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         MgxZn1-xO, which is formed by alloying ZnO with MgO, has been developed as a 

promising window layer in chalcopyrite thin film solar cells and hybrid polymer solar 

cells for enhanced open-circuit voltage and solar conversion efficiency because of its 

bandgap tunability. The surface morphology of MgxZn1-xO layers in those photovoltaic 

applications plays important roles on the performances of solar cells. Two-dimensional 

(2-D) dense and smooth film is preferred in the inorganic p-n junction solar cells while 

one-dimensional (1-D) nanostructures are favorable for the hybrid polymer solar cells. In 

this dissertation, metal-organic chemical vapor deposition (MOCVD) is used to grow 

both of MgxZn1-xO polycrystalline 2-D films and single crystalline 1-D nanostructures for 

solar cells. A low-temperature (~250oC) ZnO buffer layer, followed by the high-

temperature (~500oC) growth of MgxZn1-xO, is found to be beneficial for the formation of 

a 2-D dense and smooth film. On the other hand, a high-temperature (~520oC) ZnO 

buffer layer followed by a high temperature (530oC-560oC) growth of MgxZn1-xO is 
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needed to grow the 1-D MgxZn1-xO (0≤x≤0.15) nanostructures on Si. For the first time, 1-

D MgxZn1-xO nanostructures (0≤x≤0.1) are sequentially grown on a Ga-doped ZnO 

(GZO) 2-D film to form the 3-D photoelectrode, which is used to fabricate the P3HT-

MgxZn1-xO hybride solar cells. The preliminary testing results of solar cells show that 

MgxZn1-xO is promising to be used in hybrid polymer solar cells for the enhancement of 

open circuit voltage (VOC). MgxZn1-xO (0≤x≤0.1) polycrystalline films are used in Cu2O-

MgxZn1-xO heterojunction solar cells. The current density-voltage (J-V) measurements of 

solar cells under illumination show that VOC, shunt resistance Rsh and the solar 

conversion efficiency η are improved with increasing of Mg% until 10%. A relatively 

high solar conversion efficiency, ηAM1.5 = 0.71 % with a short circuit current JSC = 3.0 

mA/cm2 and VOC = 575 mV, is obtained on the Mg0.1Zn0.9O sample. The band alignment 

between Cu2O and MgxZn1-xO is analyzed by using X-ray photoelectron spectroscopy 

(XPS) measurements. 
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Chapter 1 Introduction 

 

1.1 Motivation  

      By the end of 2008, total world energy consumption was approximately 15TW and that 

value is still keeping a strong increase in recent years due to the rapid development of some 

developing countries such as China and India. It is assumed that the world energy 

consumption will increase by about 70% between 2000 and 2030 [1]. The energy reserves 

of fossil fuels on earth, accounting 80% of the all energy consumed worldwide, will be 

used up in the next 200 years. The growing demand for energy, combined with the 

depletion of fossil resources, global warming and its associated climate change, has taken 

over as a main driving force in promoting alternative energy sources, in particular, 

photovoltaic (PV) solar energy. 

      Solar PVs are a promising large-scale supply option to reduce the world’s dependency 

on current fossil-fuel-based electricity generation for a low-carbon future. The high-cost 

manufacture and concomitant pollution during manufacturing of crystalline silicon-based 

PV modules, dominant technologies in current PV market, however, make such great 

promise economically as well as ecologically unrealistic. Lots of alternative PV 

technologies with low-cost, ecologically-beneficial materials and fabrications, such as 

organic-organic, organic-inorganic hybrid, dye-sensitized solar cells (DSSCs) and some 

inorganic thin-film heterojunction solar cells, have been being greatly developed. ZnO, as 

a low-cost, nontoxic wide-bangap semiconductor with easy synthesis of various low 

dimensional structures, is being widely used in such cost-effective PV cells. DSSCs built 

from ZnO nanoparticles showed the second highest efficiency after TiO2-based one [2], and 
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lots of DSSCs fabricated on ZnO nanostructures have been demonstrated [3, 4, 5]. ZnO 

nanoparticles and nanostructures were also used in orgniac-inorganic hybrid solar cells, 

showing decent solar conversion efficiency [ 6 , 7 , 8 ]. Besides that, ZnO has been 

experimentally confirmed to be a good candidate for forming high quality heterojunction 

solar cells with p-type Cu2O [9, 10]. It was also used as a conducting transparent window 

layer in chalcopyrite thin film solar cells to collect and transport the electrons [11].  

      ZnO can be alloyed with MgO to form the ternary MgxZn1-xO, tuning the energy 

bandgap value from 3.3 eV (ZnO) to 7.8 eV (MgO). Just because of such tunability of the 

energy bandgap, MgxZn1-xO has been used in several types of solar PVs to modify the band 

offset between “n-type” and “p-type” semiconductors and thus improves the solar 

performance of those cells. It was reported that MgxZn1-xO, used as a window layer in the 

Cu(In, Ga)Se2 (CIGS) solar cells, could tune the conduction band offset for improved 

device performance [12, 13]. It has also been found that MgxZn1-xO could be used in the 

poly(3-hexylthiophene) (P3HT)-MgxZn1-xO hybrid solar cells for enhanced open circuit 

voltage VOC [14]. 

      In terms of charge generation mechanism, current existing solar cells can be classified 

into two distinct categories: conventional solar cells and excitonic solar cells (XSCs) [15]. A 

fundamental difference between these two PV cells is easily recognized: light absorption 

results in the formation of excitons in organic materials rather than the free electron-hole 

pairs directly generated in the inorganic semiconductors. The exciton, considered to be a 

bounded electron-hole pair, in the organic semiconductor, usually doesn’t possess enough 

energy to dissociate in the bulk except at the interface, where the band offset between n and 

p-semiconductor provides an exothermic pathway for dissociation of excitons. Therefore 
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the heterointerface area in the XSCs directly determines how much photocurrent can be 

generated. By contrast, the free electron-hole pairs generated in inorganic semiconductors 

are easily separated by the bandgap but meanwhile easily recombine except at the p-n 

junction area (space charge region), where the built-in potential separate them into electron 

donor (p) and acceptor (n), respectively. Since the carrier separation occurs throughout the 

interface and interface defects or dislocations could serve as recombination centers 

contributing on photogeneration loss, sharp interface with good contact is preferred in the 

conventional solar cells. With regard to above concepts, the surface morphology of 

MgxZn1-xO film needs to be well controlled as it is used for various types of solar cells. 

One-dimensional (1-D) single crystalline nanostructures such as nanometer-scale tips, 

rods, and wires are preferred in the XSCs, in which the nanostructured 1-D architecture 

provides a larger interface area (i.e. charge generation area) and faster electron transport 

path, leading to a higher solar conversion efficiency [6]. On the other hand, 

two-dimensional (2-D) film with smooth surface is needed in the conventional inorganic 

p-n junction solar cells since the rough film surface results in large interface area and hence 

high recombination probabilities. 

      Various deposition techniques, such as pulsed laser deposition (PLD) [16], molecular 

beam epitaxy (MBE) [ 17 ], sputtering [ 18 ], metalorganic chemical vapor deposition 

(MOCVD) [19], sol-gel [20], and electrophoresis deposition [21] have been used for the 

growth of MgxZn1-xO films. Among them, MOCVD is an attractive technique because of 

its ability to realize various in-situ doping, large-area uniform deposition and high growth 

rate. Much work has been done on single crystalline MgxZn1-xO epitaxial films grown by 

MOCVD [19, 22]. But the study on MOCVD growth of polycrystalline MgxZn1-xO films or 
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nanostructures for photovoltaic applications is still few [23]. Much more efforts should be 

put on such research topics especially for photovoltaic applications, in which high quality 

epitaxial films are not applicable because of the limitations from substrates and on the 

other hand, low-temperature processing and cost-effective fabrication for polycrystalline 

films or nanostructures are preferred.  

 

1.2 Objectives  

      In this dissertation, we investigate the growth of MgxZn1-xO films and nanostructures 

by using the MOCVD technique, and explore their applications in organic-inorganic solar 

cells and Cu2O-MgxZn1-xO heterojunction solar cells.  

      For the MgxZn1-xO polycrystalline films growth, a dense and smooth film is expected 

for its applications in inorganic p-n junction solar cells. Ga-doped ZnO (GZO) films, 

transparent conductive electrodes, are chosen as the substrates. In order to control the 

surface morphology of MgxZn1-xO films grown on GZO films, we use a low-temperature 

ZnO buffer layer and meanwhile investigate the buffer layer effects on film surface 

morphology, texturing and surface roughness. The growth of GZO films is also needed to 

be optimized. Both electrical and morphological properties of GZO films are optimized. 

For the MgxZn1-xO nanostructures growth, it is still a challenge to achieve good wurtzite 

MgxZn1-xO nanostructures with high Mg composition (x>10%). We optimize the growth of 

1-D MgxZn1-xO (0≤x≤0.15) nanostructures on Si substrates first and then on GZO 

substrates. Since the nucleation layer plays important roles on the development of 

nanostructures, we investigate the effect of buffer layers on the nanostructures growth.  
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      After the optimization of MOCVD growth, we fabricate MgxZn1-xO-P3HT hybrid solar 

cells and MgxZn1-xO-Cu2O heterojunction solar cells by using MgxZn1-xO nanostructures 

and films. Enhanced solar conversion efficiency with other improved parameters including 

open-circuit voltage (VOC), short-circuit current (ISC), fill factor (FF), shunt resistance (Rsh) 

etc. are expected by using MgxZn1-xO instead of ZnO and moreover by controlling surface 

morphology of MgxZn1-xO layers. We investigate not only the effects of Mg composition 

but also the influence of surface morphology of MgxZn1-xO layers on the solar cell 

performance.  

      In summary, the objectives of this research are (i) Growth optimization of 

polycrystalline MgxZn1-xO films on transparent conductive electrodes to achieve dense and 

smooth 2-D films; (ii) Growth optimization of MgxZn1-xO 1-D nanostructures on 

transparent conductive electrodes to achieve enough high Mg composition and good 

nanostructures; (iii) Demonstration of MgxZn1-xO-polymer hybrid solar cells and 

MgxZn1-xO-Cu2O heterojunction thin film solar cells and trying to achieve enhanced solar 

performance by controlling Mg composition and surface morphology of MgxZn1-xO layers. 

 

1.3 Dissertation Organization  

      The research motivation and objectives of this dissertation is given in Chapter 1.  

Chapter 2 presents a technical background for this dissertation, which includes 

fundamental properties of MgxZn1-xO, growth technologies for MgxZn1-xO polycrystalline 

films and nanostructures and an introduction of Rutgers MOCVD system. In Chapter 3, 

growth optimization of GZO films and MgxZn1-xO polycrystalline films grown on GZO 

films is discussed in details. Growth optimization of MgxZn1-xO nanostructures is 
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presented in Chapter 4, which includes the growth optimization on Si substrates and on 

GZO films. In Chapter 5, photovoltaic cells fabricated on MgxZn1-xO polycrystalline films 

and nanostructures are demonstrated. Two different kinds of solar cells, MgxZn1-xO-P3HT 

hybrid solar cell and MgxZn1-xO-Cu2O heterojunction solar cell, are discussed respectively. 

Finally, conclusions and suggestions for future work are given in Chapter 6.  
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Chapter 2 Technical Background 

 

2.1 Fundamental Properties of MgxZn1-xO Alloy and Its Applications  

      ZnO is a wide-bandgap semiconductor belongs to the II-VI semiconductor group. It 

crystalizes in two main forms: hexagonal wurtzite and cubic zincblende. At a relatively 

high pressure about 10GPa, it also crystallizes in the cubic rocksalt structure. The most 

stable at ambient conditions and thus most common structure of ZnO is wurzite hexagonal 

structure, which belongs to the space group of P63mc. Fig. 2.1 shows the wurtzite crystal 

structure of ZnO and its projection along the [ 0211 ] direction. Such ZnO structure can be 

described as the alternatively stacking of hexagonal close packed (hcp) zinc and oxygen 

ionic layers along the c-axis, i.e. [0001] direction. In terms of the atom positions in the hcp 

lattice, the O and Zn layers can be classified as A&B and a&b, respectively, as shown in 

Fig. 2.1(b). The stacking sequence of ZnO wurtzite structure can be considered as …

.AaBbAaBb…. as compared to ….AaBbCcAaBbCc…. in diamond cubic (silicon) and 

sphalerite (GaAs etc.). The lattice parameters of ZnO are a = 3.24982 Å and c = 5.20661Å. 

