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The effects of a Ga-doped ZnO passivation layer between a TiO, photoelectrode and an indium tin
oxide (ITO) electrode on the performance of dye-sensitized solar cells (DSSCs) were investigated. It
was found that the orientation, surface morphology, and resistivity of the ZnO thin films prepared by
sol-gel solution strongly depended on the film thickness and the Ga doping amounts. The transmission
of the ZnO films was very high (over 92 %) in the visible region for all the films. These properties are
strongly related to the photovoltaic characteristics of DSSCs. With an optimized ZnO passivation
layer, the cells showed significantly improved characteristics because of the suppression of interfacial
recombination, which in turn led to improved efficiency. The cell with a 12-nm-thick Ga-doped ZnO
(1.5 at.%) thin film showed a short-circuit current density (Jsc) of 18.97 mA/cm?, an open-circuit
voltage (Voc) of 0.69 V, a fill factor (FF) of 0.60, and a power conversion efficiency (PCE, 7) of
7.85% under AM 1.5G illumination of 100 mW/cm?.
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1. INTRODUCTION

In recent years, dye-sensitized solar cells (DSSCs) have attracted significant attention because
they are inexpensive and require simple fabrication processes; further, they can be fabricated on
flexible substrates [1-3]. However, the efficiency of DSSCs is still lower than that of conventional
silicon-based solar cells [4,5]. Several studies have shown that the deposition of HfO, or TiO, thin
films on a porous TiO, photoelectrode effectively prevents the recombination of electrons between the
TiO, photoelectrode and the electrolyte, resulting in improved cell efficiency [6-8].

In our previous study, we investigated the photovoltaic properties of DSSCs with a Ti nano
passivation layer between the TiO, and the indium tin oxide (ITO)/glass substrate [9]. During thermal
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annealing, the Ti nano layer was oxidized to form anatase-phase TiO,, which allowed for better light
transmission than did the as-deposited metal-phase Ti nano-layer in the visible wavelength region.
Cells based on a 5-nm-thick Ti layer showed improved short-circuit current density (Jsc) and fill factor
(FF) without any notable change in the open-circuit voltage (Voc), which resulted in better efficiency.

In this study, we discuss the photovoltaic characteristics of the DSSCs employing a ZnO
passivation layer of various thicknesses and Ga doping amounts. It is well known that the electron
mobility of ZnO is much higher than that of TiO, and that the electrical properties of ZnO with a Ga
dopant are effectively improved [10,11]. The enhanced electrical properties of the passivation layer
might cause effective transfer of the generated electrons in the dye material from the TiO,
photoelectrode to the bottom transparent conducting electrode. There are several methods of preparing
ZnO thin films, such as sputtering, pulsed laser deposition (PLD), electrochemical deposition, and the
sol-gel process [12-15]. Among those, the sol-gel process affords high-purity products because of the
high purity of the raw materials used and better homogeneity. It also allows easy control of the raw
material composition [16,17].

2. EXPERIMENTAL

The passivation layer ZnO thin films were prepared using zinc acetate dihydrate
[Zn(CH3COOH),-2H,0, 0.1 M] as the precursor dissolved in ethanol, 2-methoxyethanol (ME), and
Milli-Q solvents. Gallium nitrate hydrate [Ga(NO3)3-nH,0] was used as the dopant, and the Ga-doped
ZnO films were prepared with various Ga dopant amounts ranging from 0 to 2.0 at.%. After stirring at
60 °C for 3 h, the sol was aged at room temperature for 24 h. The sol was spin-coated on both quartz
and ITO/glass substrates and then dried at 300 °C for 5 min. The films were then annealed at 430 °C
for 30 min at a heating rate of 10 °C/min.

The thickness of the films was measured by variable-angle ellipsometry (MIZOJIRI, DVA-FL).
The structure of the ZnO films was examined by X-ray diffraction (XRD, Bruker, DBADVANCE)
using a 20 scan. The surface morphologies were investigated by atomic force microscopy (AFM,
SHIMADZU, SPM-9500J3) and field emission scanning electron microscopy (FESEM, JSM-6701F).
The optical properties were investigated by ultraviolet-visible (UV-vis) spectroscopy (HITACHI, U-
2910).

