e
ing the sample geometry the temperature dependence of 15 20 25 30 35 40 45 50 55 60 65 70 75
the dark conductivity can be determined. 26 (deg.)

700 °C

550 °C

E%

For a TSC measurement the sample is cooled again at Iogg. 1. XRD pattern forBisTisO1» thin films annealed a650°C (BTO1
temperature and is exposed to a light beam, for a given tim@ample) an@700°C (BTO2 sample)
The energy of the incident light have to be at least equal to
the activation energy of the intrinsic photoconductivity. In this
case charge carriers are excited from the valance band (VB)
the conduction band (CB). Because carriers generation is p
formed at low temperature, some of the carriers are trapp
by the trap centers existing in the sample. The trapped carri
will be released when the thermal energy will become equ
with the activation energy of the trap level. In this way, a pea
will appear in the recorded current every time a trap level is
emptied of the trapped carriers. By subtracting from the TS
curve the dark current, the pure contribution of the trappe( :
carriers to the conduction can be extracted. k

The measurements were performed using a constant vo* 1
age source model Keithley 240, an electrometer model Ke
thely 642, and an UV lamp model XBO. For TSC measure
ments the sample was illuminatddmin with integral light
emitted by the UV lamp.

2 Results and discussions
Fig. 2. SEM micrograph foBis TizO;2 thin film annealed af00°C (BTO2)

2.1 Thermally stimulated current measurements
3.0 : . : . , .

The samples were first structurally investigated by X-ray 25} 2
diffraction (XRD) and scanning electron microscopy. Fig- P
ure 1 shows the XRD pattern for both samples and Fig. 2 203
shows the SEM micrograph of the BTO film annealed a’e«
700°C (BTO2). 15
In order to extract information about trap levels (actlva— 8 Lol e - "
tion energy, trap density, capture cross-section) and about the
evolution of traps with annealing temperature, TSC measure- | |
ments were performed on both samples. Figure 3 shows the -
TSC curve obtained for the BTO1 and BTO2 samples. From 4L
the TSC spectrum the global density of the trap levels can ! s -
be estimated using the integral method [17]. Thus, consid- 200 225 250 275 300
ering that the TSC peak is due only to the charge carriers Temperature (K)
released from the traps during heating, the total charge cafy 3. Tsc spectrum for: (1)BisTisOz2 thin film annealed a550°C
be computed by numeric integration of the current over thesTo1); (2) BisTisO1» thin film annealed a700°C (BTO2)




107

temperature range where the peak appears: whereg is the capture cross-sectiony, is the thermal vel-
ocity, and N; is the state density in the conduction band.

T dt vih andN¢ depend only on the effective mass and on tempera-

Q= / |TSC(T)F ; (1)  ture and are given by:
To
. 3kT
whereQ is the total charge released from the trap levés, vn(T)=_|—0), (6)
is the temperature of the sample when the heating sfigrts, Mef
the final temperature, arglis the heating rate. The total dens- 27mek T ¥/2
ity of traps can be estimated from the following formula [17]: Ne(T) =2 (T) (7)
Q :

N (2)  The deconvolution method supposes that, when more than

qve one trapping level is present, the total TSC currentis given by
where n; is the total concentration of traps, or more ac-the sum of the individual currents resulting from discharging
curate, the total concentration of trapped carrigrss the  of individual trap levels and given by the (4):
elemental chargeV/ is the sample volume (in this case=
1.44x 10-%cm®), andG is the photoconductivity gain. The |;5o(T) = > Nirsqi(T) (8)
value of G was set to 1, considering that all the trapped car- -
riers are released into the conduction band. Using (2) and (3)
avalue ofd x 10" cm~2 was determined for the trap concen- where j is the total number of level observed in the TSC
tration in the BTO1 samples ar®il x 10*°cm23 for BTO2.  spectrum or supposed to exist. The above sum is fitted with
The activation energi;, assuming only a trap level, can the experimental data to obtain the traps parameters (capture
be computed from the increasing part of the TSC spectrungross-section, activation energy, and trap density) for each
Supposing that at relatively low temperatures, when the trafvel. It is convenient that at least one parameter to be meas-
level begin to discharge, the temperature dependence of theed using other experimental methods. Usually, the activa-

J

TSC currentis exponential and is given by: tion energy can be easily determined either using the variation
E of the heating rate method, the delayed heating method, or the
lrsc(T) = Ioexp<——t> i (3) fractional heating method [20].
kT In our specific case, assuming the existence of two trap

