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Abstract

In this paper, we report the charge trapping phenomena in zinc oxide (#-ZnO) and Bi Dy, ,FeO, (BDFO)/ZnO thin
films deposited on p-type <100> conducting Si substrate. The significant change in contrast above the protrusions of
ZnO verifies the possibility of heavy accumulation of injected holes in there. The ZnO and BDFO/ZnO films were
characterized by the electrostatic force microscopy (EFM) to understand the phase dependence phenomenon on the
bias supporting electron tunnelling. The EFM has an important role in the analysis of electrical transport mechanism
characterization and electric charge distribution of local surface in nanoscale devices. It was observed that in BDFO/
ZnO, the contrast of EFM images remains constant with the bias switching and that primarily indicates availability of
trap sites to host electrons. The change in contrast over the protrusions of ZnO suggests that mobility of the electrical
charge carriers may be through the grain boundary. The formation of these hole-trapped sites may be assumed by bond
breaking phenomenon.
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1. Introduction . o
on p-type Si substrate is an interesting subject. The excel-

lent multifunctional properties of BDFO/ZnO films may
To study the charge trapping phenomena in semiconduc-  be advantageous for a variety of device applications like
tor zinc oxide and combination of magnetoelectric multi-  sensors, energy scavengers, electricity generators, etc [1].
ferroic Bi; Dy, ,FeO, (BDFO)/ZnO thin films deposited ~ The appeal of combining of piezoelectric with multifer-
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roics offers great possibility of the storage of generated
energy through vibrations with best qualities of ferroe-
lectric random-access memory (FeRAMs) and magneto-
resistive RAM (MRAMs) with fast low-power electrical
write operation.

Zinc oxide (ZnO) is a major contributor in the research
field of oxide electronics and may be defined as a future
material of choice. This material is suitable for fabrication
of the optoelectronic [2], piezoelectric [3] and spintronics
devices [4]. Nano-crystalline thin films of ZnO have al-
ready been popular for photovoltaic device applications
as transparent conductive oxide (TCQO) owing to its in-
herent transparency property [5—-8] in the visible range
[9-10]. Also n-doped ZnO may be used as the buffer
layer for blocking of electron collector/hole in inverted
bulk-heterojunction organic solar cells [11-12] and in fast
scalable memories [1].

The interface between electrode and ferroelectric layer
gives rise to complex interfacial physics leads towards
degradation of performance of ferroelectric memory el-
ements. The applications of multiferroics are that, they
offer the feasibility of best qualities of memory devic-
es with fast low-power electrical write operation, and
non-destructive magnetic read operation in a single com-
bination [13—17]. Magnetoelectric multiferroic modified
BiFeO, (Bi,,Dy,,FeO, or BDFO) is promising ferroe-
lectric material, exhibiting the ideal properties at room
temperature. The BDFO film has unique multifunctional
properties such as low leakage, low interface state density
and very high dielectric constant (k > 30), and may pro-
vide the storage of generated electricity [18—19]. Here we
report the results of a study on the charge trapping mecha-
nism in the Au/BDFO/ZnO/Si metal-insulator—semicon-
ductor (MIS) interfaces for different bias voltages. The
trapping behaviour of the charge carriers in thin n-type
ZnO/p-Si semiconductor heterojunction diode was also
studied.

1.1 Theory

EFM is used mainly to characterize materials for electri-
cal properties. During the measurements, the tip of stan-
dard non-contact EFM system carries out a main scan and
an interleave scan on each scanning line. The main scan
performs the recording of the surface topographical data
in an intermittent contact (tapping) mode [20]. In the con-
secutive interleave scan mode the AFM tip is raised above
the sample surface (whose topography was acquired in
the main scan) and is kept at a fixed height during the
scan. In the interleave scan duration, the biasing with res-
pect to the sample is provided to the tip and it observes an
electrostatic force at a distance S from the sample surface
is given by [21]:

1dC
F(s)=EE(AV)2. (1)

