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The effect of Mn doping on the interband transition and band tail absorption

characteristics of Mn:(Pb, Sr)TiO, ferroelectric thin films
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Abstract: Mn composition dependence of optical properties, especially interband electronic transition and band
tail absorption behaviors, in Mn doped (Pb, Sr)TiO, (PST) films were investigated by transmittance spectrosco-
py. The optical parameters of Mn doped PST films in transparent region were evaluated by Cauchy model. The
decrease of optical band gap and the expansion of the band tail states with the increasing of Mn dopant amount
were observed. The shrinkage of optical band gap is attributed to lowering the bottom of conduction bands by Mn
3d orbitals and the decrease of lattice constant in Mn doped PST films. Meanwhile, the random occupation of Mn
ion and the increase of oxygen vacancy after Mn doping are the main causes for the expansion of localized states in

band tails.
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Introduction

In view of excellent ferroelectric properties, high di-
electric constant and great dielectric tunability, ferroelec-
tric (Pb, Sr)TiO, (PST) films possess considerable po-
tential applications in a variety of microelectronic-devic-
es, including dynamic random access memories
(DRAMs) , ferroelectric random access memories (Fe-

RAMs) and microwave tunable devices, etc 7. Apart
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from these excellent electrical properties, (Pb, Sr)TiO,
films unfold outstanding electro-optical and photolumi-
nescence features as well. For instance, nonlinear opti-
cal response, i. e. , the intensive second harmonic gener-
ation effect has been found in PST/(001) MgO epitaxial
films *. Ambika et al. also investigated the optical non-
linearity of PST films in the visible region using the open
aperture z-scan technique . The evidence that the third
order nonlinear absorption is dependent on ferroelectric

WrFE HH5:2019- 03- 02, & B HHA:2019- 07- 02

Foundation items: supported by the Natural Science Foundation of China (61574058, 61674058)

Biography: LI Yan-Qing(1993-), female, Weifang, Shandong, master. Research area involves oxide functional materials and physical characterizations. E-

mail: yanqingli93@163. com
“Corresponding author : jyang@ee. ecnu. edu. cn



LI Yan-Qing et al: The effect of Mn doping on the interband transition and band tail absorption characteris-

5 1 tics of Mn: (Pb, Sr)TiO, ferroelectric thin films 555

polarization was observed. And the value of third order
nonlinear absorption (8) was obtained to be 107m/W.
Utilizing ferroelectric PST film based tunable co-planar
waveguide, second and third harmonics generation were
produced for a fundamental at centimeter wavelengths .
Pyroelectric coefficient p of PST ceramics were evaluated
to be 10°C/m’K and showed good infrared sensitiveness
" Tn addition, nano-crystalline PST films and PST
nanotubes exhibited the room temperature tunable blue-
green photoluminescence under UV excitation with in-
tense emission bands centered at the range from 350-450
nm, and emission centers can be tuned by changing the
Pb content'>"™. The above mentioned nonlinear optical ,
infrared response and photoluminescence of PST can be
regarded as a candidate for the related photoelectric de-
vices, such as photoelectric modulator, infrared sensors
at room temperature, flat panel display devices, the inte-
grated light emission devices, co-planar waveguide and
0 on.

In general, the proper element doping at A, B sites
in ferroelectrics is an effective method to further optimize
ferroelectric, dielectric and optical properties. In our
previous work, it is found that the ferroelectric and di-
electric properties of PST films can be greatly improve by
Mn doping "“"*. However, the issue that Mn composi-
tion dependence of optical characteristics of Mn: PST
film is still an open topic. Understanding the Mn doping
effects on optical properties, especially fundamental and
band tail absorption behaviors is in favor of design and
optimization of integrated optics, but also provides phys-
ics nature about doping modulated electronic energy
band structure and localized band tail states. In this
study, the transmittance spectroscopy of a series of Mn
doped Pb, ;Sr, sTiO; films at room temperature are pre-
sented. And Mn composition dependence of interband
electronic transition and band tail absorption behaviors
are investigated.

