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Abstract

The morphological, optical and electrical properties of undoped Zinc Oxide (ZnO) and 0.5% and 2% Ag-doped ZnO based
Photodiodes were investigated. ZnO samples, which were deposited on p-type Si semiconductor substrates using spin a coat-
ing method, were produced by sol-gel method. The morphological properties of the ZnO films were investigated by atomic
force microscopy. The results revealed that thin films are in nanofiber like structure that nanofiber spread homogeneously
on the substrate. Additionally, the permittivity, absorbance, reflectivity and bandgap energy values were calculated by using
the UV measurement results. The optic bandgaps of the films were also calculated by the optical absorption method. Each
sample shows permittivity properties in the visible region; samples show absorption properties in the region where the applied
wavelength is smaller than 400 nm. Reflecting boundaries were shift to higher boundaries with increased dopant effect. The
transmittance of samples was found low in the UV region, but it shows higher characteristics which are between 78 and 88%
in the visible region. To investigate the electrical properties of produced thin films, Current—Voltage, Capacitance—Voltage,
Conductance—Voltage characteristics and Current—Time measurements were obtained in different illumination intensities.

It was seen that the samples show photoconductive performance.

1 Introduction

Recently, Zinc Oxide (ZnO) thin films have attracted in
many different fields due to their high transmittance prop-
erties in the visible region. ZnO is mostly used in tech-
nological applications with fascinating properties such as
high transparency (> 80%), the large exciton binding energy
(60 meV), the direct bandgap at room temperature (3.37 eV),
acoustic character, good electrical conductivity and being
environmentally friendly [1-3]. Besides, ZnO is used for
applications such as ceramic implications, acoustic wave
device surfaces, piezoelectric thin films, solar cells, humid-
ity sensors, gas sensors, photodiodes and transistors [4—7].

The literature consists of many studies on the evidence the
effects doping atoms on the matter [§—10]. At that viewpoint,
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for example, Ag-doped ZnO thin films are produced using
many different methods such as RF magnetron sputtering,
chemical vapour deposition (CVD), sol-gel, chemical depo-
sition [11, 12]. Since the sol-gel technique is effective and
economical, it is highly demanded. Spin coating vastly used
to coat materials that are produced by sol-gel technique.
Because, the spin coating method is simple, reliable and
cost-effective. It has the ability of thickness control with low
crystallization temperature and can be applied many differ-
ent substrates [13]. The physical properties of the ZnO thin
films depend on annealing and doping parameters. Thus,
these parameters were used to optimize the structural, opti-
cal and electrical properties of ZnO thin films. Moreover, the
electrical, optical and photoconductive properties of ZnO
thin films can be enhanced by using dopants or mixing ZnO
with different molecules in the production process [14]. At
this point Ag dopant may be a suitable candidate to enhance
the electrical and optic properties of ZnO thin films. It is also
seen from the theoretical studies that Ag is a good applicant
for doping to obtain p-type ZnO in the oxygen-rich environ-
ment. There are many studies which investigate the effect of
Ag doping on the properties of ZnO thin films in the litera-
ture. For example, Gruzintsev et al. investigated the effect of
Ag and Cu doping upon luminescence and photoconductive
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properties of ZnO films where pronounced increase in the
photo sensitivity of the films were observed [15]. Jeong et al.
investigated the annealing and production upon structural
characteristics of the Ag-doped ZnO films. Results indicate
that increased deposition and annealing temperature changed
the structure of the Ag-doped ZnO films [16]. Chelouche
et al. assessed the Ag dopant effect on structural and optical
properties of ZnO thin films. It was seen that 2% Ag dop-
ing give better transparency with minimum bandgap energy
[17].

In this work, the morphological (via AFM measure-
ments), optical (via UV measurements) and electrical (via
I-V, C-V, G/w-V, I-t measurements) properties of undoped
ZnO and 0.5% and 2% Ag-doped ZnO based photodiodes
were investigated.

2 Experimental

The undoped and Ag-doped ZnO based photodiodes were
fabricated on p-Si substrates. The fabrication process can be
divided into the parts as ohmic contact metallization, thin
film preparation, and Schottky contact metallization. Before
the fabrication, p-type Si substrate was decreased in a spe-
cific organic solvent, etched in acid solutions, and finally
quenched in deionized water for a prolonged time [18].

