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Abstract: The heterojunction photodiodes with undoped ZnO and Indium (In)
doping ZnO thin films have been grown on p type silicon wafer by solution based
spin coating method. The crystal structure analyzes of the films show that they
have amorphous nature. The electrical characterizations of diodes have been
performed by classical I-V and C-G-V technique. The minimum ideality factor of
3.97 and minimum series resistance of 7.2 kQ) have been recorded from 5% In
doping ZnO/p-Si diode. The phototransient measurements show that photodiodes
react fast to visible light and have a good reproducibility switching cycle. Similarly,
the highest photosensitivity of 3.15x103 and responsivity of 2.02 A/W have been
obtained from 5% In doping ZnO/p-Si photodiode. This study indicates that the
doping of In improves the electrical and optoelectrical performance of ZnO based
photodiodes.

indyum Katkisi ile ZnO Tabanl Fotodiyotun Fototepki Ozelliginin Gelistirilmesi

Anahtar kelimeler
Sol-jel,

Fotodiyot,

indiyum,

Zn0O

Ozet: Katkisiz ZnO ve Indiyum (In) katkili ZnO ince filmler sol-gel spin kaplama
yontemi ile p-Si substrati lizerinde biiyttiilelerek, heteroeklem fotodiyotlar
tiretilmistir. Filmlerin kristal yap1 analizleri, amorf yapiya sahip olduklarin
gostermektedir. Diyotlarin elektriksel karakterizasyonu geleneksel 1-V ve C-G-V
teknigi ile gerceklestirilmistir. Minimum idealite faktorii ve minimum seri direng
3.97 ve 7.2 kQ olarak % 5 In katkil1 ZnO/p-Si diyotundan elde edilmistir. Fotogecis
Olciimleri, fotodiyotlarin gorinir 1s18a hizli tepki verdigini ve iyi bir
tekrarlanabilirlik anahtarlama déngiisiine sahip oldugunu gostermektedir. Benzer
sekilde, 3.15x103'lik en ytksek 1s18a duyarlilik ve 2.02 A/W'nin duyarlihigi % 5
Indiyum katkili ZnO/p-Si fotodiyotundan elde edilmistir. Bu calisma, Indiyum
katkisinin ZnO bazh fotodiyotlarin elektriksel ve optoelektrik performanslarin
gelistirdigini géstermektedir.

1. Introduction

The photodiodes operate in reverse bias region.
Therefore, the difference between the dark current

Transparent conductive oxides (TCOs) have recently
been intensively studied in microelectronic and
optoelectronic applications owing to their high
electrical conductivity and high optical transparency
[1-3]. TCO layers in optoelectronic devices are
generally employed as collector and transporter of
photogenerated electrons. Therefore, their optical
transparency and electrical conductivity must be high
[4]. Among the application of TCOs, the
optoelectronic photodiode devices sense the incident
light and convert it into electrical signals. When
photons with higher energy than the optical band gap
of photodiode device materials are absorbed,
electron and hole pairs occur. These carriers create
an increase in current and flow in an external circuit.
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and the photocurrent of photodiodes is clear in the
reverse bias region compared with the forward bias
region. The scientists carry out intensive studies on
the improvement of the materials used in photodiode
fabrication to enhance the light-sensing features of
photodiodes. The photodiodes are utilized in various
electronic and optoelectrical applications such as civil
and military technology [5]. Among TCOs, ZnO is an
attractive multifunctional material due to excellent
properties such as low resistance, large exciton
binding energy (60 meV), high direct broadband

energy, high transparency, high thermal and
mechanical stability [2,6,7]. Besides all these
advantages, ZnO is non-toxic, environmentally

friendly and economical due to its abundance in
nature.
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The presence of intrinsic defects causes the ZnO to
exhibit n-type electrical characteristics [8]. Also, the
type and carrier concentration of ZnO can be altered
with different dopant ions. Therefore, to enhance
optical and electrical features of ZnO, doping is
generally intended to replace the Zn*2 ion with the
dopant metal of higher valence electrons such as
Indium (In*3), Aluminum (Al*3), Tin (Sn*4) [2,9].
Suitable electronegativity and ionic radius, high
oxidation resistance and low reactivity of In make it a
more attractive dopant to improve photoelectrical
performance of ZnO [10]. Also, it has been shown in
many studies in the literature that In increases
conductivity by increasing the carrier concentration
of ZnO [8,11]. The high conductivity and
transmittance obtained by In doping in ZnO thin films
make it possible to fabricate high-speed
photodetectors and transparent electrodes for solar
cells [12]. The effect of In doping on the electrical and
optical characteristics of the ZnO semiconductor film
has been extensively studied. But, the effect of In
doping on ZnO-based photodiodes has not been
widely investigated. Therefore, there is still some lack
of information to understand the behavior of low In
doping on the optoelectronic parameters of the ZnO-
based photodiode.