The ratio of lattice parameter c/a is 1.602, which is slightly less than the value of 1.633 for 

an ideal hcp structure. The Zn–O bond length is 1.992Å parallel to the c-axis and 1.973Å in 

all the other three directions of the tetrahedral arrangement of nearest neighbors. In the unit 

cell, O2- ions (by convention) occupy (0, 0, 0) and (0.6667, 0.3333, 0.5) positions, Zn2+ ions 

occupy (0, 0, 0.3825) and (0.6667, 0.3333, 0.8825) positions.  
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Figure 2.1 The schematic illustrations: (a) the crystal structure of wurtzite ZnO; (b) the 

projection along the [ 0211 ] direction.  
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      The hexagonal wurtzite ZnO has a point goup 6mm or C6v, which has no inversion 

symmetry, resulting in piezoelectricity and pyroelectricity of ZnO. The alternating 

positively charged Zn-terminated (0001) planes and negatively charged O-terminated 

)1000( planes create a normal dipole moment and spontaneous polarization along the c-axis, 

resulting in divergence in surface energy. The polar (0001) plane, with no reconstruction or 

passivation, should have the maximum surface energy amongst the low-index planes, 

which therefore leads to a big growth rate along [0001] direction. This is in fact is observed 

under most conditions during vapor phase growth. Crystals grown via the vapor phase 

usually are needle shaped with a hexagonal cross-section. The crystals are elongated in the 

[0001] direction and the prismatic sides of the crystals are usually the { 0110 } or { 0211 } 

planes, which implies that the (0001) plane has the highest energy and as a result, the 

growth rate along the c-direction is the highest. Thus, it is very easy to obtain obtain c-axis 

oriented films on almost any substrate, even under non-epitaxial conditions. 

      MgO, usually used as an insulator with a big bandgap of 7.8 eV, can be alloyed with 

ZnO, forming MgxZn1-xO, which has been reported as a promising II-VI semiconductor 

because of its tunable bandgap [16]. MgO has a stable rocksalt structure as shown in figure 

2.2, which belongs to the space group Fm 3 m with the lattice parameter of a=4.215Å and 

the Mg–O distance of 2.1075Å. Unlike ZnO that is tetrahedrally bonded and has a 4–fold 

coordination, MgO is octahedrally bonded having a 6–fold. The lattice consists of 

interpenetrating face centered cubic lattices, separated along the c-axis by u=0.5 (fractional 

coordinates). While oxygen (by convention) occupies the (0,0,0) and (0.5,0.5,0) positions, 

magnesium occupies the  (0,0,0.5) and (0.5,0.5,0.5) positions [24]. 



10 

 

Figure 2.2 Crystal structure of rocksalt MgO (Cubic). 
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      As the big difference of crystal structure, symmetry, ionic bonding distance and energy 

between ZnO and MgO is seen, the possibility to grow related MgxZn1-xO crystals with a 

wurtzite structure is far from obvious. A slight distortion in the lattice can destroy the 

symmetry in the crystal and multi-phases with both wurtzite and rocksalt symmetry are 

easily produced. The equilibrium thermodynamic phase diagram of the MgO-ZnO system 

is given in Fig. 2.3 [25]. Seen from that figure, the thermodynamic solid solubility of MgO 

in ZnO is only ~5% and there is a big mixed-phases region, which limits the band gap 

engineering applications. 

      A decade ago, A. Ohtomo et al [16, 26] found that it was possible to grow these alloyed 

films with the wurtzite structure over a certain range of concentrations. Through using a 

non-equilibrium film-growth method, pulsed laser deposition (PLD), they found the 

solubility of MgO in ZnO could reach to 33% in MgxZn1-xO epitaxial films, which leaded 

to a bandgap of ~ 4.0 eV for wurtzite MgxZn1-xO. And meanwhile, they reported that the 

epitaxial films having Mg up to x=0.15 were thermodynamically stable up to about 700oC 

[27]. One reason for the high Mg incorporation could be due to the accommodation of strain 

in the films at the interface between the epilayer and substrate. Soon later, W. Yang et al. 

[28] grew multicomposition MgxZn1-xO films with Mg content x varying continuously from 

0 to 1 on a single substrate (c-plane sapphire) by PLD and drew the bandgap energy of 

MgXZn1-xO as a function of x, shown in Fig. 2.4. From that, the mixed-phases region was 

narrowed in 0.37≤x≤0.62. This mixed-phases region was reported to disappear in the 

MgxZn1-xO films grown by S. Fujita et al.[29] During their growth, a-plane sapphire 

substrates with a ZnO buffer were used and the solubility of MgO in wurtzite ZnO went up 

to 50%, after which a cubic MgxZn1-xO phase was formed.   



12 

 

Figure 2.3 Equilibrium phase diagram of the MgO-ZnO system [25]. 
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Figure 2.4 Band-gap energy as a function of Mg content in MgxZn1-xO films [28]. 
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      MgxZn1-xO has been investigated for various electronic and optoelectronic devices 

since it was first reported as a promising II-VI semiconductor by A. Ohtomo [16]. With 

tunable bandgap values and similar lattice constants to ZnO, MgxZn1-xO was used as a 

barrier layer in MgZnO/ZnO heterojunctions [27, 30 , 31 , 32 ], supperlattices [26, 33 , 34 ] and 

quantum wells [35, 36, 37, 38, 39], showing big potential on short-wavelength optoelectronic 

applications such as light emitting diodes (LED) or laser diodes (LD). Besides that, 

MgxZn1-xO/ZnO heterostructures were also investigated by some researchers for high 

electron mobility transistors (HEMTs) since the 2-D electron gas formed by the 

polarization effect provide very high electron mobility. Related reviews on those kinds of 

heterostructures can be found in references [40, 41, 42]. MgxZn1-xO (wurtzite structure) is also 

a piezoelectric material with similar lattice structure and symmetry to ZnO, which can be 

used in the surface acoustic wave (SAW) and bulk acoustic wave (BAW) devices. 

Moreover, it allows for flexibility in thin film SAW device design, as its piezoelectric 

properties can be tailored by controlling the Mg composition, as well as by using 

MgZnO/ZnO multilayer structures [43, 44]. As a promising photovoltaic material, wurtzite 

MgxZn1-xO can also be used in the solar cells. D. C. Olson etal. proposed a band-offset 

engineering approach for enhanced open-circuit voltage (VOC) in polymer-oxide hybrid 

solar cells [14]. In that research, MgxZn1-xO was found to decrease the conduction band 

offset between P3HT and MgxZn1-xO and thus increase the theoretical VOC. Besides that, 

many researchers investigated the band offset effect on VOC of heterojunction 

CuIn1-xGaxSe2 solar cells using MgxZn1-xO instead of ZnO [12, 13]. Polycrystalline 

MgxZn1-xO films used as an active layer in a thin-film transistor (TFT) was reported 

recently, where Mg substitution was believed to increase the activation energy for 
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defect-related donor states by increasing the band gap and thus reduce the carrier density in 

the ZnO channel layer [45]. And moreover, MgxZn1-xO alloy could enlarge the band tail 

states by increasing Eg of ZnO and improve the stability of TFT performance under visible 

light [46]. Our newest result also showed that substitution of Mg into ZnO suppressed the 

oxygen vacancies in the TFT channel, improving the field effect mobility, subthreshold 

swing and thermal stability of the device [47]. As MgxZn1-xO (Eg can be tuned from 3.3 eV 

to 7.8 eV) has a very wide range of sensing spectra from UV-A (320-400 nm) to UV-C 

(200-280 nm) regions, it has been considered as a promising candidate semiconductor in 

the metal-semiconductor-metal (MSM) structured ultraviolent (UV) photodetectors [48] and 

many researchers are putting their focus on the cubic-phase MgxZn1-xO films and the UV 

detectors based on them [28, 49, 50]. MgxZn1-xO was also found to exhibit resistive switching 

characteristic and two simple devices based on Pt/Mg0.2Zn0.8O/Pt and 

Pt/spinel-MgxZn1-xO(x>0.6)/Pt have been reported for the nonvolatile memory 

applications [ 51 , 52 ]. One-dimension (1-D) nanostructured MgxZn1-xO is particularly 

promising for the field emission applications, showing excellent emission behavior with 

extremely improved brightness, ~ 80 times higher current density than that of the ZnO 

nanowires grown under the same conditions [53]. Besides that, many efforts have been put 

to prepare the p-type MgxZn1-xO using N, P or N-Al doping [54, 55, 56] and then make p-n 

heterojunction with ZnO for photodiodes [57].  

 

2.2 Growth Technologies of MgxZn1-xO Polycrystalline Films 

      In terms of the crystallinity and surface morphology, MgxZn1-xO low dimensional 

layers (thin films) can be divided into 3 types, which are epitaxial films, polycrystalline 
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films and nanostructures. Each type of thin film is needed for certain applications. For 

instance, MgZnO/ZnO supperlattices or quantum wells need good MgZnO epi-films with 

excellent surface flatness, crystallinity and electron mobility, while some transistors-based 

applications with particular low temperature processing need polycrystalline MgZnO films 

grown at a relatively low T but with well-controlled electrical properties. Good SAW 

devices need the piezoelectric MgZnO films to have a smooth surface, perfect c-axis 

texture and high resistivity, while some polarization sensitive devices, such as an optically 

addressed high-contrast UV light modulator, need the in-plane optical anisotropy in the 

film and hence the non-polar epi-films of MgZnO [58]. For photovoltaic applications, two 

types of thin films are needed just as what we discussed in the motivation part (chapter 1). 

Nanostructured MgZnO could be used in organic-inorganic hybrid and dye-sensitized solar 

cells for enhanced device performance. Smooth and dense film is preferred for the 

conventional thin film heterojunction solar cells and the best choice is epitaxial films. In 

the real cases, however, it is unrealistic to choose epitaxial films because of two factors (1) 

devices structure, most of which don’t provide epitaxial substrates for epi-film growth; (2) 

fabrication cost, which prefers a low-temperature polycrystalline or amorphous film 

growth.  

      As discussed above, polycrystalline MgZnO film has stimulated a growing interest due 

to its easy fabrication, multifunctional properties and various applications. Many growth 

technologies have been developed for the synthesis of MgZnO polycrystalline films, 

including radio-frequency (RF) magnetron sputtering, sol-gel, MOCVD, chemical spray 

pyrolysis and electrophoretic deposition. The Mg composition, microstructure, electrical 
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and optical properties were intensively investigated. Each growth technology has its 

unique advantages for specific applications but also drawbacks. 

 

2.2.1 RF Magnetron Sputtering 

      RF magnetron sputtering is a very common physical vapor deposition (PVD) 

technology, used widely in the semiconductor industry. It was first used to synthesis 

MgZnO polycrystalline films by T. Minemoto etal [18], who aimed to synthesis MgxZn1-xO 

films with wider band gap, i.e. higher Mg composition and lower growth temperature. 

They utilized a co-sputtering technique, where two targets, ZnO and MgO, were 

simultaneously used, to deposit MgxZn1-xO films on fused silica at room temperature (RT). 

The Mg contents were controlled by varying the sputtering power applied to each target to 

control the sputtering rate. In their results, the solid solubility of MgO in ZnO went up to 

46% and beyond 62%, the MgZnO became cubic MgO-like structure. Besides that, they 

characterized the electrical and optical properties of films and found the MgxZn1-xO films 

had the similar transmittance and resistivity to those of non-doped ZnO but with wider 

bandgap that was expected to serve as a useful window layer of solar cells. Their study 

proposed that the RF magnetron sputtering was a perfect technology for depositing 

polycrystalline MgxZn1-xO films at a low substrate temperature for photovoltaic 

applications.  

