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A. Alyamani1 • A. Tataroğlu2 • L. El Mir3,4 • Ahmed A. Al-Ghamdi5 •

H. Dahman4 • W. A. Farooq6 • F. Yakuphanoğlu5,7
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Abstract The electrical and photoresponse properties of

Au/nanostructure AZO/p-Si/Al diode were investigated.

Al-doped ZnO (AZO) thin films were deposited via pulsed

laser deposition method on silicon substrate. Structural

properties of the films were performed by using transmis-

sion electron microscopy and X-ray powder diffraction

(XRD). The XRD patterns showed that the AZO films are

polycrystalline with hexagonal wurtzite structure prefer-

entially oriented in (002) direction. Electrical and pho-

toresponse properties of the diode were analyzed under in a

wide range of frequencies and illumination intensities. It is

observed that the reverse current of the diode increases

with increasing illumination intensity. This result confirms

that the diode exhibits both photoconducting and photo-

voltaic behavior. Also, the transient photocurrent,

photocapacitance and photoconductance measured as a

function of time highly depend on transient illumination. In

addition, the frequency dependence of capacitance and

conductance is attributed to the presence of interface states.

1 Introduction

Transparent conducting oxides (TCOs) are metal oxides

with high electrical conductivity, high optical transparency

and low optical absorption. They are used in optoelectrical

devices such as solar cells, flat panel displays, organic light

emitting diodes, phototransistor, sensors and p–n hetero-

junctions [1–4]. TCOs can be classified as n-type or p-type.

Zinc oxide (ZnO) is an n-type semiconductor material with

wide-band gap (*3.3 eV), large exciton binding energy

(60 meV) and hexagonal wurtzite structure. Doped and

undoped ZnO films are a TCO and have been widely used

for optoelectronic and energy conversion applications [5–

7]. Especially, Al-doped ZnO (AZO) films have been used

as transparent conducting metal oxide due to their high

luminous transmittance and good electrical conductivity.

AZO films have low resistivity, wide-band gap and good

optical transmission in the visible and near-infrared regions

[2, 7–9]. Also, the AZO is an n-type semiconductor

material, and its free-electron concentration is usually in

the range of 1019–1021 cm-3 due to the extrinsic Al dopant

[10].

Metal-doped ZnO thin films are prepared using different

deposition techniques such as radio frequency sputtering,

sol–gel spin coating, thermal oxidation, chemical vapor

deposition, molecular beam epitaxy (MBE), and pulsed

laser deposition (PLD) [5–11]. The PLD method enables

the growth of high-quality thin films of metal oxide

materials at relatively low substrate temperatures compared
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with other techniques. Also, the method provides synthe-

sizing of multilayers of different compositions with high

crystalline perfection. The composition of the films grown

by PLD is quite close to that of the target, even for mul-

ticomponent targets [8, 12–14].

The aim of this study is to investigate the electrical and

photoresponse properties of Au/AZO/p-Si/Al diode. These

properties of the diode were analyzed using current–volt-

age (I–V) and capacitance/conductance–voltage (C/G–V)

measurements.

2 Experimental details

For the deposition of AZO thin films on silicon substrate, in

the first step, AZO nanopowder was prepared by a sol–gel

method based on El Mir et al. [15, 16] protocol. In this

process 16 g of zinc acetate dehydrate [Zn(CH3COO)2�2H2O]

as a precursor was dissolved in 112 ml of methanol, after

10 min under magnetic stirring at room temperature, an

adequate quantity of aluminum nitrate-9-hydrate [Al(NO3)3-
9H2O], corresponding to [Al]/[Zn] ratio of 0.03, was added.

After an additional 15 min of magnetic stirring, the solution

was placed in an autoclave and dried in the supercritical

conditions of ethyl alcohol (EtOH). The nanopowder was

pressed inside target holder (2 inches in diameter) with

300 kg/cm2 uniaxial pressure and annealed at 400 �C for 2 h

to obtain a compact target.