The ZnO thin films with In doping can be grown by
various deposition methods such as rf helicon
magnetron sputtering [12], pulsed laser deposition
[13], remote-plasma-enhanced metalorganic
chemical deposition (RPE-MOCVD) [14],
electrospinning technique [15], sol-gel method [16].
Among these methods, the solution based spin
coating has many advantages such as having low
fabrication cost, no need for high vacuum,
applicability method for large area deposition and
suitability for laboratory experiments [17].

In this study, In was selected as dopant material for
ZnO semiconductor material owing to the
aforementioned advantages. The ZnO thin films with
various indium concentrations were deposited on p
type Si to fabricate heterojunctin structures. The aim
of this study is to examine the influence of In doping
on morphological and structural features of ZnO thin
films and on the optoelectronic properties of
fabricated diodes.

2. Materials and Methods

In this experiment, amorphous undoped ZnO and
doped ZnO with various In percentage were coated
on p-Si by spin coating method. The details of the
experiment were given in our previous study [18].
Unlike the materials used in the previous experiment,
only the Indium chloride (InCls) was used instead of
the Tin (IV) chloride as a dopant source. Prepared
undoped ZnO and doped ZnO solutions having
different percentages of In were grown on the p-Si
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substrate with spin speed of 3000 rpm for 30s. The
undoped and In doped ZnO films were subjected to
preliminary drying at 300° C for 10 minutes. This
process was repeated four times for each photodiode
to ensure ZnO well deposited. After spin-coating and
drying, all photodiodes were annealed at 750° C for
2h. Finally, aluminum was evaporated on top of ZnO
thin films to form ohmic contact. Figure 1 illustrates
the schematic structure of the photodiode. The
crystalline structures of undoped and doped thin
films, the surface roughness of thin films and
optoelectrical properties of photodiodes were
analyzed by X-ray diffractometer (XRD), Atomic
Force Microscop (AFM) and Electrical
Characterization System, respectively.

Incident light

Al contact

Zn0O and In
doped ZnO

Ag paste

Figure 1. The schematic diagram of the photodiode
structure

3. Results

The crystallinity of thin films was performed by X-ray
diffractometer (XRD) between 30° and 50°. The XRD
pattern of thin films is indicated in Figure 2. All films

indicate amorphous characteristics due to the
absence of any sharp peak.

w
5% In ZnO

3% In ZnO

1% In ZnO

Zn0

Intensity (a.u)
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2Theta(degree)

Figure 2. The X-ray diffraction patterns of ZnO and In

doped ZnO thin films
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The surface roughness of thin films was indicated in
Figure 3(a-e). The 3D AFM images of thin films
illustrate that the morphologies of films are clearly
influenced by In concentration. AFM images show
that the films grow homogeneously without void and
porosity. The values of the root mean square (RMS)
roughness were obtained for undoped ZnO, 1%, 3%,
5% and 10% In doped films as 15.74 nm 13.24 nm
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13.06 nm 17.52 nm 30.76 nm, respectively. The
increase in the roughness of the films with doping can
be ascribed to the deposition of Indium oxide
nanoparticles on the surface of the ZnO films [19].
Increasing the surface roughness of the films with the
doping may cause an increase in the optical
absorption of the films. The increase in optical
absorption increases the number of photo-generated
carriers. Thus, the responsivity of the photodiodes
may be increased with In doping [7].