      Recently, C. X. Cong etal investigated the effect of the partial pressure of sputtering 

gas N2 on the Mg composition, structural and optical properties of MgxZn1-xO 

polycrystalline films grown by RF magnetron sputtering [59]. In their research, a single 

target, Mg0.18Zn0.82O, was used and the film was deposited on the quartz substrate at 500oC 
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and then annealed at 600oC. The Mg composition was tuned by changing nitrogen partial 

pressure ratio of sputtering gases. Their as-grown MgxZn1-xO films were highly textured 

with a preferential orientation of [0001] for hexagonal wurtzite phase and [100] for cubic 

rocksalt phase. The solid solubility of MgO in ZnO was found to be 50% and the 

mixed-phases region (50%-83%) was a little large.   

      RF magnetron sputtering was also used to grow MgxZn1-xO thin films on Si substrates 

by J. Y. Moon etal [60] very recently. MgO and ZnO targets were used for the co-sputtering. 

They grew the film at a very high temperature, ~700oC, trying to achieve epitaxial films. 

But the results showed that an interfacial reaction happened and Mg2Si formed between 

MgZnO and Si induced the formation of polycrystalline MgZnO thin films. They, 

therefore, applied a low-T (450oC) ZnO buffer layer on the Si substrate to improve the 

epitaxial relationships between MgZnO and Si. And it was found that that ZnO buffer 

reduced the formation of Mg2Si and an epitaxial growth was resulted in. The MgxZn1-xO 

film was characterized by the photoluminescence (PL), from which the Mg composition 

was estimated to be ~2%.  

 

2.2.2 Sol-Gel 

      The sol-gel process is a wet-chemical technique usually used for the synthesis of 

amorphous or polycrystalline films. It has some advantages such as simplicity of 

fabrication, low-cost, high deposition rate, large-area uniform deposition on various 

substrates. The early study on MgxZn1-xO polycrystalline film growth deposited by sol-gel 

method was reported by D. Zhao etal [61].  They coated Mg and Zn precursor sols on Si 

(100) and quartz substrates by spinning and then annealed the sample at 100oC and 350oC 
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subsequentially, to get the final polycrystalline MgxZn1-xO films. The Mg composition was 

adjusted by changing the Mg2+ concentration in the solution. The maximum Mg% they 

could achieve in the wurtzite film was ~36% and the bandgap of film was tunable between 

3.40 and 3.93 eV. The PL properties of polycrystalline MgxZn1-xO thin films were then 

reported and discussed. Z. Ji etal also deposited MgxZn1-xO (0≤x≤0.3) polycrystalline films 

on quartz substrates by sol-gel dip coating process and then did film characterization by PL 

[20]. They used similar sol-gel process to previously-reported one [61] but with different 

preheat and anneal temperature, which were 80oC and 500oC, respectively. All films show 

a c-axis preferred orientation but with very poor crystallinity. The PL peaks of MgxZn1-xO 

films in the spectra appeared to be broad with low intensity, which could be related to the 

poor crystallinity of films. The post-annealling effect on the Mg incorporation and band 

gap values of sol-gel prepared MgxZn1-xO (0≤x≤0.3) thin films was investigated by S. R. 

Meher etal recently [62]. It was found that bandgap values of MgxZn1-xO films made by 

sol-gel had a dependency on the post-annealing temperature and there existed a certain 

critical annealing temperature, up to which the bandgap increased with increasing 

annealing T and decreased thereafter. The critical annealing temperature for the MgxZn1-xO 

with x=0.3 was found to be lower than that of films with lower x. The reason was attributed 

to the poor bonding of Mg atoms in the alloy film at higher Mg concentration. Very 

recently, B. K. Sonawane etal deposited MgxZn1-xO (0.05≤x≤0.33) films on Si substrate by 

the sol-gel spin coating method and studied the refractive index and stress of MgZnO films 

[63]. They succeeded in tailoring refractive index of MgZnO films from 1.44 to 1.11 to 

provide optical confinement in the waveguides. The stress of MgxZn1-xO polycrystalline 
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films on Si was also estimated and the compressive stress value didn’t change too much for 

x increasing from 0.05 to 0.30.      

 

2.2.3 MOCVD 

      MOCVD is an attractive film growth technique because of its ability to realize various 

in-situ doping, well control of composition, large-area uniform deposition and high growth 

rate. Compared to the sputtering technology, it is also a damage-free process because there 

is no high-energy species in the vapor phase. Besides that, it can be used to grow different 

types of film including single-crystalline epitaxial films and nanostructures, 

polycrystalline and amorphous films. Since much work about the MOCVD growth of 

MgxZn1-xO epitaxial film was done already on c-sapphire [22] and r-sapphire [19] substrates, 

however, the growth of polycrystalline MgxZn1-xO films by MOCVD has not been well 

investigated. For the first time, wurtzite-type MgZnO films with the controllable bandgap 

energies from 3.3 to 3.72 eV were successfully grown on the fused silica substrates by 

MOCVD in A. Yamada’s group [23]. The effect of the growth temperature and 

Mg/(Mg+Zn) molar flow rate ratio of precursors on the crystalline structure of film was 

investigated. The growth temperature was modulated from 115oC and 215oC and the molar 

flow ratio of Mg/(Mg+Zn) was varied in the range of (0.68-0.91). The results showed that 

wurtzite structure preferred a high T and low Mg/(Mg+Zn) ratio. At a growth temperature 

of 145oC and a Mg/(Mg+Zn) ratio of 0.86, they got the MgxZn1-xO film with a Mg content 

of 23% and a bandgap of 3.73 eV [64]. The wurtzite MgZnO polycrystalline film had good 

optical properties and comparable resistivity to that of ZnO film, which indicated that 

MgZnO film was superior to CdS or ZnO film as buffer and window layers in the CIGS 
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solar cells. They also fabricated the CIGS solar cell with MgZnO as the window layer and 

obtained the efficiency of 10.24%.  

 

2.2.4 Chemical Spray Pyrolysis 

      Chemical spray pyrolysis is another attractive film deposition technology that 

possesses ability to grow large-area films with good uniformity and low cost. 

Polycrystalline MgxZn1-xO (x<0.20) films were first grown by chemical spray pyrolysis in 

2002 [65]. T. Terasako etal chose a-plane sapphire (11-20) as the substrate and deposit 

MgZnO film at a substrate temperature of ~400oC. All MgxZn1-xO (x<0.20) films were 

highly textured with a preferential orientation along c-axis. They also grew MgZnO films 

on Si(100) substrate but didn’t obtain the c-axis preferred orientation. The MgxZn1-xO 

films grown on a-sapphire showed the unstructured near-band-edge (NBE) emission, 

shifting continuously towards higher energy with the increase of x. They attributed the 

NBE emission to the radiative transitions from tail states of the conduction band to those of 

the valence band. X. Zhang etal [66] used a similar technique but with a different name, 

called the ultrasonic spray pyrolysis deposition, to synthesize MgxZn1-xO films. A Si (100) 

substrate was used and the substrate temperature was set at 400oC during the growth. All 

films appear to be polycrystalline with a wurtzite structure. The maximum Mg composition 

they obtained was ~27%, corresponding to a bandgap of ~3.58 eV.  

 

2.2.5 Electrophoretic Deposition 

      Electrophoretic deposition (EPD) is a process industrially used for applying coatings to 

metal fabricated products or other electrically conductive surfaces. A characteristic feature 
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of this process is that colloidal particles suspended in a liquid medium migrate under the 

influence of an electric field (i.e. electrophoresis) and are deposited onto an electrode. The 

research focused on the MgxZn1-xO films deposited by EPD is not too much. Y. Jin etal [21] 

fabricated MgxZn1-xO films from high purity ZnO nanoscrystalline powder by EPD on 

conductive glass substrates (FTO/glass). The annealing temperature was set at 450oC. The 

film showed polycrystalline structure with a more preferential crystalline orientation than 

the ZnO powder. But the film morphology didn’t look good. The film (2 - 3 μm) looked 

non-uniform with a very rough surface. From the PL measurement, the Mg incorporation 

was less than 5%.   

      In summary, MgxZn1-xO polycrystalline films can be deposited by many technologies. 

Each of them has its advantages but also disadvantages, as listed in Table 2.1. RF 

magnetron sputtering and MOCVD provide the ability of processing at low substrate 

temperature, which is particularly attractive for the photovoltaic applications. In 

comparison with RF magnetron sputtering, MOCVD is more advantageous because of its 

damage-free process. Moreover, MOCVD has advantages on in-situ doping, morphology 

control and large-area uniformly deposition. Compared to sputtering and MOCVD 

methods, the chemical solutions related synthesis technologies, such as sol-gel, chemical 

spray pyrolysis, and electrophoretic deposition, are more attractive due to their easy and 

low-cost fabrication. But usually a relatively high temperature (400-500oC) post annealing 

process is needed in those technologies. The doping level, film morphology and 

microstructure are not easily controlled, which generally are critical factors influencing the 

overall efficiency of the solar cells.  
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Table 2.1 Comparison of growth technologies for MgxZn1-xO polycrystalline films 

 
 

 

 

 

 

 

 

 

 

 

 

  

 Advantages Disadvantages 

RF Magnetron Sputtering 
Provide ability of processing 
at Low Ts. 

Ionic bombardment 
damage; Introducing 
impurities; High vacuum; 
Target is needed. 

MOCVD 

In-situ doping; Morphology 
control; Large-area uniform 
deposition; Damage-free 
process 

Specific precursors 
(expensive, toxic); 
Expensive equipment. 

Sol-Gel 

Simple process; 
Low-cost equipment; 
Low-cost raw materials. 

A post annealing process is 
needed, usually at a 
relatively high T; 
Doping level, morphology 
and microstructure are not 
easily controlled. 

Chemical Spray Pyrolysis 

Electrophoresis 
Deposition 
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2.3 Growth Technologies of MgxZn1-xO Nanostructures 

       To date, most of growth study of MgxZn1-xO has been focused on epitaxial thin films 

and only little reported work discussed MgxZn1-xO nanostructures. The main challenge is 

coming from the synthesis difficulties. As we known, the formation of various 1-D ZnO 

nanostructures is usually attributed to the polarity of ZnO along <0001> directions, which 

leads to a high surface energy on {0001} planes and hence a fast growth rate along c-axis 

[67]. With the Mg incorporation into ZnO, however, this polarity is weakened and the 

anisotropy of surface energy among all ZnO planes is reduced [68]. The growth rate along a- 

and b-axis starts to increase, while that along c-axis is decreasing. And moreover, this trend 

increases with increasing Mg incorporation. As a result, the growth habit along one 

direction is broken and the formation of 1-D nanostructure is becoming more and more 

difficult with the increase of Mg content. So far, the maximum Mg composition in reported 

1-D MgxZn1-xO nanostructure is limited to ~18% [69]. In the following, we will review the 

current work and efforts that have been put on the synthesis of MgxZn1-xO nanostructures. 

 

2.3.1 MOCVD 

      As we discussed above, MOCVD has many advantages such as controllable in-situ 

doping, available large-area uniformly deposition, high growth rate and so on. One of the 

most attractive advantages is its ability on growing almost all types of low-dimensional 

layers including epitaxial, amorphous, polycrystalline films and nanostructures. So far, 

MOCVD is the most widely used technology for the MgxZn1-xO nanostructures growth. 

