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ABSTRACT

Fabrication of heterojunctions of Si combined with TiO, oxide-based semicon-
ductors is an alternative method to produce cost effective photodiodes at last
decade. In this study, to investigate the photodiode parameters of the p-type Si/
TiO; heterojunctions, TiO, films were coated on the p-type Si wafer surface by
combined magnetron sputter (PVD) and anodic oxidation methods. Surface
morphology and elemental distributions of Si/TiO, heterojunctions were per-
formed by SEM and EDS-mapping, respectively. The surfaces were rough and
the roughness values increased with the increase of the anodic oxidation volt-
age. The titanium and oxygen elements were homogenously distributed
through the whole surfaces. The electrical characterization of heterojunctions
produced with different voltage values was investigated in the & 5 V potential
range under dark and 40, 60, 140, 190, 290 and 420 W m~2 light intensity. All
heterojunctions showed rectifying properties and exhibited typical photodiode
behavior sensitive to light. Series resistance (R), shunt resistance (Ry,), diode
ideality factor (n), barrier height (&) and reverse saturation current (I;) values
of heterojunctions were investigated under different light intensities. Under
dark and 420 W m 2 light intensity, the lowest Ry and Rg, values (calculated
from Ohm’s law) were found to be 146-122 Q and 1308-795 Q for the hetero-
junction produced at 20 V, respectively, while the lowest n values (calculated
from Cheung&Cheung method) were between 1.779 and 1.825. Moreover, &,
values (calculated from Cheung&Cheung method) are measured between 0.215
and 0.378 eV, while I, values (calculated from conventional method) in the dark
environment are between 3.26 x 107 and 2.99 x 107* A.
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1 Introduction

Despite fast technological advancements, fossil fuels
seem to be favored as energy sources with consider-
able utilization potential. In this regard, it is critical
for nanotechnology to produce environmentally
friendly devices. Due to their high efficiency, ease of
manufacture, and good electrical properties, photo-
diodes, and photovoltaics are extremely important as
an environmentally friendly solution to energy
problems [1, 2]. To improve the opto-electronic and
electrical properties of photodiodes in thin-film
technologies, various techniques such as spin coating,
electrochemical deposition, epitaxial growth, and
magnetron sputtering are mostly preferred to grow
thin films [3, 4]. Among these techniques, magnetron
sputtering provides some advantages, including the
ability to grow ultra-thin samples in a controlled
manner and high flux rates. Electrochemical deposi-
tion techniques are also widely used due to their low
cost and easy implementation.

Earlier, the electrical properties of organic
[rubrene, coronene, CuPc, PMItz, Poly (3-hexylthio-
phene) etc.] and inorganic (InSe, ZnO, CIGS etc.)
materials have been investigated in detail [5-9]
Inorganic materials are less durable and unsta-
ble since they are easily affected by external factors
including mechanical stress, light, and humidity. On
the other hand, the electric and opto-electronic
properties of metallic thin films have been well
defined, which are also more durable and stable.
Therefore, they are not easily affected by external
factors [10, 11]. Because of such properties, metal
oxide films are widely used in photodetector and
photodiode applications. Metal oxides such as AlO,
BiO, CdO, ZnO, NiO, and TiO, have been mostly
used in these applications.

TiO, draws considerable attention among these
materials owing to its unique functional properties,
which include mechanical, chemical, electronic, and
optical properties. It is widely used in a variety of
applications, such as anti-bacterial coatings, humidity
and gas detectors, energy storage, photocatalysis,
photovoltaic panels, etc. [12-14]. TiO, is also
remarkable for its high absorbance and low bandgap
energy, as well as its photoresponse and photovoltaic
properties as investigated previously [15-17].