1 Experimental details

A series of 1, 2.5, 5, 10 mol% Mn doped
Pb, ,Sr, ;TiO, (PSMT1, PSMT2.5, PSMT5, PSMTI10)
films with 300 nm thickness were prepared on sapphire
substrate by chemical solution deposition """, The pre-
cursor solution was spin-coated on sapphire substrates.
Then it was dried at 200 °C for 3min, heated at 400 C
for 3min, annealed at 650 °C for 5 min by a RTA furnace
in air. The x-ray diffraction (XRD) was preformed for
phase identification by a Rigaku-D/MAX3C diffractome-
ter with Cu-Ka radiation at 40 kV. The XRD results
show that the present films were pure perovskite structure
polycrystalline """, The transmittance spectroscopy was
measured with a double beam spectrophotometer (Perkin

Elmer UV/VIS Lambda 2S) at the range from 1 to 5 eV.
2 Results and Discussions

Figurel shows the transmittance spectroscopy of
PSMT films at the range from 1 to 5 €V. In general, from
low energy to high energy range, the spectrum is com-

posed of three regions: (I) a transparent oscillating re-
gion, (II) a low transmittance region and (II1) a funda-
mental absorption region. In transparent region, due to
the multi-reflectance between the film and substrate, the
Fabry-Pérot interference patterns are observed in low en-
ergy region (<3 eV). It can be seen that the number of
Fabry-Pérot interference patterns decreases with Mn dop-
ing amount increasing, owing to less transparent in heavi-
ly doped PSMT samples. Similar phenomenon was also
be reported in Co:BaTiO, films ""*'. Low transmittance re-
gion is usually attributed to band tail absorption. The
transmittance becomes sharper with the decrease of Mn
dopant, which implies the density of localized band tail
states rise with introducing Mn into PST lattices. In fun-
damental absorption region, the interband electronic
transition between conduction and valence bands occurs.
Therefore, the incidence photons were absorbed by the
films totally, leading the transmittance to be zero. As the
insets of Fig. 1 shown, the edge of fundamental absorp-
tion shift to low energy end, i. e. a red shift comes to be-
ing with the increasing of Mn doping. It suggests that Mn
doping has influence on the energy band structure and
form localized band tail in band gap.

1.0 : :
I |
08 F : ‘
3
£ 06 im PSMT]
k= 04 i® PSMT2.5
g ' {4 PSMT5
£ 0.4F iv PSMT10
=

0.2

T
Transmittance
o
[

L 3 i
0 Photon energy/eV :
1 2 3 4 5
Photon energy/eV

Fig. 1
content 1%, 2. 5%, 5% and 10% at photon energy range from 1

The transmittance spectroscopy of PSMT films with Mn

to 5 eV. The inset is enlarging scale of transmittance spectrosco-
py in absorption region
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In transparent region, a three-layered structure (air/
film/substrate ) was used to fit the transmittance spectros-
copy for refraction index of PSMT films "'**. The dielec-
tric function of dielectric layer is descried by Cauchy dis-
persion relation "

n=a+bA> + /A, , (1)

where n is the refraction index, a, b, ¢ are fitting param-
eters, A is incident wavelength. Figure 2(a), (b) and
(¢) show that the measured data are in consistent with
the model fitting results in PSMT1, PSMT2.5 and
PSMTS5 films. And obtained refraction index of PSMT
films is present in Fig. 2 (d), (e) and (f). However,
because of less transparency, the fitting with Cauchy dis-
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persion relation can not applied in PSMT10. Refraction
index of the present films is increasing, when the inci-
dence photon energy becomes stronger. This is a typical
dispersion relation of ferroelectric films in transparent re-
gion. Generally, in transparent region, the dispersion
behavior can be depicted by single oscillator Sellmeier
model ',

