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Abstract: Zinc oxide (ZnO) has been widely deployed as electron conducting layer in emerging
photovoltaics including quantum dot, perovskite and organic solar cells. Reducing the curing
temperature of ZnO layer to below 200 °C is an essential requirement to reduce the cell fabrication
cost enabled by large-scale processes such as ink-jet printing, spin coating or roll-roll printing.
This paper presents a novel water-based ZnO precursor stabilized with labile NH3, which allows
the spinning of coat crystalline ZnO thin films at a temperature below 200 °C. Thin film transistors
(TFTs) and diode-type quantum dot solar cells (QD SCs) were fabricated with ZnO as electron
conduction layer. In the QD SCs, a p-type 1,2-ethylenedithiol treated PbS QDs with a bandgap of
1.4 eV, was spin-coated on top of ZnO layer by a layer-by-layer solid state ligand exchange
process. Electron mobility of ZnO was about 0.1 cm?V?'s! as determined from TFT
measurements. Power conversion efficiency of solar cells: FTO/ZnO/PbS/Au-Ag was 3.0% under
AML.5 irradiation conditions. The possibility of deposition of ZnO at low temperatures plays an
important role in producing low-cost electronic and optoelectronic devices.
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1. Introduction deployed in electronics, optoelectronics and
photocatalyst. In comparison with TiO,, ZnO

Zinc oxide (ZnO) and titanium oxide (TiO,) has a lower chemical stability and a shorter
are the most transparent, n-type semiconductors electron diffusion length. However, ZnO has a
higher electron mobility and, especially it can

*Corresponding author. Tel.: 84-962938394. be processed at much lower temperatures [1].
Email: xdmai@hpu2.edu.vn Therefore, ZnO has been attempted for large-
https://doi.org/10.25073/2588-1140/vnunst.4788 scale and/or flexible optoelectronic devices
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where low temperature annealing is an essential
requirement [2-4].

There are two conventional methods for
low-temperature ZnO thin films including sol-
gel and sintering of pre-synthesized colloidal
ZnO nanoparticles. The later usually suffers
from low stability of colloidal dispersion. Sol-
gel method is preferredbecause not only it is
compatible with solution-based fabrication
techniques such as ink-jet printing, roll-roll
printing, spray coating and spin coating but also
it facilitates varying the chemical composition
of final solids. Mixture of Zinc acetate and
ethanolamine in 2-methoxyethanol has been
deployed widely to fabricate ZnO thin films
with annealing temperatures ranging from 200
to 300 °C[6, 7]. The thermal annealing step that
is conducted after solution coating is to induce
the condensation reaction between Zn-OH
groups and to evaporate organic components
such as solvent, ethanolamine and its salts.
Herein, we used labile NH; to stabilize ZnO
clusters in agqueous solution and enabled to
reduce the annealing temperature to below 200
°C. The results must perceive much interests for
future flexible electronics and optoelectronics
[6, 7].

2. Materials and methods

2.1. Fabrication of ZnO thin films, thin films
transistors and quantum dot solar cells

2.1.1. Fabrication of ZnO thin films

ZnCl, (Semiconducting grade, 99.999 %,
Sigma-Aldrich) was dissolved in concentrated
NH,OH solution (28%, Aladdin) at 5 °C to get
al0 weight percent solution, which was stored
at 5 °C in a refrigerator for further uses.
Substrates including glasses, quartz, fluorine-
doped Tin oxide glasses (FTO) and p-Si**/SiO,
(thermal growth SiO, layer on heavily doped Si
wafer) were sequential rinsed with detergent,
DI water, ethanol and acetone. Thin films of
ZnO on different substrates were fabricated by
an identical spin coating method at a speed of

2500 rpm for 50 seconds atroom conditions.
The thin films were further annealed at varied
temperatures (100, 150, 200°C on a hot plate)
for 10 minutes.

