JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 11 No 4, 04028(5pp) (2019)

The Effects of Al-doped ZnO (AZO) as Anti-reflection Agent for Dye Sensitized
Solar Cells System

H. Munawarohlt, S. Wahyuningsih2*, A.H. Ramelan?

1 Master Program of Chemistry, Graduate School of Universitas Sebelas Maret, Kentingan Jebres,
Surakarta 57126, Indonesia

2 Inorganic Material Research Group, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret,

Kentingan Jebres, Surakarta 57126, Indonesia
(Received 27 March 2019; revised manuscript received 05 August 2019; published online 22 August 2019)

Al-doped ZnO (AZO) nanoparticles have been synthesized as anti-reflection agent for dye sensitized so-
lar cells system. Al-doped ZnO was prepared by sol-gel method at 60 °C for 3 hours with variation of Al (0,
2, 3 and 4 %). XRD pattern of AZO shows that the addition of Al affected the structural properties, such as
decrease in the crystallinity and crystallite size from 10 nm to 28 nm. The optical properties of AZO were
characterized by UV-Vis Spectrophotometer. Al-doped ZnO exhibited the red shift phenomenon at wave-
length 320-375 nm. AZO of 3 % and 4 % show 2 peaks considered as the impurities of Mg-doped ZnO. The
transmittance spectra of AZO show the increase of transmittance in the visible light region of 50-95 %. The
reflectance spectra show the reflectance value increasing in the UV area and decreasing in the visible area
(< 50 %). Band gap energy of AZO was calculated with Tauc Plot Method. The addition of Al can decrease
the band gap energy of AZO from 3.45 eV to 3.23 eV. Al-doped ZnO is used as anti-reflection agent for Dye
Sensitized Solar Cells (DSSCs). Performance of DSSCs system with AZO has higher efficiency than that
without anti-reflection coating. The efficiency of the solar cell system without AZO anti-reflection layer is
0.18 %, while the efficiencies with 2, 3 and 4 % AZO anti-reflection layer were 0.28, 0.68 and 0.85 %, respec-
tively. The maximum performance of DSSCs system with AZO 4 % (0.85 %) as anti-reflection agent was

ARYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 11 No 4, 04028(5cc) (2019)

shown by the improved efficiency up to 372 times compared to that without anti-reflection agent.
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1. INTRODUCTION

As semiconductor materials, ZnO has typical proper-
ties such as a wide band gap, good transparency, refrac-
tive index of 2.01 and is similar to TiO2 properties [1].
Therefore, ZnO can be potentially applied in optoelec-
tronic devices, such as ultraviolet (UV) photodetectors,
photocatalytic, sensor, water treatment, transparent
conducting oxide, and dye sensitized solar cells (DSSCs)
[2]. In the DSSCs, ZnO acts as photoanode and anti-
reflection coating [3]. However, the efficiency of ZnO
material based DSSCs is still low due to the instability
of the oxide surface and surface density [4]. ZnO bulk
has chemical instability and low band gap energy when
applied to visible light [5], so it needs method enhance-
ment to reduce those disadvantages of ZnO. Doping is
one of the methods which can reduce the band gap en-
ergy, increase the absorption of light and modify its
electronic characteristics [6]. The dopant materials
usually used are trivalent atoms, such as elements of
group IITA (Al, In, Ga) through cation substitution [7].
Aluminum (Al) is one of the dopants, which can produce
ZnO film with high conductivity and good transparency
to form Al-doped ZnO (AZO).

The structural modification of AZO from bulk mate-
rials to nanosize materials can improve the performance
of DSSCs. Al-doped ZnO nanoparticles can serve as a
good electron transport and injection material in optoe-
lectronic devices [8]. Djelloul et al. [9] reported that the
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presence of Al was able to decrease the size of crystal
and increase the transmittance of visible light. The
increase of Al concentration will provide the high crys-
tallinity and good transparency materials.