Where AV is the potential difference and C is the value
of capacitance between the sample and the probe. In the

contrast method of EFM-phase measurements technique,
the tip is driven mechanically and oscillations are made
during the interleave scan. The resonant frequency and
phase shift of the tip due to the electrostatic force gradi-
ent dF/dS are observed. The resonant frequency (®) and
phase shift (¢) may be defined by the equations 2 and 3
for the small force gradients [21].
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where cantilever’s quality factor is «O» and «k» is
the spring constant. The additional description, practi-
cal information and applications of EFM are available in
detail and discussed elsewhere [22-23]. In extension to
conventional topography image, the EFM measurement
technique records the phase shift in parallel. Since
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It is noticed from the equations (4) and (5), the phase
and frequency shift is governed by the potential difference
AV between the tip and the sample surface and finally lat-
eral distribution of d?C/dS* determines the resolution of
the EFM-phase method. This phase shift is always ob-
served to be negative due to the positive value of d*C/dS™.
At the same time, owing to the fact that dC/dS is negative
the electrostatic forces between the tip and sample surface
are attractive.

EFM is also used for mapping of the vertical gradi-
ent (S) of the electric field between the sample surface
and the tip against the in-plane (X, Y) coordinates. The
trapped charges create a field on or below the surface of
sample are often adequately large to form a good con-
trast in an EFM image [24]. The electrical force gradient
(dF/dS) of the cantilever, experienced by the tip can be
related with phase shift mapping A by the equation giv-
en by equation 6 [21]

k, dF

tan (A@) 0 (6)

Where @ is quality factor and k_ is elastic constant of
the cantilever [24]. The fundamental model for tip-sample
arrangement has been developed for quantitative analysis.
The trapped charged centre is assumed to be at a posi-
tion which is located at the ZnO surface or the BDFO/
ZnO interface as shown in Fig. 1. Because of its relatively
short retention time the trapped charges in the BDFO are
assumed to be ignorable [25-26].

The exerted forces F' is the combination of the capaci-
tive and the coulomb force. The trapped charge, G,y CTE-
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Figure 1. Experimental setup for sample and EFM structure.

ates the image charges (¢) at the tip and as well as in the
semiconductor, where \—q’"ap\ = 2qmp/ (1+¢_ ). Wheree_is
the dielectric constant of ZnO layer. The amount of total
tip charge is equal to the sum of the tip bias charge ¢, and
4 The surface of tip may be conducted as a sphere-
plate capacitor [22] at a distance of 25-45 nm [22-23].
So, the exerted force F is defined as follows [27]

r 2 ’
_qtrap qtrap CVdc

= +
dmeo[2s+1) ] 4ne, [2(s+ Ry +14 )]2

19C
y2 . (7)
T3 9s ke

Where R, is the tip radius and t is the distance between
centre of the charge to the sample surface. More expand-
ed terms with ¢, are excluded for simplicity. Due to the
presence of Coulomb force acting between the embedded
charge and the image charge, the first term is introduced
in the equation (7). Appearance of the second term is from
Coulomb forces between the embedded charge and the
bias of EFM tip [24, 25]. The third term defines the capac-
itive force among the sample and the EFM tip. If the EFM
images are acquired at different applied voltages, the ac-
tual contribution of the every term can be evaluated in the
total force gradient F. Initially tip of the EFM was fixed
at a certain point on the sample and tip bias was changed
gradually in small steps from —5 V to +5 V. The EFM
phase versus tip bias having a parabolic relationship (1)
indicates that the capacitive forces are essentially loaded
onto the EFM tip (2) and the brightness of EFM image
also enhanced with movement of phase more toward in
the negative direction because there is a additional attrac-
tive force between tip and sample. It is also possible to
calculate the approximate capacitance from the curvature.
This effect of capacitance may be removed by applying
the voltage of the identical amplitude in turn but in oppo-
site sign and the difference is compared.

2. Experimental Details

A ZnO (99.9%) target of diameter 2 inch was used to de-
posit ZnO film of 300 nm thickness on RCA (standard
Radio Corporation of America) cleaned [9] p-type con-
ducting (0.0001-0.0005 ohm-cm) Si <100> substrates by
dielectric sputtering process. The deposition process was
carried out in Ar environment with a RF power of 100W.

