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In this paper, the electrical properties different diodes were reported. Pure and Al-doped ZnO thin
films of different concentrations (Al: 1, 2 and 3 wt.%) were deposited by sol-gel dip-coating onto p-Si sub-
strate to form heterojunctions. Zinc acetate dehydrate, Hexahydrate aluminum chloride, ethanol and etha-
nolamine were used as a starting material, doping, solvent and stabilizer, respectively. The dip-coating
process with drying was repeated 6 times to obtain multilayer films. The morphological and electrical
properties of the thin films as a function of Al concentration have been investigated using atomic force mi-
croscopy (AFM) and current-voltage (I-V) measurements at room temperature. AFM images revealed that
grain sizes and surface roughness increase with increasing Al concentration. I-V characteristics of the di-
odes exhibited high and low currents under forward and reverse bias, respectively. The ideality factors (n),
rectification ratio (RR) and barrier heights (BH) were found to range from 1.97 to 8.34, 0.84 to 5958 and
0.80 to 0.86 eV for different Al doping concentrations, respectively. These findings showed no monotonic
behaviour of the calculated parameters with varying Al doping concentrations. The best electrical charac-
teristic was obtained for the sample n-ZnO: 2 % Al/p-Si, with an ideality factor of 1.97 eV, reverse-
saturation current of 1.69-10-8 A, rectification ratio of 5958 at + 2 V, and barrier height of 0.85 eV.
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1. INTRODUCTION

Zinc oxide (ZnO) is one of the most important oxide
transparent conductors (TCO) materials, because of
their direct large band gap (E; = 3.37 eV), exciton band
energy (60 meV) at room temperature [1, 2], with a
natural conductivity of type (n), besides its electrical
conductibility along with its high transmittance in the
visible region which make it a suitable material for
optoelectronics [3, 4] and solar cells [5, 6]. ZnO thin
films have been deposited using many techniques in-
cluding chemical vapour deposition [7], chemical bath
deposition [8], doctor Blade [9], electrochemical deposi-
tion [10], pulsed laser deposition [11], magnetron sput-
tering [12], spray pyrolysis [13-15] and sol-gel process
[16-18]. This last is advantageous since it is simple
technique, inexpensive and secure, that is also suitable
for large area thin films preparation with homogenous
doping level [19]. ZnO/p-Si heterojunctions are of par-
ticular interest, due to large binding energy of ZnO
thin films and the fact that silicon has an important
place in the microelectronic industry, with advantages

PACS numbers: 61.72.uf, 61.72.uf, 73.40.Kp,
81.15._z, 85.30.De, 85.60._q

such as high quality and the inexpensiveness. Despite
such drawbacks, researchers have focused on improv-
ing the performance of n-ZnO/p-Si heterojunction de-
vices by studying the effect of doping such as (Ag, Al,
In, Ni, Cd, Cu, Co, Fe, Sn and Pb etc.) [20-24] due to
the vital importance of ZnO for use in photovoltaic (PV)
devices with improved performance [25]. In the present
work, we have experimentally studied the effects of the
Al doping on the n-AZO/p-Si hetero-junctions using
current-voltage (I-V) measurements at room tempera-
ture.

2. EXPERIMENTAL DETAILS
2.1 Synthesis of the AZO/p-Si Heterojunction

Pure and Al-ZnO thin films were successfully depos-
ited on p-type Si (100) substrates (resistivity in the
range 1-20 Q-cm and thickness of 350 um) using the
sol-gel technique by Dip-coating method under atmos-
pheric conditions. For the pure ZnO sample, the start-
ing solution is a mixture of zinc acetate dehydrate
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(ZAD) Zn(CH3COO)2:2H20, dissolved in ethanol
(C2H60). Besides, we have used aluminum chloride
hexahydrate (AlCl3.6H20) as aluminum precursor ma-
terial to prepare three other 25 mL solutions of 1 %, 2%
and 3 % aluminum to zinc molar ratio. The dip-coating
process with drying was repeated 6 times to obtain
multilayer films. Before performing the deposition
process, p-type Si (Boron doped) substrates were ini-
tially cleaned with RCA (cleaning procedure) to remove
the organic residues and metal ions. For current-
voltage (I-V) measurements, silver (Ag) eutectic was
used to make electrical contacts (ohmic contact) on the
top of AZO films and the back side of the p-Si sub-
strates. The active area of the devices is about
1 x1cm2 The ZnO: x Al (x=0, 1, 2 and 3 at. %)/p-Si
thin films deposition process is schematically summa-
rized in Fig. 1.

