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Abstract Al-doped n-ZnO/p-Si heterojunctions were
fabricated using a sol—gel dip coating technique at 700 °C,
in a nitrogen ambient. The structural, optical, and electrical
properties of ZnO:Al thin films, and the heterojunction
properties of ZnO:Al/p-Si were investigated with respect to
the effects of Al doping concentration. Hexagonal nano-
structured ZnO: Al thin films with a 1.2% and a 1.6 at.% Al
concentration exhibited high optical transmittance in visi-
ble ranges. Electrical resistivity changed with respect to Al
doping concentration, and minimum resistivity was detec-
ted at a 1.2 at.% Al concentration. The ZnO:Al/p-Si het-
erojunction properties were analysed using current—voltage
(I-V) measurements at four different Al concentrations,
ranging from 0.8 to 1.6 (at.%). The ZnO:Al/p-Si hetero-
junctions exhibited diode-like rectifying behaviour. Under
UV illumination, the photoelectric behaviour observed for
the ZnO:Al/p-Si heterojunctions was diode.
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1 Introduction

In recent years, transparent conducting oxide (TCO) films
have aroused much interest. With their outstanding
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properties such as high optical and electrical properties,
doping suitability, being non-toxic, its high resistivity
control, its high chemical, mechanical, and thermal stabil-
ity, as well as being abundant in nature, and cost effective,
Zinc Oxide (ZnO) films are good candidates for TCO films
[1-5]. Due to these superior properties, ZnO is a good
choice for electronic or optoelectronic applications like
antireflection coatings, transparent electrodes in solar cells,
thin film gas sensors, varistors, light emitting diodes, nan-
olasers heterojunctions, etc. [5—12]. Various techniques
such as sputtering, chemical vapour deposition, spray
pyrolsis, sol-gel, etc. [13] were used to fabricate ZnO films.
Compared to ZnO films, Al-doped ZnO (ZnO:Al) films
have lower resistivity and better stability [14]. The depo-
sition of ZnO films on p/n type substrates generates het-
erojunctions used for the fabrication of solar cells and
optoelectronic devices [15, 16]. The major advantage of
these heterojunctions is combining the large binding energy
of ZnO thin films, and the economy of Si substrates [16].
This study contributes to the field as there are not many
existing studies regarding the heterojunction properties of
Zn0O:Al/p-Si, produced using a sol-gel dip coating tech-
nique due to the increase of Al concentration. The ZnO:
Al/p-Si heterojunctions generated from 0.8 to 1.6 (at.%) Al
concentrations have as yet to be reported for the utilisation
in rectifier diodes of electronic devices controlled by
spherical forms of ZnO:Al nanocrystallites. The ZnO:Al
thin films with four different Al concentrations are pre-
pared from colloidal suspensions, to control the nature of
nanospheres in the ZnO:Al texture, because the colloidal
solution is utilised as a template to control the particle
shape. This paper presents novel data on the ideality factor,
the saturation current, the rectification ratios, and the
photoelectric behaviours of the ZnO:Al/p-Si heterojunc-
tions. The structural, optical, and electrical properties of
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ZnO:Al thin films were also investigated in order to char-
acterise ZnO:Al thin films.

2 Experimental study

In this study, ZnO:Al thin films, with 0.8, 1.0, 1.2 and 1.6
at.% Al concentrations, were fabricated on p-type silicon
(100) wafer substrates, using the sol-gel dip coating tech-
nique. Optical properties and film resistivity of ZnO:Al thin
film were investigated on borosilicate glass substrates.
After immersing the substrates in colloidal suspension, the
samples were preheated at 400 °C for 10 min. This pro-
cedure was repeated four times. After the final preheating,
the samples were annealed at 700 °C, for 1 h, in a nitrogen
ambient.

