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bath deposition, [ 7 ]  and electrochemical 
deposition [ 8 ]  can be used to fabricate NiO 
and metal ions doped NiO fi lms, they usu-
ally involve either expensive equipments 
or complex fabrication procedures. [ 9 ]  
Recently, the bottom-up self-assembly has 
attracted considerable interest as a poten-
tial alternative to conventional top-down 
processes for the scalable, low-cost syn-
theses of nanoporous solid structures. [ 10 ]  
Monolayer, bilayer, or multilayer col-
loidal fi lm-based nanodevices have been 

reported by the oil–water interfacial self-assemble strategy. [ 11,12 ]  
Moreover, this method can be further extended for fabrication 
of high performance porous nanofi lm-based optoelectronic 
devices due to large surface-to-volume ratio and effi cient light 
harvest. [ 13 ]  Nevertheless, the whole process seems to be com-
plicated, including the self-assembly and drying of polymer 
colloidal spheres, the infi ltration of metal oxide precursors, the 
calcination and so on. Accordingly, a more facile method for 
fabrication of well-ordered pore nanofi lms for optoelectronic 
nanodevices is highly desired. 

 In this study, we present the fi rst Ni  x  Mg 1 -x  O bowl-shaped 
array fi lm by one-step self-assembly of monodisperse polysty-
rene (PS) colloid spheres and metal oxide precursors at oil-
water interface and further construct the array fi lm-based opto-
electronic device. Our approach at least has several prominent 
features: i) Unlike previous fabrication procedures, the crystal 
nuclei of the metal oxide precursors can directly self-assemble 
on the bottom surfaces of the organizing PS spheres to form a 
bowl-shaped nanofi lm. This greatly decreases the steps of fabri-
cation. ii) Through this simple process, it is easy to realize the 
doping of other metal ions, which may tune the optoelectronic 
properties of the semiconducting fi lm-based nanodevices. 
iii) Compared with undoped NiO fi lms, doping of Mg 2+  signifi -
cantly enhances the current and spectrum responsivity of NiO 
fi lm-based nanodevice.  

  2.     Results and Discussion 

  2.1.     Fabrication and Structure of Ni  x  Mg 1 -x  O Bowl-Shaped 
Array Films 

  Scheme    1   briefl y describes the fabrication procedures of bowl-
shaped Ni  x  Mg 1 -x  O nanofi lm and its corresponding optoelectronic 
device. Pure Ni(NO 3 ) 2 ·6H 2 O, or the mixture of Mg(NO 3 ) 2 ·6H 2 O 
and Ni(NO 3 ) 2 ·6H 2 O (mole ratios of Mg/(Mg+Ni): 0.05, 0.1, 0.2, 
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  1.     Introduction 

 Nickel oxide (NiO) is a well-known wide-bandgap semicon-
ductor with unique properties and has attracted wide attention 
due to its potential applications in electrode materials for dye-
sensitized solar cells, catalysts, electrochromic display devices, 
and electrochemical supercapacitors. [ 1 ]  For example, the high 
resistivity of NiO makes it promising for photodetector in 
terms of low dark current. [ 2 ]  The insulating properties of NiO 
also offer the advantage for conductivity tailoring by doping. [ 3 ]  
However, diffi culties have been encountered in the commer-
cial exploitation of NiO fi lm due to its phase separation, lattice 
mismatch with doping atoms. [ 4 ]  And there is far limited char-
acterization of the optoelectronic properties and mechanistic 
function of metal ions doped NiO nanofi lms. Therefore, it is 
of particular importance to construct metal ions doped NiO 
nanostructures with improved optical and electrical proper-
ties suitable for the uses in optoelectronic and microelectronic 
devices. Although many methods, such as radio frequency 
magnetron sputtering, [ 5 ]  electron beam evaporation, [ 6 ]  chemical 
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and 0.3) was dissolved in water as the aqueous phase. Hexane 
was then slowly added to produce a hexane/water interface. 
When the PS dispersion was injected to the interface, the PS 
colloidal spheres were gradually trapped at the interface to form 
closely packed nanofi lm. Meanwhile, the metal oxide precursors 
from the aqueous phase were assembling on the bottom sur-
faces of PS spheres. The assembled PS colloidal fi lm was aged 
at the interface for another 5 h to be immersed by enough metal 
oxide precursors, and then transferred onto a SiO 2 /Si substrate, 
followed by drying at 60 °C and calcination at 500 °C to produce 
well-ordered bowl-shaped Ni  x  Mg 1 -x  O monolayer fi lms. 