The DSSCs were fabricated using conventional processes. The porousTiO; film (6-pum-thick)
was prepared by the screen-printing method. Usually, a solar cell with a 10~15-um-thick TiO;
photoelectrode exhibits a higher conversion efficiency [3,15]. In this study, a thin film TiO,
photoelectrode was employed to enhance the effect of the ZnO passivation layer on the performance of
the DSSCs. The TiO, photoelectrode was immersed in an ethanol solution of di-
tetrabutylammoniumcis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylato)ruthenium(11)(N719,

3 x 10% M) dye for 3 h at 80 °C. The counter electrode, 15-nm-thick poly(3,4-
ethylenedioxythiophene)-tetramethacrylate (PEDOT-TMA), was prepared by a spin-coating process.
The photovoltaic properties of DSSCs with PEDOT-TMA were comparable to those of DSSCs with Pt
counter electrodes [18]. The two prepared electrodes were assembled in order to fabricate a sandwich-
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type cell with a 50-um-thick spacer, and an electrolyte containing lithium iodide (Lil, 0.5 M), iodine
(I, 0.05 M), and 4-tert-butylpyridine (TBP, 0.05 M) in acetonitrile/polyethylene glycol (4:1 v/v) was
injected between the electrodes. The photovoltaic properties of the solar cells were measured using a
Keithley 2400 Source Meter under AM 1.5G (100 mW/cm?), which was provided by a solar simulator
(OTENTO-SUNIII). The cell area was 0.15 cm?.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of the ZnO thin films on the quartz substrates. The 5-nm-
thick ZnO film is regarded as an amorphous phase, as shown in Fig. 1(b). With a further increase in the
film thickness, intensities of crystalline peaks corresponding to the hexagonal wurtzite phase of ZnO
(JCPDS Card No0.36-1451) gradually increase, and then, the 20-nm-thick ZnO film is randomly
oriented. The size of the nanocrystals was approximately 20 nm, as shown in Fig. 1(c). In the visible
region, the transmission of the ZnO films (~ 92%) was almost the same as that of the quartz substrate,
regardless of the film thickness. The interface layer located between the transparent conducting
electrode and the TiO, photoelectrode in the DSSCs needs to be highly transparent in the wavelength
region of 400-700 nm, which is the main absorption region of the Ru dye material [19].
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Figure 1. (a) XRD patterns of ZnO films with various thicknesses and (b,c) SEM images of ZnO films
on quartz substrates: (b) 5-nm-thick, (c) 20-nm-thick.

The surface roughness of the passivation layer plays an important role in the photovoltaic
performance of solar cells [6]. Figure 2 shows a comparison of the root mean square (RMS) roughness
of the ZnO films on the quartz and ITO/glass substrates. The 5-nm-thick ZnO film on the quartz
substrate shows the same RMS roughness as that of the bare quartz substrate (RMS ~ 0.6 nm). The
RMS roughness of the ZnO films on the quartz substrates increases with an increase in the film
thickness because the nanocrystal size increases with increasing film thickness. However, the
roughness of the films on the ITO/glass substrates decreases up to a film thickness of 10 nm, which
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indicates that the ZnO thin films smoothed the rough morphology of the bare ITO/glass substrate [Fig.
3(d), RMS ~ 6.7 nm]. As shown in Figs. 3(b) and (e), the surface morphologies of the 5-nm-thick ZnO
thin film could be clearly distinguished between the two different substrates. These results indicate that
the ultrathin ZnO film on ITO is not continuous because of the presence of ITO nanocrystals. With a
further increase in the film thickness, the difference in surface morphology between the substrates
disappears, as shown in Figs. 3(c) and (f). It has been reported that a flat TiO, passivation layer
prevents electron recombination through the surface more effectively than does a rough surface [6].
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Figure 2. RMS roughness of ZnO thin films on quartz (circle) and ITO/glass substrates (square)
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Figure 3. 2D AFM images of (a-c) ZnO thin films on quartz and (d-f) on ITO/glass substrates: (a,d)
bare substrates, (b,e) 5-nm-thick, (c,f) 20-nm-thick ZnO films.

