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Electric field control of the energy gap in ZnO and BaSnOj; films grown on PMN-PT
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ZnO and BaSnO3 (BSO) thin films grown on Pb(Mg;,3Nby/3)O3-PbTiO3 (PMN-PT) substrates
have been studied using electrical resistance and photoconductivity spectra measurements under
different applied electric fields on the substrate. The behavior of the resistance and the energy gap
(Eq) extracted from the photoconductivity (PC) spectra are modified by the polarization state of
the substrate in the case of the ZnO film while for BSO these physical parameters depend on the
strain imposed by the substrate when a voltage is applied on the PMN-PT. In the latter case, an
in-plane tensile (compressive) strain leads to a reduction (increase) of the resistance and the energy
gap when an external electric field is applied on the substrate. The behavior of ZnO and BSO can
be explained by the different crystalline structure in both films and by the fact that ZnO is also a
piezoelectric material. In ZnO a change in the polarization state of the substrate is associated with
an imposed strain and an induced polarization on the film that leads to a modification of the band
bending and hence of the energy gap. In the case of BSO, a shift of the impurity and conduction

band generates a modification of the energy gap for the different types of strain.

In the last twenty years there has been renewed interest
in oxide bearing compounds and transition metal oxides
(TMO) [1-3] due to a significant advance in the fabrica-
tion techniques of thin films and low dimensional struc-
tures [4, 5]. The main advantages of these compounds
reside in their earth-abundance and multi-functionality
[6], which make them a complementary candidate to sil-
icon for technological applications [7, 8]. On the other
side, one of the challenges that emerges on these mate-
rials is the presence of intrinsic defects (mainly oxygen
vacancies) due to their low formation energy [9-11]. In
fact, the low electron mobility [11-13] and some of the
effects observed at the interfaces between these types of
layers [6] can be related to the presence of defects or
residual strain.

Ferroelectric-piezoelectric materials based on these ox-
ides like BiFeOj3 [14, 15], BaTiO3 [16-18], PZT [19, 20],
HIO [21, 22], HfZrO, [23-25], PMN-PT [26, 27] caught
the attention in the last decade due to the influence that
polarization and/or strain induced by an applied voltage
or electric field can have on the properties of films grown
or transferred to them [26, 27]. In particular, PMN-PT
single crystals have been widely used as a building block
or substrate for growing different types of thin films with
this goal [26-29, 32-35]. Despite of that, the exploration
of optoelectronic properties of thin films on PMN-PT is
rather scarce [36-38]. In this regard, the present work
study the photoconducting properties of ZnO and BSO
on PMN-PT, two wide band gap semiconductors which
are appealing TMO materials due to its polar character
and piezoelectric properties [39, 40] (in the case of ZnO),
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and the high electron mobility values achieved with lan-
thanum doping [41-43] which is the case of BSO.

ZnO and BSO films were grown on one-side-polished
[001] PMN-PT single crystals substrates (dimensions: 5
x 5 x 0.5 mm®) by pulsed laser deposition (PLD) us-
ing a Nd:YAG laser operated at a wavelength of 266 nm
and a repetition rate of 10Hz. ZnO film was grown at
T = 300°C with an oxygen pressure of 0.1 mTorr and
laser fluence of F = 1.9Jcm™2 with a resulting thick-
ness of ¢ = 50nm. For the BSO film, an insulating
buffer layer of BSO using 1500 pulses, Po, = 60 mTorr
and F = 1.8Jcm™? was deposited before the deposition
of the semiconducting BSO film employing 6000 pulses,
Po, = 1mTorr and F = 1.5Jcm™2 in order to prevent
the Pb diffusion towards this layer since the growth tem-
perature was T = 700 °C in this case. The total thickness
of the film was ~120 nm determined from low angle x-ray
reflectivity and ellipsometry. A ToF-SIMS study (Time
of Flight- Secondary Ion Mass Spectroscopy) has shown
that there is no diffusion of Pb to the semiconducting
BSO film. This finding was also confirmed by a Riither-
ford Back-Scattering (RBS) study.