The base pressure was 5% 10~ mbar and operating pressure
was maintained at 2.2 - 102 mbar during deposition. Pul-
sed laser deposition technique (PLD) was used to deposit
BDFO film of 300 nm thickness on ZnO/Si with a Com-
plex Pro 201,248 nm KrF excimer laser from Coherent.
The deposition parameters are: laser density — 2 J/cm?,
distance between target to substrate — 5 cm, substrate tem-
perature — 650 °C, O, Pressure — 4.5 - 10" mbar, Repetiti-
on Rate = 10 Hz and No. of Pulses — 22500 [1].

Various techniques were employed for characterization
of BDFO/Zno/Si films. The thicknesses of the films were
measured by profilometer (Dektak XT). X-ray diffraction
(Rigaku, Cu-K  radiation, A = 1.5405 A)was used to de-
termine the phase purity and crystal structure of the film.
A Multimode Scanning Probe Microscope (Veeco Digi-
tal Instruments make Nanoscope V) was used to carry
out the electric force microscopy of the samples. It was
equipped with an optical microscope for area selection.
It can zoom-in to examine details up to the limit of the
tip’s resolution and high phase sensitivity. Digital image
processing and analysis software (Nanoscope 6.2r1) was
used to analyze the raw data. The energy-band diagram of
the device is shown in Fig. 2.

The electron affinities of ZnO and Si are used as 4.31
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Figure 2. Energy band diagram of Au/Cr/BDFO/ZnO/Si
MIS Structure.

and 4.13 eV respectively [28—29], the offsets of conduc-
tion-band (AE . = 3ZnO — ySi) and valance-band (AE,, =
AEg +AE. ) are 0.17 and 2.45 eV obtained for n-ZnO/
p-Si heterojunction. The movement of holes from Si to
ZnO is restricted by the large difference between the va-
lence-band offset and conduction-band offset. Thus, the
current transport in the device is dominated by the flow of
electrons from the n-ZnO to the p-Si [28-31].

3. Results and discussion

XRD Patterns obtained for ZnO and BDFO/ZnO is shown
in Fig. 3 (a and b). XRD peaks of BDFO exhibit a pervos-
kite structure similar to that of pure BiFeO, (BFO) and be-
long to R3c space group. Substitution of Dy had affected
the structure of parent compound, BFO and enhancement
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Figure 3. X-ray diffraction pattern obtained for ZnO and BDFO/
ZnO thin films grown on Si substrate.

in ferromagnetism ordering was observed [32]. The peak
locations of BDFO are at ~20.37° and ~31.88°, and mat-
ches with similar experimentations in the reported litera-
ture [1, 19, 27]. All the peaks of the patterns were indexed.

The XRD pattern of ZnO film deposited on Si substrate
is single phase and polycrystalline in nature [1] as shown
in Fig. 3 (b). This could be due to the lattice mismatch be-
tween ZnO and Si substrate. It can also be seen from the
pattern that diffraction peak located at ~34.396° is very
sharp. This indicates that the deposited ZnO thin film on
the Si substrate has a high c-axis (002) preferred orienta-
tion, which is necessary to achieve a ZnO film with high
piezoelectric quality [11, 33]. The average value of grain
size of the nanoparticles in the BDFO/ZnO and ZnO films
has been determined (~43—49 nm) from XRD peak broad-
ening by using Debye—Scherer relation (eq. 8) [32]

0.89A,
- (B—Bi)cose ®

where }_is the wavelength of X-ray Source (1.5405 A),
B and B, (arises from the instrument) are the full width at

50nm

0.0 1: Height 500.0 nm 0.0
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half maximum (FWHM) of the diffraction peaks and the
angle of diffraction is 6.

To determine the grain morphology of BDFO/ZnO and
ZnO films, Scanning electron microscopy (SEM) was per-
formed using Raith150Two. It is also used to find the uni-
formity and the thickness of BDFO films over ZnO films.
The SEM images reveal the BDFO coating with granular
structure. More details on SEM images are reported in
our earlier paper [29]. It indicates that the of BDFO film
over ZnO film is polycrystalline in nature. The columnar
texture of the BDFO films over ZnO films signifies that
the deposited ZnO film has highly c-axis-orientation with
hexagonal crystals. It also indicates uniform grain mor-
phology with the grain size of the order of 40-70 nm.