   Figure    1  a presents the typical scanning 
electron microscopy (SEM) image of the metal 
oxide precursor/PS hybrid monolayer fi lm 
which was prepared from PS and the mix-
ture of Mg(NO 3 ) 2 •6H 2 O and Ni(NO 3 ) 2 ·6H 2 O 
(mole ratio, 0.05:0.95). The hybrid spheres are 
closely packed, indicating the high-quality of 
the hybrid monolayer fi lm with a thickness 
equal to the diameter (650 nm) of PS spheres 
(see the inset of Figure  1 a). After calcination, 
a well-ordered, hexagonally arranged bowl-
shaped Ni 0.95 Mg 0.05 O nanofi lm has been 
obtained (Figure  1 b). The bowl-shaped array 
fi lm can be further verifi ed from the cross-
sectional image in the inset of Figure  1 b. The 
pore size and density can be easily controlled 
by the size of the starting PS particles. The 
aging time of PS colloidal fi lm at the interface 
was a trick. A shorter aging time (e.g., less 
than 30 min) led to unconnected nanonet with 
a low height (Figure S1, Supporting Informa-
tion). After 2 h, the nanofi lms became thicker 
and interconnected. When the aging time was 
increased to 5 h, a well-ordered bowl-shaped 
fi lm was produced. In addition, too low pre-
cursor concentration (e.g., below 0.10 mol L −1 ) 
caused a thin and discontinuous network 
structure, while too high concentration (e.g., 
0.32 mol L −1 ) produced a shrinkage of the 
hole-wall (Figure S2, Supporting Information). 

Similar periodic bowl-shaped structures of NiO, Ni 0.9 Mg 0.1 O and 
Ni 0.8 Mg 0.2 O monolayer fi lms can also be fabricated ( Figure    2  a–c). 
The optical images of these nanofi lms deposited on quartz sub-
strate and silicon substrate under natural light display that all of 
the nanofi lms are uniform and semitransparent (Figure  2 d,e), 
further indicating the high quality of these fi lms. The typical 
atomic force microscopy (AFM) height profi le (Figure  1 c) of 
Ni 0.95 Mg 0.05 O sample along the white line from X to Y (Figure  1 d), 
indicates an average pore thickness of about 155 nm based on 
statistical examination of more than 20 nanopores and the sur-
face root-mean-square roughness value of 51.2 nm. 
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 Scheme 1.    Schematic illustration of the fabrication procedure of bowl-shaped Ni  x  Mg 1- x  O array nanofi lm and its optoelectronic device. a,b) Hexane–
water interfacial self-assembly procedure. c,d) Lift-up approach. e) Heat treatment process. f) Vacuum evaporation. g) Ni  x  Mg 1- x  O nanofi lm device.

 Figure 1.    a) Typical surface SEM image of the PS/metal oxide hybrid nanofi lm on a Si (100) 
substrate with the cross-sectional SEM image inserted. b) SEM image of bowl-shaped 
Ni 0.95 Mg 0.05 O nanofi lm with the cross-sectional SEM image inserted. c) Tapping-mode AFM 
image of the bowl-shaped Ni 0.95 Mg 0.05 O nanofi lm on a Si substrate. d) A height profi le along 
the white line from X to Y.
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   The typical X-ray diffraction (XRD) patterns of powder sam-
ples shows strong and sharp diffraction peaks ( Figure    3  a), 
suggesting that the metal-oxides are highly crystallized. 
At  x  = 1, the experimental pattern agrees well with the 

standard pattern of NiO (JCPDS card 73-1519), which 
has a cubic structure with fi ve major diffraction peaks of 
the (111), (200), (220), (311), and (222) planes. With the 
increase of Mg content from 0.05 to 0.3, the diffraction 

Adv. Funct. Mater. 2015, 25, 3256–3263

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    SEM images of a) NiO, b) Ni 0.9 Mg 0.1 O, c) Ni 0.8 Mg 0.2 O monolayer fi lms and their photographs deposited on various substrates: d) quartz 
substrates and e) silicon substrates.