Fig. 1 shows the § — 260 XRD pattern for both films.
In the case of the ZnO film two samples have been fab-
ricated. In one of them (sample 1), see Fig. la, only a
small contribution of the (002) reflection can be identi-
fied which is expected due to the poor lattice matching
between ZnO and the PMN-PT substrate. Moreover, an
additional reflection corresponding to the (103) plane can
be observed. Hence, this ZnO film is only partially ori-
ented along the ¢ axis. From these two reflections the
in-plane lattice parameter can be extracted obtaining
a = (3.15 £ 0.09)A while in bulk single crystals previ-
ous works report a = (3.2482 +0.0002)A [44]. The XRD
pattern for the other ZnO sample (sample 2), see inset
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Figure 1. X-ray diffraction patterns for ZnO (sample 1) (a)
and BSO films (b) on PMN-PT substrates. The inset of (a)
shows the intensity comparison of the ZnO (002) peak with
that of the PMN-PT substrate for another sample with no
(103) peak (sample 2). The inset of (b) shows the w-scan
around the (002) peak of BSO (blue). By fitting these data
with a two-peak function (red), the sharp peak can be identi-
fied as a contribution of the (002) reflection of PMN-PT (with
a FWHM of ~ 0.2°) while the wider peak is due to the (002)
reflection of BSO (FWHM of ~ 1.3%). In the case of ZnO
no rocking curve generated from the film could be observed
above the noise at the (002) peak position.

of Fig. la, shows that the (002) contribution is reduced
and broader in comparison to the first sample and the
(103) reflection is not observable. In the following, we
will present the results corresponding to sample 2, al-
though we have obtained similar results for sample 1.

On the other hand, the § —20 XRD pattern of the BSO
film (Fig. 1b) only shows sizable contributions of the
(002) and (004) reflections indicating that the film has
epitaxially grown in the [001] direction with cubic struc-
ture. From these reflections, an out-of plane lattice pa-
rameter value of ¢ = (4.1746 £0.0007) A can be extracted,
while the in-plane lattice parameter can be obtained from
the Poisson’s formula: €,, = —2ve,, /(1 — v), where ¢,,
and €., are the out-of plane and in-plane strain respec-
tively and v is the Poisson’s ratio which takes the value
v = 0.23 [45]. Considering that the lattice parameter of
cubic BSO single crystals is (4.1165 + 0.0005)A [46] we
obtain an in-plane lattice parameter of (4.019 4 0.002)A
for our BSO film. This reduction in comparison to the
bulk value of BSO is consistent with an in-plane compres-
sive strain which is necessary to match the lattice param-
eter of PMN-PT ((4.0279 4 0.0001)A, obtained from the
PMN-PT reflections, see Fig. 1b). The inset of Fig. 1b
shows the w-scan around the (002) peak of the BSO film
(blue). As it can be observed, there are two contribu-
tions which can be analyzed by fitting these data with
a two-peak function (red). The sharp peak has a full
width at half maximum (FWHM) value of ~ 0.2° which
coincides with the value obtained in a w-scan around the
(002) peak of the PMN-PT substrate. The wider peak
corresponds to the contribution of the (002) reflection
of the BSO film which gives a FWHM value of ~ 1.3°,
indicative of a highly oriented film.

The sketch of Fig. 2b shows the configuration em-
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Figure 2. The electrical resistance response of ZnO (a) and
BSO (b) to a sequence of electric fields (inset) applied on the
PMN-PT substrate is shown. A sketch of the configuration
employed for electrical resistance measurements and for the
application of the electric field is also shown. We have used
indium dot contacts of ~ 0.5 mm of diameter. The electrical
resistance response of ZnO (c) and BSO (d) to a closed cycle
sequence of applied electric field is also shown. The inset
shows the same response for BSO without the subtraction of
the offset at zero electric field.