A scanning probe microscope (Nanoscope IV Mul-
timode, Veeco Digital Instruments) was used to obtain
non-contact mode AFM [Fig. 4 (a—c)] and EFM images
operated under ambient conditions. The root-mean-square
(RMS) value of the surface roughness of BDFO/ZnO/Si
evaluated by AFM is about 4.25 nm and is comparable to
that reported by Yao Wang et. al. [34]. While RMS value
of surface roughness is measured as 3.61 nm for the ZnO/
Si. All AFM (topographic) and EFM measurements were
obtained using a Micromasch conductive Pt—Ti cantilever.

A set of EFM images (a—c) of n-type ZnO is shown
in Fig. 5, which is sequentially obtained from the 0, +5
V, =5 V bias. The sample scanned area was taken of
500x500 nm? and the tip lift-off height was maintained
at 30 nm, which is somewhat greater than the roughness
of surface. The bright and dark areas correspond to do-
mains with the polarization in the EFM images. It has
been observed that there is an image charge reversal oc-
curs (due to columbic forces) by changing the bias from
-5V to +5V or +5V to —5V. Brighter part is more positive-
ly charged and darker one is more negative. This charge
phenomenon can be defined in the following way: For the
positive bias more electrons are tunnelled inwards in the
area inferior than surroundings and similarly more elec-
trons are tunnelled out for the negative tip bias or sample
bias. Thus the surface always exerts an attractive force on
the tip and the magnitude of this force is determined by

50nm 50nm

1:Height 500.0 nm

500.0 nm

Figure 4. The sets of AFM images (a—c) of n-type ZnO thin film on 50 nm color scale. Sample scan area is 500 nm and the tip lift-off

height is 30 nm, phase sign is decided negative. The sample biases are 0 V, +5V and -5V respectively.
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Figure 5. The sets of EFM images for ZnO thin film (a—c) on 5° color scale. Sample Scan area is 500 nm and the tip lift-off height
is 30 nm. The sample biases are 0 mV, +5V and —5V respectively.

the electric field whose value is governed by the thick-
ness. When the tip bias is changed from +5 to —5 V the
observed average phase difference is about 0.94° in the

images observed from Fig. 5 (b and c). Thus the trapped £
charge (qmp) which is governed by equations (1) and (2) g
takes the following form: g
=
-1 &~
, 2me, k, d C
Giop =T, =< (tan A@, —tan AQ_) . =t 9
| d0| 0 (s+Rﬁp+td)

The change in phase with positive bias (+V, ) to neg-
ative bias (—V) is referred as A¢ [2]. In Fig. 6 at the lo-
cations shown by the circles, when the tip bias is 0 V the
phase contrast is detected. This phase contrast goes bright
(attractive) at =5 V and altered to dark (repulsive) at +5 V
when the sample-tip bias is switched to +5 V. This con-
trast inversion occurs, while second term due to Coulomb
forces of eq. (7) is greater than the third capacitive term.
The EFM phase is dependent to the sample and EFM tip
bias. Therefore, it can be said that positive charges with
the magnitude less than the one trapped are being cap-
tured in circles which covers dark shade. While circles
covered with the bright phase show the lowest bumps
which are invisible or undetected before —5 V.

The amount of the total trapped charges is quantified
in the white line circles. Using equation 8, the 9 oo is es-
timated by obtaining averaged phase profile of the set of
white line circles positioned at the centre of Fig. 5 (a—c).
The phase difference between =5 V is about 0.94 as depict-
ed and observed from Fig. 6 (a and b). In contrast to the
white circled regions where charge density and response
of the different voltage bias is higher than the surround-
ings offered that level of energy for the positive charges
is much deeper and their origin is not entirely amphoteric.
However electrons can be easily trapped or detrapped in
the rest of the region. Further, in BDFO/ZnO more elec-
trons may be captured during the blocking of hole injec-
tion. As a result, due to simplicity of the modeling and the
EFM Noise make it difficult to locate pinpoint the precise
depths of the trapped charge. However it is observed that
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Figure 6. (a) EFM maps are of the phase shift (Distance v/s
Phase) graph for Bias voltage 5V (b) Distance v/s Phase graph
for Bias voltage —5V.

irregularities in the distribution of both the traps may be
visualized with EFM results.