Al-doped ZnO nanoparticles were synthesized by sol-
gel, vapor deposition, microwave, spray pyrolysis, co-
precipitation, and hydrothermal processes methods. Sol-
gel method is the simplest and low-cost method which
can produce high homogeneity and purity, good optical,
electrical and magnetic properties of nanoparticles [10].
These properties will affect the ability of AZO as an
anti-reflection to improve the ability of solar cells for
harvesting light [11].

In this study, AZO nanoparticle was coated with
TiO2 nanorods by sol-gel method at low temperature
and short time reaction. The optimization of AZO con-
centration was discussed to compare the contribution of
Al-doped ZnO as an anti-reflection in the DSSCs. In
order to get high-efficiency of DSSCs, the particle size of
AZO should be small with high transparency and light
absorption ability. The presence of AZO layer as an
anti-reflection on DSSCs is expected to provide maxi-
mum absorption and the best efficiency.

2. EXPERIMENT DETAILS
2.1 Materials

The materials used are Zn(CH3COO)2.2H20 (Al-
drich), AI(OH)(CH3COO)2 (Aldrich), Polyethylene glycol
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1000 (HO(C2H4O)nH (Merck), Etanol p.a. (Merck),
electrolyte for DSSCs (Aldrich), Platinum (Brataco),
dye of Ruthenium (Aldrich), TiOz nanorods [12] and
aquadest.

2.2 Synthesis of Al-doped ZnO (AZO)
Nanoparticles

Al-doped ZnO (AZO) nanoparticles were synthe-
sized by sol-gel methods [13]. Zinc acetate dehydrate
(0.1 M) was mixed with 0.1 M of polyethylene Glycol
1000 (PEG) in the 40 mL ethanol. The mixture was
stirred for 2 hours at 60 °C and was added with Alumi-
num acetate (AI(OH)(CH3COO)z2) with variations of
concentration 0, 2, 3, 4 at. %. The solution was stirred
at 60 °C for 1 hour until it became a gel. Then, it was
heated at 60 °C until it turned to be powder. Finally,
the product was calcinated at 600 °C for 3 hours. The
characterization of material was conducted using X-
Ray Diffraction Bruker type D8 with anode Cu to de-
termine the structure properties and UV-Visible spec-
trophotometer Perkin Elmer Lambda 25 to investigate
the optical properties of AZO.

2.3 Preparation of Dye Sensitized Solar Cells

Fabrication of DSSCs used ITO (Indium Thin Oxide)
glass as the substrate. Al-doped ZnO (1 g) was dissolved
in 2 mL ethanol to form a paste. The paste was coated on
ITO glass using the slip casting method in the active
layer around 1 cm x 1 em. The film was then heated at
300 °C for 30 min to obtain AZO thin film. TiO2 paste
was made by dissolving 1 g of TiO2 in 2 mL ethanol.
Then, TiO2 was coated in the top of AZO thin film to
form the AZO/TiOz thin films. Thin films of AZO/TiO2
were soaked in ruthenium complex dyes for 24 hours.

Here, platinum was used as counter electrodes. It was
coated on another ITO glass and was heated at 300 °C for
30 min. The active layer of AZO/TiO2 was arranged with
platinum electrodes to form a sandwich structure. On the
edge of the structure, a gap of around 0.5 cm was given
for electrical contact and to soak the electrolyte solution.
The electrolyte solution was then dropped into the gap of
the sandwich. The arrangement of the DSSCs system is:
ITO/AZO/TiOg/Dye/Electrolyte/Platinum/ITO. DSSCs sys-
tem was tested using Keithley 2602 A (1000 W/m2). The
efficiency of solar cells was calculated by Eq. 1:

7= (Pout/Pin) x 100%, 6))

where 7 is the efficiency of solar cells (%), Pout is the
maximum electrical power output (W/m2), P is the solar
power input (W/m?2).