ployed for the electrical resistance measurements on the
film [47, 48] under an applied electric field on the PMN-
PT substrate [26]. Fig. 2a and b show the time depen-
dent electrical resistance response of the ZnO and BSO
film respectively under a sequence of electric fields pulses
of 4£0.15kVmm~!. These electric field pulses values are
below the coercive field of the substrate and the PMN-
PT is in the unpolarized state. For both films, the elec-
trical resistance increases (decreases) for positive (nega-
tive) electric fields [28, 30]. At 0.15kV mm™!, the relative
change of resistance, AR/R(0) = (R — R(0))/R(0), are
~0.25% and ~ 0.4 % for ZnO and BSO respectively.
Fig. 2c and d show the electrical resistance response
under a closed-cycle sequence of electric field. These ex-
periments were performed applying pulses (as in Fig. 2a
and b) of different amplitudes although a protocol apply-
ing continuous voltage leads to the same results. For ZnO
(Fig. 2c) the electrical resistance follows the behavior of
the polarization vs electric field curve of the PMN-PT
ferroelectric [30]. Starting from the unpolarized state at
zero electric field, P°, the resistance gradually decreases
as the electric field is increased towards negative values,
until the negative coercive field is reached, where the re-
sistance decreases until it reaches a saturation value (Pg
state). If in this state the electric field is diminished, the
resistance remains close to the saturation value even at
zero electric field (remanent state P;7) until the positive
coercive field is reached and the resistance is flipped to
the saturation value (Pg ). In contrast, for BSO, the elec-
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trical resistance follows a behavior similar to that of the
strain vs electric field curve of the PMN-PT ferroelectric
(28], see inset of Fig. 2d. After an initial decrease when
the electric field is increased, the resistance starts to in-
crease as the coercive field is reached and then it linearly
increases as the electric field is increased. This curve
becomes more symmetric when it is plotted in terms of
AR/R(0) (see main panel of Fig. 2d), revealing a residual
contribution of the offset resistance after the electric field
is removed which probably comes from the polarization
of the PMN-PT substrate [28]. The different response
observed in ZnO and BSO resides in the different crystal
structure obtained for both films, see Fig. 1. While in
ZnO there is not a clear crystal orientation and the lattice
matching between film and substrate is poor, in the case
of BSO an epitaxial film was obtained with a good match-
ing between film and substrate. This makes the latter
film more sensitive to the strain imposed by the PMN-
PT substrate when an electric field is applied. However,
the ZnO film can still be receptive to the imposed strain
and to induce a polarization, PZ"©, via the piezoelectric
effect that affects its electrical resistance [40]. It is also
worth to notice that different coercive fields are obtained

in Fig. 2c and d. It was checked that it is due to the
different thermal annealing at which the PMN-PT sub-
strates are subject during the fabrication of the ZnO and
BSO films.

Fol{ ], ©)
i +
3t ) & 3a7 P,T+—
= . .
Sl . £ *pr -
2f B L J.P" P—l—'

[z !

_ "PMN-PT_

3334
1| .p? 20(deg) 0.
P 5t pt

<P 1 po
o O)] > 5P
3.1 3.2 3.3 32 33 34 35 36% 19 -Hmms’
E (eV) E (eV) R —

ST
Figure 3. (a) PC spectra of ZnO at different polarization
states of the PMN-PT substrate. The red curves are corre-
sponding fits using an exponential function. (b) PC? spectra
of ZnO at different polarization states of the PMN-PT sub-
strate. The red lines are linear fits to these curves. The inset
of (a) shows the AE values extracted from the fits of (a) vs
the corresponding F¢ values obtained from (b). The inset
of (b) shows the (002) peak of ZnO at different polarization
states. The curves are corresponding fits to the data. (c)
ZnO (002) peak position (top); extracted out-of-plane strain
for ZnO (black dots) and PMN-PT (blue squares) (central)
and comparison of electric fields (in absolute value): &7 (ex-
tracted from PZ"°) and £ (extracted from AE) (bottom) at
the different polarization states of the substrate as a function
of E¢. The error bars size corresponding to the £ values is
similar to the size of the used symbols.

Photoconductivity spectra, defined as PC' = (R™! —
RyL )/ Ryl ., were measured for both films. Since both
films have a direct energy gap, Eg, [49, 50] and assuming

that PC is proportional to the optical absorption coeffi-

PMN-PT Zno PMN-PT ZnO PMN-PT ZnO

Figure 4. Sketch of the energy diagram for ZnO. A sponta-
neous polarization on the film (P#"C = PZ;ZO) generates an
initial band bending in the ZnO film in the P state of the
PMN-PT substrate (central panel) which tilts the border of
the conduction and valence band (Ec and Ev respectively)
and also the impurity band (blurred black area) in an energy
eét. In the P state (left panel), the total polarization of ZnO
is increased in quantity dsse.. in relation to the p° state, in-
creasing the band bending and reducing Eg in comparison to
the P° state. Finally, in the P state (right panel), P#" is
decreased in a quantity dsse.. in comparison to the P° state,
reducing in this way the band bending and increasing Eg. In
all the cases, the Fermi energy level remains unchanged.

cient, the linear relation PC? «x E — Eg should be sat-
isfied in the proximity of the absorption onset and Eg
can be extracted [51, 52]. Since both resulting films have
a residual in-plane compressive strain, the obtained Eg
values are higher [53, 54] compared to previously reported
ones [49, 50, 55]. Taking into account the behavior of the
electrical resistance under an electric field on the PMN-
PT substrate, we have performed a PC spectrum at each
polarization state in the case of the ZnO film: unpolar-
ized (P°) and remanent polarized states (PF and P.).
As it can be observed, the PC and PC? spectra onsets
(Fig. 3a and b respectively) are shifted to lower energy
values as the polarization state is changed from P to
PY and P}F.