There are some reports on fabrication and charac-
terization of Si wafer/TiO, films by e-beam, dip
coating, sol-gel, pulsed laser deposition etc. in the
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literature. Rawat et al. produced e-beam evaporated
n-TiO, capped p-Si nanowires heterojunction and
investigated electrical and ultraviolet-A detection
properties [18]. Rawat et al. produced e-beam evap-
orated p-Si/n-TiO, heterojunction and evaluated
ultraviolet detection properties [19]. Sani analyzed
opto-electronic properties of TiO, nanowiers/Si
heterojunction arrays [20]. Kumbhar et al. investi-
gated dip coated TiO, based metal-semiconductor—
metal ultraviolet photodetector for UV A monitoring
[21]. Kumar et al. evaluated structural and electrical
properties of Ag/n-TiO,/p-Si/Al heterostructure
fabricated by pulsed laser deposition technique [22].
However, there is no report on the fabrication and
characterization of p-Si/TiO, by magnetron sputter
and anodic oxidation in the literature. Thus, unlike
the literature, a Ti layer was deposited on p-type Si
substrates using the magnetron sputtering technique.
And then, Ti layer was oxidized to TiO, layer at
various voltages by anodic oxidation process. To
present alternative for opto-electronic, electrical
properties such as R, Rgn, 11, @y and I of different Si/
TiO, heterojunctions were characterized by using
various methods such as conventional and Che-
ung&Cheung. The morphology, elemental distribu-
tion and opto-electronic properties of Al/Si/TiO,/
Ag heterojunctions produced at different anodic
oxidation voltages (10 V, 15V, and 20V) were
investigated by SEM, EDS-mapping and [-V mea-
surements under various light intensities,
respectively.

2 Experimental details
2.1 PVD sputter process

In advance for the sputtering process, the p-type Si
substrates were cleaned for 5 min with acetone,
methanol, and distilled water using an ultrasonic
cleaner, and then the cleaning process was completed
with nitrogen blow-drying. Samples were prepared
using 2-inch diameter Ti solid targets with 99.99%
purity. Before starting the coating Ti, a plasma
cleaning process was applied to Ti target for 10 min
to increase surface activity and clean the surface area.
All samples were coated using a sputtering system of
the Nanovak brand and NVTS-400 model. During the
Ti coating process of the samples, the base pressure
was around 4.1 x 107 mTorr, while the working
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pressure was around 3.45 x 107> mTorr in the Ar gas
environment. A quartz thickness monitor was used to
determine the sample deposition rates. Ti was
deposited on a substrate with deposition rates of
0.8 A s™! (430 V/120 mA DC power). The distance
between the substrate and the target was about
15 cm, and the temperature was around 25 °C. The
coating process was completed by coating the Si
substrates with 1 um Ti. To form ohmic contact, Al
layer was deposited on p-type Si wafer (opposite
direction of Ti layer). And then, Al layer was
annealed under vacuum conditions in sputter
chamber.

2.2 Anodic oxidation process

A DC (direct current) power supply was used to
produce TiO, layer. The Ti-coated p-type semicon-
ductor substrate served as an anode while a Pt sheet
was used as a cathode through oxidation process. The
electrolyte was prepared by dissolving NH4F and de-
ionized water into C;H¢O,. The electrolyte tempera-
ture was kept below 30 °C through process. The
oxidation process was carried out at different voltage
values (10, 15, and 20 V) under a constant current
(0.02 A) for 60 min. After the oxidation process, they
were cleaned in an ultrasonic bath and dried with hot
air. To form rectifier contact, Ag dots was deposited
on TiO, layer by PVD.

2.3 Surface characterization

The surface morphologies and elemental distribution
of the samples were investigated by SEM (Hitachi
SU1510) and EDS attached to SEM, respectively.
Roughness values was calculated from SEM images
by Gwyddion software.

2.4 Electrical characterization

The electrical characterization of heterojunctions
produced at different voltages was investigated in
the = 5 V potential range under dark and 40, 60, 140,
190, 290, and 420 W m? light intensity by solar
simulator system (SCIENCETECH Solar Simulator
System AAA model).
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3 Results and discussion
3.1 Surface analyses

Surface morphologies of the oxidized Ti layers pro-
duced at 10, 15, and 20 V were illustrated in Fig. la—c,
respectively. The surface becomes rough and porous
with increasing potential, as seen in Fig. la—c. Tilayer
ionize positively-charged Ti** ions after the process
began. Simultaneously, positively-charged Ti** ions
and negatively-charged OH™ ions react with each
other under constant voltage by the interaction of
opposite charged ions. Eventually, oxidized Ti layer
forms on p-type semiconductor as seen in Fig. 1.
With increasing voltage, more and more opposite
charged ions migrate on the surface. Finally, rough
oxide surface forms on p-type semiconductor. Aver-
age roughness (Ra) of heterojunctions 1st, 2nd and
3rd was calculated as 59.4, 65.0, and 75.0 nm,
respectively.