 Figure 3.    a) XRD patterns of Ni  x  Mg 1 -x  O powders annealed at 500 °C. JCPDS 73-1519 pattern is shown for comparison (vertical lines). b) The XRD 
peaks of the (200) plane of Ni  x  Mg 1 -x  O powder samples for various values of  x . c) D 200  spacing of Ni  x  Mg 1 -x  O powder samples. d) The lattice parameter 
 a  of Ni  x  Mg 1 -x  O powder samples as a function of Mg molar fraction.
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peak of (200) of Ni  x  Mg 1 -x  O powder samples shift toward 
lower 2 θ  values, and the interplanar spacings of Ni  x  Mg 1 -x  O 
samples (200) planes increase (Figure  3 b,c). The lattice param-
eter calculated from the XRD data has a linear relation with 
the mole ratio of Mg/(Mg+Ni) (Figure  3 d), and the lattice con-
stant increases from 4.168 to 4.181 Å as the mole ratio of Mg/
(Mg+Ni) rises from 0 to 0.3. By extrapolating the solid line to 
a mole ratio of 1 for Mg/(Mg+Ni), a lattice constant of 4.211 Å 
can be obtained which is very close to the experimental lattice 
constant of pure MgO (4.211 Å, JCPDS card 87-0652). This 
agreement obeys the Vegard’s Law [ 14 ]  and confi rms the forma-
tion of homogeneous solid solution samples. The more detailed 
elemental composition and the oxidation state of the obtained 
Ni  x  Mg 1 -x  O nanofi lms are further characterized by X-ray photo-
electron (XPS) measurements and the corresponding results 
are presented in Figure S6, Supporting Information. These 
data show that the surface of the obtained Ni  x  Mg 1 -x  O nano-
fi lm indeed contain Mg 2+  and Ni 2+ . The atomic ratios of Ni 
to Ni+Mg are calculated to be 0.946, 0.904, 0.804, and 0.763, 
corresponding to Ni 9.5 Mg 0.05 O, Ni 0.9 Mg 0.1 O, Ni 0.8 Mg 0.2 O, and 
Ni 0.7 Mg 0.3 O fi lms, respectively, which are very close to the 
source material ratio (Table S1, Supporting Information). 

    2.2.     Optoelectronic Properties of Ni  x  Mg 1 -x  O Bowl-Shaped 
Nanofi lms 

 As illustrated in  Figure    4  a, a novel nanodevice has been suc-
cessfully constructed based on this bowl-shaped array nanofi lm, 
through the deposition of Ti (100 nm)/Au (100 nm) electrode 
on the Ni  x  Mg 1 -x  O fi lm using photolithography, electron-beam 

deposition, and the lift-off process. [ 15 ]  The typical SEM image 
of the Ni 0.95 Mg 0.05 O fi lm-based nanodevice (Figure  4 b) shows 
that the nanobowl structure is well maintained with few tiny 
holes, which might be caused by the stripping in the process of 
lithography. Figure  4 c reveals the  I–V  curves of the device illu-
minated with radiation of different wavelengths and under dark 
condition, respectively. It can be seen that the device shows a 
low dark current of 66 pA at an applied voltage of 10 V, and 
the photoresponsivity just shows very slight change when the 
wavelengths of the light sources are 550 nm (252 µW cm −2 ) and 
450 nm (322 µW cm −2 ). When this device was illuminated by 
350 nm (152 µW cm −2 ) and 320 nm (11.3 µW cm −2 ), the cur-
rents increase drastically to 147 and 253 pA, respectively. There-
fore, the present bowl-shaped Ni 0.95 Mg 0.05 O array fi lm-based 
nanodevice is much more sensitive to UV light than visible 
light, indicating a high spectral selectivity. This can be attrib-
uted to that the photogenerated carriers signifi cantly increase 
the conductivity when the nanofi lm is illuminated by photons 
with an energy larger than its band gap. The approximately 
symmetrical feature of the plots indicates the ohmic con-
tact between the electrodes and the porous monolayer fi lm. 
Similar  I–V  curves were also measured for bowl-shaped NiO, 
Ni 0.9 Mg 0.1 O and Ni 0.80 Mg 0.20 O array fi lm-based nanodevices 
(Figure S3, Supporting Information). 