The I-V measurements of the photodiodes are
illustrated under the dark condition and various
irradiance intensities in Figure 4(a-e). The forward-
to-reverse current ratio of photodiodes at +4V varies
between 1.86x10!and 4.23x103. Also, the electrical
parameters of each photodiode are summarized in
Table 1. When Figure 4 is examined, it is seen that the
I-V characteristics of the photodiodes are directly
related to the In doping concentration. To examine
the electrical performance of diodes, the key
electrical parameters of diodes can be obtained from
Current-Voltage graphs by using standard
heterojunction diode equation. The current of diode
according to standard equation can be given as [20];

(a) Undoped ZnO

0nm

~ 00V
°

© 0.20pm

" 0.00 pm

" 114nm

1=1, [exp (—q(Vn;;RS)) — 1] (€8]

Here, I, is the saturation of reverse current, q is the
electronic charge, nis the ideality factor ,kis the
Boltzmann constant , T is the temperature, V is the
voltage and R; is the series resistance. The saturation
current can be extracted from the extrapolation of
linear part of forward I-V region. The n value which
describes the diode performance can be extracted
from the following equation;

. q av
n= (k_T)(m) (2)

When the obtained results are examined, the n values
of diodes range from 3.97 to 5.67 for the varying In
doping concentration. The ® values of diodes show
increasing tendency from 0% to 1% In doping. Then,
it decreases from from 3% to 10%. The trivalent In
can increase the carrier concentration of ZnO because
it acts as a donor in ZnO semiconductor layer [8,11].
Therefore, the decrease in barrier height in schottky
diodes can be defined by an increase in the carrier
concentration depending on In concentration [21].
The ideality factor value is higher than 1, indicating
that diodes exhibit non-ideal behavior.

(b) 1% In doped ZnO

~ 0.45pm

" 0.00 ym

(d) 5% In doped ZnO

[ 016 ym

" 0.00 pm
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09
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(e) 10% In doped ZnO

Figure 3. The 3D AFM images of ZnO and In doped ZnO thin films



S. Ruzgar / The Improvement Photoresponsivity of ZnO Based Photodiode with Indium Doping

(b)
10° 4
10+
10° ]
10°
107 4 , A
% 1 In doped ZnO/p-8i
a
04 ——Dark
10° 20 mWiem?®
—0 mWicm?®
10" &0 mWiem®
1 —80 MW /em®
10" - B
] 00 mWicm
-4 2 0 2 4
Voltage (V)
(d)
104
10+ 4
10 4
§ 107 4
5 % 5 In doped ZnQ/p-Si
E
3 107 4 Dark
20 mWicm?*
10+ —— 40 mWicm®
60 mWicm?®
10+ < — 80 mWicm®
— 100 mW/cm?
4 2 0 2 4

Voltage (V)

(a)
10 4
10~ 4
10* 4
— “}-t_ —
<
z . ~
E 107 = Znp-5i =
5 —— Dark E
(SIS LA 20 mW /em® 3
— 40 mW fem®
10* <
&0 mW /em*
10 o —— 80 mW jem®
— 100 mW jem®
4 2 0 3 4
Voltage (V)
(c)
10~ 4
10 4
=z 10t
= - A
E 10 4 %3 In doped ZnQip-Si
S Dark
10+ —— 20 mW fem®
40 mW iem®
10+ 4 &0 mW fem®
— B0 mW fem®
ey ——— 100 mW fom®
4 2 0 2 4
Voltage (V)
(e)
10 4
10~ <
10 4
< 10* 4
=
g
5 1074
(5]
10* 4
10* 4

% 10 In doped ZnO/p-5i
Dark

20 mWicm®
—— 40 mWicm®
2
2

60 mW/cm
— 80 mW/ocm
—— 100 mW fem®

4 2

L]

2 4

Voltage (V)
Figure 4. The Current-Voltage characteristics of undoped ZnO and In doped ZnO photodiodes

The non-ideal behavior of diodes is attributed to the
interface layer, image force effects, series resistance
and oxide layer between n-ZnO and p-Si [22]. The
ideality factor and rectification ratio values of the
fabricated photodiodes as well as the barrier heights
(®p) values are summarized in Table 1. The reverse
bias currents of the fabricated photodiodes increase
with the light intensity, which is a typical
characteristic of photodiodes. The internal and
external electric fields are in the same direction in
reverse bias for the depletion region of diodes. The
recombination process in the reverse bias region
takes place less than the forward bias. Therefore, the
difference between dark and photocurrent is more
clear in the reverse bias region [23]. This case shows
that diodes exhibit photoconductivity behavior [24].
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The photosensitivity is a key parameter for
photodiodes and can be extracted from the following
equation;