3. RESULTS AND DISCUSSION
3.1 XRD Pattern of AZO Nanoparticles

Al-doped ZnO (AZO) nanoparticles have been syn-
thesized by sol-gel method. Zinc acetate dehydrate
(Zn(CH3CO0)2.2H20) and Aluminum acetate
(A1(OH)(CH3COO)2) were used as precursor, and poly-
ethylene glycol (PEG) was used as surfactant in the
formation of Al-doped ZnO. The proposed mechanism of
the formation of AZO is shown in Eq. 2 and Eq. 3:
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7Zn(CHsC00)2.2H0(s) + HO(CHa-CHa-0),H())
— 7Zn0 (s) + 2CH;COO(CHz-CHz-0),H()) + 2H20 ()  (2)

Alx (OH)(CH3COO)z2(s) + (1 — x)Zn(CH3C0O0)2.2H20 (s) +
HO(CHz-CH2-O)nH(?) — AlxZn(1 — x)O(s) +
2CHsCOO(CHz-CHz2-0),H()) + 2H20 () 3

XRD pattern of AZO with variation of aluminum was
shown in Fig. 1. The crystal structure of AZO according
to the ZnO standard (JCPDS 80-0075) was hexagonal
wurtzite structure [13]. The peaks were not included by
impurity as Al2Os because Al is inserted in the ZnO lat-
tice in which Al is smaller in ion size (0.54 A) than Zn
0.74 A). The aluminum was substituted with Zn without
changing the structure of ZnO. The addition of Al (2-4 %)
obtained lower XRD pattern than pure ZnO (Al 0 %). The
increase of Al can decrease the crystallinity of ZnO,
which shows the decrease of peak and a wider diffraction
gap. Al dopants were able to cause stresses of ZnO and it
was formed in grain boundaries, so it could decrease the
crystallinity of Al-doped ZnO [14]. The highest crystallin-
ity of AZO was obtained by adding 2 % of Al dopants with
sharp and high intensity of peak compared to the crystal-
linity of 3 % and 4 % AZO. The addition of Al dopant
affects crystal growth and crystallite size. The crystallite
sizes of AZO 0 %; 2 %; 3 %; 4 % are 28.65 nm; 20.24 nm;
20.21 nm; 10.77 nm, respectively. The substitution of Al
in the ZnO lattice can inhibit the growth of ZnO crystals
where the radius of Zn2* ion is greater than Al3*, so it
causes the decrease of crystallite size [14].
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Fig. 1 — X-ray diffraction pattern of Al-doped ZnO with variation
of Al

3.2 Optical Properties of AZO Nanoparticles

Optical properties of AZO nanoparticles were charac-
terized using UV-Visible spectrophotometer and shown
in Fig. 2. The addition of Al affected the absorption peak
to larger wavelength (red shift phenomenon) [15]. The
peak of AZO was shown at 320-375 nm. In the UV re-
gion, spectra of AZO 3 % and 4 % displayed 2 peaks
which were Mg-doped ZnO as impurities [13, 16].

High transmittance spectra of AZO in the visible
light area were shown in Fig. 3. The transmittance value
of AZO in the visible light region was 50-95 %. The
transmittances (%) of AZO at each Al variation of 0 % to
4 % were 60.95 %, 62.83 %, 66.37 %, and 70.46 %, re-
spectively. The increase of Al concentration could im-
prove optical transmission of AZO where the average of
transmittance in the visible area was 70-90 % [9]. The
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particles were completely distributed to AZO thin film,
so it could increase the light transmittance.
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Fig. 2 — Absorbance spectrum of Al-doped ZnO
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Fig. 3 — Transmittance spectrum of Al-doped ZnO

The reflectance spectrum of AZO was shown in Fig. 4.
The greater Al concentration caused a decrease in the
reflectance value. Al ions (Al3*) were successfully doped
in ZnO and formed the defects in ZnO crystals. The
reflectance value increased in the UV area and de-
creased in the visible area [17].
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Fig. 4 — Reflectance spectrum of Al-doped ZnO