After that procedure, the high purity Aluminium (Al)
metal with a thickness in about 500 A was evaporated onto
the backside of surface-cleaned Si by using the thermal
evaporation system at 6 x 10~ Torr. To form the ohmic con-
tact, the samples were annealed at 570 ‘C for 5 min under
dry nitrogen flow.

For the thin film preparation, 0.5 M zinc acetate was dis-
solved in 10 ml isopropanol (IPA) and silver acetate was
added to the solution with the molar ratios of 0.2% and
0.5% and stirred using magnetic stirrer at 500 rpm. When
the metallic salts completely dissolved in the liquid etha-
nolamine was added as a stabilizer to the solution and the
final solution was stirred for 1 h at room temperature. Then,
p-type Si wafers were kept in IPA and water for 5-min peri-
ods, respectively. Si wafers then cleaned with nitrogen gas.
Prepared undoped ZnO and Ag-doped ZnO solutions were
dropped cast on Si wafers and the spin coating process was
performed under 3000 rpm for 30 s. To evaporate the sol-
vents existing in solutions, thin films were baked at 150 °C
for 5 min. Final products were then annealed at 450 °C for
1h.

After the film preparation processes, the 1 mm dot-shaped
Al/Cu Schottky contacts with 100 nm thickness were effec-
tuated onto the thin films at room temperature. Thus, the
photodiodes that the schematic diagram was given in Fig. 1
were ready for determining their characterizations. Thus,
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Fig. 1 The schematic diagram of the photodiode

photodiodes were called Z01 (Undoped Zn0O), Z02 (%0.5
Ag-doped ZnO) and Z03 (%2 Ag-doped ZnO).

The surface properties of the thin films were evaluated by
using PARK SYSTEM XE-100E atomic force microscope
(AFM) in 2D and 3D. UV measurements of the thin films
were conducted using the UV3600 SHIMADZU UV-VIS-
NIR spectrophotometer. The device provides information
about absorbance, transmittance and reflectance properties
of the thin films. Regarding this information, the bandgaps
of the thin films were assessed. The I-V, C-V, G/w-V, -t
properties of the thin films were investigated using FY-TRO-
NIX solar simulator under different illumination intensities
and frequencies. FY-TRONIX solar simulator was illustrated
in Fig. 2.

3 Results and discussion

3.1 The morphological properties of the ZnO thin
films

The Morphological properties of the samples were charac-
terized by using non-contact mode AFM which is used as
appropriate special tip. The 40 pm x40 pm and 5 pm X5 pm
AFM images were taken from the prepared thin film sam-
ples. AFM images of the surfaces were presented in
Fig. 3a—f.

Atomic Force Microscopy (AFM) images revealed that
the deposition procedure has resulted in nanofiber like for-
mations on the substrate. Nanofibers were found in entan-
gled curvy shape which was stack on the substrate. For the
Z01 sample (Fig. 3a, b), the lengths of nanofibers were found
between 5 and 8.5 um and the diameter of the wires were
measured between 450 and 800 nm. For the Z02 sample
(Fig. 3c, d), the diameter of the wires was measured between
600 and 950 nm and the average lengths were found between
4 and 8.5 um. For the Z03 sample (Fig. 3e, f), the diameters
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Fig.2 a FYTRONIX multiple RPM Spin Coater, b FYTRONIX solar simulator

of nanofibers were found between 800 and 1300 nm where
the lengths of the average wire were changing from 12 to
18 um. It was seen that the nanofibers tend to grow hori-
zontally where increasing Ag doping enhances the average
diameter and average length of nanofibers. Chelouche et al.
and Linhu et al. mentioned the surface properties of the
Ag-doped ZnO thin films [17, 19]. They illustrated that Ag
doping of ZnO thin films slightly alters the surface proper-
ties. Chelouche claimed that the lowest surface roughness
was obtained for 2% Ag doping. Linhu showed that surface
segregation of Ag on Ag-doped ZnO alters the electric and
surface properties of the ZnO thin films where p-type thin
films were converted to n type [17].