Figure 4(a) shows the photo-current density-voltage (J-V) curves of DSSCs with the ZnO films
of various thicknesses under AM 1.5G illumination. The DSSC with a 12-nm-thick ZnO layer shows
excellent performance, with a short-circuit current density (Jsc) of 16.99 mA/cm? an open-circuit
voltage (Voc) of 0.69 V, a fill factor (FF) of 0.54, and a consequent power conversion efficiency (PCE,
n) of 6.45%. On the other hand, the efficiency of the cells without a ZnO passivation layer is only
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4.17%. This indicated that the inclusion of a passivation layer results in a 55% improvement in the cell
efficiency. Detailed cell parameters are summarized in Table 1. With an increase in the thickness of the
ZnO film to 12 nm, the improved Jsc could be therefore considered to be the result of the following:
(1) the suppressed recombination of electrons between the TiO, photoelectrode and the electrolyte and
(2) the increase in the amount of the dye absorbed on the ZnO film [20]. As shown in Fig. 4(b), the
onset of the dark current shifted to the higher forward bias in the presence of the ZnO passivation
layer. This means that the recombination reaction between the electrons of the TiO, photoelectrode and
the triiodide ions in the electrolyte is effectively suppressed [6,21]. The suppressed recombination also
gives rise to an increase in the FF from 0.49 to 0.54 [10,22]. However, with a further increase in the
ZnO film thickness to 20 nm, the values of Jsc and FF decrease slightly, which led to fewer electrons
being transferred to the bottom electrode [23]. This decrease in Jsc and FF might be because the
electrical properties of the randomly oriented 20-nm-thick ZnO film are poorer than those of the
preferential c-axis-oriented 12-nm-thick ZnO film [24].
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Figure 4. J-V curves of DSSCs with TiO,/ZnO samples under (a) illumination and (b) dark conditions.

Table 1. Detailed cell parameters of DSSCs with ZnO passivation layers of various thicknesses under
AM 1.5G illumination.

Thickness

(nm)

0 12.77 0.67 0.49 4.17
5 13.39 0.68 0.51 4.61
10 15.40 0.67 0.53 5.40
12 16.99 0.69 0.54 6.45
20 16.25 0.67 0.53 5.80

Figure 5(a) shows the UV-vis transmittance spectra of the 12-nm-thick ZnO films as a function
of Ga doping amounts. The transmission is around 92% in the visible wavelength region, regardless of
the amount of Ga dopant. But, in the UV region, it relates to the Ga doping amount on the ZnO films.
It was reported that the UV transparency was associated to the pores of the films [25]. It indicates that
the 1.5 at.% Ga doped-ZnO thin film has less pores compared to other films. Figure 5(b) shows the
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electrical resistivity of the Ga-doped ZnO films. Until reaching 1.0 at.% Ga doping on ZnO, the
resistivity could not be measured. As seen from the figure, upon reaching 1.0 at.% Ga doping,
resistivity decreases, reaching a minimum at 1.5 at.% Ga doping. It then increases with further
increasing of the Ga doping amount. It is well known that the Ga dopant is incorporated into the ZnO
in the Zn sites, supplying one free electron to the conduction band until the maximum solubility of Ga
into the ZnO is reached. However, at higher doping levels, the Ga does not replace more Zn sites; it
works as an impurity instead, causing deterioration in the electrical resistivity [11].
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Figure 5. (a) UV-vis transmittance spectra and (b) electrical resistivity of 12-nm-thick ZnO films as a
function of Ga doping amounts.
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Figure 6. Photovoltaic parameters of the DSSCs employing Ga-doped ZnO films: (a) Jsc vs. FF and
(b) Voc vs. PCE.

Figure 6 shows the parameter variations of the DSSCs as a function of Ga doping amounts. The
values of Jsc and FF of cells with Ga-doped ZnO films are significantly enhanced as compared to
those of the device with a non-doped ZnO film. The value of Voc exhibits a less significant change as a
function of the Ga doping amount. With the 1.5 at.% Ga-doped ZnO film, the best device performance
is achieved with Jsc of 18.97 mA/cm?, Voc of 0.69 V , FF of 0.60, and PCE of 7.85%. The clear
improvement in device performance is induced by the improved electrical properties of ZnO with the
Ga dopant. Modification of the electrical properties of the passivation layer is thus an effective method
to achieve highly efficient solar cells.
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4. CONCLUSIONS

The structural, optical, and electrical properties of the ZnO thin films prepared using a sol-gel
solution are significantly related to the film thickness and the Ga doping amount. When a 12-nm-thick
Ga-doped ZnO passivation layer was inserted between the TiO, photoelectrode and the ITO/glass
substrate, the cell exhibited an improved efficiency of 7.85% as compared to the cells with only TiO,
sample (7, 4.17%). The addition of the Ga-doped ZnO passivation layer prepared by the sol-gel
process is a low-cost, simple, and effective method for improving cell performance.
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