In second step, the previously obtained AZO target was

used for the deposition of thin films on silicon substrate by

pulsed laser deposition setup (PLD/MBE 2100) from PVD

products and the source is KrF excimer laser (k = 248 nm,

pulse width 20 ns, and repetition rate = 10 Hz) operated at

350 mJ to ablate the target. The deposition temperature and

pressure are, respectively, 300 �C and 10-6 Torr. The

substrate–target distance was 55 mm. All PLD parameters

which may contribute to the growth rate were kept constant

during 30 min, operating time, and the film thickness

measured by Stylus Profiler (Veeco Dektak 150) was about

400 nm.

The silicon substrate is boron-doped (100)-oriented Si

substrate (q = 1–5 Xcm, NA = 5 9 1015 cm-3) with

mirror-polished surface. Before deposition, for cleaning,

the wafer was etched in a 10 % HF for 5 min in order to

remove the eventual oxide layer that may form during

storage, then rinsed in deionized water and dried with fil-

tered N2.

After the AZO thin film deposition process on the Si

substrate, high purity (99.999 %) aluminum (Al) was

deposited on the whole back of the Si wafer in the high

vacuum metal evaporation system at about 10-7 Torr. In

order to get a low resistivity ohmic contact, the Si wafer

was annealed at about 570 �C for 5 min in N2 atmosphere.

Then, the front of the rectifier/Schottky contact was formed

by evaporating of high purity (99.999 %) gold (Au) metal

on AZO film in the same vacuum metal evaporation

system.

The I–V measurements of Au/AZO/p-Si/Al diode were

taken using a Keithley 4200 semiconductor characteriza-

tion system in dark and under illumination intensity range

of 10–100 mW/cm2 using a solar simulator. The intensity

of the light was measured by solar power meter (Model

TM-206). The C–V and G–V measurements were taken

using Keithley 4200 semiconductor characterization sys-

tem in a wide frequency range.

3 Results and discussion

3.1 Structural properties

Figure 1 shows typical TEM photograph of ZnO:Al (3

at.%) aerogel nanoparticles. TEM image indicates very

small particles having size in the nanometer range with

prismatic-like shape and a narrow particle size distribution.

The nanoparticles in the powders have approximately the

same shape with a size of about 30 nm [17].

Figure 2 shows the X-ray diffraction (XRD) patterns of

3 at.% AZO aerogel nanopowder. As seen, the XRD pat-

terns of the nanoparticles have peaks corresponding to

(100), (002), (101), (102), (110), (103), (112) and (021)

planes. The observed diffraction peaks correspond to the

main diffraction peaks of ZnO with hexagonal wurtzite

structure. No secondary phase was detected.

Figure 3 shows the typical XRD of AZO thin film

deposited on silicon substrate by PLD. After deposition on

silicon, the observed diffraction peaks are oriented in (002)

and (400) direction. The (002) and (400) direction corre-

sponds to the main peak of zinc oxide and silicon,

Fig. 1 Typical TEM photograph showing the general morphology of

ZnO:Al (3 at.%) aerogel nanoparticles
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respectively. This (002) preferred orientation is due to the

minimal surface energy which the hexagonal structure,

c-plane to the ZnO crystallites, corresponds to the densest

packed plane.

It is well known that AZO thin films deposed by PLD

are highly textured in the c axis perpendicular to the sub-

strate surface, especially in the (002) orientation, as shown

in Fig. 3. The origin of this texture is based on the polar

nature of the ZnO (002) plane, the minimal surface energy

in this direction and on the high growth kinetic along the

c axis [18, 19]. The diffraction lines of AZO films depos-

ited on p-type silicon substrates are shown in Fig. 3. Only

the (002) diffraction peak is observed, without any second

phase and it is located at 2h = 33.26�. This means that the

films are polycrystalline with a hexagonal structure and a

preferred orientation with c axis perpendicular to the sub-

strates. The small deviation of (002) peak indicated that

some residual stress inside the film may exist, which is

characteristic for films prepared by PLD. However, some

ZnO films are reported to have tensile lattice stress along

the c axis [20, 21]. The origin of the stress can be attributed

to structural imperfections at the substrate and AZO

interface, which is reflected in the asymmetry of the

diffraction line. The peak observed at 68.23� corresponds

to (400) plane of the silicon substrate.