The reflectance percentages of AZO at each Al vari-
ation were 47.70, 43.51, 40.96 and 31.64 %, respectively.
The difference of the light scattering is due to the effect
of different dopant concentrations. In this study, 4 %
AZO has lower reflectance and greater transmittance.
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Bandgap energy of AZO was calculated by Tauc Plot
method. The value of the band gap energy (Fgp) was
shown in Fig. 5, where the band gap energy decreased as
the Al content increased. The band gap energy of 0 %
AZO was 3.45eV, but by adding Al, it reduced to
3.23 €V. The Al ions diffused in the ZnO lattice caused
the decrease of the distance between the valence and
conduction bands. In addition, interaction of ZnO and
ion dopants caused additional bands (bands of impurities
that were below the conduction band) [18]. The addition-
al band made the electrons excited easily into the con-
duction band.
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Fig. 5 — Optical band gap calculation of Al-doped ZnO

3.3 Al-doped ZnO Nanoparticles as Anti-
reflection Agent in DSSCs

Al-doped ZnO was used for anti-reflection agent in the
DSSCs system. The sandwich layer of DSSC without
using AZO anti-reflection agent, namely ITO/TiO2 na-
norods/electrolyte/Platinum/ITO and DSSCs coated using
AZO anti-reflection was I'TO/AZO anti-reflection agent/
TiO2 nanorods/electrolyte/Platinum/ITO. The DSSCs sys-
tems were characterized using the Keithley 2600A I-V
measurement type (P= 1000 W/m?2). From I-V, data show
the value of Viax, Imax, Pout, and efficiency (7) as in Table 1.

The efficiency of the solar cell system without AZO
anti-reflection layer was 0.18 %, while the efficiencies
with 2 %, 3% and 4 % AZO anti-reflection layer were
0.28 %, 0.68 % and 0.85 %, respectively. The use of AZO
as anti-reflection layer increased efficiency of DSSCs
compared to those without AZO layers. The current-
voltage (I-V) curves of DSSCs system with 4 % AZO anti-
reflection agent was shown in Fig. 6. The efficiency value
of DSSCs using AZO anti-reflection layer 4 % has the
best efficiency (0.85 %) with an efficiency improvement
of 372 times.

Table 1 — The efficient of DSSCs without and with anti-reflection
layer

Materials Parameter
Imax (A) Vinax (V) Pout n (%)
Without AZO|[9.6 x 10| 0.190 1.8x10* | 0.18
AZO02% |[1.1x103| 0.235 2.8x10% | 0.28
AZO3 % [4.2x102| 0.159 6.8x10* | 0.68
AZO04% |[5.3x102| 0.160 85x10* | 0.85
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Fig. 6 — Current-voltage (I-V) curves of DSSCs system with Al-
doped ZnO 4% as anti-reflection agent

The effect of reflectance on DSSCs efficiency showed
that the lower reflectance value could increase the effi-
ciency of DSSCs. The presence of ZnO as anti-reflection
agent on the thin layer surface of TiO2 could absorb
maximum photons so that the interaction between dye
and photons would be optimized, and the efficiency of
the solar cell system would be risen [3]. The crystallite
size of ZnO was very influential on anti-reflection prop-
erties [19] where the addition of 4 % AZO emerged the
smallest crystallite size that presented maximum ab-
sorption. Besides, the band gap energy of 4 % AZO was
lower than of 0 %, 2 % and 3% AZO, so that the excita-
tion of electrons would be easier, and the absorption of
light became greater.
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4. CONCLUSIONS