3.2 The optical properties of the ZnO thin films

Figure 4a—c show the optical transmittance (T), absorb-
ance (A) and reflectance (R) spectra of the photodiodes.
The optical transmission graph is shown in Fig. 4 was
drawn with the obtained UV—Vis spectrophotometer data
in the wavelength range of 200 nm—1000 nm. For all thin
films, transmittance was found low at UV region but high
in the visible region (between 78 and 88%). Transmittance
between 400 and 1000 nm is 85%, 88%, and 82% for Z01,
702 and Z03, respectively. It was seen that Z02 has the
highest transmittance. The results were found to be coher-
ent with the results reported in the literature. Chelouche

et al. reported that Ag-doped ZnO thin films produced
using dip coating presents at least 80% transmittance value
[17].

The absorbance spectra of photodiodes were presented
in the Fig. 4b for undoped and Ag-doped ZnO. For each
sample wavelength was peaked at 288 nm and show a dra-
matic decrease till 400 nm where the absorbance was bal-
anced. Both undoped ZnO and Ag-doped ZnO samples
show transmittance properties and absorb the wavelength
of the photons which is smaller than 400 nm. Z02 shows
slightly higher absorbance characteristics than others. The
absorption edge was found under 400 nm for all samples.

It was seen in Fig. 4c that the reflectance spectra shift
slightly lower wavelengths with increasing Ag dopants.
A strong peak was observed around 400 nm; such peak
occurs due to the reflectance that exists in optical transi-
tions [19, 20].

The energy bandgaps of undoped ZnO and Ag-doped
ZnO thin films were calculated using the optic absorption
method. In this method, absorption spectra were assessed
using the following formula to obtain the absorption
coefficient

o=tn()

where T and d are the transmittance and film thickness,
respectively. Crossing point of slope obtained from the for-
mula of.
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Fig.3 AFM images belonging Z01 (a, b), Z02 and Z03 thin films were illustrated in the schematic. a, ¢ and e were scaled in 5 um x5 um; b, d,

and f were scaled in 40 um x40 um

(ahv)* =0 2)

gives energy bandgaps of the thin films. The final version
of the formula was obtained as

(ahv)* = A(hv — E,) A3

where « is absorption coefficient, A is coefficient, hv is
photon energy and E, is energy bandgap [21].

Figure 5 represents (ahv)? vs hv graphs of thin films. As
can be seen in the figure E, value stays almost stable for all
three samples. It was seen that Ag dopant has a slight effect
on the E, properties of thin films. The energy bandgaps
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for Z01, Z02 and Z03 for the thin films were calculated as
3.289 eV, 3.294 eV and 3.278 eV. A detailed table for the
E, values of the thin films were presented in Table 1. Our
results were coherent with the values previously stated in the
literature [17, 22, 23].

3.3 The electrical properties of the Ag-doped ZnO
based photodiodes

The electrical characteristics of Z01, Z02 and Z03 Ag-doped
ZnO based photodiodes which are were investigated at room
temperature.
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The photodiodes were quantitatively analysed by using

the standard thermionic emission (TE) theory [17, 24].
Fig.6 The InI-V characteristics of the photodiodes
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q(V — IR,
Izloexp(%> )

where k is the Boltzmann’s constant, [, is reverse satu-
ration current, IR is the voltage drop across the series
resistance, ¢ is the electronic charge, n is the ideality factor
and T is the absolute temperature in Kelvin.

I, can be derived from the straight line intercept of
In/-V plot at zero bias voltage [25]. Therefore, it is given
as:

O]
I, =AA * T? exp <_qk_TB> 5)

where A * is the effective Richardson constant of ZnO,
A is the rectifier contact area, @y is the effective barrier
height at zero bias. The A* of ZnO is given by,
ne 22
A %= 120a<—>(Acm K ) (6)
my

where m, is the effective mass of ZnO, a is an empirical
factor on the order of unity. The empirical factor can be
assumed as 1 [26]. Thus, the effective Richardson constant

of ZnO can be used as 32 A cm™2 K2,
The @5 was also defined by the extrapolated [, [27]:

kT AA = T?
O, = —1
=g () "

Furthermore, the slope of linear region of the forward
bias In/-V plot can provide the ideality factor (n) [28, 29]:

_a(_dv
"k <d(ln 1)) ®)

The performance of photodiodes as the series resist-
ance, the shunt resistance, the Schottky barrier height and
also the ideality factor have been strongly affected by the
properties of semiconductor surface, the number of donor/
acceptor atoms, the situation of deposited/interfacial layers
and the number of surface/interface states [30, 31]. As a
result of such effects, the linear region of the In/-V graph
(Fig. 6) diverges from linearity [32]. Moreover, an inter-
facial layer between semiconductor and metal can arises
during surface preparation, deposition or fabrication pro-
cesses, so it can increase the ideality factor [33, 34].