2.1.2. Fabrication of thin film transistors

Thin  film transistors with ZnO as
conducting channel were fabricated by spin
coating the ZnO solution onto p-Si**/SiO;
(thickness of the SiO, was 500 A) substrates,
which  were pre-patterned  with  Au-Cr
electrodes allowing channels having a width of
1 mm and a length of 10 pm. The coating and
annealing procedure was identical to that of
ZnO thin films presented above. For TFT
measurements, ZnO layer on top of metal
electrodes were physically crashed out by a
sharp tip.

2.1.3. Fabrication of quantum dot solar
cells

The synthesis of oleic acid capped PbS
guantum dots (QDs) was carried out using a
published protocol [8, 9]. Briefly, a mixture of
PbO (4.2 mmol), 1-octadecene (ODE, 18 ml),
andoleic acid (OA, 8.4-66.5 mmol)
wasdegassed at 120 °C for 2 hours followed
sequentially  byadjusting to an elevated
temperature, from 65 to 130 °C, injection
ofbis(trimethylsilyl)sulfide (2 mmolin 4 ml
ODE), and cooling toroom temperature. The
size of the QD was wvaried by
changingtheinjection temperature and/or the
amount of added OA. Afterbeing washed once
with ethanol andtwice with acetone usingthe
typical solvent — non-solvent precipitation
procedure,  PbSQDswere  dispersed in
anhydrous n-octane to produce 30 mg/ml stock
solution.

PbS quantum dot solar cells (QD SCs) were
fabricated by developing a 200 nm-thick, 1,2-
ethenedithiol (EDT) treated PbS QDs layer by a
layer-by-layer solid state ligand exchange
procedure. Briefly, 3 drops of PbS QDs stock
solution was poured onto a spinning FTO/ZnO
substrate at 2000 rpm followed by dropping 0.3
ml solution of 3 vol% EDT in acetonitrile and
then rinsing with acetonitrile to complete one
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coating cycle. Thickness of PbS layer increased
by about 25 nm for each coating cycle [8].
Finally, the films were transfer into a vacuum
deposition chamber to deposit Au-Ag
electrodes.

2.2. Characterizations

The crystalline structure of ZnO was
investigated by X-ray diffraction pattern
conducted on a Bruker D5005 diffractometer. I-
V characteristics of TFTs were measure on
Agilent B2092A. J-V curves of QD SCs were
measure by Keithley 2400. The cells were
excited with a Xe lamp 450 W (Newport)
calibrated with standard Si cells producing 100
mW/cm?.
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3. Results and discussion

X-ray diffraction patterns of ZnO thin films
cured at different annealing temperatures are
shown in Figure la. All ZnO films exhibit
diffraction peaks at 20 of 31.5, 34.5, 36.2, 47.4,
56.5, 62.8 and 68.2 which, respectively,
correspond to the diffractions from (100),
(002), (101), (102), 110), (103) and (112)
planes of ZnO Waurtzite structure (JCPDS-36-
1451). The XRD peaks were relatively broad
because the ZnO films were thin, about 80-100
nm, and consisted crystalline ZnO nano-sized
domains. Clearly, even at low annealing
temperature, e.g. 100 °C, which is boiling point
of water, the ZnO film was crystalline.
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Figure 1.a) X-ray diffraction patterns of ZnO thin films cured at different temperatures and b) UV-vis
absorption spectrum of ZnO thin film annealed at 100 °C.

It has been well documented the formation
of ZnO from aqueous ZnCl, solution via Zinc

Zns(OH)4Cl,.H,0  (JC-PDF:  01-077-2311)
according to the following reactions.