; ; _ levels, the deconvolution method was applied using (4)—
the plot log lrsc) versus 1000T should be a straight line. In {g) The total trap density obtained from the deconvolu-

deed, as can be seen from the inset in Fig. 3, a straight line is 1.2 10 e and is al der of .
obtained at lower temperatures in the case of BTO2 samplegg’dn 'Sh_ . X o C";] and IS ar_nozt tt)WO hor er o Tagn'r'] q
From the slope of this line an activation enerfy of about (Ude higher than those determined Dy the integral metho

0.55 eVwas determined (3.1 x 10 cm™3). It means that the applied voltage used for
' Taking into account.the fact that the current peak from! SC measurements is not enough to collect at the electrodes
;all the released carriers from the traps. In this case the TSC

not exponential, it can be assumed the existence of two Ievsf'" be dependent on the applied voltage and on the carrier
instead of one single level, discharging on almost the samge fime. Formula (4) becomes:
temperature range. Thus, a deconvolution has to be performed .
in order to extract information concerning the two trap levels. A

To deconvolute the TSC peak one have to make some arsc(T) = EUwq p(T)Hne exp —/ p(T")
sumption. First, the applied voltage is high enough to collect T
at the electrodes all carriers released during heating. Second,
the free carrier concentration is very small, much smaller thayhere U is the applied voltage, is the carrier life time in
the density of the trapped carriers. This fact is confirmed byhe conduction band, andis the carrier mobility. Using the
the experimental data (see the values for the produand  apove formula a better fit between the experimental data and
the total trap densiti\). Third, carrier recombination and re- the theory was obtained. Figure 4 presents the deconvolution
trapping is negligible. In these conditions the TSC current isesults for the BTO2 sample.

independent on the applied voltage and depends only on the The total trap density resulting from deconvolution is

dT’
5 |

(9)

trap parameters and for one peak is given by [18, 19]: about4.8 x 10'°cm23 and was obtained assumingaprod-
T uct of 10~7 cm?V. Comparing Figs. 3 and 4 it can be assumed
. 1 L dT that at low annealing temperature the contribution of the trap
Irsc(T) = ZqVR(T)n exp —/ pu(T") 5 | (4)  level with the activation energy d.6 eV in the TSC spec-
To tra is dominant but increasing the annealing temperature, the

contribution of the trap level with the activation energy of
where py(T) is the probability of a charge carrier to be re- 0.55 eVincreases faster, becoming dominant at higher anneal-
leased from a trap level, having the activation endfggt the  ing temperature. To be note that an activation energy of about
temperaturd . The formula which gives the value @f is: 0.58 eVwas reported from TSC measurements performed on
E Bi12TiOyg crystals [21]. It is noted that the corresponding
Pe(T) = svm(T)N(T) exp<__t> , (5) peakis non-symmetric, presenting a shoulder on its low tem-
kT perature side.
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80 ' ' ' ' ' ' ' thus it can be assumed that the observed exponential is not
250 | due to the intrinsic conduction. From the same Arrhenius plot
the parametes, can be estimated ag = 172Q1cm .
< 201 ] The room-temperature conductivity was estimated to be
B 15f 1 about10~*Q~lcm! and is considerably different compar-
= 1ol ing with the conductivity value determined in air from the
’ 1 | —V characteristic. As can be seen from Fig. 6 theV
5.0t 1 characteristic at low voltages is linear, the conductivity being
ool ] 10719Q~tcmL. This four order of magnitude difference can
be related with a conduction mechanism, other than the bulk

220 230 240 250 260 270 280 290 conduction. It could be an interface conduction mechanism,

Temperature (K) maybe related to the grain boundaries conduction, which is
Fig. 4. Experimental TSC spectrum obtained for #gTizOs> thin films  enhanced by gas adsorption when the sample is in air. In this
annealed ar00°C and the theoretical TSC spectrum obtained using (8).case the boundaries conduction could be much higher than the
The fit was obtained using the deconvolution method with the follow- L -
ing trap parametersEy = 0.55 eV Ey = 0.60 eV 1 = 1.75x 10-18 cn; bulk conductivity. In vacuum, a (_jesorptlon process t_ake place
S =35x10"18cn?; ny =2.8x 1055 cm=3; np =2 x 10% cm 3. The ef-  and the bulk conductivity prevails over the conduction at the
fective mass was considered to h& @rom the free electron mass grain boundaries.
An exponential dependence of the vacuum dark conduc-
tivity on temperature was observed for the BTO2 samples

About the nature of these traps it cannot be said veryoo. From the Arrhenius plot a value 6f956 e€Vwas deter-

much. Probably they are connected with the presence of sonmeined for the activation energy and a valuelf5Q ~1ecm*
structural defects (vacancies, interstitials) in the bulk of theavas computed for the parametes. The estimated room-
film or near electrodes. temperature conductivity is about016-10"1°Q1ecm1.
This value is about two orders of magnitude lower than for
the samples annealed 350°C. No significant differences
were observed when the measurements were performed in air.
coowever, the activation energy is higher in this case, the value
nfetermined above room temperature being of alidLieV.