Precursor

Zinc acefate dehydrate stabilizer
Solvent (ZnCH;C00, 2H;0) (MEA) CZHNO
Ethanol C:H:OH
Dopant MEA/Zn=1
Hexahydrate aluminum chloride
(AICI:.6H:0)

>

Stirring at 60°Cfor 2 h

[ Homogeneuous and tranparent solutions of Zn0: x Al (x =0, 1,2 and 3 at. %) ]

b—

[ p-Si substrate (Dip Coating) ]

Rpeat
l 6 Cycles

[ Drying at 100°C for 10 min ]

1—

[ Annealing at 500°Cfor 1 h ]

!

[ Undoped and Zn0: x Al (x = 1,2 and 3 at. %) thin films ]

Fig.1-A schematic view of sol-gel dip coating process of
Undoped and ZnO: x Al (x =1, 2 and 3 at. %) thin films

2.2 Characterizations of the AZO/p-Si Hetero-
junction

The film surface morphology was analyzed by Atom-
ic Force Microscope (AFM). The current-voltage (I-V)
characteristics were analyzed to examine the hetero-
junction properties with Keithley 2400 source meter
under dark and illumination conditions. All measure-
ments and spectra were taken at room temperature.

3. RESULTS AND DISCUSSION
3.1 AFM Analysis

Atomic force microscopy (AFM) is an effective tech-
nique used to determine the topography, surface mor-
phology and roughness of films.
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Fig. 2 — The 3D AFM images of: a) undoped ZnO, b) ZnO: 1%
Al ¢) ZnO: 2% Al and d) ZnO: 3% Al thin films

Fig. 2 shows the three-dimensional (3D) surface
morphology of ZnO: x Al (x=0, 1, 2 and 3 at. %) thin
films deposited by sol-gel dip-coating onto p-Si sub-
strate. The films are dense and continuous; the surface
is well covered with a relatively large grains and pin-
holes free. The average height of the roughness profile
(Ra) and the mean square deviation of the roughness
profile (Rrms) of the surface were determined using
Gwyddion-SPM (scanning probe microscopy) data visu-
alization and analysis on a surface of (5 x 5) um2. The
morphological parameters (Rrus and Rq) of the films are
gathered in Table 1.

Table 1 — Morphological parameters of Undoped and ZnO:
x Al (x =1, 2 and 3 at. %) thin films

Samples R, (nm) Rrus (nm)
Undopped ZnO 1.07 1.38
Zn0-Al 1 % at. 2.66 3.45
Zn0-Al 2 % at. 34.57 44.86
Zn0-Al 3 % at. 5.17 6.92

Rrus mean deviation of roughness profile, Rq Average
height of the roughness profile.

Table 1 represent the values of AFM parameters.
For all the films, the 3D images show the presence of
well-developed grains. The Rgrums values are 1.38 nm
(Undoped ZnO), 3.45 nm (film doped at 1 %), 44.86 nm
(film doped at 2 %) and 6.92 nm (film doped at 3 %),
which confirms the enhancement of the roughness of
the films. As the doping concentration increases, the Rq
of the films also increases from 1.07 nm (Undoped ZnO)
to 34.57nm (film doped at 2 %) and decreases to
5.17 nm (film doped at 3 %) with Al-doping.

3.2 Electrical Properties

Fig. 3a and b show the linear and semilog I-V charac-
teristics under dark conditions of n-ZnO:Al/p-Si hetero-
junctions at different Al concentrations, respectively. All
these heterojunctions show a recovery of the characteris-
tics with the increase in the doping rate. An increase in
direct current with doping is also observed from these
curves. It is clearly seen that the current increases non-
linearly for the applied voltages. This nonlinear behavior
might be due to nonuniform distribution of doping atoms
and the existence of defects or series resistance (Rs)
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interface states [26, 27]. The results suggest that the
film doped with 2 % Al proved to be better, allowing to
obtain a diode with a rectifying character of better quali-
ty and a low reverse current. Low threshold potential
value diodes are very important for different applica-
tions including photodiodes and light emitting diodes
(LEDs) due to their low power consumptions.
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Fig. 3 - The measured -current-voltage characteristics of
n-Zn0:Al/p-Si heterojunctions at different Al concentrations,
in the dark: a) linear I-V, and b) semilog I-V