A = 1=SA0/[1 = (AJAY] . (2)
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Fig. 2 Experimental (symbols) and calculated (solid lines) da-
ta of PSMT films with Mn content (a) 1%, (b) 2.5% and (c )
5% in transparent region. The refractive index (n) and of PSMT
films with Mn content (d) 1%, (e) 2.5% and (f )5% as a func-
tion of the photon energy. 1/(n’-1) vs. 1/4’ plots of of PSMT
films with Mn content (g) 1%, (h) 2. 5% and (i )5%. The solid
line is the fitting of the experimental data with a single oscillator
model
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Where A, is an average oscillator position and oscil-
lator energy E,=hcleA,, S, is an average oscillator
strength. 1/(n’~1) vs. I/A, plots with linear fittings of
Sellmeier model are displayed in Fig. 2 (g) , (h) and
(i). And E, is obtained to be 5. 43, 4.76 and 4.27 eV,
S, is 0.67, 0.50 and 0.33 x10"* m> for PSMTI,
PSMT2. 5 and PSMTS5 films, respectively, which are ac-
cord with those value in (Bi, La) ,Ti,0,, films® and
SrTi0,™. The transitions between critical points (CP)
in high energy region are usually regarded as a single os-
cillator, which contribute to dielectric dispersion in
transparent region ™. In Ti based perovskite oxides, the
higher CP transitions of (A -A,) are scribed to the transi-
tion between X;.- X; energy levels and the value of transi-

tion energy is 4-5eV'™, which is in agreement with this
case and the origin of dielectric dispersion. It can be
found that the oscillator energy and strength become
weaker with Mn doping, which reveals that high energy
CP transition energy decreases and Mn doping alters PST
electronic energy band structure. It is in consistent with
the above mentioned results about transmittance spectros-
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Fig. 3 Variations of (aE)’ changing with the photon energy are
used to determine the optical band gap of the PSMT films with
Mn content (a) 1%, (b) 2.5%, (¢ )5% and (d) 10%. The in-
sets are the exponential absorption coefficient as a function of the
photon energy below the band gap energy
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In absorption region, absorption coefficient o is are
derived form a=ln (1/T)/d (T is transmittance and d is
film thickness) to determine the optical band gap of the
PMST films*. Usually, in fundamental absorption re-
gion (E >E"), Tauc’s power law can describe the inci-
dent photon energy E dependence of the absorption coeffi-
cient. There are two case: (1) for the direct interband
transition between the valence and conduction bands ,
o o< (E-E")"/E, and (2) for the indirect interband
transition, « oc (E—Eg"”')z/E, where £ is optical band
gap (OBG)"™. Good linear fittings of the relations be-
tween E and (akE)? can be shown in Fig. 3 (a), (b),
(¢) and (d), which indicates direct interband transition
between the conduction and valence bands in Mn doped
PST films. The E™ is evaluated to be about 3.89,
3.86, 3.77 and 3.66 eV for PSMT1, PSMT2.5,
PSMTS5 and PSMTI10 films, respectively, which is litter
less than that of pure PST films"'*. The Mn composition
dependence of optical band gap is shown in Fig. 4. Simi-
lar to the decrease of high energy CP transitions as the
above mentioned, it is found that optical band gap under-
goes shrinkage when Mn content increases, which fol-
lows the red-shift of the fundamental absorption edge in
transmittance spectroscopy. Moreover, the relation of op-
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tical band gap and Mn dopant amount is approximately
linear, just as the description of Vegard’s law . In Pb-
TiOs-based perovskite ferroelectrics, the upper structure
of valence bands mainly comes from O 2p orbitals, while
the lower laying of conduction bands origins from Ti 3d
orbitals. Because of crystalline field effect in Ti-O octa-
hedra, Ti 3d conduction bands split into lower energy
threefold degenerate t,, and higher energy two-fold degen-
erate Ti 3d e, subbands. Therefore, the lowest laying of
conduction bands arises from Ti 3d t,, orbitals. The gap
of O 2p and Ti 3d t,, states would be optical band gap and
the value of the gap is near 4 eV, Therefore, the opti-
cal band gap comes from the interband transition between
upper laying of O 2p orbitals and lower laying of Ti 3d t,,
orbitals. Introducing Mn ions into B site of PST lattices,
lower enengy Mn 3d orbitals partly replace Ti 3d t,, orbit-
als, which can lead to the gradual decline of the lowest
laying in conduction bands and the shrinkage of 0BG,
but also influences the hybridization strength between the
Ti 3d-O 2p orbitals and Mn 3d-O 2p orbitals, and there-
fore decreases the high energy CP transition. On the oth-
er hand, the lattice constant is also a critical cause for
OBG. Basing on Harrison model ™, OBG can be deter-
mined by