2.1 Preparation of solutions and deposition of films

A 50-ml aqueous solution was prepared. The solution
consisted of absolute ethanol, as the solvent material, and
zinc acetate dehydrate Zn(CH;C0O0)2-2H,0), 99.5% pur-
ity), as the starting material, and the molar concentration of
the zinc was 0.5 M. The diethanolamin DEA(CH,CH,OH),
was added as a stabiliser, and a measured amount of Al
nitrate nano hydrate AI(NOs5);-9H,O (extra purity) was
added as the dopant source to obtain 0.8—1.0-1.2-1.6 at.%
Al ratio (Rm = Al/Zn).

The molar ratio of DEA to Zinc acetate-dehydrate was
maintained at 1.0. Then the resulting mixture was stirred,
with a magnetic stirrer, at 60 °C, for 1 h to form a clear,
transparent, and homogeneous solution. After cooling, the
solutions were aged at room temperature for 1 day. The
humidity level of the ambient was fixed at 43% using a
dehumidifier to protect the solution quality during the
preparation of the solution and the dip coating processes.
The solutions were kept at 5 °C to prevent precipitation
and to extend the life of the solution.

Differential thermal and thermo gravimetric analyses
(DTA/TGA) were performed using Perkin Elmer Diamond
TG-DTA thermal analyses equipment in order to investi-
gate the thermal behaviours of ZnO:Al thin films. Thermal
analyses were performed in an air atmosphere with a
10 °C/min heating and cooling rate from room temperature
to 1,200 °C, and from 1,200 °C to room temperature,
respectively. According to the analyses, the ZnO:Al indi-
cated an endothermic peak up to 420 °C, which helps to
define the pre-heating temperature as 400 °C, made to
evaporate the solvent and organic residuals. A noticeable
mass loss (~70%) was observed at ~520 °C. The
annealing temperature, which is set for the crystallisation
of deposited films, was defined as 700 °C in order to obtain
high-quality crystallisation [17].

The readily-prepared ZnO:Al solutions were deposited
on 10 x 30 mm p-type silicon wafers (100) and
35 x 35 mm borosilicate using a sol-gel dip coating
technique with a KSV dip coater LMX2. After cleaning the
substrates were dipped and drawn into the solution at a rate
of 200 mm/min, and were kept in the solution for 5 s. The
films were then pre-heated at 400 °C for 10 min in an
oxygenated ambient. This application was repeated four
times. The four layered thin films were annealed at 700 °C,
for 1 h, in the nitrogen ambient. The pressure of the
nitrogen gas was 1,013.25 mbar and its flow rate was
30 L/h [17].

Structural characteristics of the film were analysed by
gamma transmission method [18] and the effects of Al
concentration on the ZnO film structure were examined
clearly due to the accuracy and reproducibility of this
method. The linear absorption coefficient of the ZnO:Al
thin film was examined using the certified point gamma
source of a Cs-137 radioisotope with a 0.832 uCi, in
monochromatic conditions at 0.662 MeV. When energetic
gamma photons pass through the matter, they become
scattered and absorbed [19], principally by photoelectric
and Compton processes. The intensity of a collimated beam
of mono-energetic photons, with an initial intensity I, is
reduced to Iy, after travelling through the thickness x of
the matter, according to the Bouger-Lambert—Beer law
[18, 20]

Iy = I, exp(—ux) (1)

where, u is the linear absorption coefficient of the film
concerned. u is a quantity that depends on the energy of the
photons in the beam, and on the probability of the inter-
action between those photons and the molecules that con-
stitute the matter, through which they pass.

2.2 Characterisation of ZnO:Al thin films and ZnO:Al/
P-Si heterojunctions

In this study, the structural, optical, and electrical behav-
iours of ZnO:Al films, and the heterojunction properties of
ZnO:Al/p-Si, were investigated using an X-Ray diffrac-
tometer, a scanning electron microscopy, a surface profi-
lometer, a UV/VIS spectrophotometer, a four point
resistivity probe, and a semiconductor characterisation
system.