chloride hydroxyl monohydrate
ZnCl, +H,0 —[zn OH , CL[" €Y
n[zn OH , Cl,[ —*°Zn OH ,Cl,-H,0 @)
Zn,0H,Cl, -H,0—%°_.7n0 +Zn0-2ZnCl,-2H,0 + H,0 ©)
Zn0-ZnCl,-2H,0—=**7n OH) ,-ZnCl, + H,0 (4)
Zn OH ,-ZnCl,—=**¢—7n0O + HCI (5)
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The incorporation of CI" in zinc complexes
as well as zinc intermediates requires as high
annealing temperature as 400 °C to fully
generate ZnO. In the presence of strong base
ligand such as NHj it replaces CI" and even OH"
to form complexes such

as[Zn(NH,), oH |*"

undergo condensation reaction producing ZnO
cluster stabilized by NH; ligands like reaction
(2). Due to the lack of CI" in the ZnO precursor,
the removal of NH; and water solvent during
thermal annealing induces further condensation
among ZnO cluster and forming ZnO, thus
efficiently reduces the annealing temperature.
As shown in Figure 1, an annealing temperature
as low as 100 °C is sufficient to form crystalline
Zn0.

The optical properties of low-T ZnO films
are shown in Figure 1 b. UV-vis absorption
spectrum shows characteristic onset at c.a. 400
nm and a shoulder at about 350 nm. To estimate
the bandgap of ZnO, we draw Tauc plot as
shown inset in Fig. 1b. The bandgap was
calculated to be 3.2 eV, which is reasonable for
crystalline ZnO.

,  Which may

v, (V)

As mentioned previously, although
crystalline ZnO films could be formed at
temperature as low as 100°C for electrical
applications water has to be eliminated.
Therefore, we used annealing temperature of
150°C for TFT and solar cells fabrications.

Electrical properties of low-temperature
ZnO (150 °C) thin films was studied by TFT
and the results are shown in figure 2. Figure 2
shows that the drain current (lg) increase when
the gate voltage (Vg) increase positively,
indicating that the low-temperature ZnO is an
n-type  semiconductor.  Linear  electron

mobility £, of ZnO was estimated by using

= Oy ; where %is the
oV, WCV,

g

slope of transfer cuver; L andW are the length
(10 um) and the width (I mm) of the channel;
Vgs = 5 V is the drain voltage; and C is

equation: 4

capacitance CzL with k,&,,d are the
&,d

dielectric constant of SiO, (3.8), vacuum
permittivity, and thickness of the SiO, dielectric
layer ( 500 A)[10]. The calculated electron
mobility was 0.09 cm*V's™.

Figure 2. Properties of TFT with ZnO as conducting channel.
a) Transfercurve and b) output curves of ZnO TFT device. Inset in a) is TFT structure.
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Figure 3. a) Structure and b) J-V characteristics of quantum dot solar cells with ZnO as n-type layer.

For comparison, the conventional sol-gel
ZnO typically require an annealing temperature
above 250 °C, depending on Zn precursor and
stabilizing additives [11]. For example,
synthesis of ZnO thin film from mixture of Zinc
acetate and  monoethanolamine  requires
annealing temperatures greater than 250°C [12].
These high temperatures are not only to conduct
condensation reaction among Zn-OH groups
but also to eliminate residual amine additives as
well as solvents. In our reaction scheme, labile
NH; was used to stabilize ZnO cluster in
solution state. The easy removal of NH; and,
probable decomposition of NH,CI only need
low temperatures, e. g 100 °C to perform
crystalline ZnO films. NH; solution has been
used previously to dissolve ZnO performing
ZnO ink for low-temperature TFTs [13]. Easy
volatile NH3 ligand was discussed to be the key
factor to reduce annealing temperature to about
150 °C. This annealing temperature is still
higher than the annealing temperature
demonstrated in this study. However, the TFT
electron mobility of our low-T ZnO is 0.09
cm?Vist  which is lower than the value
reported in reference 13, of about 0.4 cm?V's™
on ZnO annealed at 150 °C in N, atmosphere. It
is worthy to note that electron mobility is only
one of many physical properties that determine
the performance of photoelectronic devices
such as solar cells. The other importance factors
include trapping density aligning below the
conduction band level, energy level of

conduction band, carrier  concentration,
transparency, and carrier diffusion length.

