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A new aluminum iron oxide Schottky photodiode
designed via sol–gel coating method
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A novel aluminum iron oxide (Al/AlFe2O4/p-Si) Schottky photodiode was successfully fabricated via the sol–gel
coating process. The microstructure of the spinel ferrite (AlFe2O4) was examined by atomic force microscopy. The
current–voltage characteristics of the fabricated photodiode were studied under dark and different illumination conditions
at room temperature. By using the thermionic emission theory, the forward bias I–V characteristics of the photodiode
are analyzed to determine the main electrical parameters such as the ideality factor (n) and barrier height (ΦB0) of the
photodiode. The values of n and ΦB0 for all conditions are found to be about 7.00 and 0.76 eV, respectively. In addition,
the values of series resistance (Rs) are determined using Cheung’s method and Ohm’s law. The values of Rs and shunt
resistance (Rsh) are decreased with the increase of illumination intensity. These new spinel ferrites will open a new avenue
to other spinel structure materials for optoelectronic devices in the near future.
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1. Introduction
Transparent conductive oxides (TCO) are doped metal

oxides used in optoelectronic devices. Except for conven-
tional semiconductors, transparent conducting oxides (TCO)
are multifunctional oxide materials for Schottky diodes due to
their wide optical band gap, and interesting electrical and op-
tical properties.[1–4] These materials are very promising ma-
terials for opto-electrical devices such as sensors, phototran-
sistors, diodes, solar cells, displays, opto-electrical interfaces,
and circuitries.[5,6] TCO thin films were deposited using differ-
ent techniques such as sol–gel, sputtering, and chemical vapor
deposition.[7–12]

On the other hand, the spinel ferrites are important
materials for electronics, communication applications and
more.[12,13] Spinel ferrites have the general formula AFe2O4

(A = Mn, Co, Ni, Mg, Al, Zn) and they are very impor-
tant magnetic materials due to their interesting magnetic and
electrical properties.[13] These materials have been extensively
used in various technological devices.[14] However, the perfor-
mance of a Schottky diode depends on various factors such as
the interface preparation process, the barrier height between
the metal and the semiconductor, the surface preparation pro-
cess, series resistance, temperature, illumination and applied
bias voltage.[15–19]

It is well known that the semiconductor surface is usu-
ally covered with a thin layer of native oxide and organic con-
taminants in the laboratory environment or left in the box for
enough time. Therefore, especially the series resistance (Rs),

interface states or traps (Nss) and a thin insulator layer play
an important role on the performance of the Schottky bar-
rier diode and similar electronic devices. The applied bias
voltage and/or external electric field is also an important pa-
rameter which influences the main electrical parameters such
as the ideality factor (n), the reverse saturation current (Io),
and barrier height (ΦB). In general, the thermionic emission
(TE) mechanism is used to extract the main diode parame-
ters, and the forward-bias I–V characteristics may be given the
information about the current-transport mechanism and bar-
rier formation between metal and semiconductor. In addition,
the forward-bias I–V characteristics usually deviate from the
pure TE theory.[20–25] For example, the diode may exhibit a
non-ideal behavior especially at a moderate bias region due
to series resistance Rs, shunt resistance (Rsh), interfacial insu-
lator or oxide layer and Nss. The Rs is effective in the high
bias region while the Nss is effective in the low and moder-
ate bias regions. Moreover, when the diode or photodiode
is exposed to illumination intensity, electron-hole pairs occur
near the junction and then they are separated under the electric
field but this separation is more effective in the reverse bias re-
gion due to the high value of the electric field. Therefore, the
photo-response effect in the reverse bias region is considerably
higher than the forward bias region and the variation of pho-
tocurrent with light intensity was investigated in the reverse
bias region at room temperature.

With the above lights, the goal of this study is to cre-
ate novel metal/semiconductor junctions using spinel ferrites
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(AlFe2O4) for Schottky photodiodes applications. To our
knowledge, there are not yet any experimental results on a
Schottky diode of a spinel ferrites structure. Therefore, we
successfully fabricated a new spinel ferrite (Al/AlFe2O4/p-Si)
Schottky photodiode for the first time. Furthermore, the I–V
characteristics of the Schottky photodiode under illumination
conditions were examined in detail.

2. Experimental details

Al/AlFe2O4/p-Si Schottky photodiode was fabricated on
p-type silicon (boron doped) crystal with 〈111〉 surface orien-
tation, having a thickness of 600 µm and 5–10 Ω·cm resistiv-
ity, which correspond to 2.78×1015–1.39×1015 cm−3 carrier
concentration. Before the deposition process, a p-type crys-
talline silicon wafer was chemically etched by a solution of
HF for 1 min and rinsed in re-distilled water using an ultra-
sonic bath for 10–15 min to remove the organic dirt. After
that, it was rinsed in the ultrasonic bath by using high resistiv-
ity deionized water and was dried by pure nitrogen gas (N2) to
prevent surface oxidation. High purity (99.999%) aluminum
(Al) was deposited on the whole back of the p-Si wafer in
the high vacuum metal evaporation system at about 10−7 Torr
(1 Torr ≈ 133.32237 Pa). In order to get a low resistivity
ohmic contact, the wafer was annealed at about 570 ◦C for
5 min in N2 atmosphere.