The X-Ray diffraction patterns of the thin films were
taken using a GBC-MMA X-Ray diffractometer with a
1.54 A-wavelength Cu Ko radiation at room temperature.
The diffractometer was operated at 35 kV and 28.5 mA,
with energy of 1 kWatt, and a 2 deg/min constant scan rate
was used to collect 20 data between 20° and 60°. By means
of a JEOL 6335F Scanning Electron Microscope (SEM)
with a 20 kV accelerating voltage SEM images of the
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Fig. 1 A schematic diagram of the ZnO:Al/Si heterojunction

surface of the thin film were taken. The thickness mea-
surements were carried out using a Veeco Dektak- 6 M
surface profilometer. The thickness difference between
coated and uncoated parts of the films constitutes the basis
of measurement. For investigating optical properties of the
films, optical transmittance and reflectance measurements
were utilised. Optical measurements were performed in
a wavelength range from 192.5 to 900 nm, using a T80
UV/VIS Spectrophotometer. The electrical resistivity of
ZnO:Al thin films were measured using a Four Point
Resistivity Probe, with a Mounting Stand (SIGNATONE).

The current—voltage characteristics of the p-n junctions,
produced using a sol-gel dip coating, were investigated, as
well. Heterojunctions were fabricated using the configu-
ration Cu/ZnO:Al/Si/Al. A Univex 450 Thermal Evapora-
tor was used in preparing the samples, for investigation of
current—voltage characteristics. After the deposition of the
ZnO:Al thin film, the ohmic back contact of the Si wafer
was fabricated by thermally evaporating Al (~0.8 pm-
thick), while the other ohmic contact was fabricated with a
Cu-grid (~0.8 pum-thick), through a mask on the front
side. During the thermal evaporation, the vacuum level was
~6.5 x 107® Pa. The areas of the Al and Cu electrodes
were 0.25 and 0.07 cm?, respectively. Figure 1 illustrates
the schematic diagram of ZnO:Al/Si heterojunctions.
Additionally, direct current voltage (DC) in a range
between —20 and +20, at room temperature, under dark
and light (xenon lamp 100 mW/cm?) conditions via a
Keithley 4200 Semiconductor characterisation system
(SCS) was used to analyse current voltage characteristics.

3 Result and discussion
3.1 Structural properties

ZnO:Al thin films having thicknesses of about 280 £ 5 nm
were deposited on the substrates. Figure 2 illustrates the
X-ray diffraction patterns of the films on borosilicate glass
substrates. The wurtzite structure of all XRD peaks was
identified. The (100), (002), (101), (110) and (103) dif-
fraction peaks are observed at four different Al concen-
trations such as 0.8, 1.0, 1.2 and 1.6 at.% Al.
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Fig. 2 The X-Ray diffraction patterns of ZnO:Al thin films with an
increased Al concentration
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Fig. 3 The SEM image of the surface of ZnO:Al thin film with a 1.2
at.% Al concentration

Representative SEM image of the ZnO:Al film at 1.2
at.% Al concentration is illustrated in Fig. 3. SEM image of
ZnO:Al film annealed at 700 °C in the nitrogen atmosphere
magnified by 100.000x magnification. In the general films
exhibited spherical morphology on the surface of the
ZnO:Al film. Nano-spherical particle sizes of the films
varied in the range between approximately 35.8 and
48.7 nm.