3.2 Current–voltage (I–V) measurements

The current–voltage (I–V) measurements have been used to

extract electrical parameters of Schottky diode. The

experimental I–V curves could be analyzed on the basis of

conventional thermionic emission model. According to the

TE model, the I–V characteristics are given by the relation

[22, 23]

I ¼ I0 exp
qðV � IRsÞ

nkT

� �
1� exp � qðV � IRsÞ

kT

� �� �
ð1Þ

where q is the electron charge, V is the applied bias volt-

age, Rs is the series resistance, T is the absolute tempera-

ture, n is the ideality factor, k is the Boltzmann’s constant,

A is the diode contact area, and I0 is the reverse saturation

current. I0 is derived from the straight line intercept of ln(I)

at zero bias and is given by

I0 ¼ AA� T2 exp � qUb

kT

� �
ð2Þ

where Ub is the barrier height at zero bias, A* is the

Richardson constant which is equal to 32 A/cm2 K2 for p-

type silicon. The value of Ub is obtained using the equa-

tion. For values of V greater than 3 kT/q, the ideality factor

(n) can be derived from the slope of the linear region of the

forward bias ln(I)–V plots and is can be written as

n ¼ q

kT

dV

dðln IÞ

� �
ð3Þ

Figure 4 shows the semi-logarithmic I–V characteristics of

the Au/AZO/p-Si/Al diode under dark and various illumi-

nation intensities. It is clear from this figure that the diode

exhibited an illumination sensitive behavior. It was found

that the reverse current increases with illumination inten-

sity for a given reverse voltage and is higher than the dark

current. This indicates that the diode exhibits a photodiode

behavior. When a photon of sufficient energy strikes the

diode, it creates an electron–hole pair. The free carriers

generated by photons can lead to an increase in reverse

current depending on the number of generated electron–

hole pairs [24–28]. Also, the forward current of the diode

Fig. 2 X-ray diffraction of 3 at.% Al-doped ZnO aerogel

nanoparticles

Fig. 3 Typical X-ray diffraction of AZO thin film deposited on

silicon substrate by PLD
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deviates from the linear I–V behavior which could be due

to presence of series resistance and interface states [29–33].

Thebarrierheightandidealityfactorvaluesofthediodewere

found to vary in the range of 0.71–0.64 and 1.78–2.86 eV,

respectively.Thisbehaviorofnisattributedtothepresenceofthin

filmlayer,inhomogeneitiesofthebarrierheight,interfacestates,

andseriesresistance[29–36].

In addition, the photoconduction mechanism of the Au/

AZO/p-Si/Al diode was investigated. The variation in the

photocurrent with illumination was analyzed by the fol-

lowing equation [37, 38],

Iph ¼ BPm ð4Þ

where Iph is the photocurrent, P is the illumination inten-

sity, B is a constant, and m is an exponent. The m value in

the range of 0.5–1 implies that the photoconducting

mechanism is controlled by the presence of continuous

distribution of trap levels. Figure 5 shows the photocurrent

plot of the diode at -1 V. The value of m was determined

from the slope of log(Iph) versus log(P) plot, and it was

found to be 0.65. The obtained m value indicates that the

photocurrent exhibits a linear behavior. As a result, the

diode could be used as a photodiode in various optoelec-

tronic applications.

3.3 Transient photocurrent, photocapacitance

and photoconductance measurements

The transient photocurrent-time measurements are a well-

known technique for the analysis of photoconducting

mechanism. Figure 6 shows the plots of photocurrent of the

diode at various illumination intensities at 1 V. As seen in

Fig. 6, the photocurrent of the diode increases rapidly up to

certain level with switching on of the illumination and

then, it comes back to initial level with switching off. The

increase in photocurrent is due to the number of photo-

generated charge carries in the depletion region of the

diode. The decrease in photocurrent is due to the trapping

of the charge carriers in the deep levels; thus coming back

to its initial state [39–44]. Also, the magnitudes of the

photocurrent at every on/off cycle are steady and repro-

ducible. The photoresponse results indicate that the diode

can be used as a photodiode.