The aluminum nitrate (Al(NO3)3) and iron chloride
(FeCl3) were used as precursor materials and ethanol
(CH3CH2OH) was used as the solvent. Firstly, the aluminum
nitrate was dissolved in ethanol for 10 min and iron chloride
and ethanol amine were added to this solution. The solution
was stirred for 2 h at room temperature. The film was de-
posited onto the front side of the silicon wafer by spin coat-
ing with a rotating speed of 2000 rpm for 20 s. After each
coating, the deposited sol was dried on a hot plate at 150 ◦C
for 10 min to obtain a solid film. The coating procedure was
repeated five times and dried. The obtained solid film was
annealed at 400 ◦C for 2 h. After coating of AlFe2O4 film,
the front of the rectifier/Schottky contacts were deposited on
the Al/AlFe2O4/p-Si Schottky photodiode in the same vacuum
metal evaporation system. The photodiode contact area was
determined to be 3.14×10−2 cm2.

The current–voltage (I–V ) characteristics of the
Al/AlFe2O4/p-Si Schottky photodiode were carried out us-
ing a Keithley 4200 semiconductor characterization system
in the dark and in the illumination intensity range of 20–
100 mW/cm2 by 20 mW/cm2 steps using a solar simulator.
The intensity of the light was measured by a solar power me-
ter (Model TM-206).

3. Results and discussion
The surface morphology of the AlFe2O4 film was exam-

ined with an atomic force microscope (AFM, Park System,
and XE100) using the non-contact mode. A PARK system
AFM XEI software programming was used to analyze the
AFM images. As seen in Fig. 1, the AlFe2O4 film is formed
from the particles like a pyramid. The thickness of the film is
determined to be 35.01 nm.
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Fig. 1. (color online) AFM image of AlFe2O4 film.

The charge transport mechanism of the diode is analyzed
using the thermionic emission (TE) theory. According to this
theory, the current voltage characteristics of a Schottky diode
can be analyzed by the following relation:[20,21]

I = I0 exp
(

q(V − IRs)

nkT

)[
1− exp

(
−q(V − IRs

kT

)]
, (1)

where V is the applied voltage, q is the electronic charge, k
is the Boltzmann constant, T is the temperature, Rs is the se-
ries resistance, and I0 is the reverse saturation current and it is
defined as

I0 = AA∗T 2 exp
(
−qΦB0

kT

)
, (2)

where A is the diode contact area, A∗ is the Richardson con-
stant (32 Å·cm−2·K−2 for p-type Si)[21] and ΦB0 is the zero-
bias barrier height. Once I0 is determined, ΦB0 is obtained by
rewriting Eq. (2) as

ΦB0 =
kT
q

ln
[

AA∗T 2

I0

]
. (3)

The ideality factor, n, is introduced to take the deviation of
the experimental I–V data from the ideal TE into account and
it can be calculated from the slope of the linear region of the
forward bias ln(I)–V plot and can be written as

n =
q

kT

(
dV

d(ln I)

)
, (4)
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where dV/d ln(I) is the slope of the linear region of ln(I) ver-
sus V plots. Figure 2 shows the forward and reverse bias I–
V characteristics of the fabricated photodiode under dark and
various illuminations. The forward current in a wide voltage
range (∼ 0.2 V< V < 1.5 V) exhibits a linear behavior and
after 1.5 V, the ln I–V plots are deviated from the linearity due
to the effect of series resistance (Rs). The ideality factor (n)
is obtained from the slope of the linear region of the forward
bias ln I–V plot. The barrier height (ΦB0) of the device is cal-
culated using Eq. (3). The n and ΦB0 values of the photodi-
ode are found to be about 7.00 and 0.76 eV, respectively. The
higher value of n, compared to the ideal value of 1, indicates
that the photodiode exhibits a non-linear behavior.
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Fig. 2. (color online) Forward and reverse bias semi-logarithmic I–V
characteristics of the photodiode under dark and different illuminations.

The high value of the n is attributed to the particular dis-
tribution of the interface states, the presence of inhomogenities
of the barrier height, the thin film layer grown on the semicon-
ductor wafer, series resistance, generation-recombination cur-
rents within the space-charge region, and tunneling might be
other possible mechanisms that could lead to an ideality factor
value greater than unity.[20,21,26–28]

As seen in Fig. 2, the forward currents of the diode un-
der different illuminations did not change with illumination.
The reverse current under a certain illumination is higher than
that of the current under dark, and the reverse current of the
diode increases with illumination intensity increasing. This is
a strong clue that the fabricated diode exhibits a photodiode
behavior. In order to analyze the photoconducting mechanism
of the diode, we plot the photocurrent as a function of the light
intensity in Fig. 3. The photoconducting mechanism of the
diode is analyzed by the following relation[27,29,30]