The EDS-mapping analysis images of TiO, layers
grown on Si layer at different voltages are given in
Fig. 2. Only, oxygen and titanium were detected
through the whole surfaced as expected. These ele-
ments were homogeneously dispersed during films
as shown in Fig. 2. The oxygen comes from anodic

SU1510 20.0kV 5.2mm x10.0k SE

(b)

SU1510 20.0kV 5.6mm x10.0k SE

(c)

SU1510 20.0kV. 5.19mm x10.0k SE

Fig. 1 Surface morphologies of TiO, layer: a 1st, b 2nd and ¢ 3rd
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Fig. 2 EDS analyses of TiO, layer: a 1st, b 2nd and ¢ 3rd

oxidized TiO, layer while the titanium originates in
sputter layer and oxidized layer. It could be clearly
concluded that all surfaces were chemically
homogenous.

3.2 Electrical analyses
3.2.1 I-V measurement of Al/Si/TiO,/Ag

The variation of current versus voltage can be used to
determine the basic structure and electrical proper-
ties of heterojunctions. Temperature-related current—
voltage changes were examined in the literature, as
well as at radiation dose and at different light
intensities [22-27]. In this study, current-voltage
changes of Al/Si/TiO,/Ag heterojunctions were
investigated dark and at 40-420 Wm™* light
intensities.

I-V graphs of Al/Si/TiO,/Ag heterojunctions
obtained with TiO, grown on Si substrate with dif-
ferent oxidation voltage in Fig. 3a—c, and semi-
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logaritmic I-V graphics of these heterojunctions in
Fig. 4a—c. As can be seen in Fig. 3a—c, it showed rec-
tifying characteristic at three heterojunctions. The
electrical conductivity specifically increased with
increasing light intensity under forward bias as
shown in Fig. 3a.

Figure 4a—c shows an asymmetry under forward
and reverse bias. The linear region corresponds to
0-0.94 V at the 1st heterojunction, 0-0.38 V at the 2nd
heterojunction, and 0-0.48 V at the 3rd heterojunction
under forward bias conditions. Above these voltage
values, the effect of series resistance occurs and lin-
earity disappears. In reverse bias conditions, there is
non-saturation in all three heterojunctions. This sit-
uation is caused by the interfacial barrier height
between the TiO, layer and the Ag metal reducing
the image charge forces [28-30]. In all heterojunc-
tions, conductivity increases with increasing light
intensity. The photons have energy higher than the
forbidden band gap cause to form new electron-hole
pairs in the depletion region. The structure stressed
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under the external electric field creates a strong
internal electric field at the grain boundaries. This
internal electric field separates the newly formed
electron-hole pairs. The holes slowly act compared to

electrons while the electrons were quickly swept. As
a result of these, the current rises. This is the basis of
photoconductivity.
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Fig. 5 Rj-V graph of
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In Fig. 5a—c, graphs of heterojunctions for Rj—V are
given. Series and shunt resistances are important
parameters for the quality and performance of diodes
[31]. High Rg, and low Rg values provide perfor-
mance in diodes. R, and Ry, values can be calculated

from the graph of the junction resistance Rj = %

versus V. The constant value in the lower region
corresponds to R, under forward bias while the
constant value in the lower region corresponds to Rg,
under reverse bias. R, is in series with the pho-
tocurrent source while Ry, is in parallel with the
photocurrent source [32]. There are several factors
that cause the series resistance R, in a diode. The first
factor is the movement of current through the emitter
and the base of the diode. The second factor is the
resistance formed between Si and TiO, and the
resistance formed in the upper and lower contacts
[33]. Rs have some problems especially in high cur-
rent regions. The main effect of the series resistor is to
reduce the fill factor (FF). But extremely high values
can also reduce the short-circuit current (I). In
Tables 1, 2 and 3, the R, and R, values obtained from
the Rj—V graph of all three heterojunctions under
different light intensity are given. The R, values of the
1st, 2nd and 3rd heterojunction under dark and
420 W m™? light intensity were approximately mea-
sured as 4.962 x 10° Q to 2.673 x 10° Q, 0.219 x 10°
Qt0 0.213 x 10° Q, and 0.146 x 10° Q to 0.122 x 10°