The electrical parameters of n-ZnO:Al/p-Si hetero-
junctions at different Al concentrations such as: the
rectification factor (RR), the ideality factor (n), the
saturation current (Is) and the potential barrier (@Ds)
are given by following equations [28]:

— v _

I =Isexp (nkBT 1) 1)
where q, V, k, T and n denote charge of electron, ap-
plied bias voltage, Boltzmann’s constant, temperature
(300 K) and ideality factor, respectively. Is is the re-
verse saturation current expressed as [29],

— AA*T? _a%

Iy = AAT2exp kBT) ©@)
where A is the contact area of a diode, A* is the theoreti-
cal Richardson’s constant (32 A-cm?/K?). By using Eq. 2,
the ideality factor n can be can be written as [30]

Is

n= l:LTln (AA*TZ) @)

Also, if Eq. (3) is reorganized according to the barri-
er height, it can be written by [31]

Py = kq_T (d(clir‘:l)) @)

JJ. NANO- ELECTRON. PHYS. 16, 01025 (2024)

Table 2 — Electrical parameters of n-ZnO:Al/p-Si heterojunc-
tions at different Al concentrations

Al-doping | RR = I(+ 2v)/ n Is (A) Dy (eV)
(%) I 2v)
0 91.92 8.34 | 1.05-10-8 0.86
1 527.17 3.82 1.01-10 -7 0.80
2 5958 1.97 | 1.69-10 -8 0.85
2 0.84 6.27 | 1.57-10-8 0.85
10 . . . 10
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Fig. 4 — The log I-V characteristics of ZnO:Al/p-Si heterojunc-
tion diode at different Al concentrations, in the dark

Table 2 shows the calculated values of electrical pa-
rameters of n-ZnO:Al/p-Si heterojunctions. I-V charac-
teristics of the diodes exhibited high and low currents
under forward and reverse bias, respectively. The ide-
ality factors (n), rectification ratio (RR) and barrier
heights (BH) were found to range from 1.97 to 8.34,
0.84 to 5958 and 0.80 to 0.86 eV for different Al doping
concentrations, respectively. These findings showed no
monotonic behaviour of the calculated parameters with
varying Al doping concentrations. The best electrical
characteristic was obtained for the sample n-ZnO: 2 %
Al/p-Si, with an ideality factor of 1.97 eV, reverse-
saturation current of 1.69-10 -8 A, rectification ratio of
5958 at. + 2 V, and barrier height of 0.85 eV.

Fig. 4 shows the logarithmic I-V characteristics of
ZnO0:Al/p-Si heterojunctions at different Al concentra-
tions, in the dark. We note that there are three differ-
ent regions depending on the junction voltage value:

— The first region (0 < V< 0.2): This is the low cur-
rent region controlled by the space charge limited cur-
rent (SCLC) mechanism [32].

— The second region (0.2 < V< 0.5): has an exponential
shape for V>3 kTlg, the logarithmic plot allows us to de-
duce the ideality coefficient n and the saturation current Is.

- The third region (0.5 <V <2): highlights the
effect of high bias voltages; the characteristics follow
a power law (I ~ VL),

4. CONCLUSIONS

In this study, the electrical properties of different
diodes were reported. Pure and Al-doped ZnO thin
films of different concentrations (Al: 1, 2 and 3 wt. %)
were deposited by sol-gel dip-coating onto p-Si sub-
strate to form heterojunctions. The morphological and
electrical properties of the thin films as a function of Al
concentration have been investigated using AFM and
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I-V measurements at room temperature. AFM images
revealed that grain sizes and surface roughness increase
with increasing Al concentration. The RMS roughness of
the films are found to be 1.38 nm, 3.45 nm, 44.86 nm
and 6.92 nm for undoped ZnO, films doped at 1 %, 2 %
and 3 %, respectively. This implies that the films have a
smooth surface. I-V characteristics of the diodes exhibit-
ed high and low currents under forward and reverse
bias, respectively. The best electrical characteristic was
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Bruius nomimoxk amominia (Al: 0, 1, 2 i 3 mac.%) Ha eJIeKTPUYHI BJIACTHUBOCTI reTepoIrepexony
ZnO0:Al/p-Si na 3acTocyBaHb B OIITOEJIEKTPOHIII

M.A. Bouacherial, A. Djelloul?, L. Benharrat?, M. Adnane!