IPH = APm, (5)

where IPH is the photocurrent, A is a constant, m is an ex-
ponent, and P is the light intensity. The value of m is ob-
tained from the slope of the log(IPH) versus log(P) plot and
is found to be 0.88. The obtained m value in the range of
0.5 to 1 implies the presence of continuous distribution of trap
levels.[29,30]

In order to analyze the contribution of high electric fields
to current–voltage characteristics of the diode, I–V character-
istics are plotted in double logarithmic scales in Fig. 4. As
seen in Fig. 4, the ln (I)–ln(V ) plot has three distinct linear
regions with different slopes (region 1: −0.69 < V < 0.26 V;
region 2: 0.34<V < 1.39 V and region 3: 1.41<V < 2.20 V)
that obey I–V m change. Here, m is the slope of each region
and was found to be 4.29, 6.30, and 3.01 for the photodiode
in the dark. At the low bias region (region 1), the current
approximately obeys a power law I ∼ V 4.29, where the trap-
charge limited conduction is dominant.[19,31–35] In the second
region, the slope of the ln(I)–ln(V ) plot is larger than two and
such behavior can be explained as a trap-charge limited current
(TCLC) mechanism with an exponent trap distribution. At the
higher bias region (region 3), because of the strong electron
injection, the electrons escape from the traps and contribute to
the space-charge-limited current (SCLC).[31–34]
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Fig. 3. (color online) Plot of log(IPH) versus log(P) of the photodiode
(at bias voltage of −9 V).

-2

-6

-10

-14

-18
-1.0 0 1.0 2.0

lnV/V

ln
I
/
A

y/.x↩.

y/.x↩.

y/.x↩.

dark

Fig. 4. (color online) Plot of ln(I) versus ln(V ) of the diode.

The forward bias ln I–V curve deviates from the linearity
due to the effect of series resistance (Rs). The value of Rs is
calculated using Cheung’s method.[36] Cheung’s functions are
expressed by the following relations:

dV
d (ln I)

= IRs +n
(

kT
q

)
, (6)

H (I) =V −n
(

kT
q

)
ln

(
I

AA∗T 2

)
= nΦBo + IRs. (7)
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Equations (6) and (7) give a straight line for the data in the
downward curvature region of the forward bias I–V charac-
teristics. In Figs. 5(a) and 5(b), experimental dV/d ln(I) ver-
sus I and H(I) versus I plots are presented in the dark and
100 mW/cm2 illumination intensity for the photodiode, re-
spectively.
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Fig. 5. (color online) (a) Experimental dV/d ln(I) versus I and (b) H(I)
versus I plots of the photodiode in the dark and 100 mW/cm2 illumina-
tion intensity.

The values of Rs are obtained from the slopes of the
dV/d ln(I) versus I and H(I) versus I plots. The calcu-
lated values of Rs from Figs. 5(a) and 5(b) in the dark and
100 mW/cm2 are found to be 147.18 Ω and 145.83 Ω, and
187.98 Ω and 183.54 Ω, respectively. As a result, the ob-
tained Rs values using Cheung’s functions are in good agree-
ment with each other.[15,29,37–41]

Furthermore, it is well known that the parasitic resis-
tances such as series resistance (Rs) and shunt resistance (Rsh)

affect the current–voltage characteristics of the device. Thus,
it is important to determine these parameters to explain the per-
formance of the photodiode. The resistance of the photodiode
can be expressed as

Ri =
dVi

dIi
. (8)

The voltage dependent resistance profile of the photodiode in
the dark and under various illumination intensities at room
temperature was obtained from the I–V data using Eq. (8) and
is given in Fig. 6. As seen in Fig. 6, at sufficiently high forward
bias region (about 9 V), the value of resistance corresponds to
the Rs for the photodiode.

On the other hand, the value of resistance in the negative
bias region (about −9 V) corresponds to the Rsh of the pho-
todiode. The values of Rs and Rsh for the photodiode in the
dark and under different illumination intensities are found to
be∼ 174 Ω and 53 MΩ, and∼ 162 Ω and 88 kΩ, respectively.
It is observed that the values of Rs and Rsh are decreased with
illumination intensity increasing. As a result, it is well known
that the ideal devices require the lower series resistance and a
higher shunt resistance. Similar results are found in Refs. [42]
and [45].
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Fig. 6. (color online) Plots of Ri versus V of the photodiode in the dark
and under various illumination intensities.

4. Conclusions
In conclusion, a novel spinel ferrite (Al/AlFe2O4/p-Si)

Schottky photodiode was successfully fabricated via the sol–
gel coating process. The analysis of the reverse and forward
bias I–V characteristics of the fabricated photodiode have been
investigated under different illumination conditions. The main
electrical parameters such as n, ΦB0, and Rs values were ob-
tained from the forward and reverse bias I–V characteristics.
The obtained results show that the photodiode exhibits a high
photosensitivity. We believe that the fabricated spinel ferrites
for the Schottky photodiode will open a new avenue of spinel
structure and related materials for optoelectronic device appli-
cations in the near future.
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