Viv)

Q, respectively. Similarly, The Ry, values of the 1st,
2nd and 3rd heterojunction under dark and 420 W/
m” light intensity were approximately measured as
5057 x 10° Q to 4.184 x 10° Q, 5305 x 10* Q to
1.341 x 10" Q, and 1.308 x 10> Q to 0.795 x 10° Q,
respectively. It was clearly observed that both Rs and
Rsn values decreased with increasing light intensity.
The increase in applied potential in anodic oxidation
caused a decrease in R, and Ry, values. As seen in the
SEM images; with increasing voltage, films with lar-
ger particle sizes are formed and the surface rough-
ness increases. Increasing the particle size reduces the
dispersion at the grain boundaries and undesirable
quantum mechanical states are eliminated. In addi-
tion, more regular structures have fewer defects [8].
As a result, all of these caused to decrease the Ry and
Rqh values with increasing light intensity.

3.2.2  Diode parameters of Al/Si/TiO,/Ag heterojunction

Based on current-voltage data and using different
methods, parameters such as diode ideality factor,
barrier height, reverse saturation current and series
resistance of these diodes can be calculated.

In the traditional method, the relationship between
current and voltage is determined according to
thermionic emission theory. Equation 1 [7, 26] is
below:
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I =AA*T? exp (— %) [exp (%) - 1} (1)

Here, A is the active diode area, A* is the
Richardson constant (the theoretical Richardson
constant for TiO, is 1200 A ecm ™! K?), q is the charge
of the electron, ), is the effective barrier height, k is
the boltzman constant, T is the temperature in kelvin,
V is the applied potential, R; is the series resistance.

Equation 1 when V-IRs >> 3kT

%4
I =1Ipexp (;jk_T) (2)

Ip = AA*T? exp <— 7{%’3) (3)

Equation 4 is obtained if the derivative with
respect to V is taken after taking the logarithm of
Eq. 2.

q _dV)

= — 4

kT d(In(I)) “)

If the slope of the linear region of the graph of
Inl against V in the low and medium voltage region is
calculated together with other constants, the ideality
factor n is found. The point where the linear region of
the graph of Inl against V intersects Inl gives us the
reverse saturation current, I,. In the traditional
method, also the barrier height, &, is determined
from Eq. 3.

In the Cheung and Cheung method, the diode
ideality factor, barrier height and series resistance R,
value are determined by using the Cheung and
Cheung functions [34]. Cheung and Cheung func-
tions are given in Eqgs. 5-7.

dv nkT
din(n) Rt )
H() =V — ”kTTm (ﬁ) (6)
H(I) = IR, + nf, (7)

In the equations above, the graph of dV/dInl and HI
against [ is drawn using the values in the low and
medium voltage region of the I-V graph. The ideality
factor n is calculated by using the slope R; value of
d(V)/d(n(l)) against I, and the value of the curve
intersecting the y-axis by using other constants. 0 is
determined by using the n value from the point
where the curve cuts the y-axis in the graph drawn
by H(I) against I. The slope of this curve gives the
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value of R;. Figures 6a—c and 7a—c show, respectively,
the graphs of heterojunctions 4(V)/d(In(l)) against
I and the graphs of H(I) against I. It can be clearly
seen that both graphs are linear.

R,, Ran, 1, By, and I values obtained from Ln(I)-V,
d(V)/d(n()) and H(D)-I graphs were separately cal-
culated for each heterojunction. Ry, Ry, 1, Oy, Iy
values of 1Ist, 2nd and 3rd heterojunctions under
different light intensity are given in Tables 1, 2 and 3,
respectively.

Rectifying ratio (RR = Itorward/ Ireverse) Values of all
samples were calculated at = 5 V and the result were
given in Table 4. The RR values of 1st and 2nd
samples are reasonable with other literature studies.
Rawat et al. produced e-beam evaporated n-TiO,
capped p-Si nanowires heterojunction and RR value
was measured as ~ 75 at 5V for this sample [18].
Rawat et al. produced e-beam evaporated p-5i/n-
TiO, heterojunction and RR value was measured as
~ 30 at 5 V for this sample [19]. However, calculated
RR values for 3rd sample is low. Compared to the 1st
and 2nd samples, the barrier height value of the 3rd
sample is low as the reverse saturation current value
of it is high. A low barrier height which causes a high
current under reverse bias may lead to reduce the RR
value.