Figure 4 illustrates the changes in linear absorption
coefficients of the ZnO:Al films with respect to the Al
doping concentration. Increase of Al (at.%) concentration
from 0.8 to 1.6 has accompanied by an increase of the
linear absorption coefficient. Since the thicknesses of the
examined ZnO:Al films did not change significantly with
respect to Al concentration, increase in the linear absorp-
tion coefficient can be attributed to the enhancement of
density with the increase of Al (at.%) in the film.
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Fig. 4 The changes in the linear absorption coefficients of the
ZnO:Al thin films with an increased Al concentration
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Fig. 5 The optical transmittance spectra of ZnO:Al films at different
Al concentrations

3.2 The optical properties

Figure 5 illustrates the transmittance spectrum of the
examined ZnO:Al thin films. Sharp absorption edges were
observed at ~370 nm in ultraviolet (UV) range. The
optical band gap widens with the increase in Al concen-
tration from 0.8 to 1.6 at.%. The Moss-Burstein shift [7]
explains the reason behind why these band gaps widen with
the increase in the Al concentration. According to the
Moss—Burstein theory, the donor electrons occupy bottom
states of the conduction band in highly doped zinc oxide
films [21]. The optical gap is defined as the minimum
energy needed to excite an electron from the valence band
to the conduction band [22]. In general, the blue shift of the
absorption onset of Al doped nano-crystalline films, is
associated with the increase in the carrier concentration,
blocking the lowest states in the conduction band, com-
monly known as the Burstein—-Moss effect [4]. Figure 6
illustrates the plots of (ohv)? versus hv, drawn for ZnO:Al
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Fig. 6 The changes in the optical band gap of the ZnO:Al films with
different Al concentrations

thin films, where the o and hv values are calculated
according to Eq. 3 [23-26]. Thus it may write

anghio ~ (o — Eo)" (2)
o = A(hy — Eg)'/? (3)

where, E,, is the optical band gap, and ny, is the refractive
index in the relation (2) [23, 24]. In an allowed direct
transition, « is given in Eq. 3. A is a constant [25, 26]. For
this study, the n value was determined as 1/2 for (achv)'/™.
From the plot, the optical band gap was determined by
extrapolating the linear portion of the graph to hv = 0. It is
determined that there is an allowed direct transition of
(ochv)2 for ZnO:Al film. It is obvious that the changes in the
optical band gap portray a blue shift with the increase in
the Al doping concentration.

3.3 The electrical properties

Figure 7 illustrates variation of resistivity of the examined
ZnO:Al films with respect to Al concentration. The mini-
mum resistivity value was obtained at 1.2 at.% Al con-
centration by using four point probe. It is suggested that the
decrease in the resistivity together with the increase in Al
concentration until 1.2% is due to the electrons that come
from the donor AI’Y ions, incorporated as substitution
Zn’*cation sites, or in interstitial position. Further increase
in Al concentration produces a rise in the resistivity
probably due a diminution in the carrier mobility because
of the excess of Al [3].

3.4 The heterojunction properties of ZnO:Al/p-Si
The current that passes through a diode, as a function of

voltage, is expressed by the diode equation. Equation 4
illustrates the ideal diode law [16].
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Fig. 7 The resistivity of Al-doped ZnO thin film, annealed at 700 °C,
as a function of Al concentrations
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Fig. 8 The measured current—voltage characteristics of ZnO:Al/p-Si
heterojunctions at different Al concentrations, in the dark

[= I,(eldv/mBT) _ 1) (4)

where, I, is the net current flowing through the diode; I, is
the dark saturation current, (the diode leakage current
density in the absence of light); V, is the applied voltage
through the diode; q, is the absolute value of electron
charge (1.6 x 107" C); n, is the ideality factor; kg, is the
Boltzmann’s constant (1.38 x 1072 J/K); T, is the
absolute temperature [16]. n, the ideality factor is
obtained in Eq. 5. The “dark saturation current” (Iy), is a
parameter that differentiates one diode from another. Iy, is
a measure of the recombination in a device. A diode with a
larger recombination will have a larger I,. The ideality
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Fig. 9 The semi log -V characteristics of ZnO:Al/p-Si heterojunc-
tions at different Al concentrations, in the dark

factor (n) of heterojunctions can be determined from the
slope of the straight line region of the forward bias log I-V
characteristics [16].

n = q/(kg T)(dV/dLn(I)) (5)