To realize the application potential of low-
temperature ZnO in emerging solar cells, we
fabricated quantum dot solar cells having
structure of FTO/ZnO/PbS/Au-Ag. The
structure and J-V characteristics of cell are
summarized in Figure 3. For further detail
information related to the synthesis of PbS
guantum dots, quantum dot thin film
fabrications, and electrode deposition, the
readers may look at our previous publication
[8]. Dark curve of the cell shows negligible
current when applied voltage below 0.4 V. This
is rectifying property of PbS-ZnO p-n junction.
Under AML.5 illumination, the J-V curve
shifted down giving rise an open circuit voltage
of 0.5V, a short-circuit current density of 14
mAcm? and a fill factor of 48%. The
corresponding power conversion efficiency was
3.1%.

4. Conclusions

The present study demonstrates the use of
NH; stabilized ZnO precursor to fabricate ZnO
thin films at temperatures below 200 °C. ZnO
films annealed at 150°C exhibits good electron
conductivity with a linear mobility of 0.09
cm®V7is?t and it is fully compatible with
emerging quantum dot solar cells. The
possibility of fabrication of ZnO based on
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solution process under temperatures below
200°C promise future developments of flexible
electronics and optoelectronics.
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Mang Mong ZnO Nhiét Do Thap va Ung Dung Ciia N6 Trong
Pin Mat Tro1 St Dung Cham Luong Tt PbS

Mai Xuan Dﬁngl, Hoang Quang~Bécl,
Dinh Thi Cham', L& Quang Trungl,,Nguyén Trong Tung®
Duong Ngoc Huyén?, Mai Vin Tuan®?, Lé Dinh Trong®

'Khoa Héa hoc, Truong Pai hoc Sw pham Ha Ngi 2, 56 32 NguyéNn Van Linh, Phdc Yén, Vinh Phic
2Vi.én Vat ly Ky thudt, Pai hoc Bach khoa Ha Néi, 1 Dai Cé Viét, Ha Néi, Viét Nam
$Khoa Khoa hoc Ty nhién, Truong Pai hoc Dién lyc, 235 Hoang Quéc Viéet, Ha Noi, Viét Nam
*Khoa Vat ly, Truong Pai hoc Sw pham Ha Ngi 2, 32 Nguyé~n Van Linh, Phuc Yén, Vinh Phic, Viét Nam

Tém tit: Pin mit troi st dung cac chat ban dan tiém ning nhu chiam luong tir, perovskite va ban
dan hitu co dang ngay dwoc nghién ctru nhidu hon véi ky vong giam gia thanh va ting hiéu suit
chuyén hoa ning lugng (PCE). ZnO 1a mot trong cac oxit kim loai trong sudt duoc tich hop rong rai
trong cac loai pin mat trdi trén dé 1am vat liéu truyén dan electron. Do do, giam nhiét do thiéu két ZnO
1a doi hoi ¢t 161 dé co thé ché tao pin mat troi gia ré bang cach s dung cac ki thuat ché tao sir dung
dung dich nhu in, phii quay. Trong bai bdo ndy chung tdi trinh bay mot dung dich tién chat ZnO moi
la, bén hoa boi phdi tir d& bay hoi NH; cho phép ché tao mang ZnO tinh thé ¢ nhiét do dudi 200 °C.
Transistor va pin mat troi da dugc ché tao st dung ZnO lam lop dan dién tu. Trong pin mat troi chim
luong tir, 16p chip lugng tir PbS véi d6 rong ving cam 1a 1,4 eV duogc pha quay bén trén 16p ZnO
bang phuong phép trao d6i phdi tir pha rin véi 1,2-ethylenedithiol. Nghién ciru trén transistor cho thay
ZnO c6 linh d6 electron 1a 0.09 em?Vist, Hiéu suét lam viéc cua pin mat troi chdm lugng tir 1a 3.0% o
diéu kién chiéu sang tiéu chuin AM1.5. Cac két qua ndy cho thiy viéc ché tao ZnO & nhiét d6 thap
cHvai trd quan trong trong viéc ché tao cac thiét bi dién tir va quang dién tir voi gia thanh thap.

Twr khoa: ZnO, mang moéng, pin mét troi, transitors.