The reported maximum Mg content of MgxZn1-xO nanostructures, around 18%, is reached 

by this technology.    
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      In MOCVD growth of MgxZn1-xO nanostructures, several growth factors are critical, 

which are substrate temperature, buffer layers, metal-organic sources (i.e. precursors), 

growth pressure and flow rates of reactive species. The latter two factors, i.e. the growth 

pressure and flow rates of reactive species, determine the flow pattern and growth rate of 

films, and hence influence the growth mechanism. But they are system structure-based 

factors and could shift too much from one system to another. Therefore, the most focus will 

be put on the former 3 factors. The substrate temperature, one of the most critical factors in 

growth kinetics, determines the nucleation behavior and structure development. For the 

growth of MgxZn1-xO nanostructures, most researchers set the substrate temperature to be 

around 500oC [70, 71, 72] or higher (600oC) [69], which is a little bit higher than the ZnO 

nanostructures growth [73]. Besides the substrate temperature, the nucleation behavior is 

also influenced by the substrate surface conditions such as surface energy, crystallographic 

orientation, atomic bonding, defects, roughness, and so on, which usually depends on the 

substrate itself. But as the surface conditions are not expected, film growers can modify 

them by using a buffer layer. People also choose a buffer layer to reduce the lattice and 

thermal mismatch between epilayers and substrates. In almost all MOCVD-grown 

MgxZn1-xO nanostructures reported so far, buffers are seldom used except J. Yoo etal’s 

work [69], where a low T MgZnO buffer layer was used. The growth mechanism is still 

unclear. The big lattice mismatch between MgxZn1-xO and substrate (Si or SiO2/Si in 

almost all cases) and surface energy anisotropy of MgxZn1-xO lattice could probably 

determine the formation of MgxZn1-xO nanostructures directly on the substrate without 

using a buffer. But D. C. Kim etal [53, 74] found that surface phase separation happened 

during the initial growth at high T and MgxZn1-xO nanowires only grew on the Zn-rich 
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region. The choice of the precursor chemicals is also very important in MOCVD growth, 

which strongly influences the reaction pathways although how to influence is not clearly 

understood yet. The growth of MgxZn1-xO nanostructure needs two metalorganic sources, 

i.e. precursors of Zn and Mg. If both precursors have too much different molecular mass 

and hence different diffusion coefficient, and too much different decomposition and 

reaction rate at a fixed substrate temperature, at least one will tend to develop a 

concentration gradient in the growing crystal along the direction of gas flow. The alloy 

composition gradients are easily formed. To eliminate it, it is desirable to select precursors 

with similar masses and diffusion coefficient. Diethylzinc (DEZn) and 

bis-cyclopentadienylmagnesium (Cp2Mg) are usually used as Zn and Mg precursors, 

respectively. The formula weight for them is similar, which is 123.49 for DEZn and 154.49 

for Cp2Mg. Besides that, C. H. Ku etal [70] chose Zinc acetylacetonate (Zn(C5H7O2)2) and 

Magnesium acetylacetonate (Mg(C5H7O2)2) as Zn and Mg precursors, respectively. By 

using those two sources, they obtained a maximum Mg compsotion of ~16.5%. J. R. Wang 

etal [71] used DEZn as Zn precursor, but chose the [Mg(H2O)6](NO3)2 solution as the Mg 

source and oxidizer. They first deposited a [Mg(H2O)6](NO3)2 layer on the substrate, Si 

(111) wafer, and then loaded it into MOCVD chamber for ZnO growth. Since the Mg atom 

was firstly deposited and got incorporation into the ZnO nanostructures through diffusion, 

the Mg composition in this case was not very high, <6%. 

   

2.3.2 Thermal evaporation 

      Thermal evaporation is a very simple method for synthesizing MgxZn1-xO 

nanostructures. In this method, source materials (pure Zn and Mg powders) were loaded 
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into a horizontal tube furnace heated at a high temperature, usually 700-800oC and then the 

carrier (Ar or N2) and reactive gas (O2) were flowed through to carry the evaporated source 

vapors to the substrate. The substrate was usually put downstream and at a relatively low T 

zone to collect the deposition. Si (100) and Si (111) wafers were usually chosen as the 

substrates and B. H. Kong etal [75] also tried to deposit MgxZn1-xO nanostructures on 

c-plane sapphire by the thermal evaporation method. If no buffers were used, as-deposited 

MgxZn1-xO nanostructures appeared to be dentritic nanowires [76, 77] or randomly-inclined 

nanorods [76]. But with designed buffers or templates, well-aligned nanorods could be 

obtained. L. Zhu etal [78] used a two-step growth process to deposit a ZnO-droplets layer 

first and then got MgZnO nanorods with abrupt tips on that template layer. B. H. kong etal 

[75] deposited a ZnO template and a MgZnO template on Si substrates, respectively, by 

sputtering. And then the vertically well-aligned MgZnO nanorods were grown on those 

templates. Besides ZnO-based buffer layers, Au, as a catalyst, was also used for the 

MgZnO nanostructures growth. Through pre-depositing Au nanoparticles with diameters 

in the range of 40-60 nm on Si(100) substrate, Y. Z. Zhang etal [79] successfully synthesized 

quasi-aligned MgxZn1-xO (x=0 and 0.23) nanorods by the thermal evaporation method. 

They found the Au catalyst played important roles in the MgZnO nanostructures growth 

but the growth mechanism didn’t follow the vapor-liquid-solid (VLS) process model. It is 

possible to tune the Mg composition by changing the molar ratio or weight ratio of Zn and 

Mg powders, or by varying the distance between substrates and the source materials [77], 

but it is hard to control it since the growth mechanism is unclear. The maximum Mg 

incorporation in MgxZn1-xO nanostructures grown by thermal evaporation was reported to 

be 23% [79]. However, the fluctuations in alloy compositions exist. 
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2.3.3 Other technologies 

      There are still many technologies that have been tried to grow MgxZn1-xO 

nanostructures, which includes catalysis driven molecular beam epitaxy (MBE) [80], pulsed 

laser deposition (PLD) [81], ion-beamsputtering [82] and thermal diffusion [83]. Y. W. Heo 

etal [80] reported the optical properties of MgZnO nanorods grown by catalyst driven MBE. 

As catalyst, a 0.2-20 nm thick Ag layer was pre-deposited on the SiO2/Si substrate and then 

the nanorods growth was done at a substrate temperature of 300-500oC. From SEM results, 

they found the morphology of the nanorods changed with the addition of Mg, becoming 

more uniform compared to pure ZnO nanostructures synthesized under similar conditions. 

The growth mechanism was not discussed too much except that the growth of MgxZn1-xO 

nanostructures was realized via nucleation on Ag films or islands. The MgZnO nanorods 

exhibited a strong photoluminescence response. From the shift of PL peak, the Mg 

composition was estimated to be 3-4%. First attempts to obtain nanostructured MgZnO 

using PLD was reported by M. Lorenz etal [8181]. They chose a-plane and c-plane sapphires 

as substrate and Au as the catalyst. The growth temperature was controlled at 870-950oC. 

The distance between target and substrate was proved to be extremely important in 

determining the nanowire morphology. The Mg content could be controlled via the PLD 

gas pressure and the maximum Mg content they could achieve was 20%. They 

characterized the spatial homogeneity of the Mg content in the MgxZn1-xO nanowire arrays 

by cathodoluminescence (CL) imaging of the excitonic peak energy and found the 

wire-to-wire fluctuation of the Mg content was negligible. H. Y. Yang etal [82] reported 

MgxZn1-xO nanoneedles prepared by an ion-beam sputtering technique on MgxZn1-xO thin 
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films with Mg contents of up to 21%. The MgxZn1-xO nanoneedles had the cone structure, 

which had a length of 200-400 nm and a diameter of ~100 nm. The high temperature lasing 

of the MgxZn1-xO nanoneedles implied the high crystal quality of the nanoneedles, 

enhancement of oscillator strength in nanostructures and a self-compensation mechanism 

in random laser cavities.  MgZnO nanostructures with wurtzite phase could be prepared 

simply by thermal diffusion of Mg into the ZnO nanowires [83]. ZnO nanowires were firstly 

synthesized on c-sapphire in a simple vapor transport process mediated by “self-catalyst” 

vapor-liquid-solid (VLS) growth. Then ZnO nanowires were spin-coated by the solution 

prepared by the sol-gel approach using acetate of magnesium in a homogeneous aqueous 

reaction medium. Finally, the samples were sintered at 1000oC for 2h while diffusion 

occurred to form the MgxZn1-xO nanostructures. Based on the PL spectra of MgZnO 

nanostructures, the Mg composition was estimated to be around 7%. 

      In summary, MgxZn1-xO nanostructures have attracted much attention because of its 

unique physical properties and multifunctionality. Many technologies have been 

investigated to grow MgxZn1-xO nanostructures. The comparison for those growth 

technologies is listed in the table 2.2. Thermal evaporation and thermal diffusion methods 

are really attractive due to their simple growth process. But the high growth temperature 

and difficulties in control of Mg composition and surface morphology make those 

technologies unrealistic in large-scale fabrication of devices. Compared to thermal 

evaporation and diffusion technologies, PLD and ion-beam sputtering show advantages on 

controlling Mg incorporation and surface morphology of MgZnO nanostructures. 

Vertically well-aligned nanorods and nanoneedles with high Mg content, ~20% has been 

achieved by those technologies. But a high substrate T and high vacuum are needed 
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making the fabrication cost of these technologies relatively high. As MBE was used for 

MgxZn1-xO nanostructures growth, a relatively low substrate temperature was used. But the 

usage of Ag catalyst and low Mg incorporation make this technology unpromising 

especially for photovoltaics. In comparison with all above technologies, MOCVD allows 

MgxZn1-xO nanostructures to be grown at a relatively low substrate T without a catalyst, 

doesn’t need a high vacuum and provides ability on good control of morphology and alloy 

composition. 

Table 2.2 Comparison of growth technologies for MgxZn1-xO nanostructures 

 

 

2.4 Metalorganic Chemical Vapor Deposition 

      Metalorganic chemical vapor deposition (MOCVD), also known as organometallic 

vapor phase epitaxy (OMVPE) is a chemical vapor deposition method usually for epitaxial 

growth of compound semiconductors. It follows the CVD process, in which one or more 

 Advantages Disadvantages 

MOCVD 

Low Ts; 
Without using a catalyst; 
Good control of morphology 
and alloy composition. 

Specific precursors 
(expensive, toxic); 
Expensive equipment. 

PLD 
Good control of morphology 
and alloy composition. 

High Ts; 
High vacuum; 
Usage of catalyst. 

Ion-Beam Sputtering 

MBE Low Ts. 
Usage of catalyst; 
Low Mg incorporation. 

Thermal Evaporation Simple process; 
Low-cost fabrication. 
 

High Ts; 
Poor control of Mg 
incorporation and surface 
morphology. 

Electrophoresis 
Deposition 
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volatile precursors, usually organic compounds or metalorganics and metal hydrides 

containing the required chemical elements, react and/or decompose on the substrate 

surface to produce the desired deposit. The growth of crystal is by chemical reaction not 

physical deposition, which takes place not in a vacuum but from the gas phase at moderate 

pressure (2-100 kPa). This technique is preferred for the formation of devices 

incorporating thermodynamically metastable alloys, and has become a major process in the 

manufacture of optoelectronics.  

 

2.4.1 MOCVD system at Rutgers 

      The MOCVD growth system in Rutgers University is shown in Fig. 2.5. The MOCVD 

system is composed of three main parts: the reacting chamber, the gas delivering system, 

and the control system.  