  Figure  4 d further compares the  I–V  characteristics of NiO, 
Ni 0.95 Mg 0.05 O, Ni 0.90 Mg 0.10 O, and Ni 0.80 Mg 0.20 O fi lm-based 
devices upon 320 nm light illumination at an applied voltage of 
10 V. Interestingly, the photocurrent increases from 129 pA for 
pure NiO array nanofi lm to 253 pA for Mg 0.05 Ni 0.95 O, as shown 
in  Table    1  , and then rapidly increases to 703 pA for Mg 0.10 Ni 0.90 O 
fi lm-based nanodevices. Further increasing the Mg content to 
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 Figure 4.    a) Schematics of the bowl-shaped array fi lm-based nanodevice. b) A representative SEM image of the nanodevice. c) The  I–V  characteristics of 
the bowl-shaped Ni 0.95 Mg 0.05 O nanofi lm-based device illuminated with different-wavelength lights or under dark conditions. d) The  I–V  characteristics 
of NiO, Ni 0.95 Mg 0.05 O, Ni 0.90 Mg 0.10 O, and Ni 0.80 Mg 0.20 O fi lm-based devices upon 320 nm light illumination at an applied voltage of 10 V. Inset shows 
the  I–V  characteristics of NiO, Ni 0.95 Mg 0.05 O, Ni 0.90 Mg 0.10 O, and Ni 0.80 Mg 0.20 O fi lm-based devices under dark current at an applied voltage of 10 V.
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0.2 can cause an enormous photocurrent increase to 7.14 nA. In 
fact, the doping of Mg 2+  ions can also increase the dark current 
of these fi lm devices (the inset of Figure  4 d). 

    2.3.     DFT Calculations 

 To illustrate the role of Mg 2+  doping in the optoelectronic per-
formance of NiO, density functional theory (DFT) calculations 
were carried out to investigate the mechanism. Density of 
states (DOS) analysis for pure NiO can be found in  Figure    5  a. 
A band gap is correctly present for NiO and Ni atoms show two 
kinds of spin states due to antiferromagnetic order. It is well 
known that standard DFT is a ground state theory and the DFT 

with the local density approximation (LDA) or the generalized 
gradient approximation (GGA) for exchange-correlation func-
tional will underestimate the band gap. [ 16 ]  A larger Hubbard U 
value in the DFT+U method tends to give a larger band gap and 
is often used to tune theoretical band gap semi-empirically in 
the literature. Strictly speaking, quasiparticle band structure as 
a one-particle excitation property should be treated in a more 
rigorous theoretical framework such as many-body perturba-
tion theory. [ 16,17 ]  Here we mainly focus on the electronic states 
analysis in this work and accept the fact that DFT-GGA will 
underestimate the band gap. 

  Although substitutional doping of Mg causes a slight varia-
tion in DOS, there is no additional electronic state appearing 
within the band gap (Figure  5 b). That is to say, substitutional 
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  Table 1.    Comparison of the characteristic optoelectronic parameters of the Ni  x  Mg 1 -x  O fi lms obtained in the present work and previous reports. 

Film-based photodetectors Bias 
[V]

Photocurrent 
( I  light )

Dark current 
( I  dark )

 R λ   
[mA W −1 ]

EQE Ref.