Using the explanations and formulas given above, the
experimental values of @y and n given in Table 2 were cal-
culated as 0.748 eV, 0.764 eV, 0.765 eV and 4.441, 4.279,
4.455 for Z01, Z02 and Z03 photodiodes, respectively.

The n, @5 and R, were also determined by using Cheung
and Cheung functions. They were given as [29, 35]:
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Table 2 The experimental /-V results

Parameters Method 701 702 703
I, (uA) In(l)-V 8.682 4.542 4.346
N In(D)-V 4.441 4.279 4.455
dV-dIn(l)  4.206 4.378 4.134
D, (eV) In(D)-V 0.748 0.764 0.765
H(D) 0.850 0.899 0.900
124%) 0.828 0.676 0.620
R, (Q) H() 404.630 479.280 301.450
R; 832.270 1006.745 852.273
F(V) 8530.577 19,424.017 61,085.076
Ry, MQ) R; 27.572 41.929 36.144
0,20 T T . . . .
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Fig.7 The dV/dIn(/)-I graph of the photodiodes

v (kT
D) "< q > R ©

kT I
H(I) = V—n<7> In (AA - T2> = IR, + ndy

(10)

The series resistance R, and ideality factor n values were
obtained from dV/d(Inl)-I plot as seen Fig. 7.

The n values from dV/d(Inl)-I plot which was given in
Table 2 were found as 4.206, 4.378 and 4.134 for Z01, Z02
and Z03 photodiodes, respectively.

Furthermore, the series resistance R, and Schottky barrier
height &, values were obtained from H(I)-I plot as seen in
Fig. 8. The @, and R, values from H(I)-I plot which was
given in Table 2 were found as 0.850 eV, 0.899 eV, 0.900 eV
and 404.630 Q, 479.280 Q, 301.450 Q for Z01, Z02 and Z03
photodiodes, respectively.

Moreover, Ohm’s Law was used to determine the shunt
resistance (Ry,) and series resistance (R,). The Structure
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Resistance (R;)—Applied Bias Voltage (V;) graph given
in Fig. 9 was also drawn with the /-V data obtained from
Ohm’s Law.

The maximum values, which are in the reverse bias region
and minimum values, are in the forward bias voltage region,
of the R~V graph of photodiodes correspond to the shunt
and series resistances, respectively [33]. It can be seen from
the R~V graph of photodiodes that the R; approaches the
maximum values at nearly — 3 V, while it goes to the mini-
mum at+ 3 V. Hence, the values of R, given in Table 2 were
obtained as 832.270 2, 1006.745 Q and 852.273 Q for Z01,
702 and Z03 photodiodes, respectively. The values of R,
were found as 27.572 MQ, 41.929 MQ and 36.144 MQ for
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Fig.9 The R~V graph of the photodiodes

701, Z02 and Z03 photodiodes, respectively. Namely, the
obtained results show that the shunt resistance as high as
expected and the series resistance as low as expected.
Besides, the R, and @5 determined by using the modified
Norde method which defines the F(V) function [36, 37].

IV
wir) av

V q
F(V,y) = ~ — L1
V.7) y an(

where y is a dimensionless integer greater than the ideal-
ity factor of diode.

The values of R, and @y are shown in Fig. 10 can be
derived by using V,;, and F(V,,,) coordinates of the mini-

mum point of the F(V)-V graph [34].

V..
Qg = F(Vypp) + — — h (12)
14 q
kT
R, = i (r—n (13)
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Fig. 10 The F(V)-V graph of the photodiodes
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where I ;, is the value of the forward bias current cor- o v & _ G,
responding to V. " iwC, C wC. (14)

The @, values (see Table 2) were found as 0.828 eV,
0.676 eV and 0.620 eV for Z01, Z02 and Z03 photodiodes,
respectively. The R, values (see Table 2) were found as
8530.577 L, 19,424.017  and 61,085.076 Q for Z01, Z02
and Z03 photodiodes, respectively.