      An I/O interface hardware, also called as data acquisition boards, with a software 

program loaded in the PC is used as the control system, controlling and monitoring the 

mass flow controllers (MFC), control valves, pneumatic valves and meanwhile 

maintaining temperature and pressure in the reactor and the gas lines.  
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Figure 2.5 A schematic diagram of Rutgers MOCVD system for the growth of ZnO-based 

films and nanostructures. 
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      The gas delivering system is composed of MFCs, control valves, pneumatic valves, 

throttle valves, pressure monitors, metal pipes and other connection components. N2 is 

used as the carrier gas, which is introduced into the MOCVD reactor from the top. Ultra 

high purity (UHP) Ar gas is used as the carrier gas, which flows through the precursors 

bubblers to carry the vapor of precursors into the reactor. In the Rutgers MOCVD system, 

four precursors bubblers are used, which are MCp2Mg (Cp2Mg labeled in Fig. 2.5 is 

another precursor for Mg source), TEGa, DEZn and Cp2Fe. Among them, MCp2Mg and 

Cp2Fe bubblers need to be kept at relatively high temperature (above room temperature, ~ 

45oC for MCp2Mg and ~ 65oC for Cp2Fe) for enough high vapor pressure. In order to 

prevent the condensation of precursors vapors in the delivery lines and clogging of the gas 

handling system, all portions of this network that transport such chemical vapor must be 

heated to or above the evaporation temperature of the precursor. Therefore, the MCp2Mg 

and Cp2Fe lines are heated up to the inlet into the reactor. These requirements can be met 

by simply wrapping the delivery lines with electrically resistive heating tapes. To reduce 

the transit time of precursor vapor in the lines, an additional Ar push flow is added to the 

exit side of the bubblers, as shown in Fig. 2.5. Ultra high purity O2 is used as a reactive gas 

and introduced into the reactor through a separate line. N2O can also be used as a reactive 

gas. NH3 gas sometimes is used as a dopant gas and can also be used to modify the 

structure development of films during the growth. The vacuum system consists of two 

stages, the first stage is a roots blower that allows a high volume of gas to flow, and the 

second stage is a roughing pump. The best vacuum that can be achieved by this system 

(with no gas flow) is 10-1 to 10-2 torr. 
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      The MOCVD chamber is an axisymmetric rotating-disk vertical flow reactor, as shown 

in Fig. 2.6. It consists of a horizontal stainless steel susceptor, which is connected to a 

motor via electrical feedthroughs and can rotate at high speed. A substrate holder (3 inch or 

4 inch) will be loaded on the susceptor and rotate with the susceptor during growth. A 

resistive filament made from Kanthal AF alloy is placed closely underneath the susceptor 

to heat the substrates. A thermocouple is inserted into the narrow space between the 

heating filament and the susceptor to monitor the substrate temperature. On top of the 

suspectors, there are two separated gas injectors (as shown in Fig. 2.6), which are 

metalorganic precursors carried by UHP Ar gas and reactive gas O2. Each injector has a 

series of small holes facing the substrate, and is placed horizontally at the optimum 

distance from the susceptor. The two injectors are separately positioned, such that the gases 

from each injector reach the substrate at different regions at any instant. This injector 

configuration provides the separation of metalorganic precursors from O2 gas before 

reaching the substrate surface and thus prevents the phase reaction between precursors and 

oxygen. A small transit time for the gaseous specious due to the high speed of gases 

coming out of the small holes on the injectors and the short distance from the injectors to 

the substrate also reduce the possibilities of gas phase reactions. To further reduce the 

transit time and prevent phase reaction, high volume flow of N2 is introduced from the 

ceiling of the chamber to push the metalorganics and oxygen gas further down to the 

substrates. A microwave plasma system is installed at the top of the reactor for in-situ 

substrate cleaning and surface treatment of as-grown ZnO-based films and nanostructures. 
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Figure 2.6 A schematic diagram of Rutgers MOCVD growth reactor for ZnO and 

MgxZn1-xO growth. 
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      In the MOCVD chamber, metalorganic precursors and reactive gases flow from the top 

of susceptor and exit through an exhaust at the bottom. A schematic diagram of the flow 

pattern over a rotating susceptor is shown in Fig. 2.7 [84]. The vertical velocity of gas 

flowing downward is reduced as it approaches the susceptor and is redirected radially, 

reaching a stagnation point of zero vertical velocity at the susceptor surface. The flow 

pattern in the chamber is characterized by a boundary layer of gas flux being dragged 

around the susceptor surface and thrown outwards by centrifugal force. This centrifugal 

pumping action also sucks down the gases toward the susceptor. When the susceptor is 

heated, the gas above the susceptor is heated and may rise up due to buoyancy, and then 

falls again after being re-cooled. This instability develops into circulating flow patterns. 

Such circulation of gas flow would lead to undesirable long residence time of gas 

molecules and thus cause gas phase reactions. Such circulating flow patterns have to be 

avoided since small particles formed due to gas-phase reactions may stay in the reactor and 

grow, and degrade the quality of as-grown films. In our MOCVD system, a large volume of 

N2 gas flow is constantly introduced from the chamber ceiling to avoid the formation of 

that circulating flow pattern. 
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Figure 2.7 A schematic diagram of the flow patterns in an axisymmetric rotating-disk 

vertical flow reactor [84]. 
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2.4.2 Metalorganic precursors and chemical reactions 

      The vapor pressure of a metalorganic precursor is a critical parameter that determines 

the concentration of metalorganic precursors entering the reactor, and subsequently the 

growth rate of the film in the MOCVD process. The vapor pressure of most metalorganic 

compounds is given by  

                                                    Log (P(torr)) = B - A/T(K)                                               (2.1) 

where P (torr) is the metal organic vapor pressure, T (K) is the bubbler temperature, A and 

B are constants related to the properties of metalorganic materials. The constants A and B 

of some metalorganic compounds (used in our MOCVD system) and their vapor pressures 

at 298K are listed in Table 2.3. 

  

      The flow rate of the metalorganic precursor vapor is determined by 

                                                    FMO = (PMO / PBubbler) × FC                                         (2.2) 

where FMO and FC are the flow rates of the metalorganic precursor vapor and carrier gas, 

respectively. PMO is the vapor pressure of the metalorganic precursor and PBubbler is the 

Table 2.3. Vapor pressure and melting point of metalorganic precursors 

Metalorganic     
precursor 

Pressure at 298 K 
(mm Hg)

A B 
Melting point 

(oC)
Zn(C2H5)2 DEZn 12 2109 8.28 -28 

Zn(CH3)2 DMZn 300 1560 7.80 -42 

Ga(C2H5)3 TEGa 5.0 2162 8.08 -82.3 

Mg(C5H5)2 Cp2Mg 0.04 3556 10.56 176 

Mg(C6H7)2 

Fe(C5H5)2 

MCp2Mg 

Cp2Fe 

0.24 

0.005 

2358 

3680 

7.30 

10.27 

29 

171 
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bubbler pressure. Once the flow rate of the metalorganic precursor is known, the 

concentration of metaloraganic precursor entering the reactor can be calculated. 

      Since the vapor pressure of metalorganic precursors determines the growth rate of 

films, it is an important factor should be considered for the selection of precursors. 

Dimethyl Zinc [DMZn: (CH3)2Zn] and Diethyl Zinc [DEZn: (C2H5)2Zn] are the most 

commonly used zinc metalorganic sources. In these two compounds, the Zn-C bond is 

predominantly covalent and the C-Zn-C group is linear as a result of sp-hybridization [85]. 

In agreement with their non-polar character, these compounds are among the most volatile 

organometallic compounds. From Eq. 2.1 and Table 2.3, it is seen that DMZn has a higher 

vapor pressure than DEZn. A higher growth rate can be achieved by using DMZn instead 

of DEZn. But it has two main shortcomings:  

(i) It has higher rates of carbon contamination during MOCVD film growth by using 

DMZn than by using DEZn. When DMZn and DEZn dissociatively adsorb onto most 

substrates at temperatures above 400 K, zinc metal and adsorbed methyl and ethyl groups 

are formed, respectively. Unlike methyl groups, the larger ethyl groups can undergo 

-hydride elimination reactions to produce ethylene (C2H4), which then desorbs. 

(ii) Compared to DEZn, DMZn reacts much more vigorously with O2 and H2O. It is 

therefore, difficult to limit gas phase reactions if DMZn is used.  

      With those considerations, we chose DEZn as the Zinc Precursor. The melting point of 

DEZn is 28C, and the boiling point is 117C and 30C at pressures of 760 mm Hg and 27 

mm Hg, respectively. The strongly electrophilic (accepts an electron) characteristics of 

zinc ions largely determine the chemical behavior of DEZn. They are electron deficient 

compounds in that the number of low-lying orbitals available for bonding (four) is greater 
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than the number of bonding electron pairs (two). This presence of vacant orbitals for 

bonding explains the tendency of DEZn to form complexes with compounds containing 

hetero-atoms with free electron pairs (O, N, P, S etc.). This serves to explain the great 

chemical reactivity of DEZn.  DEZn is highly susceptible to be attacked by oxygen and 

water vapor. The reaction of DEZn with water is as 

OHZnOOHZn

HCOHZnO

22

6222252

)(

2)(H 2+ )HZn(C




 

The reaction of DEZn with oxygen is more complicated [86]. A probable reacting route is:  

 

productsotherZnO)HZn(OC

)HCZnOH(C)HZn(OCZn)H(C)HCOOZnOH(C

)HCOOZnOH(CO)HCZnOH(C

)HCZnOH(C2Zn)H(C)HCZnOOH(C

)HCZnOOH(CHCZnOHCOZn)H(C

252

52522522525252

525225252

52522525252

5252522522252

by







 

      For Mg precursors, two commercially available metalorganic compounds, 

Bis-(methylcyclopentadienyl)magnesium (MCp2Mg) and 

Bis-(cyclopentadienyl)magnesium (Cp2Mg), are usually used. MCp2Mg has a melting 

point of 29oC and its boiling point is 56oC at 0.3mm Hg, while Cp2Mg, when pure, is a 

white solid having a melting point of ~281oC. Use of Cp2Mg often requires additional 

purification when received from vendors if reproducible doping results are to be obtained 

[87], which can be time consuming and expensive. MCp2Mg, structurally similar to Cp2Mg, 

however has a lower melting point (29oC), permitting the source to be used as a liquid and 

without any complicated purification process. Therefore, MCp2Mg is the most common 

magnesium precursor of choice for MOCVD growth of II-VI compounds. Both the 

precursors react pyrophorically when exposed to air. In our MOCVD system, MCp2Mg is 

chosen as the Mg precursor. 
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2.5 Summary 

In this chapter, a technical background review for this dissertation is presented. 

Fundamental properties of MgxZn1-xO alloy and its applications are reviewed first. Based 

on the thermodynamics, the solid solubility of MgO in ZnO is very limited. However, it is 

found that that solid solubility can be extended by using non-equilibrium growth methods. 

Due to its tunable bandgap, MgxZn1-xO has been widely used in many electronic and 

optoelectronic devices. While lots of research projects focused on MgxZn1-xO epitaxial 

films growth, little attention has been put on MgxZn1-xO polycrystalline films and 

nanostructures, which are usually applicable in photovoltaic applications. We then do a 

comprehensive review on various growth technologies for MgxZn1-xO polycrystalline 

films and nanostructures. Among them, MOCVD is an attractive technology, which not 

only provides ability of in-situ doping and alloying but also provides controllability of 

surface morphology of MgxZn1-xO. Finally, the MOCVD system at Rutgers and precursors 

selection are presented and discussed. 
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Chapter 3 Growth and characterization of MgxZn1-xO 

polycrystalline films 

 

      ZnO has become a promising photovoltaic material [88] because of its large direct 

bandgap, abundance on earth, non-toxicity, and adjustable n-type doping. ZnO can be 

alloyed with MgO to form the ternary MgxZn1-xO, which has a wide variation of bandgap 

values from ~3.3 eV (ZnO) to ~7.8eV (MgO). With bandgap tunability, MgxZn1-xO is used 

as a window layer in Cu(In,Ga)Se2 (CIGS) solar cells to tune the conduction band offset for 

improved device performance [89, 13]. MgxZn1-xO is used to enhance the open circuit voltage 

VOC in poly(3-hexylthiophene) (P3HT)-MgxZn1-xO hybrid solar cells [14]. As discussed 

before, the surface morphology of MgxZn1-xO plays important roles on performances of 

various solar cells. Two-dimensional (2-D) film with smooth surface is needed for 

conventional inorganic p-n junction type solar cells.  

      So far, most growth studies on MgxZn1-xO have been focused on epitaxial thin films 

deposited on various sapphire substrates with different orientations. Only little information 

on polycrystalline MgxZn1-xO films for photovoltaic applications is available [14, 23].  