L LMESM, Département de Technologie des Matériaux, Faculté de Physique, Université des Sciences et de la
Technologie d’Oran Mohamed Boudiaf USTO-MB, BP 1505, El M'naouer, 31000 Oran Algérie
2 Centre de Recherche en Technologie des Semi-Conducteurs pour U'Energétique ‘CRTSE’, 02 Bd Frantz Fanon, BP
140, 7 Merveilles, Alger, Algérie

V wiit craTTi po3rIISIAITHCS eIEKTPUYHI BIACTUBOCTI pidHUX THUIMIB miomiB. Touki mrisku ZnO yucroro
Ta JeroBanoro Al pisuoi koumenTpaiii (Al: 1, 2 Ta 3 mac. %) OyJ/in HaHECeH1 30JIb-TeJIEBUM METOIO0M Ha IIif-
KIanKy p-Si misa ¢opMyBaHHA rereporepexomiB. [[uHK amerar merigpar, rekcarigpaTr ajIoMIHIO XJIOPHI,
€TaHOJI 1 eTAHOJIAMIH BUKOPHUCTOBYBAJIN AK BUXITHMI MaTeplall, JOMIIIKA, POSUMHHUEK 1 cTa0lIi3aTop BiOIo-
BigHo. Ilporec HaHeCEHHA IOKPUTTA 3aHYPEHHAM 13 CYIINHHAM IIOBTOPIOBAJIN 6 pasiB IJ1A OTPUMAaHHA Oara-
TOMIAPOBHUX ILTIBOK. Mopdosoriudi Ta eJIeKTPUYHI BJIACTHBOCTI TOHKHX ILTIBOK AK (DYHKITI0 KoHIeHTpaIri Al
Oysm IoCoifpKeHl 3a JOIIOMOrOI0 aTOMHO-cuiioBoi Mikpockomii (ACM) 1 BumipoBaub crpymy-Haupyru (I-V)
mpu KiMHATHIN Temmepatypi. ACM-300paskeHHs ITOKA3aJIH, 10 PO3MIPH 3ePeH 1 IMOPCTKICTL MOBEepXHi 306i1-
JIBITYIOTHCS 31 30LIhImeHHAM KoutenTpalrii Al. BAX miomiB mokasayiiv BUCOKI Ta HU3BKI CTPYMHU IIPU IIPSIMO-
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EFFECT OF ALUMINUM (AL: 0, 1, 2 AND 3 WT.%) DOPING... JJ. NANO- ELECTRON. PHYS. 16, 01025 (2024)

My Ta 3BOPOTHOMY 3MimienHi Bigmosiguo. KoedirienT ineanbHocti (n), koedimient sunpaviennas (RR) 1 su-
cora 6ap’epy (BH) xomuBaroTbea B miamasoni Big 1,97 mo 8,34, 0,84 mo 5958 1 0,80 mo 0,86 eB misa pismumx
KOHIIeHTpaIii JyieryBauusa Al BimmosimHo. 111 gociimkeHHS MMOKa3aJId BiJICYTHICTH MOHOTOHHOI ITOBETIHKH
pPO3paxOBaHUX IIapaMeTpPiB IpH 3MiHI KoHIleHTpamii gomimok Al. Hafikpami esekTprduHl XapaKTepUCTHKN
orpuMano i 3pa3ka n-Zn0: 2 % Al/p-Si, 3 koediiientom imeasnbHocTi 1,97 €B, 3BOPOTHUM CTPyMOM HacH-
venna 1,69-10-8 A, koedimienrom Bunpsivutersa 5958 mpu + 2 Br, a Bucora 6ap'epy cramosmia 0,85 eB.

Knrouoesi cimosa: Al-nerosanuit okcuy nuakom, Kpemniit, [ereponepexin, 3oms-rens, [lokpurts sanypes-
HaM, Enexrpuuni Biaactusocti, OmIToEIEKTPOHHI 3aCTOCYBAHHSA.
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