Figure 8 illustrates the current—voltage characteristic of
the ZnO:Al/p-Si heterojunctions, measured at room
temperature, in the dark. The ZnO:Al heterojunctions,
annealed at 700 °C, in a nitrogen ambient, had different Al
concentrations ranging from 0.8 to 1.6 at.%. While in forward
bias, the current passing through the heterojunctions, changed
with the applied voltage, in reverse bias, the current passing
through the heterojunctions showed no significant change
with the change in voltage. The similarity of the -V
characteristics indicates that a diode forms between the sol—
gel prepared ZnO:Al thin films, and the p-Si wafer. Table 1
illustrates that diodes show rectifying behaviour with the
rectification ratio, Ig/Iz, (Ir and Iz are forward and reverse
current respectively) values at a & 20 V bias voltage. The
most conductive and rectifier ZnO:Al/p-Si heterojunction
is determined with a 1.0 at.% Al concentration in the
Cu/ZnO:Al/Si/Al configuration. The I-V curve of the ZnO:
Al/p-Si heterojunction with a 0.8 at.% Al concentration
occurs in the positive region of the reverse bias, in the second
quadrant. This leads to the deviation of diode characteristics
from those of the ideal diode. Figure 9 illustrates the
dependence of the forward current in logarithmic scale with
the change in Al concentration. The ideality factor of the
ZnO:Al/p-Si heterojunction is determined from the slope of
the straight line region of the forward bias log -V

Table 1 Iy, n, and Ig/Ig values

of ZnO:Al/p-Si heterojunctions, Al . Log Iy n T/l T danc at —10v Diignt at —10v
concentration %

and measured current values at

—10 Viin the dark and light for ¢ 3.5 x 107 38.5 26.80 —48.9026 x 10°° ~2.7206 x 1073

heterojunctions with different 7 6 _3

Al concentrations 1.0 3.0 x 10 23.4 100.06 —14.5837 x 10 —2.1496 x 10
1.2 1.5 x 107° 28.1 18.59 —65.3068 x 107° —1.9634 x 1073
1.6 2.5 x 107° 38.0 14.21 —50.0536 x 107° —2.1689 x 1077
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Fig. 10 The measured current—voltage characteristics of ZnO:Al/p-Si
heterojunctions at different Al concentrations, under the light

characteristics. Figure 10 illustrates the current—voltage
characteristics of the ZnO:Al/p-Si heterojunction, measured
atroom temperature, illuminated by a UV light source (xenon
lamp 100 mW/cm?); hence, determining the photoelectric
behaviours. UV illumination improved the current passing
through the ZnO:Al/p-Si heterojunctions in the forward bias.
In reverse bias, the photocurrent, caused by the xenon lamp,
was significantly larger than the current under dark
conditions. ZnO:Al films were highly transparent as ~80 T
(%) in the visible region, and visible light passing through the

ZnO:Al films. When the semi-logarithmic forward-biased
curves in Fig. 10 are fitted to the standard diode equation
given in Eq. 4, the ideality factors of the diodes, fabricated in
anitrogen ambient, at 700 °C are asillustrated in Table 1.1Itis
determined that heterojunctions with 1.0 and 1.2 at.% Al
concentrations, declare lower ideality factors (n) than that of
heterojunctions with 0.8 and 1.6 at.% Al concentration.
Table 1 illustrates that the samples with 1.0 and 1.2 at.% Al
concentrations had the considerable increase in the initial
slant of the forward current in logarithmic scale Logly, with a
decrease in the ideality factor of the ZnO:Al/p-Si
heterojunction than the samples at other Al concentrations.
The ideality factors found in our research are similar to the
ideality factors stated in various works in literature [27, 28].