Al-doped ZnO (AZO) nanoparticle was successfully
synthesized using sol-gel method at 60 °C for 3 hours by
adding various Al concentrations (0%, 2%, 3 % and
4 %). The addition of Al affected the crystal structure
and optical properties of ZnO. XRD pattern of AZO
showed that the addition of Al affected the decrease of
crystallinity and crystallite size from 10 nm to 28 nm.
The optical properties of Al-doped ZnO showed the red
shift phenomenon at wavelength 320-375 nm, the im-
provement of transmittance in the visible light region of
50-95 %, the reflectance value increased in the UV area
and decreased in the visible area (< 50 %). The increase
of Al dopant can reduce the band gap energy of AZO
from 3.45 eV to 3.23 eV. The efficiency of the solar cell
system without AZO anti-reflection layer was 0.18 %,
and the efficiencies of the solar cell system with AZO
2%, 3% and 4 % as anti-reflection layer were 0.28 %,
0.68 % and 0.85 %, respectively. The best efficiency of
DSSCs system with anti-reflection was AZO 4 % (0.85 %)
with improved efficiency up to 372 times compared to
that without anti-reflection agent.
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Hanmouacruaku ZnO, nerosani Al (AZO), Oyau cMHTe30BaHI SK aHTUPE(ICKTOPHUN PeareHT JJIs CUCTe-
MU COHSYHUX €JIEMEHTIB, ceHcrblm3osanol bapsuukoM. Zn0, seroBaunii Al, roTyBau MeTOIOM 30JIb-TeJIi0
mpu 60 °C mpotsarom 3 rogus 3mirooun KoHmenTpario Al (0, 2, 31 4 %). XRD rapruna AZO mokasye, 1110
momasanusa Al BILIMBae HA CTPYKTYPHI BJIACTUBOCTI, TAKI K 3MEHIIIEHHS PO3MIpy KpHCTaMTIB Bif 10 HM 10
28 um. Omruuni BracruBocri AZO xapakrepuaysasmcsa UV-Vis cnekrpodoromerpom. ZnO, snerosaumit Al,
JIEMOHCTPY€E SIBUIIE YEPBOHOTO 3cyBy Ha JoB:kmHI xBuii 320-375 M. 3 % 1 4 % AZO morasyoTs JBa MiKH,
poarisayTi ik gomimkw ZnO, seroBanoro Mg. Crexrpu mpomyckanus AZO mokas3yoTh 301/IbIIeHHS ITPOILY-
cKaHHSA B 06sacTi Buaumoro ceitia Ha 50-95 %. CrexTpu BiIOWTTS MOKA3yTh BEJTUUMHY BiIOUTTs, M0 361-
seiryerbest B YO obsacri 1 ameHmyerbess y Buaumin obnacti (< 50 %). Exeprito saboporenoi souu AZO pos-
paxoByBasu 3a gormomoroi meroay Tauc Plot. JlomaBamus Al Moske 3MEHINIUTH €HEPrilo 3a00POHEHOI 30HU
AZO Bix 3.45 eB mo 3.23 eB. ZnO, meroBanuii Al, BUKOPHCTOBYETHCA AK AHTUPEQIIEKTOPHUN PEeareHT s
ceHcubiTizoBaHux GapBHHKOM coHaunux engeMeHTiB (DSSCs). Cucrema DSSCs 3 AZO mae GLIBII BHCOKY
e)eKTUBHICTD, HIsK eJIeMeHTH 0e3 aHTUPedIIEKTOPHOr0 MOKPUTTA. K(EeKTUBHICTS CHCTEMU COHAYHUX eJIeMe-
HTiB 6e3 anTupeduiexkropHoro mapy AZO cranosuts 0.18 %, Tomi AK edeKTUBHICTD 3 2, 3 1 4 % auTUpedIIeK-
TopuuM mapom AZO criama 0.28, 0.68 1 0.85 % sBimmosimuo. MakcuMaJsibHa IIPOIYKTHBHICTH CHCTEMU
DSSCs 3 4 % AZO (0.85 %) sx aHTUpPedIIEKTOPHUM peareHToM 0yJia IPOoJeMOHCTPOBAHA IIOJIIIIIIEHOI0 edek-
THUBHICTB JI0 372 pasiB IMOPIBHAHO 3 CHCTEMO0 0e3 aHTHpPedIEKTOPHOrO peareHTa.

Kimrouosi ciosa: ZnO, nerosanwmit Al; Crpyrrypri Biaactusocti, Onruuni BiactuBocti, AHTHpedexcis,

DSSCs.
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