Iphotocurrent - Idarkcurrent

S =

3

I darkcurrent

The highest photosensitivity value of photodiodes
was obtained from 5% In doped ZnO/p-Si as
3.15x103 under 100 mW/cm? at -4V and tabulated in
Table 1. When 1 is higher than unity, it can be used
the Norde [25] method to calculate some parameters
of diodes such as series resistance and ®j. This
modified method can be expressed by the following
equation;
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Here, y is the integer greater than n and [(V)
represents the current of forward I-V region of diode.
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Figure 5. Modified Norde graph of photodiodes

The modified Norde graph of photodiodes [F(V)-V]
graph is illustrated in Figure 5. By rearranging the
Norde function, the R; and the &z values can be
extracted from the following equations:

V kT
b5 = F(Vy) +7°—— (5)
_kT(y=mn)
Ro=— — (6)

Here, F(V,) and V, represent the minimum point of
F(V) and the corresponding voltage value,
respectively. The determined @5 and R, values by
these equations are given in Table 1. The ®; obtained
by Norde method has a similar tendency to the @
values obtained by thermionic emission theory. The
&; values increase from 0.49 eV to 0.54 eV for
increasing In concentration rate from 0% to 1%.
Then, it decreases from 0.51 eV to 0.44 eV for
increasing In concentration rate from 3% to 10%.
The R, values of fabricated diodes are different
values with increasing In doping. In addition, the
lowest series resistance was obtained as 7.2 kQ from
5% In doping ZnO/p-Si diode. To analyze the
performance of a photodetector, one of the key
characterizations is photoswitching behavior. This
behavior can be studied by transient photocurrent

behavior under a constant voltage [26,27]. Figure 6
indicates the transient photocurrent graphs of
fabricated photodiodes. The transient photocurrent
curves show exponentially increasing and decreasing
photocurrents of photodiodes by switching the light
on and off under various light intensities. The fast
response of photodiodes to light and their
reproducibility switching cycle allows them to be a
good candidate for photodetectors. Figure 7 (a)
shows the responsivity (R) of photodiode versus In
doping concentration. The R can be given by the
following equation [28];

I

h
R = photocurrent (7)

1 inc

Here, I;,,. represent incident illumination power. The
responsivity of photodiodes varies with In
concentration. The R-values of the photodiodes
increase by up to 5% In doping ZnO/p-Si diode, then
decrease under 100mW/cm? at -4V. The highest
responsivity of 2.02 (A/W) was obtained from 5% In
doping ZnO/p-Si diode. This high photoresponse
value indicates that the sensitivity of ZnO can be
improved by adequate In doping. The photoresponse
values of the fabricated photodiodes are much higher
than most published researches on the undoped and
doped ZnO/p-Si photodiodes [26,29-31]. Also, to
determine the photoconductivity mechanisms of
photodiodes, the following equation can be used [32];
Iyp = APP (8)
Where Lyn, A P and B represent photocurrent,
constant, light intensity and an exponent,
respectively. The logarithmic graph of the light
intensity versus the photocurrent was plotted and
illustrated in Figure 7 (b). The values of § for
photodiodes were extracted from the slope of Figure
7 (b) and tabulated in Table 1.

The S =1 indicates that monomolecular
recombination is dominant in the photodiode, £=0.5
shows that bimolecular recombination is dominant.
Whereas, 0.5< 8 <1 and 1<f represent the presence
of a continuous distribution of trapping centers in the
band and photoconductivity mechanism with
superlinear behavior, respectively [32,33].

Table 1. The calculated electrical and optoelectrical parameters of photodiodes
(O Py Rs ..
Diodes ( darl:(i av) (lflV) ((Ie‘\ll)) N((;l",(;e l\l((l)(gj)e B 4 VS,I-V) Resg)[{)/r:;l)vlty
ZnO/p-Si 4.23x103 472 071 0.49 43.9 1.66 6.50x102 0.30
1% In doped 9.62x102 410 0.75 0.54 116.2 1.41 9.54x102 0.57
3% In doped 8.65x101 521 0.73 0.51 233.3 1.09 2.07x103 0.95
5% In doped 1.86x10! 3.97 0.72 0.50 7.2 1.13 3.15x103 2.02
10% In doped 1.97x102 567 0.67 0.44 14.4 0.71 5.62x102 1.67
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Figure 8. The C-V measurements of photodiodes

The C-V characteristics of fabricated photodiodes as a
function of In doping is indicated in Figure 8 between
10 kHz and 1 MHz. the capacitance values of the
diodes decrease with increasing frequency. This case
is ascribed to the fact that the interface states of the
diodes cannot follow the ac signal in the high
frequency [34]. It is also seen from Figure 8 that
diodes have negative capacitance values at 1 MHz
frequency except for 3% In doping ZnO/p-Si diode.