Ni 0.54 Mg 0.46 O 10 – 1–10 nA 12 –  [6] 

Ni 0.80 Mg 0.20 O 5 – 70 nA 0.147 –  [19] 

NiO 10 129 pA 65 pA 570 221% Present work

Ni 0.95 Mg 0.05 O 10 253 pA 66 pA 1250 485%

Ni 0.90 Mg 0.10 O 10 723 pA 351 pA 2680 1040%

Ni 0.80 Mg 0.20 O 10 7140 pA 6210 pA 6760 2620%

 Figure 5.    Structure, total density of states (TDOS), partial density of states for a) NiO, b) NiO with Mg dopant situated at substitutional site, and 
c) NiO with Mg dopant situated at interstitial site. For pure NiO, magnetic primitive cell is shown. Blue, red, and green spheres depict Ni, O, and Mg 
atoms, respectively. O far  and O near  denote oxygen atom far away from or near the Mg dopant, respectively. The energy level of highest occupied state 
is set to zero.
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Mg cannot increase the carriers in NiO 
effectively. In contrast, the total DOS 
(Figure  5 c) shows a new peak (indicated 
by α) appearing just below the unoccu-
pied states. Partial DOS analysis (Figure  5 c) 
indicates that this peak α appearing just 
below the unoccupied states is mainly con-
tributed by the  p -symmetry states of oxygen 
atoms adjacent to the interstitial Mg atom, 
whereas the oxygen atoms far away from the 
interstitial Mg atom do not have contribution 
to this feature. A peak also appears within 
similar energy range for  p -symmetry states 
of Mg. So the electronic states represented by 
peak α in total DOS are caused by the inter-
stitial doping of Mg and there is electron 
transfer from interstitial Mg to its adjacent 
O atoms. The occupied impurity level just 
below conduction band minimum caused by 
interstitial Mg corresponds to a typical n-type 
doping and will increase conduction electrons 
in NiO. Although it is more energetically 
favorable for Mg to occupy the substitutional 
site than to occupy the interstitial site, there 
is still small probability to form the interstitial 
Mg. Namely, with Mg content in NiO increasing to several per-
cent or even several tens percent, a very small fraction of these 
Mg atoms will occupy the interstitial sites and these interstitial 
Mg atoms will increase n type carriers and thus explain the 
increasing electric current with larger Mg content as observed 
in the experiment.  

  2.4.     Spectrum Responsivity and External Quantum Effi ciency 

 The spectrum responsivity ( R λ  ) and external quantum effi -
ciency (EQE) are two critical parameters to determine the 
sensitivity for an optoelectronic device, which represent the 
ability to provide multiple photogenerated carriers per single 
incident photon. [ 18 ]  R λ   is defi ned as the photocurrent gener-
ated per unit power of incident light on the effective area of 
a photodetector, and EQE as the number of electrons detected 
per incident photon.  R   λ   and EQE can be calculated in the fol-
lowing equations

     
=

Δ
λ

λ

λ
R

I

P S   

(1)

 

      λ
= λEQE

hcR

e   
(2)

 

 where Δ I λ   =  I λ  − I  d ,  I λ   is the photocurrent,  I  d  is the dark current, 
 P λ   is the incident light intensity,  S  is the effective illuminated 
area,  h  is Planck's constant,  c  is the light velocity,  e  is the elec-
tronic charge, and  λ  is the incident light wavelength. 

 For our bowl-shaped structure nanodevice,  S  is different 
from the area between two electrodes ( S  plane ) because of the 
enlarged surface area of the bowl-shaped arrays ( Figure    6  ). 
 S  plane  can be measured from the optical spectrum of the two 
electrodes of the nanofi lm nanodevice (Figure S4, Supporting 

Information) and  S  is calculated to be 0.0133 mm 2  using the 
following equation (see the Supporting Information for details)

    

π( )
=

+
×

3 2 3

2
planeS S

  
(3)