When the light is applied to a diode, the photo-induced

charges are produced and most of the charges are consti-

tuted by holes. The transient time (sT) and the photocharge

density (qph) are given by

Fig. 4 The semi-logarithmic I–V characteristics of the diode under

dark and various illumination intensities

Fig. 5 Plot of log(Iph) versus log(P) of the diode (at -1 V)

Fig. 6 Plots of transient photocurrent-time of the diode at various

illumination intensities and 1 V
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sT ¼ d2

2lV
and qph ¼

2JphsT
d

ð5Þ

where Jph is the photocurrent density, l is the mobility and

d is the depletion width. The transient photocapacitance is

a measure of the density of photogenerated carriers in the

space charge region [45–47]. The photocapacitance is

given as

Cph ¼ � drph
dV

¼ � d

2

dqph
dV

ð6Þ

Figure 7a, b show the plots of transient photocapacitance-

time and photoconductance-time of the diode at various

illumination intensities and 10 kHz, respectively. As seen

in these figures, the value of photocapacitance and photo-

conductance increases with increasing illumination inten-

sity. On illuminating the diode, the photocapacitance and

photoconductance of the diode increase rapidly to a con-

stant value and then decrease to original value after turning

off the illuminating. This increase could be due to the

increase in number of photogenerated charge carriers at in

interface states. This decrease is due to transfer of the

photogenerated charge carriers back to the original level

[24, 26, 28, 40, 48, 49].

3.4 Capacitance/conductance–voltage (C/G–

V) measurements

Figure 8a, b shows the plots of capacitance–voltage and

conductance–voltage of the diode in the frequency range of

10 kHz–1 MHz. As seen in Fig. 8a, the capacitance value

of the diode does not change with frequency at the positive

bias voltages, but it increases with increasing frequency at

the negative bias voltages. The frequency dependence of

the capacitance is due to the presence of interface states at

the interface of AZO/Si. At low frequencies, the interface

states can follow the alternating current (ac) signal and can

contribute to the total capacitance. At high frequencies, the

interface states cannot follow the ac signal and cannot

contribute to the total capacitance [50–56]. As seen from

Fig. 9, the conductance value increases with increasingFig. 7 Plots of a photocapacitance-time, b photoconductance-time

plots of the diode at various illumination intensities and 10 kHz

Fig. 8 Plots of a capacitance–voltage (C–V), b conductance–voltage (G–V) of the diode at various frequencies
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frequency. This behavior of conductance is attributed to the

presence of the interface states.

The series resistance (Rs) is an important parameter

causing deviation from ideal diode behavior. The Rs can be

determined using conductance method developed by

Nicollian and Goetzberger [29]. According to this method,

the Rs is expressed by the following equation,

Rs ¼
Gma

G2
ma þ xCmað Þ2

ð7Þ

where Cma and Gma are the measured capacitance and

conductance, respectively. Figure 9 shows the plots of

series resistance versus voltage of the diode in the fre-

quency range of 10 kHz–1 MHz. As seen in Fig. 9, the

calculated Rs value decreases with increasing frequency.

This behavior of Rs is a result of frequency-dependent

charges such as interface charge, fixed/mobile oxide

charge, and oxide-trapped charge. Furthermore, at only

10 kHz, the Rs plot gives a peak in the range of 0–0.25 V,

and this peak disappears with increasing frequency. The

presence of this peak is attributed to the change in interface

states. At low frequencies, the interface states can follow

frequency of alternating current applied [50–56].

4 Conclusions

AZO thin films were deposited on silicon substrate at

300 �C by PLD from Al-doped zinc oxide target based on

nanocrystalline powder synthesized by sol–gel method. The

films exhibited (002) hexagonal c axis preferred orientation

perpendicular to the substrate. The transient photocurrent,

photocapacitance and photoconductance measurements were

used to analyze the photoresponse of the diode. It is found

that the obtained component shows good photoresponse

behavior. In addition, the C–V and G–V characteristics of the

diode confirm that both the C and G values vary with

applied voltage and frequency. The obtained results suggest

that the fabricated diode can be used as a photodiode or

photocapacitor in optoelectronic applications.
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M. Vieira, F. Wuensch, M. Kunst, E. Morgado, P. Stallinga, H.L.

Gomes, Thin Solid Films 516, 5118–5121 (2008)

48. S. Shukla, S. Kumar, Bull. Mater. Sci. 34, 1351–1355 (2011)

49. G.L. Miller, D.V. Lang, L.C. Kimerling, Ann. Rev. Mater. Sci. 7,
377–448 (1977)
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