=]
M -
-

Voltage(V)
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The negative capacitance is ascribed to the injection
of minority carriers to polarization [7]. Figure 9
indicates the G-V characteristics of photodiodes
between 10 kHz and 1 MHz. The conductance values
of the diodes increase with increasing frequency. The
conductance of the photodiodes reaches a maximum
at certain voltages in the forward bias region and
remains almost stable.



S. Ruzgar / The Improvement Photoresponsivity of ZnO Based Photodiode with Indium Doping

(a) (b)
30x10°
— iOKHz Zn0ip-Si 2561074 %1 In doped ZnO/p-Si
25x10°  ——s50kHz
— 1D0KHZ — 1DkHz
— 200KHZ 2107  ——50kHz
20x10°4  —— 300kHz —100kHzZ
—A00kHz — 200kHz
— G00kHZ 1.5 102 e 300HZ
—  1Bx10°{ ——s00kHzZ _ —— 400kHzZ
@__ e TOOKH Z a — H00kHZ
5] ——B00KHZ O goagr] ——800kHz
10x10°4  ——300kHz : —— 7D0KHZ
e {MH Z e BO0KH Z
. —— 900kHzZ
50107 S0 Mz
0.0 4 0.0 4
L] L] T T L] ) T T T
-4 -2 0 2 4 4 2 0 4
Voltage(\) Voltage{V)
(<) (d)
3010
o .
200107 %3 In doped ZnOip-Si %5 In doped ZnO/p-Si
251072
—{0kHE — 10kHz
. ——50kHz oMMz
1.5010%]  ——100kHz 2.0010% o
e 20 OkcHZ —— 20 0kHZ
e 30 OkcHZ
——300kHz
— 2 400kHz 1.5x107° e A DkHz
w 1.0x1079  ——500kHz =1
o n —— 500kHz
@ —— 600kHz 5 s
—TO0kHz 2
— B0k 1.0x10°{  ——700kHz
510 onokHz ——800kHz
— 4MHZ e ) DkcHZ
5M10%<4  ——1MHz
00
00 4
L] 1 T T L] T T T T
4 -2 1] 2 4 4 2 0 4
Voltage(V) Voltage(V)
(e)
3.0x10°% - %10 In doped ZnO/p-5i
20t ——10kHz
— 50kHz
— 1 00kHz
2.0010° 4  ——200kHz
—— 300kHz
— A00kH
0 1.510° ] —— s00KHZ
a —— G0OkHzZ
" — TO0kHZ
1107 —— s00kHz
—— 900kHz
5.0x10° Mz
0.0
T L] T L] )
4 -2 0 2 4
Voltage(V)

Figure 9. The G-V measurements of photodiodes
4. Conclusion

In summary, the undoped and In doping ZnO based
photodiodes were fabricated by sol-gel spin coating
methods. The structural and morphological of thin
films were investigated by XRD and AFM,
respectively. All films showed an amorphous
structure nature with homogeneously grown on p-Si.
The optoelectrical features of photodiodes were
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investigated by conventional I-V and C-G-V technique.
The minimum ideality factor (3.97) and series
resistance (7.2 kQ1) were obtained from 5% In doping
Zn0/p-Si device. Also, the optoelectrical properties of
photodiodes such as photosensitivity,
photoresponsivity, and photoconductivity
mechanism were studied under various visible
illumination intensities. Similarly, the highest
photosensitivity (3.15x103) and responsivity (2.02
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A/W) were obtained from 5% In doping ZnO/p-Si
photodiode. When all the obtained results are
examined, it is shown that In doping can improve the

properties of ZnO based photodiode and the
fabricated heterojunctions can be used as a
photosensor.
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