The variation of R; values depending on the light
intensity and the variation of Ry, are given in
Figs. 8a—c and 9a-c, respectively.

It is clearly seen in Fig. 8a—c that the variation of R,
values calculated with different methods versus light
intensity exhibits a similar trend. R, values generally
decrease with increasing light intensity in all three
heterojunctions. The reason for this decrease is the
increase in photoconductivity with increasing light
intensity [33]. A similar situation is also seen in the
variation of Ry, depending on the light intensity in
Fig. 9a—c. Ry, value in all three heterojunctions
decreased with increasing light intensity.

The change of reverse saturation current (lp)
depending on the light intensity of the three hetero-
junctions is given in Fig. 10a—c. Iy values of all three
heterojunctions exhibit different behavior with light
intensity. At the 1st heterojunction, the I, value
increased up to 140 W m™ light intensity and then, it
decreased. At the 2nd heterojunction, the I, value
increased almost linearly with the increase of light
intensity. At the 3rd heterojunction, the I, value
decreased exponentially up to 290 W m~2 and then,
it decreased linearly. The reason of I, values increase
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Table 1 1, Ry, Ry, &y and I, values of heterojunction no. 1
Light Rj-V dv/d(In(D))-I H()-I In()-V
intensity . . . . . . . . .
W m) Ry Ry, Diode ideality R, Barrier R, Diode ideality Barrier Reverse saturation
Q) (@ factor (Q)  height (Q)  factor height current
(1) D, (1) Dy Io(A)
(eV) (eV)
Dark 4962 505,754 10.026 6580 0.378 5250 11.120 0.732 3.26 x 1077
40 3505 548,499 9.181 4370 0.306 3325 10.507 0.656 1.04 x 107°
60 3402 618,516  8.999 4175 0.305 3167 10.285 0.655 1.06 x 107°
140 3078 503,950 8.370 3050 0.302 2283  9.169 0.651 1.22 x 107°
190 3001 574,999 8.238 2797 0.304 2074  8.648 0.653 1.15 x 107°
290 2799 467,248 8.129 2343 0.310 1707  7.741 0.658 927 x 10°°
420 2673 418,445 7.984 2298 0.324 1719 7.047 0.674 499 x 10°

with the light intensity is that the illumination acti-
vates the interface recombination of photo-generated

carriers [35, 36]. Therefore, it could be stated that the
decrease in I values may be related to increase in the
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Table 2 1, R, Ry, & and I, values of heterojunction no. 2

: J Mater Sci: Mater Electron (2022) 33:15834-15847

Light Rj-V dV/d(In(D))-1 H()-1 In(T)-V
intensity o . o . .
W m) R (Q) Ry, Diode ideality R, Barrier R, Diode ideality Barrier Reverse saturation
Q) factor (1) (Q)  height (QQ)  factor (n) height current
Dy Dy Io(A)
(eV) (eV)

Dark 219.25 53,056 1.779 1059 0.345 607 2147 0.695 227 x 10°°
40 219.44 33,980 1.783 1054 0.345 605 2154 0.694 231 x 10°°
60 219.64 26,698 1.785 1051 0.345 604 2158 0.694 233 x 10°
140 218.67 28,460 1.793 1038 0.344 598 2170 0.693 241 x 107
190 217.03 20,443 1.801 1029 0.343 595 2183 0.692 248 x 107
290 217.32 20,147 1.810 1014 0.342 587 2197 0.691 2.58 x 10°°
420 213.55 13,416 1.825 1009 0.340 588 2227 0.690 2.75 x 10°°
Table 3 1, R, Ry, & and I, values of heterojunction no. 3
Light intensity Rj—V dV/d(In(T))-I H(D)-T In(l)-V
W m—2
(Wm™) Ry Ry Diode ideality = R;  Barrier height R,  Diode ideality = Barrier height Reverse saturation