It was seen that the obtained /-V results such as barrier
height and ideality factor are compatible with the litera-
ture [38—40]. In addition, the value of the barrier height
increases with the increasing Ag doping. Although there
are not many articles investigate the electrical properties
of Ag-doped ZnO photodiodes, the similar trend has been
found in the literature [41, 42].

If Table 2 is examined, it is seen that the calculated
values among the methods are different. Especially, the
parameters obtained from Cheung functions and Nor-
de’s functions are not agreeing with each other. The
series resistance and barrier height values obtained from
Cheung’s method are different from that of the Norde
method. The Cheung functions are only applied to the non-
linear section of the high voltage region of the forward
bias In/-V characteristics. However, the Norde’s functions
are applied to the full forward bias region of the In/-V
characteristics. Thus, there is a diversity between barrier
heights calculated from Norde’s, Cheung’s and conven-
tional /-V methods. The similar diversities between these
parameters obtained from different methods have often
been reported in the literature [43-46].

Furthermore, it can be seen from Table 2 that the Ag
doping affected the electrical properties of the ZnO based
photodiodes. There can also be a critical Ag doping point for
ZnO thin films. When the ZnO was doped with Ag, which
has 0.5%, some electrical behaviours such as n and @ val-
ues were improved, some electrical behaviours such as [, and
R, values were getting worse. It is possible that these elec-
trical results can also be associated with the optimizing of
semiconductor layer such as structural states of nanofibers.
In the literature, there are a lot of studies that demonstrate
the doping dependence of electrical results [17, 32, 47-51].

Moreover, the dielectric constant (&), which is part of
complex permittivity, is one of the most important factors
in the decision to the material selection for device appli-
cations. Thus, the complex permittivity as an important
parameter can be determined by measuring the capacitance
and the conductance of the photodiodes and by using the
following expression [52]:

e =¢ —ig"

where, €' and ¢ are the real and imaginary parts of e*
and i is the imaginary root of — 1. The ¢* formula can be
rewritten using admittance (Y*):
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where, C,, is the measured capacitance and G, is
the conductance of the sample and w = 2z times the
frequency.

The frequency and bias voltage dependence of ¢’ can
be determined from the following expression by using C,,,
values [53-55].

o C_ G
T gA

C.

1

as)

where C, is the capacitance of interfacial insulator layer
(Zn0), A is the rectifier contact (Al/Cu) area, d, is the insu-
lator layer thickness and &y (= 8.85 X 107 *Fem™) is the
permittivity of free space charge. The maximal capaci-
tance of the structure is related to the insulator capacitance
(C,. = C; = €'e4A/d,) in the strong accumulation region
[52].

To determine the frequency-dependent dielectric con-
stant graphs, the C-V and G/w-V characteristics of the
photodiodes were investigated in the frequency range of
10 kHz-1 MHz at room temperature.

The Capacitance—Voltage graphs were drawn with
obtained C-V data of photodiodes. The graphs were given
in Fig. 11a—c.

The Conductance-Voltage graphs were drawn with
obtained G/w-V data of photodiodes. The graphs were
given in Fig. 12a—c.

Figure 13a—c show the voltage dependence of dielectric
constant of the photodiodes.

It can be seen from the Dielectric Constant—Voltage
graphs, the values of &' are dependent on both the applied
bias voltage and the frequency. Although the dielectric con-
stant is inclined to be frequency independent in the nega-
tive bias region, it decreases with increasing frequency. The
decrease in the dielectric constant can be attributed to the
polarization decreasing, the charges at surface states and
the series resistance of the photodiodes. At the high enough
frequencies, the ¢’ reaches a constant value, because of the
electron hopping. It cannot follow the alternative field at
the high frequencies [56]. When the frequency is raised, the
interfacial dipoles cannot orient with the electric field due
to time insufficiency [52, 57-59]. The frequency-dependent
distribution in the dielectric constant may be related to the
Maxwell-Wagner type interfacial polarization. The inter-
facial polarization can occur from the inhomogeneities
regions in the material that the charge carriers accumulate
at that fewer conducting regions [56, 60]. Additionally, the
&' depends also on other diversified parameters such as the
film deposition procedure, the annealing procedure, and the
fabrication processes [61-65].
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Fig. 11 a The capacitance—voltage graph of Z01. b The capacitance—
voltage graph of Z02. ¢ The capacitance—voltage graph of Z03