Some hypothesis can be made to explain the above pre-
ented results. Itis very likely that at low annealing tempera-
ures the crystallites are very small, the crystalline structure

being not yet very well developed. It can be assumed that
Ea the defect concentration is very large, especially at the grain

o(T) =00 exp<—ﬁ> (10)  boundaries, and these defects reacts with the various ionic
species or with water present in the atmosphere. This leads to

where E, is the activation energ¥ is the Boltzman’s con- a high conductivity at the grain boundaries. In vacuum a des-
stant,T is the absolute temperature asglis the electrical orption process take place leading to a considerably lower
conductivity whenT — oo. dark conductivity. In this case it can be supposed that the

The activation energy of the conduction mechaniBgm  bulk conductivity prevails over the conductivity at the grain

was computed using the Arrhenius plot and a value oboundaries. The activation energy for the conduction mech-

0.978 eVwas obtained. This value is far away from the mid-anism based on oxygen vacancies was reported to be around

gap energy, which is arourigleV in the case oBisTizO12,  1€eVin perovskite-type materials [23, 24]. The values deter-
mined experimentally in the present study are close this value

2.2 Dark conductivity measurements

Figure 5 shows the temperature dependence of the dark
ductivity for the BTO1 sample, determined under vacuu
conditions. For the0°C-100°C temperature the dark con-
ductivity depends exponential on temperature, so we can co
sider [22]:
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Fig. 5. Temperature dependence of the dark conductivity measured in vad-ig. 6. The | —V characteristic at low applied bias measured in air for the
uum for aBi4TizO12 thin film annealed30 min at 550°C BTO1 sample



(0.956 e\-1.12 eV), so we can suppose that the bulk conduc-
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Further studies are need to obtain the value of the effect-

tivity could be due to the oxygen vacancies. ive mass and to confirm the low value supposed for the free

At elevated annealing temperatures the crystallites’ dica

rrier concentration and charge mobility.

mension increases and, due to a better crystallinity, a lowe{cknowledgementahe authors whish to thanks to the Romanian Ministry
defect concentration and a lower conductivity at the grairof Reasearch and Technology for the financial support offered through the

boundaries is expected. It is reasonable to assume that in tH#gant Contract no. 3050GR2.97-B12.

case the dominant conduction mechanism is a bulk mech-

anism via oxygen vacancies. The activation energy is agaifeerences

aboutl eV, supporting the above assumption. 1
From the conductivity value at room temperature the 2
productnu can be determined, where is the free carri-
ers concentration and is the carriers mobility. The values
are4d x 10* (cm Vs~ for BTO1 and7 x 107 (cmVs)~? for
BTO2. From the above values one can assume that the free

carriers concentration and mobility are very low, sustaining 4.

a vacancy or ionic conduction mechanism. This type of con-
ductivity is often found in oxide materials [25].

6.

7.

3 Conclusions 3

9.

The major conclusions which can be drawn from this study10
are:

11.

() the dark conductivity in th®&i4TizO1> thin films depends  12.

on the annealing temperature and is due to the presence

of oxygen vacancies for the temperature domain from?13-

room temperature up t@20°C. At low annealing tem-

peratures the surrounding atmosphere influences drastirs

cally the dark conductivity due to the ionic species or

water vapors adsorbed at the grain boundaries. The actil6.

vation energy of the conduction mechanism is aldoeW
and theny product is around 0*~10* depending on the ;-
annealing temperature. Both values are consistent with

the assumption that the dark conductivity is mainly to the 18.

thermal activation of oxygen vacancies.
(ii) two trap levels were identified in thRi, Ti3O12 thin films

total density of traps was estimated from TSC measure21
ments and was found to k&1 x 10"°cm~3 for 700°C 22
annealing an® x 10**cm~2 for 550°C annealing. The

parameters of these traps were determined from the deﬁ-i'

convolution method. 25
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