The shift in phases is measured by EFM-phase images
and is obtained at different voltage biases between the Au/
ZnO/Si film and the conducting probes. A plot of phase shifts
within the bias range +5V at a fixed lift height of 30 nm is
shown in Fig. 7. The data acquired over a 500 nm scan line is
averaged along the scan line and the initial trace of 0 V bias
is subtracted from the obtained data. The thick solid curve is
a parabolic fit to the data, employing the equation

y=A+ Bx+ Cx%
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Figure 7. Phase (in degree) v/s voltage (in mV) curve.

Where, A (V) is the bias voltage in mV, B (9) is the
phase in degree and C is independent variable and phase
difference (Ag) is given by equation (5).

As described by equation (5) and observed in Fig. 7,
the relationship of parabolic fit phase and potential is
valid for low biases only [35-37]. Due to the increased

30nm

1: Height  500.0 nm

0.0 1: Height  500.0 nm
30nm
|
0.0 1: Height 500.0 nm

electrostatic interactions this may not be accurate for
higher voltage biases. For a particular tip the value of
k, and Q is essentially constant [38]. If the separation
between the tip and the sample is maintained fixed and
both the EFM tip and sample surface are metallic, d*C/
ds? is also constant. d>C/ds? varies with the bias V, when
the any of them is semiconductor (#-ZnO) as discussed
above. Initially, it is assumed that d*C/ds? in equation
(5) does not vary with bias. The obtained data in the
range of —5 to +5 V is fitted utilizing a parabolic meth-
od to obtain the solid curve. It can be observed from the
phase shift versus voltage plot that some shaped peaks
outside the parabolic function. These are found due to
the change in surface potential with charge distribution.
The positions of these peaks are shifted slightly while
changing in the direction of voltage from (-5 Vto 5 V
or5Vto-5V).

The sets of AFM images of BDFO/ZnO thin films on
50 nm color scale and EFM images on 5° color scale are
shown in Fig. 8 (a—f). The same sample scan area (500
nm) and tip lift off height is (30 nm) is selected. The
sample biases are 0 V, +5 V and -5 V respectively. It can
be seen from Fig. 8 (a—c) and (d—f) that there is no such
contrast observed/discovered in case of BDFO/ZnO

50
i

500.0 nm

500.0 nm

0.0 2:Phase 500.0 nm

50
(f)

0.0 2: Phase

Figure 8. The sets of AFM images (a—c) of BDFO/ZnO thin films on 50 nm color scale and EFM images (d—f) on 5° color scale.
Sample scan area is 500 nm and tip lift off height is 30 nm. The sample biases are 0 V, +5V and -5V respectively.
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Figure 9. Leakage current density-voltage curve of BDFO/ZnO
thin films.

films. Even with the application of the field the protrud-
ed space in topography images appears with almost same
contrast in phase however voltage polarity is changed
[in Fig. 8 (b and c)]. In the EFM images of BDFO/ZnO,
contrast still remains against the voltage switching and
that implies the trap sites are mainly available for elec-
tron. This may be due to good dielectric properties of
BDFO. The contrast is changed only due to the presence
of the capacitive forces and even if the bias is switched
from +5 V to =5 V, contrast is unaltered. This bias in-
dependency ensures about the interaction between EFM
tip and BDFO/ZnO stems from the image charges. The
leakage current density shown in the Fig. 9 is measured
of the order of 10°.

The effect of positive charges on total conductance
is verified by Conductive AFM (c-AFM) with 8 V for
ZnO films will be reported in another article. It is an-
ticipated such an embedded hole in ZnO to increase the
amount of total current with bias voltage by lowering
the practical tunnelling barrier [39]. Thus, we can as-
sume that protrusions observed in EFM having posi-
tive charge. These positively charged protrusions may
allow electrons to easily channelled through the insu-
lating barrier. Although very small (negligible) current
spots are found in BDFO/ZnO and the increment in
current is ~13.4 pA over the various protrusions of ZnO
confirms about the occurrence of trapping of holes in
the protrusions.
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