In ZnO it is well known that band bending due to an
electric field £ produced by surface charge or by the pres-
ence of an internal dipolar moment has an important ef-
fect in reducing the energy gap due to the Franz-Keldysh
effect [40, 47, 56, 57]. In this regard, Dow and Redfield
[58] proposed an exponential dependence of the absorp-
tion onset: PC o e/AE where AF is a measure of the
strength of this internal electric field, £, and it is related
to AF via & = ((BAE/2)m*1/3)3/2 Jeh [47, 52], where h
is the reduced Planck constant, e and m* are the charge
and the effective mass of the electron respectively. Fig.
3a also presents the exponential fittings of the PC curves,
and the AF values obtained for each curve are plotted
against the corresponding E¢ values extracted from the
PC? spectra of Fig. 3b (see inset of Fig. 3a). As it can
be observed, E¢ is reduced as the polarization state is
varied from P to PY and P and this reduction is con-
comitant with a corresponding increase of AE suggesting
that band bending generated by an increased internal po-
larization in the ZnO is responsible for this effect.

In order to corroborate that, the inset of Fig. 3b
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shows that the ZnO (002) peak position has a system-
atic shift under the different polarization states of the
PMN-PT producing an out-of plane strain on the film,
as depicted in Fig. 3c. This strain, €,,, generates an in-
duced polarization on the film via PiZ"O = d33€,, (where
dss is the piezoelectric coefficient along the c-axis di-
rection) which is added to the spontancous polarization
of ZnO, PEZS;}O, giving a total polarization of [39, 40]:
PEO = PZnO 4 PZnO. From this, the total electric
field on the film, &7 can be calculated and compared with
the internal electric field obtained from the AE values,
&, see lower panel of Fig. 3c. As it can be observed
there is a good agreement between both electric fields
confirming that the band bending established on the film
is generated by the total polarization on the ZnO which
in turn is modified by strain due to the piezoelectric ef-
fect on the film at the different PMN-PT states. Val-
ues of dzz = 1.4Cm~2 and PZ"C = —0.016 Cm~2 have
been employed while previous works [39, 59, 60] report
da3 = 0.8—1.4Cm~? and PZ° = —0.05 Cm~2. The dif-
ferent values of PZ1 can be explained considering that
films tend to produce more defects and are less oriented
than single crystals decreasing in this way the amplitude
of Pf;Z'O‘

In the sketch of Fig. 4 we have described this phe-
nomenon in the different polarization states. In the un-
polarized P° state (central panel) PZ"C = PEZS;”O and
this polarization generates an initial band bending on
the film and certain value of Eg. On one hand, as the
substrate is brought to the Pl state (left panel), the
substrate imposes a compressive (negative) strain along
the c-axis of the film increasing the total polarization of
ZnO (P#™°) in a quantity dsse,. in relation to the P°
state. In this way band bending increases and E¢ is re-
duced in comparison to the unpolarized state. On the
other hand, in the P state (right panel), the substrate
imposes a tensile (positive) strain along the c-axis of the
film decreasing the total polarization of ZnO in a quantity
dss€,. in relation to the P° state. This effect decreases
the band bending and increases E¢ in comparison to the
PO state.

The sketch of Fig. 4 also describes why the electrical
resistance of the ZnO film increases as the polarization
state is changed from P~ to P° and P}, see Fig. 2c.
Assuming that the Fermi energy level, Er, remains un-
changed under the different polarization states and that
it is located close to the upper limit of the impurity band
(61, 62] (see the P state in the right panel of Fig. 4) it
can be noticed that as band bending is increased (towards
the PY and P} states) the fraction of uncovered impu-
rity band above Ep (with an area 1/2(eft/2)(t/2) in the
energy diagram) increases, increasing in this way the den-
sity of impurities that become ionized (i.e. positively ion-
ized oxygen vacancies). Since the confined electrons due
to the band bending can be considered as a 2D electron
gas [63], their mobility due to the scattering with ionized
impurities located on a plane at a distance § from these

carriers is: p?P oc 6%/nZP , where nZP  is the number
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Figure 5. (a) PC? spectra of BSO at different applied electric
fields following a closed cycle sequence. (i) and (d) means
increasing and decreasing voltage respectively. Red lines are
corresponding fits. (b) Extracted Eg values as a function of
the applied electric field on the substrate following this closed
cycle sequence. (c) (002) peak of BSO at different applied
electric fields following a similar closed cycle sequence. The
curves are vertically shifted for clarity. The inset of (d) shows
the out-of-plane strain obtained from these peaks and the
main panel of (d) shows the corresponding in-plane strain
using the Poisson’s formula.