 
    Thus, both the  R λ   and EQE values of the present Ni  x  Mg 1 -x  O 

array fi lms can be calculated. As shown in Table  1 , all the 
present bowl-shaped Ni  x  Mg 1 -x  O array fi lms display much 
higher the  R λ   values than the previously reported Ni  x  Mg 1 -x  O 
fi lm-based devices, and show increasing  R λ   as Mg 2+  doping. 
The maximum  R λ   value is 6.76 A W −1  at a bias of 10 V for 
Ni 0.8 Mg 0.2 O fi lm, corresponding to a high EQE value of 
2620%. This value is even more than 60 000 times enhance-
ment than the previously reported Ni 0.8 Mg 0.2 O fi lm with poor 
crystallinity. [ 19 ]  This is probably because the large surface-to-
volume ratio of the bowl-shaped array nanofi lms can harvest 
more light and decrease the recombination of the photo-
excited charges due to the multiple refl ections of the bowl-
shaped nanostructures, [ 20 ]  as shown in Figure S5, Supporting 
Information, and the high crystal quality of the bowl-shaped 
nanofi lms can also increase the number of photogeneration of 
carriers and facilitate oxygen adsorption and desorption at the 
Ni  x  Mg 1 -x  O surface, reducing the resistance of the nanofi lms.   

  3.     Conclusion 

 We have demonstrated a simple assembly of PS colloidal 
spheres and metal oxide precursors at an oil/water interface to 
fabricate high-quality bowl-shaped Ni  x  Mg 1 -x  O (0.7 ≤  x  ≤ 1) array 
fi lms. These well-ordered bowl-shaped array fi lms can be fur-
ther constructed for optoelectronic devices. The doping of Mg 2+  
ions signifi cantly enhances the photocurrents of the Ni  x  Mg 1 -x  O 
fi lm-based devices. And the more the Mg 2+  doping, the higher 

 Figure 6.    The bowl-shaped arrays models for calculating the surface area. a) Top view, b) sec-
tional view, and c) the plane area ( S  plane ) and the surface area ( S ) models.
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the photocurrent is. Meanwhile, the  R λ   and EQE values also 
increase with the Mg 2+  doping. The maximum  R λ   value of 
these bowl-shaped Ni  x  Mg 1 -x  O fi lm-based devices measured 
in the study shows 4–5 orders of enhancement than the pre-
viously reported Ni  x  Mg 1 -x  O fi lm at equal doping. The present 
method should be versatile and can be readily extended to fab-
ricate other pure metal oxide- or doped metal oxide-based bowl-
shaped array fi lms for the applications of high performance 
photodetectors, solar cells, and so on.  

  4.     Experimental Section 
  Preparation of PS Colloidal Spheres and Bowl-Shaped Monolayer 

Film : Monodisperse colloidal PS spheres with size of 650 nm was 
synthesized by our previous method. [ 21 ]  The metal oxide precursor/
PS hybrid fi lms were fabricated through an oil–water interfacial self-
assembly method, and then transferred onto some SiO 2  (200 nm)/Si 
substrates. These hybrid colloidal fi lms were dried at 60 °C for 6 h and 
then annealed at 500 °C for 2 h to produce bowl-shaped Ni  x  Mg 1 -x  O 
monolayer fi lms. 

  Construction of Bowl-Shaped Ni x Mg  1 -x   O Monolayer Film-Based 
Nanodevices : The as-transformed Ni  x  Mg 1- x  O fi lms were transported to 
an electric gun deposition system (ULVAC UEP-3000–2C). The Ti/Au 
(100 nm/100 nm) microelectrodes (distance ≈ 10 µm) were patterned 
on the top of each nanofi lm using optical lithography with the assistance 
of a pre-designed mask and electron-beam deposition process. 

  Optoelectronic Measurements and DFT Calculation : Optoelectronic 
nanodevices were then constructed from these bowl-shaped Ni  x  Mg 1 -x  O 
array nanofi lms (see the Supporting Information for details). The 
current–voltage ( I–V ) characteristics of the nanodevices were measured 
using an Advantest Picoammeter R8340A and a dc voltage source 
R6411. The incident light power was calibrated using an UV enhanced Si 
photodiode. The calculation was based on plane wave pseudopotential 
method within DFT. [ 16,17,22 ]  CASTEP code in Materials Studio 6.1 package 
was employed.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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