Q) (Q) factor (n) Q) Dy (V) (Q) factor (n) Ty (eV) current Io(A)
Dark 146 1308 6.675 190 0.215 135 11.229 0.569 2.99 x 107
40 144 1200 6.134 192 0.218 133 10.530 0.571 2.73 x 1074
60 142 1168 5914 195 0.219 134 10.330 0.572 2.66 x 107*
140 137 1072 5.438 194 0.222 130 9.672 0.574 244 x 107*
190 135 1031 5.297 194 0.224 129  9.459 0.575 235 x 107
290 123 1002 5.231 179 0.223 118 9.292 0.574 244 x 1074
420 122 795 4.950 187 0.227 121  8.895 0.577 2.19 x 1074
Table 4 RR values of heterojunction at + 5 V: (a) Ist, (b) 2nd and (c) 3rd
Samples RR(I forward/ 1 reverse)

Dark 40 W m™? 60 W m™2 140 W m™? 190 W m™ 290 W m™2 420 W m™2

Ist 94.77517 149.1281 173.1472 159.3443 187.5994 164.678 147.4777
2st 244.6451 156.6154 122.9999 131.5153 95.00168 93.66436 63.58264
3st 8.74813 8.142202 8.01559 7.673511 7.433071 7.889943 6.254111

barrier height of 1st heterojunction as shown in
Fig. 10a.

The graphs of change of n and &, values versus to
light intensity of all heterojunctions are given in
Figs. 11 and 12, respectively. While n values in the
first and third heterojunctions decreased with
increasing light intensity, &, values increased.
However, the opposite situation was observed in the

@ Springer

second heterojunction. This situation has also been
found in some studies [35-37]. The change in n and
Oy values with light intensity is the formation and
separation of electron-hole pairs, the restructuring
and arrangement of molecules on the surface [38].
The n value of ideal diodes is one (n =1) [29].
However, this value could not be reached in all three
heterojunctions in this study. There are several
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Fig. 8 Variation of R values
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possible reasons for this situation in the literature.
These can be electron-hole generation-recombination
state, depletion layer expansion, distribution of
interfacial charges, inhomogeneity between TiO, and
Si layer, and the effect of series resistance [29, 38].

According to Anderson’s model, Fig. 13a and b
show energy-band diagram of p-Si/TiO, heterojunc-
tion under equilibrium (dark conditions) and light
conditions, respectively [39-41]. Band energies of
TiO, ve p-Si are obtained as 3.2 ve 1.12 eV, respec-
tively [41]. Electron affinities are calculated as
7(TiO;) =410 eV [40] and y(Si) =4.05eV [19],
respectively. Valence band offset (AEv) and conduc-
tion band offset (AEc) can be determined as AEv = E,
TiO, — E;, Si + AEc =2.13 eV and AEc = y(TiO,)-
— y(Si) = 0.05 eV, respectively [41]. As a result of
this, the holes are not easily injected from TiO, to
n-type Si since valance band offset is greater than
conduction band offset. However, free electrons
migrate from p-type Si to TiO, owing to the existense
of low potential energy barrier. Thus, they contribute
majorly photo-generated current.
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4 Conclusion

In this study, Ti metal was coated on p-type Si wafer
surface by PVD Sputter process method. And then, a
TiO, semiconductor films were produced with ano-
dic oxidation at different potentials. Al/Si/TiO,/Ag
heterojunctions were produced for electrical charac-
terization. The surface structures are rough and
oxygen and titanium structure was homogeneously
distributed through the surface. The electrical char-
acterization of heterojunctions produced at different
voltages was investigated in the £ 5V potential
range under dark and 40, 60, 140, 190, 290 and
420 W m? light intensity. All three heterojunctions
showed rectifying properties and exhibited typical
photo-sensitive photodiode behavior. R, and Rgp
values decreased with increasing light intensity.
Minimum R; and Ry, values were observed at the
third heterojunction. While the n values of the 1st and
3rd heterojunctions decreased with increasing light
intensity, the &J;, values increased. In 2nd hetero-
junction, the opposite behavior was observed. The
minimum values were observed at 2nd heterojunc-
tion, while the minimum J, was observed at 1st
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Fig. 13 Schematic energy-band diagram of TiO,/p-Si heterojunction diode under equilibrium (dark conditions) and light conditions

heterojunction. While I values of 1st heterojunction
decreased with the light intensity, they increased in
2nd heterojunction. In 3rd heterojunction, it increased
up to a certain light intensity and then decreased.
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