of ionized impurities per unit area [64]. Moreover, tak-
ing into account that n?ﬁp = pfgpl/Z(eﬁt/Z)(t/Z) (where
piR, is the density of states of the impurity band) the
proportionality u?” o (et)™! is obtained, suggesting
that an increase of band bending decreases mobility and
increases the electrical resistance of the ZnO film as the
polarization of the PMN-PT substrate is changed from
P~ to P° and PF.

Fig. 5a shows the PC? spectra for BSO at different
applied electric fields following a closed-cycle sequence.
From a linear fitting of these spectra, the corresponding
FE¢ values can be extracted and they are plotted as a
function of the electric field in Fig. 5b. As it can be
observed, the E¢ vs electric field curve is very similar to
the electrical resistance one, see Fig. 2d, suggesting that
both physical parameters are modified by strain. In order
to confirm that, we have measured the electric field de-
pendence of the (002) peak position of BSO, see Fig. 5c.
From this peak we have extracted the out-of-plane lattice
parameter and the corresponding strain, see inset of Fig.
5d and using the Poisson’s formula we have obtained the
in-plane strain on the BSO film vs applied electric field
curve, see main panel of Fig. 5d. As it can be noticed,
an in-plane compressive strain produces an increment of
the energy gap and the electrical resistance as it can be
observed in Fig. 5b and Fig. 2d while for an in-plane
tensile strain both parameters (Eg and resistance) are
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strain strainE strain

Figure 6. Sketch of the energy diagram for BSO. When an
in-plane compressive strain is applied on the BSO film (left
panel), an increment of Fg takes place in comparison to the
unstrained (or residual strain) case (central panel) while an
in-plane tensile strain (right panel) reduces Eq. In all the
cases, the Fermi energy level remains unchanged. The optical
gap (Eg—op) extracted from the PC spectra is also showed
and it is assumed to follow the variations of Eg in all the
cases.

reduced.

The sketch of Fig. 6 illustrates the situation for the
BSO film. As an in-plane tensile strain is applied on the
film (right panel of Fig. 6) there is a reduction of Eg in
comparison with the unstrained (or residual strain) situ-
ation (central panel) which is reflected in a lower shift of
the minimum of the conduction band, E¢, as it was pre-
viously reported in other semiconductors [53, 54]. When
an in-plane compressive strain is applied on the film (left
panel), the opposite situation occurs, that is, there is an
upper shift of Ec and an increment of Eg. If the im-
purity band (blurred black region) is shifted in the same
proportion as F¢ and assuming that Ep is originally lo-
cated in the middle of the impurity band and that it is
not shifted under the induced strain, the behavior of the
electrical resistance under strain (Fig. 2d) can also be
understood. Under an in-plane compressive strain (left
panel), the uncovered portion of the impurity band above
Er is higher in relation to the unstrained (residual strain)
case in an energy (Eg™" — E2)/2. Again, this uncov-
ered portion of the impurity band represents extra ion-
ized impurities that are effective for scattering and reduc-
ing the electron mobility via u oc (nf5,)~" [65], where

3D o : e ioni ; e :
Njmp 18 the density of these ionized impurities. Since

(S

“se ioni i Hies 3D
these extra ionized impurities dnj,,,

onib = piP (EE™ — EY)/2, an in-plane compressive
strain leads to an increase of the electrical resistance in
comparison to the unstrained case. In a similar way, an
in-plane tensile strain (right panel) leads to a relative de-
crease of n?,lip and a decrease of resistance in comparison
to the unstrained case.

In summary the behavior of the energy gap and the
electrical resistance of ZnO and BSO films grown on
PMN-PT are modified by an external electric field ap-
plied on the substrate. In the case of ZnO this response
is controlled by the polarization state of the substrate
and the imposed strain on the film that modifies its po-
larization via the piezoelectric effect. On the other hand,
in BSO this response only depends on the strain imposed
by the PMN-PT. In the former case, band bending gen-
erated by the induced polarization is the responsible of
the observed effects while for BSO a shift of the conduc-
tion and impurity band caused by the strain explains the
modifications of the resistance and the energy gap.
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