Figure 11 illustrates the current density—voltage char-
acteristics of ZnO:Al/p-Si heterojunctions at four different
Al concentrations, measured at room temperature, both
under dark conditions, and under the illumination of a UV
light source (xenon lamp 100 mW/cm?). Table I also
illustrates the values of the current flow through the
ZnO:Al/p-Si heterojunctions, in the dark and under UV
illumination, in reverse bias. The current flows increase
under UV illumination for each Al concentration. A high
photocurrent is obtained under reverse bias, due to the
crystalline quality of ZnO:Al structure (in XRD results).
The results show that the determined current—voltage

Fig. .11 The measured current (a) o119, cessesey, . .1 (b) o1
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characteristics of the ZnO:Al/p-Si heterojunction in the
dark, which demonstrated rectifying behaviour and for-
mation of a diode between ZnO:Al and p-Si. Heterojunc-
tions at 1.0 and 1.2 at.% Al concentrations presented lower
ideality factors (n) than ideality factors of heterojunctions
at 0.8 and 1.6 at.% Al concentrations. The curves in for-
ward bias have lower values than the values of the curves
in reverse bias under dark until 20 V which indicate the
formation of the diode for all Al concentration. Besides, the
curves in forward bias is lower than the curves in reverse
bias under dark and light conditions until 5V which
indicates the formation of a diode for the ZnO:Al/p-Si
heterojunction at 1.2 at.% Al concentration.

4 Conclusion

In this study, ZnO:Al films on the substrates were coated
using a sol-gel dip coating technique and ZnO:Al films
were prepared at 0.8, 1.0, 1.2, and 1.6 at.% Al concentra-
tions. After immersing in a prepared solution, samples
were preheated at 400 °C, in air, for 10 min, and then
annealed at 700 °C, in the nitrogen ambient, for 1 h. The
properties of the ZnO:Al/p-Si heterojunction structure were
examined after investigating the structural, optical, and
electrical behaviours of the ZnO:Al thin film.

The conclusions drawn according to the results of this
study are as following.

(1) ZnO:Al thin films having hexagonal wurtzite crystal
structure were deposited on the substares with
thickness of about 280 nm. The changes in the linear
absorption coefficient due to the increase in Al
concentration were clearly examined using a gamma
transmission technique; the increase in the Al
concentration determined the increase in the linear
absorption coefficient of the ZnO:Al thin film.

(2) The optical transmittance of the films varied between
40 and 80% in the visible range, for the Al
concentration, ranging from 0.8 at.% to 1.6 at.%.
An increase in the Al concentration, led to an increase
in the optical band gap. The widening of the optical
band gap was detected upon increasing the Al
concentration of the films.

(3) The minimum resistivity of the ZnO:Al thin film, on
the borosilicate glass substrate, was observed with 1.2
at.% Al concentration.

(4) While in forward bias, the current passing through
the ZnO:Al/p-Si heterojunctions changed with the
applied voltage, in reverse bias, the current passing
through the heterojunctions showed no significant
change in the dark. These -V characteristics of the
ZnO:Al/p-Si heterojunctions are similar to the I-V

@ Springer

characteristics of a typical diode. Heterojunctions
exhibited photoelectric behaviour under light condi-
tions. In forward bias, UV illumination improved the
current passing through the ZnO:Al/p-Si heterojunc-
tions. In reverse bias, the photocurrent caused by the
illumination was larger than the current passing
through in the dark. Lower ideality factors (n) at 1.0
and 1.2 at.% Al concentrations were determined than
ideality factors at 0.8 and 1.6 at.% Al concentrations.
The initial slant of the forward current increased
coinsiderably at the samples with 1.0 and 1.2 at.% Al
concentrations while the ideality factors decreased.
The changes on I-V characteristics indicates that the
increase of Al concentration from 0.8 to 1.2 at.% is
assisted the increase on current density slightly.

(5) Consequently, ZnO:Al thin films at 1.0 and 1.2 at.%
Al concentrations on the p-Si substrate, annealed at
700 °C, in the nitrogen ambient, are better candidates
for using ZnO:Al/p-Si heterojunctions as rectifying
diodes in electronic devices.
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