Moreover, most of these reported results were obtained on the samples grown on fused 

silica or Si substrates. The growth mechanism of MgxZn1-xO polycrystalline films on 

transparent conductive electrodes, e.g. GZO films, has not been explored. In this chapter, 

we report the results of MgxZn1-xO polycrystalline films grown on GZO films by MOCVD.  
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3.1 Growth optimization of GZO films 

      Ga-doped ZnO (GZO) has been developed as a new transparent conductive oxide 

(TCO). In comparison with tin-doped indium oxide (ITO), one of the commonest TCOs, 

GZO is inexpensive and ecologically-friendly. Recently, a novel structure, formed by ZnO 

films or nanostructures grown on GZO film/glass substrate, has been used in photovoltaic 

devices such as DSSCs [90], and Cu2O-ZnO heterojunction solar cells [91]. In such a 

structure, GZO provides small potential barrier to ZnO, favoring the charge collection in 

the solar cells.  

         GZO films were grown in a rotating disc MOCVD reactor (Rutgers MOCVD system). 

Diethylzinc (DEZn) and triethylgallium (TEGa) were used as the Zn and Ga precursor, 

respectively. Ultra high purity Ar and O2 gas were used as the carrier and oxidizer, 

respectively. GZO films were grown on the glass substrates at a chamber pressure of ~50 

torr, and a relatively low substrate temperature Ts (380-430oC) to achieve the dense and 

smooth films with low resistivity. The optimization of substrate temperature has been done 

by H. Chen in our group. More details can be found in the reference [92]. Besides the 

substrate temperature, the Ga content is another critical factor determining the electrical 

properties of GZO films, which was controlled by adjusting the precursor flow rate ratio 

(TEGa/DEZn).  

      The resistivity of GZO films was characterized by Hall measurement. Figure 3.1 shows 

the resistivity of GZO films as a function of Ga content. The Ga content was measured by 

XPS. From this figure, it is easily seen that the resistivity of GZO film decreases with the 

Ga content. A minimum resistivity of 9.6×10-4 ohm·cm, corresponding to a sheet resistance 

of 12 ohm/square for a 800 nm-thick film, is obtained on GZO film with a 10% of Ga%. 
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The relationship between Ga concentration and sheet resistance of GZO films has been 

reported [93]. The decreased resistivity with increasing Ga content is easily understood. As 

Ga is incorporated into ZnO lattice, it replaces Zn2+, serving as a positive defect 
ZnGa and 

thus producing a free electron. As a result, the carrier (electrons) concentration increases 

with increasing Ga content. Since the resistivity of films is a function of carrier 

concentration, increased carrier concentration leads to a decrease of resistivity. But the 

resistivity stops increasing as the carrier concentration as well as the Ga content arrive at 

some certain value [93, 94]. The reason has been attributed to the increase of ionized impurity 

scattering with increasing carrier concentration. The increased ionized impurity scattering 

leads to the decreased mobility and increased resistivity. Therefore, an optimum Ga 

content exists for a lowest resistivity of GZO films, which is around 10-11% in our cases. 

      The XRD patterns of GZO films with different Ga contents are shown in Fig. 3.2. It is 

observed that all GZO films have a polycrystalline structure. The Ga content (≤10%) 

doesn’t change the wurtzite structure of ZnO. No impurity phases are detected from these 

XRD patterns. Besides that, we find that the texture of GZO films changes with the Ga 

incorporation. The preferred orientation (PO) of GZO films change from (10-11) plane to 

(10-10) plane. Similar phenomenon, i.e. that the PO of GZO films was changing with the 

Ga content, was reported in the reference [95]. But in that case, the PO of GZO films 

changed from (0002) plane to (10-11) plane with increasing Ga content. It was explained as 

that the Ga created new nucleation centers during growth process, which in turn changed 

the nucleation type from homogeneous to heterogeneous and deteriorated the crystal 

structure [95]. Although the direct experimental data is still lacked to explain the PO 

changes, it is reasonable to guess that the Ga incorporation changes the surface energy of 
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ZnO and thus influences the texturing of films. Besides the Ga content, the growth 

parameters during MOCVD growth could also change the PO of GZO films. Figure 3.3 

shows the PO of GZO films (with same Ga% of ~10%) changes from (10-10) plane to 

(0002) plane when the substrate temperature increases from 430oC to 480oC. Same 

phenomenon was also observed and moreover explained by H. Chen et al. [92] in our group. 

Similar PO change with operating parameters was reported in the reference [96]. More work 

that discussed about relationship between operating conditions and PO of non-epitaxial 

polycrystalline ZnO films can be found in the review [97].      

      The optical properties of GZO film were also characterized by using a UV-visible 

spectrophotometer. The transmission spectra of GZO film (with the minimum resistivity of 

9.6×10-4 ohm·cm) is shown in the Figure 3.4, from which a high transmission >85% in the 

visible region can be seen. Figure 3.5 shows the FESEM image of such GZO film. The 

as-grown GZO film appears to be dense with a flat surface. Such dense GZO film, with a 

flat surface and a low resistivity (9.6×10-4 ohm·cm) will be used as a substrate for the 

following growth optimization of MgxZn1-xO polycrystalline films. 
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Figure 3.1 Resistivity of GZO films as a function of Ga content. 
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Figure 3.2 XRD results of GZO films with different Ga content, in which pure ZnO is 

included for a comparison. 
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Figure 3.3 XRD patterns of GZO films with same Ga content (~10%) grown at different Ts. 
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Figure 3.4 Transmission spectra of GZO film with a 10% of Ga% and a low resistivity of 

9.6×10-4 ohm·cm.  
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Figure 3.5 FESEM image of GZO film with a 10% of Ga% and a low resistivity of 9.6×10-4 

ohm·cm.  
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3.2 Growth of MgxZn1-xO polycrystalline films on GZO films 

      The MgxZn1-xO (0≤x≤0.1) thin films were sequentially grown on the GZO/glass 

substrate at a relatively high substrate temperature Ts (500-530oC) and chamber pressure 

(~60 torr) for effective Mg incorporation and good crystalline quality. 

Bismethylcyclopentadienyl magnesium (MCp2Mg) is used as the Mg precursor. The Mg 

composition in MgxZn1-xO can be tuned by adjusting flow rate ratio (MCp2Mg/DEZn) 

under appropriate growth conditions. 

      Shown in figure 3.6(a) is the MgxZn1-xO thin film (~300nm) grown at high temperature 

(500oC-530oC) on the GZO film. The MgxZn1-xO film has good crystalline quality and 

optical property due to similar lattice parameters of GZO and MgxZn1-xO. However the 

film appears to have a columnar structure with a rough surface. Such rough film is 

unfavorable for making the conventional p-n junction solar cells. In order to modify the 

surface morphology of MgxZn1-xO films, a LT ZnO buffer layer (~20 nm) was grown 

initially followed by subsequent growth of MgxZn1-xO films. The resulted surface 

morphology of Mg0.08Zn0.92O thin film is shown in Fig. 3.6(b), where the film becomes 

dense with a smooth surface in comparison with the morphology of the Mg0.08Zn0.92O thin 

film grown on the GZO without a ZnO buffer layer shown in Fig. 3.6(a).   

      The surface roughness of MgxZn1-xO films is examined by atomic force microscopy 

(AFM). Fig. 3.7(a) and (b) show the 3-D AFM images of Mg0.08Zn0.92O thin films grown 

without and with a LT ZnO buffer, respectively. The surface roughness (root mean square, 

i.e. RMS, value) of the Mg0.08Zn0.92O film directly grown on a GZO film without a buffer is 

~18 nm, while the film grown with a LT ZnO buffer has a reduced roughness  
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Figure 3.6 FESEM images of (a) Mg0.08Zn0.92O film grown on GZO without a buffer layer, 

(b) Mg0.08Zn0.92O film grown on GZO with a LT ZnO buffer layer. 

 

(a) (b) 
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Figure 3.7 AFM images of Mg0.08Zn0.92O film grown on GZO film (a) without any buffer, 

(b) with a LT ZnO buffer. 

       

 

 

 

 

 

(a) 

(b) 
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of ~8 nm. The low-temperature grown ZnO buffer improved the MgxZn1-xO film surface 

roughness. 

      To understand the influence of the LT ZnO buffer on the surface morphology of 

MgxZn1-xO films, XRD is conducted on the Mg0.08Zn0.92O films.  Shown in Fig. 3.8 are the 

XRD θ-2θ scans on the MgxZn1-xO/GZO films without and with the LT ZnO buffer layer. 

For comparison, the results of a GZO film and a Mg0.08Zn0.92O film directly grown on glass 

substrates are also included. The GZO film shows a polycrystalline structure with a 

preferential orientation along [10-10] (Fig. 3.8(i)). The Mg0.08Zn0.92O film grown on a 

glass substrate at high temperature of 500-530oC is c-axis oriented (Fig. 3.8(ii)). Fig. 

3.8(iii) shows the XRD pattern of Mg0.08Zn0.92O film grown on GZO film without the LT 

ZnO buffer. The XRD shows the polycrystalline structure similar to that of GZO films 

(Fig. 3.8(i)) but with a stronger peak on (0002). The XRD result of Mg0.08Zn0.92O film 

grown on GZO film with the LT ZnO buffer is shown in Fig. 3.8(iv), where the (0002) peak 

intensity is negligible compared to other peaks, indicating that the c-axis preferred growth 

of Mg0.08Zn0.92O is suppressed with the use of the LT ZnO buffer. Furthermore, the 

resulting Mg0.08Zn0.92O film has a textured structure with a preferred orientation along 

[10-10]. Since the orientation with the fast growth rate, i.e. [0002], is in the plane of 

(10-10), the elongated grains develop in-plane of the GZO surface during the growth, 

making the Mg0.08Zn0.92O film dense and smooth.       
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Figure 3.8 The XRD pattern of (i) GZO film on glass, (ii) Mg0.08Zn0.92O film grown on 

glass, (iii) Mg0.08Zn0.92O film grown on GZO film without a buffer and (iv) and 

Mg0.08Zn0.92O film grown on GZO film with a LT ZnO buffer. 
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      The LT buffer layer, followed by HT growth, has been widely used in ZnO epitaxial 

films growth on various single crystal substrates to improve the film crystalline quality, 

surface roughness, and optical properties [98, 99, 100, 101]. The improvements are mainly 

attributed to the minimization of the strain caused by the lattice and thermal mismatches 

between the epilayer and the substrate.  In our case, however, both MgxZn1-xO and GZO 

have the wurtzite structure with similar lattice constants, so that the strain effect is small. 

Based on the characterization results from SEM, AFM and XRD, it is evident that MgZnO 

nucleation and then growth are affected by LT ZnO buffer effects. When a Mg0.08Zn0.92O 

film is directly grown on a glass substrate, due to lack of crystallographic alignment, the 

adatoms (at the high deposition temperature) diffuse on the surface to arrange themselves 

towards the lowest surface energy. Since the (0002) plane of MgxZn1-xO (x<0.10) has the 

highest surface energy [68], it would be covered foremostly by adatoms and the MgxZn1-xO 

(x<0.10) thin film grows predominantly along the c-axis direction, while growth of crystals 

with other orientations is inhibited (Fig. 3.8(ii)). The GZO polycrystalline film shows a 

different surface from that of amorphous glass. Although the crystallographic alignment 

exists, the adatoms (at high deposition temperature) prefer to coalesce into 3D nuclei at 

grain boundaries, surface defects, and terraces because all of them are active surface sites 

and the activation energy for bonding on these sites is lower than elsewhere. Presence of 

Ga-atoms could also act as nucleation sites [102 ]. With surface energy anisotropy of 

MgxZn1-xO crystal, those 3D nuclei easily develop into c-orientated texture (Fig. 3.8(iii)). 

Since those nucleus sites, introduced by crystal defects and surface terraces, are not 

uniformly distributed on the substrate surface, the 3-D nucleation usually leads to a rough 

film (Fig. 3.6(a) and 3.7(a)). When using a LT ZnO buffer, however, the nucleation 
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behavior is changed. At the low substrate temperature (~250oC), the nucleation is 

kinetically inhibited. The adatoms reduce surface diffusion energy and prefer the 

crystallographic sites similar to the GZO film for the interface energy minimization. The 

LT buffer thus follows the polycrystalline GZO structure but with a developed surface 

having less surface defects and Ga-atoms. The subsequent HT growth of a MgxZn1-xO film 

then follows the crystallographic alignment (i.e. polycrystalline in this case) of the buffer 

and the GZO (Fig. 3.8(iv)). 