Moreover, the transient photocurrent measurements
are used to analyse the photoconduction mechanism. The
photovoltaic and photoconductive response of the photo-
diodes were obtained by the measuring of the time depend
on current under a fixed voltage. Figure 14a—c show

Voltage (V)

Fig. 12 a The conductance—voltage graph of Z01. b. The conduct-
ance—voltage graph of Z02. ¢ The conductance—voltage graph of Z03

Current-Time graphs of the photodiodes at light intensi-
ties ranging from 20 to 100 mW/cm?,

The photo-response (I/1 ) of the photodiodes increases
with solar light intensity. Illumination in various intensi-
ties was applied to the photodiodes with 10 s period. When
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Fig. 13 a The voltage dependence of &’ plot of Z01 at various fre-
quencies. b The voltage dependence of &’ plot of Z02 at various fre-
quencies. ¢ The voltage dependence of £’ plot of Z03 at various fre-
quencies

illumination was first applied to the photodiodes, dramati-
cally increase in photocurrent was observed. However, after
the rapid increase, it takes a couple of seconds for the pho-
todiode current to reach saturation. This case was attributed
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t(s)

Fig. 14 a Current—time characteristics of Z01. b Current—time char-
acteristics of Z02. ¢ Current—time characteristics of Z03

to the transporting charges in the photodiodes which need
some time to travel from some point to another. When the
illumination was turned off, photocurrent drops suddenly.
Such a drop was explained with the minimization of trans-
porting charges. As can be seen in the figures, increasing
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Table 3 The experimental sensitivity and responsivity results

Ilumination Z01 702 703

(mW/cm?)

Sensitivity (S) (%) 20 4232 7384  64.36
40 80.66 13599 127.16
60 142,15 239.69 225.40
80 16322 296.14 296.85
100 162.17 186.39 391.59

Responsivity (R) (mA/W) 20 208.09 16598 235.80
40 228.07 179.25 177.10
60 280.03 308.14 240.38
80 23896 314.43 285.60
100 275.64 24391 272.07

illumination intensities result in increased photocurrent. Illu-
mination and darkness response of devices confirm that our
photodiodes have photodiodes properties [66, 67].

Additionally, the sensitivity (S) and responsivity (R) val-
ues of the photodiodes were determined in order to inves-
tigate the doping concentration effects to the device. That
values were calculated for various illumination (20 mW/
cm?, 40 mW/cm?, 60 mW/cm?, 80 mW/cm? and 100 mW/
cm?) by using the following relations [68]. The values were
given in Table 3.

1 photo — 1 dark

S (%) = x 100 (16)
dark
_ Iphoto (A) _ ]photo (A)
- - 1
Py . (W) E<%>A (sz) (17
cm
where P is the incident power of the illumination. As

expected, the S and R values exhibit variations depending
on the doping concentration.

4 Conclusion

In this work, the photodiode properties of the Ag-doped
ZnO based devices have been investigated. The morpho-
logical optical and electrical properties were determined
by using atomic force microscope, UV—-Vis spectrometer,
Current—Voltage, Capacitance—Voltage, Conductance—Volt-
age, Current—-Time measurements. AFM investigations
revealed that the surface of the photodiodes was covered
with nanofiber like formations. The bandgap energies were
calculated from UV-Vis results. Ideality factor, Schottky
barrier height, shunt resistance, series resistance values were
also calculated using the Current—Voltage results. Capaci-
tance—Voltage and Conductance—Voltage characteristics of

the photodiodes were assessed in various AC signal frequen-
cies ranging from 10 kHz to 1 MHz. Prominent peaks were
observed for Capacitance—Voltage measurements especially
for AC signal frequency of which is lower than 100 kHz.
Such behaviour accepted as an indication of interface states
where charges accumulate. The accumulation affects the
conductance and the dielectric properties of the photodi-
odes that higher dielectric constants were observed under
100 kHz AC signal frequency. Current-Time characteris-
tics of the diodes were evaluated under dark and various
illumination values. The photo-response of the photodiodes
increases with solar light intensity. Additionally, the sharp
change in photo-response by switching the light on and off
can be considered as an indication of the high-quality pro-
duction of photodiodes. As a result, it can be said that Ag-
based ZnO devices show photodiode behaviours and they
can be used in related electronic circuit applications.
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