E, = Ec — &y — 2\/5 (V],pu + Vpp'rr) ’ (3)

g

where g, is lowest laying of conduction band, &, is top of
conduction band, V,, and V, is o and 7 bonding ener-

gies of O 2p orbital, respectively. The last term varies
with interatomic distance (¢), in terms of
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Fig. 4 Mn composition dependence of optical band gap and Ur-
bach band tail energy of PSMT film. The solid line is the linear
fitting of the experimental data
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where 1, 1, and f are dimensionless coefficients, m is
the electron mass and h is Planck constant. As reported
by Yang et al, the lattice parameter of PST films decreas-
es after the Mn doping'”™’. The decrease of interatomic
distance can enhance the value of V ,+ V, _and in turn
contribute to the decrease of OGB.

Note that the absorption coefficient increases gradu-
ally when the incidence photon energy is increasing be-

low OGB (~3.4-3.8eV) , as the above motioned band

tail absorption in a low transmittance region. This weak
band tail absorption can be suggested as the electronic
transition among the extended bands and the localized
band tail states. Usually, this weak band tails absorption
behavior obeys Urbach rule, which is described by accexp
(E/E,) ™, where Urbach band tail energy ( E,) is the
width of band tails of local states. The inset of Fig. 3
(a), (b), (¢) and (d) show that the band tail absorp-
tion yields Urbach law well and Urbach band tail energy
is obtained to be 309, 347, 420 and 574 meV for
PSMT1, PSMT2.5, PSMT5 and PSMTI0 films (in
Fig. 4), respectively, which are larger than that of pure
PST films (245 meV )"*. Urbach band tail energy in-
creases with more Mn amount doping into PST films,
which means the width of band tails of local states in-
creasing. The localized states of Urbach tail are usually
resulted from the thermal fluctuation disorder (electron-
phonon interaction) or/and the structural disorder in lat-
tices "**". Obviously, doping induced Urbach tail states
can be interpreted as the structural disorder, which is re-
sulted from the impurities, defects e. g. , oxygen vacancy
or Pb vacancy and grain boundaries'®. In present case,
firstly, Mn dopant ions occupy B site Ti ions randomly,
which leads to the disorder of the lattices. Moreover, as
an acceptor doping, with the Mn* dopant amount increas-
ingly entering into Ti* site, the more concentration of ox-
ygen vacancy with two positive charges will generate to
keep electrical neutral of the whole film system ",
This process can be described by

MnO—Mn,, + 1/20,+ V, . (5)

The increase of oxygen vacancy further deteriorates the
structural disorder. Therefore, random occupation of Mn
ion and the increase of oxygen vacancy after Mn doping
are the main causes for the expansion of localized states
in band tails.

3 Conclusions

In summary, Mn doping induced the decrease of in-
terband transition energy and the expansions of the band
tail states were observed. Lowering the bottom of conduc-
tion bands by Mn 3d orbitals and the decrease of lattice
conslant in Mn doped PST films contribute to the shrink-
age of optical band gap. And the random occupation of
Mn ion and the increase of oxygen vacancy after Mn dop-
ing are the main causes for the expansion of localized
states in band tails.
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