 

3.3 Summary 

      We optimized the growth of GZO films on glass substrates by using MOCVD. A 

relatively low substrate temperature (380oC-430oC) was used to achieve dense and smooth 

film. The resistivity was found to be varying with the Ga content and a minimum resistivity 

of 9.6×10-4 ohm·cm was obtained on the GZO film with the Ga content of ~10%. It was 

also found that the texture of GZO films changed with the Ga content and growth 

parameters. With the increase of the Ga content, the PO of GZO films switched from 

(10-11) to (10-10). And with the increase of substrate temperature, the PO of GZO films 

changed from (10-10) to (0002). The optimized GZO film with a low resistivity and high 

transmittance was used as a substrate for the growth optimization of MgxZn1-xO 

polycrystalline films. 

      MgxZn1-xO polycrystalline films were sequentially grown on GZO films.  A relatively 

high substrate temperature Ts (500-530oC) was used for effective Mg incorporation and 

good crystalline quality. The MgxZn1-xO polycrystalline film directly grown on GZO films 

had a column structure with a rough surface, which is not favorable for making the 
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conventional p-n junction solar cells. A thin buffer layer was used to modify the surface 

morphology and roughness. Growth of a LT (~250oC) ZnO buffer, followed by high 

temperature growth of MgxZn1-xO, resulted in a high quality polycrystalline MgxZn1-xO 

film with smooth surface morphology. A growth mechanism was proposed to explain the 

experimental results. 
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Chapter 4 Growth and characterization of MgxZn1-xO 

nanostructures 

 

      As discussed in the section 2.3, the growth of 1-D wurtzite MgxZn1-xO nanostructures 

is more challenging than that of ZnO nanostructures, especially for high Mg content (>4%, 

the thermodynamic solid solubility of MgO in ZnO). Many technologies, such as MBE, 

PLD, MOCVD, thermal evaporation etc., have been adopted to grow various 

nanostructured MgxZn1-xO. MOCVD is particularly attractive due to its damage-free 

process, the ability to realize well control of in-situ doping, alloy composition and surface 

morphology. Recently, good MgxZn1-xO nanorods with high Mg content (>15%) have been 

achieved by MOCVD [69, 70]. However, the growth mechanism is not clear yet. The initial 

growth approaches such as the usage of buffer layers, which we think is very critical for the 

MgxZn1-xO nanostructures growth, varies with different reports. Both a low T MgZnO 

buffer and no buffer are reported to be working for the formation of 1-D MgZnO 

nanostructures. In this chapter, we try to optimize growth of 1-D MgxZn1-xO nanotips on Si 

substrates firstly. The buffer layer effects on the growth of 1-D wurtzite MgxZn1-xO 

nanostructures will be studied. Then the MgxZn1-xO nanostructures are grown on GZO film 

for pholotovoltaics. A growth mechanism will be proposed.  

 

4.1 Optimization of MgxZn1-xO nanotips growth on Si substrates   

      MgxZn1-xO nanotips were grown on Si substrates by the MOCVD technology. The 

diethylzinc (DEZn) and bismethylcyclopentadienyl magnesium (MCp2Mg) were used as 

Zn and Mg precursors, respectively. Ultra high purity O2 was used as oxidizer gas and Ar 
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as carrier gas. The Mg composition was tuned by adjusting the flow rate of MCp2Mg under 

a fixed O/Zn precursors flow rate ratio. Growth parameters, including the substrate 

temperature, O/Zn precursors flow rate ratio, chamber pressure were found to play 

important roles on the MgxZn1-xO nanotips growth, and thus would be optimized. Besides, 

buffer layers were used during the MgxZn1-xO nanotips growth. The effect of buffer layers 

on the MgxZn1-xO nanotips growth would be investigated. 

 

4.1.1 Substrate temperature 

      The substrate temperature, Ts, is a very important variable during the growth, having 

profound effects on the morphology and composition of MgxZn1-xO nanotips. Figure 4.1 

shows FESEM images of MgxZn1-xO (x ~ 7-8%) nanotips grown on Si substrates at 

different Ts. It is found that a high Ts (≥530oC) is preferred to form 1-D nanostructures. But 

the nanotips grown at higher Ts (>560oC) are not uniform, as shown in Fig. 4.1(d). It could 

be explained as that the probabilities of gas phase reaction near the film surface increase 

with increasing Ts leading to the development of some particles. Those particles could 

serve as nucleation centers inducing the fast growth of some nanotips and thus degrading 

the uniformity of the nanotips.  

      Figure 4.2 shows transmission spectra of MgxZn1-xO nanotips grown at different Ts. As 

seen, the absorption edge of MgxZn1-xO samples shift towards a longer wavelength with 

the increase of Ts. It means that a decrease of Mg incorporation happens as the substrate 

temperature increases. The molecule of MCp2Mg, the precursor of Mg, has a larger mass 

than that of DEZn, the precursor of Zn. Since the desorption probability is a function of 
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Figure 4.1 FESEM images of MgxZn1-xO nanotips grown on Si substrates at different Ts (a) 

500oC, (b) 530oC, (c) 560oC, (d) 590oC. 

 

(a) (b) 

(c) (d) 
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Figure 4.2 Transmission spectra of MgxZn1-xO nanotips grown under different Ts from 

500oC to 590oC. The transmission spectrum of ZnO is included as a reference. 
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temperature and mass, such probability of MCp2Mg on the film surface increases more 

quickly than that of DEZn with the increase of Ts, leading to a reduced Mg content. Based 

on these results, the optimized Ts for MgxZn1-xO nanotips should be in the range of 

530oC-560oC. 

 

4.1.2 O/Zn precursors flow rate ratio 

      The VI/II flow rate ratio, i.e. O/Zn ratio, is reported to be a critical factor for 

determining the growth mode of ZnO in the MOCVD system [103]. In this dissertation work, 

however, precursors Zn/O flow rate ratio is demonstrated to play an important role on the 

Mg composition during the MgxZn1-xO nanotips growth. Theoretically, Mg composition 

should keep increasing with increasing the flow rate of MCp2Mg. In real cases, however, it 

is limited by the O/Zn flow rate ratio. At a relatively low O/Zn flow rate ratio (2250/65, 

where 2250 and 65 represent the flow rate of O2 and DEZn with a unit of sccm), Mg 

composition is limited to around 3% and the increased MCp2Mg flow rate leads to a 

significant degradation of transmittance, as shown in Fig 4.3(a), implying an ineffective 

Mg incorporation. At a high O/Zn flow rate ratio (2250/45), Mg composition can easily go 

up to 6% with the increase of the Mg flow rate, shown in the Figure 4.3(b). The 

improvement of Mg incorporation at the relatively high O/Zn flow rate ratio may be 

explained as follows. Under fixed other growth conditions, the flow rate of DEZn 

determines the growth rate of MgxZn1-xO nanotips since the Mg incorporation is low and 

the growth rate is mainly determined by the reaction rate of Zn species. A lower ZnO 

growth rate at a lower Zn flow rate (45 sccm) provides Mg species higher reaction 

probability with O and results in longer diffusion time of Mg atom to find its stable posit- 
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Figure 4.3 Transmission spectra of MgxZn1-xO nanotips grown with different O/Zn 

precursors flow rate ratios. (a) O/Zn flow ratio is 2250/65; (b) O/Zn flow ratio is 2250/45. 
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Figure 4.4 Relationship between the maximum Mg incorporation and the flow rate of 

DEZn, under the fixed O2 flow rate (2250 sccm). 
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ion in the wurtzite ZnO lattice and thus higher Mg incorporation. The maximum Mg 

composition (i.e. limitation) of MgxZn1-xO nanotips obtained at each different DEZn flow 

rate was shown in Fig. 4.4. 

 

4.1.3 Chamber pressure 

      The chamber pressure is another sensitive factor, which impacts the Mg incorporation 

as well as the surface morphology. It has been reported that the vertical growth rate is 

higher than the lateral growth rate under a high chamber pressure (~200 torr) while a better 

tendency of lateral growth happens under a low chamber pressure (~30 torr) [104]. For the 

growth of 1-D MgxZn1-xO nanostructures, therefore, we expect to use a relatively high 

chamber pressure to maintain a fast growth rate along the vertical direction. However, the 

chamber pressure cannot be too high since the probability of gas phase reaction also 

increases with the chamber pressure, which results in a very bad surface morphology and 

hence a great degradation of optical properties. Through varying the chamber pressure 

from 40 torr to 110 torr, we found an optimum chamber pressure (~60 torr) for good 

MgxZn1-xO nanotips. It was also found the Mg incorporation varied with the chamber 

pressure. A little bit increase of Mg incorporation was found when the chamber pressure 

changed from 50 torr to 90 torr. It could be explained as that higher chamber pressure 

reduces the mean free path of Mg species and increases their reaction probability with O 

and thus results in higher Mg incorporation. 
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4.1.4 Buffer layers   

      A buffer layer is usually used in the film growth to modify quality of the film/substrate 

interface, the surface morphology, structural and crystalline properties and even optical 

and electrical properties of the film. Among almost all ZnO-based films or nanostructures, 

two different types of ZnO buffer layers are mainly used for improving the quality of the 

main layer, which are low-T buffer layers and high-T buffer layers [105]. The low-T buffer 

can reduce the stress and strain caused by the thermal expansion coefficients difference and 

lattice mismatch between substrates and films [105, 106], while the high-T buffer is usually 

used to produce high crystalline seed layers or template for the subsequent low temperature 

growth [107, 108]. In our own work of MgxZn1-xO thin films grown on r-plane sapphires [19, 58], 

a high-T thin ZnO buffer layer is used to achieve high-quality films and the thin ZnO buffer 

acts as a crystalline template and restricts diffusion of Mg into the sapphire substrate. For 

the MgxZn1-xO nanotips growth, we found a buffer layer is also needed. Figure 4.5 (a) 

shows the cross-view SEM image of the Mg0.07Zn0.93O sample grown on Si substrates 

without a buffer layer, from which a column structure with a rough surface is observed. 

This result is different from previously reported results [5353], in which Mg0.08Zn0.92O 

nanowires were successfully grown on Si substrates without using any buffer, and Zn-rich 

and Mg-rich regions were automatically formed during the initial growth and those phase 

separated seed layers induced the growth of nanowires.  

      In order to investigate the influence of the buffer layer on the growth of MgxZn1-xO 

nanotips, we initially grew a thin (~ 30 nm) ZnO buffer layer at low temperature (LT) (~ 

300oC), a thin MgZnO buffer layer at LT (~ 300oC), and a thin ZnO buffer at high T (HT) 

(~520oC), respectively, on Si substrates before the MgxZn1-xO nanotips growth. These 
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three different types of buffer layers resulted in three different kinds of morphology of 

MgxZn1-xO nanotips, shown in the Fig. 4.5 (b)-(d). It is seen that good MgxZn1-xO nanotips 

only form on the HT ZnO buffer (Fig. 4.5(d)).  The MgxZn1-xO samples grown on the LT 

ZnO (Fig. 4.5(b)) and LT MgZnO buffer (Fig. 4.5(c)) have similar morphologies, both of 

which are composed of dense vertically aligned columns and appear to be dense films.       

      The XRD θ-2θ scan of MgxZn1-xO samples grown on different buffers is shown in the 

figure 4.6. All peaks are indexed based on the wurtzite ZnO structure. No phase separation 

is observed in those MgZnO samples. The MgxZn1-xO nanotips sample grown on the 

high-T ZnO buffer shows a c-axis preferred orientation as expected. Only two strong peaks 

from (0002) and (0004) are observed, implying that the growth habit of MgxZn1-xO (x~7%) 

nanotips keeps similar to that of ZnO nanotips (i.e. the fastest growth rate along c-axis). As 

comparison, the MgxZn1-xO samples grown on LT ZnO buffer and LT MgZnO buffer also 

show a preferential orientation along c-axis. But the presence of other peaks from (10-10), 

(10-12) and (10-13) confirms the polycrystalline structure of these two samples.  

 

4.1.5 Growth mechanism 

      Based on the conventional nucleation and growth theory, as-arrived adatoms would 

find preferential sites on the surface of substrates to form the nucleation sites in the 

beginning of growth, and those sites would grow up with a continuous sources supply to 

form films or nanostructures. A 3-D island growth mode (Volmer-Weber or VM mode) is 

proposed to explain the nanotips or nanorods or nanowires growth, where the nucleation 

islands in the initial growth are desirable to form the 1-D nanostructures. In our MgxZn1-xO 

nanotips growth, a high-T ZnO buffer layer is believed to induce the VM growth mode in 
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the first stage of the growth and play a critical role on the formation of MgxZn1-xO 

nanostructures. The growth mechanism can be proposed as follows.  

      ZnO nanowires are easily grown on the Si substrates. Due to big lattice mismatch 

between ZnO and Si, Zn- and O- reactive adatoms randomly migrate on the surface of Si 

substrates during the initial growth and easily agglomerate together to form the nucleation 

islands at a high temperature. These nucleation islands will grow up quickly along the 

c-axis orientation because of the native growth habit of ZnO (i.e. the big surface energy of 

c-plane makes it preferentially covered by adatoms). With the continuous growth, the 

growing nucleation islands become more and more separate, which provide preferential 

nucleation sites to the subsequent MgZnO nanotips growth. Since the Mg and Zn metal 

adatoms have different adsorption energy, Mg incorporation in ZnO will definitely disturb 

the surface migration of Zn-O adatoms and hence the growth habit of ZnO. Besides that, 

Mg incorporation reduces the surface energy anisotropy of ZnO [68] and thus reduces the 

growth rate along c-axis. As a result, the MgxZn1-xO nanotips growth becomes more and 

more difficult with increasing Mg composition even with a high T ZnO buffer layer. So far, 

the maximum Mg composition we obtained on MgxZn1-xO nanotips grown on Si substrates 

is ~15%. 
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Figure 4.5 FESEM images of MgxZn1-xO (x~7%) samples grown on different buffer layers. 

(a) no buffer; (b) a LT ZnO buffer; (c) a low-T MgZnO buffer; (d) a high-T ZnO buffer. 
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Figure 4.6 XRD patterns of Mg0.07Zn0.93O samples grown on different buffer layers. 
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4.2 Optimization of MgxZn1-xO nanotips growth on GZO films   

      With the optimization of MgxZn1-xO nanotips growth on Si substrates, 1-D MgxZn1-xO 

nanostructures are also grown on GZO films for photovoltaics. Because of the limitation of 

soften point of glass (~550oC), we chose a Ts of 530oC and use a HT ZnO buffer (~30-50 

nm) for the MgxZn1-xO nanostructures growth. Figure 4.7 (a)-(e) show the cross-section 

FESEM images of 1-D MgxZn1-xO (0≤x≤0.10) nanostructures (200-600 nm) on GZO 

films. All MgxZn1-xO (x≤0.1) nanostructures appear to be nanotips/nanorods aligned 

perpendicular to the GZO surface. The aspect ratio of nanotips/nanorods reduces from 7:1 

to 2:1 with increasing Mg content from 0 to 0.1. The reduced aspect ratio has been reported 

on MgxZn1-xO nanorods grown on Si substrates [69], which could be explained in terms of 

the surface energy change caused by Mg incorporation into ZnO. As the Mg composition 

increases beyond 10%, the MgxZn1-xO changes from the 1-D nanostructure into 2-D film 

(Fig. 4.7(f)), resulted from the reduced surface energy anisotropy [68].  

      Figure 4.8 shows the transmission spectra of MgxZn1-xO nanostructures with different 

Mg%. All MgxZn1-xO samples show high transmission (>80%) in the visible region. The 

absorption edge has a blue-shift with the increase of Mg%, showing the bandgap increase. 

The high transmittance with a shorter absorption wavelength makes MgxZn1-xO more 

advantageous than ZnO to be used as a window layer in solar cells since the overall 

efficiency could be improved by less absorption loss.  

      For ZnO nanostructures grown on GZO films [90, 102], large surface energy anisotropy of 

ZnO and relatively high growth temperature are the key factors for growth of 1-D 

nanostructurs. Although GZO film is polycrystalline, lots of nucleation sites such as 

surface defects, and Ga atoms etc. would make adatoms coalesce into 3D nuclei that 
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facilitate fast growth along c-axis direction, forming 1-D nanostructures (Fig. 3.10(a)). As 

Mg is introduced for growth of MgxZn1-xO, the adatoms diffusion and nucleation become 

complicated.  It is found that it is difficult to grow 1-D MgxZn1-xO nanostructures directly 

on GZO films without using buffer layers. The HT ZnO buffer serves as a nanostructured 

template formed on the GZO film, and then the MgxZn1-xO adatoms would follow the 

crystallographic alignment to grow into 1-D nanostructures. 

      It is still a challenge to achieve good 1-D MgxZn1-xO nanostructures with high aspect 

ratio and high Mg content (>10%). The reasons could be attributed to two aspects, (i) the 

intrinsic low surface energy anisotropy and (ii) not well-controlled growth kinetics. The 

growth parameters such as substrate temperature, chamber pressure, precursor flow rates, 

and the buffer layer thickness will be further optimized.  
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Figure 4.7 FESEM images of MgxZn1-xO nanostructures on GZO films with (a) x=0, (b) 

x=0.04, (c) x=0.06, (d) x=0.08, (e) x=0.10 and (f) x=0.12. 

(d) 

(e) 

(a) (b) 

(c) 

(f) 
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Figure 4.8 Transmission spectra of 1-D MgxZn1-xO (0≤x≤0.10) nanostructures. 

 

 

 

 

 

 

 

 

 

 



76 

4.3 Summary 

      In this chapter, we presented the growth optimization of 1-D MgxZn1-xO 

nanostructures. The growth of MgxZn1-xO nanotips was firstly optimized on Si substrates. 

The substrate temperature, chamber pressure and O/Zn precursors flow rate ratio were 

optimized, respectively. It is found that MgxZn1-xO nanotips could be successfully grown 

at a relatively high temperature (530oC-560oC) and an optimum chamber pressure (~ 60 

torr). A low Zn precursor flow rate, i.e. a relatively high O/Zn precursors flow rate ratio, 

was needed to achieve high Mg incorporation in MgxZn1-xO nanotips. Besides that, a buffer 

layer was found to play critical role on the MgxZn1-xO annotips growth. A HT ZnO buffer 

is beneficial for the formation of MgxZn1-xO nanotips. The ZnO buffer forms a 

nanostructured template at a high temperature, then serving as preferential nucleation sites 

to induce the sequential growth of MgxZn1-xO nanotips.  

      1-D MgxZn1-xO nanostructures were also grown on GZO films for photovoltaics. 

Compared to Si substrate, polycrystalline GZO film provide a more complex surface 

situation to the MgxZn1-xO nanotips growth. By using a HT ZnO buffer, MgxZn1-xO 

(0≤x≤0.1) nanotips has been successfully grown on GZO films. It is still challenging to 

grow MgxZn1-xO nanotips with higher Mg composition (>10%). Further optimization is 

needed. 
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Chapter 5 Photovoltaic cells fabricated on MgxZn1-xO films and 

nanostructures 

 

      Due to its tunable bandgap, MgxZn1-xO has been used in excitonic solar cells, e.g. 

P3HT-MgxZn1-xO hybrid solar cells, and inorganic p-n junction thin film solar cells, e.g. 

CIGS solar cells, for modifying band offset between p-type semiconductor and n-type 

semiconductor and thus enhancing the open-circuit voltage VOC of solar cells. In those 

photovoltaic applications, however, the morphology of MgxZn1-xO layers was not well 

designed and controlled, which could limit the solar cell performances. As discussed in the 

chapter 1, 1-D single crystalline nanostructures are preferred in the excitonics solar cells 

while 2-D dense and smooth films are needed in the conventional inorganic p-n junction 

solar cells. We, therefore, spent much effort on controlling morphology of MgxZn1-xO 

layers and put morphology-controlled MgxZn1-xO layers into photovoltaic applications for 

better solar cell performances.  

      The growth optimization of MgxZn1-xO 2-D polycrystalline films and 1-D 

nanostructures has been presented in previous chapters. In this chapter, we are going to 

present the preliminary results of photovoltaic solar cells fabricated on MgxZn1-xO films 

and nanostructures. The unique 3-D structure, consisting of 1-D MgxZn1-xO nanostructures 

and 2-D GZO films, was used in the P3HT-MgxZn1-xO hybrid solar cells and 

corresponding device performances will be discussed. The MgxZn1-xO polycrystalline film 

was used as the n-type counterpart, forming a heterojunction thin film solar cell with p-type 

Cu2O film. The testing results will be presented. Meanwhile, the effect of Mg composition 

on the open-circuit voltage will be investigated.   



78 

5.1 P3HT-MgxZn1-xO hybrid solar cells 

5.1.1 Solar cell structure and operating mechanism 

      Figure 5.1 shows the P3HT-MgxZn1-xO hybrid solar cell structure. 1-D MgxZn1-xO 

nanostructures (~500 nm) are sequentially grown on 2-D GZO films by MOCVD, forming 

a unique 3-D structure. Such unique 3-D structure serve as a photoelectode, collecting and 

transporting electrons generated at interface between P3HT and MgxZn1-xO. It has some 

unique advantages as follows.  

(i) Enhanced Performances: First, 1-D MgxZn1-xO nanotips can provide performance 

enhancement through light trapping, faster electron transport, larger interface area 

between MgxZn1-xO and P3HT and hence much photo-generated charges. Second, 

ZnO nanotips and GZO films are from the same material system. GZO offers very 

low contact potential to ZnO and thus favors the electron injection. The fast 

photoresponse speed can be achieved. 

(ii) Enhanced Manufacturability and Reduced Cost: ZnO is a low cost, non-toxic, 

environment-friendly material. In contrast to the ITO or FTO, GZO possesses 

similar electrical and optical properties to ITO and FTO but additional advantages 

such as low cost, non-toxicity, ease in doping, chemical stability in hydrogen 

plasma, and thermal stability. Besides that, both MgxZn1-xO and GZO layers can be 

sequentially grown in one MOCVD system under low substrate temperatures 

(<550oC) without breaking the vacuum, which is applicable for large-scale 

manufacturing process.  
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(iii) Enhanced Reliability and Lifetime: Both GZO and MgxZn1-xO have wide 

bandgap, protecting solar cells from UV degradation. UV harvesting can be used to 

increase cell efficiency, and enhance lifetime. 

After forming above 3-D photoelectodes, hybrid solar cells are prepared by spin coating 

15g/L chloroform solution of regular P3HT (Rieke Metals E-grade) at ~ 1000 rpm onto the 

MgxZn1-xO nanotips. Top contacts for hole extraction are formed by deposition of six 0.096 

cm2 and 100 nm thick silver discs on each device. 

      Figure 5.2 shows the band diagram of Ag-P3HT-MgxZn1-xO-GZO hybrid solar cell, 

which is roughly drawn based on the theoretical values of electron affinity and bandgap of 

ZnO, GZO, P3HT and Ag. The main charges contributing to the photovoltaic effect are 

generated in the interface between MgxZn1-xO and P3HT. Excitons created by light 

absorption in organic semiconductor, P3HT, do not possess enough energy to dissociate in 

the bulk. The big band offset (> 1.3 eV between EC of ZnO and LUMO of P3HT) at the 

interface between MgxZn1-xO and P3HT provides an exothermic pathway for dissociation 

of excitons. Dissociated excitons produces electrons to MgxZn1-xO and holes in P3HT, 

which will transport through 1-D MgxZn1-xO nanotips and P3HT to electrodes, 

respectively. MgxZn1-xO has a wide bandgap, larger than 3.30 eV, and therefore is 

transparent to the visible light. The UV light with shorter wavelength than 375 nm 

(corresponding to an energy value of 3.30 eV) is absorbed by MgxZn1-xO, generating free 

electrons and holes. But they are easily recombined and would not contribute to the 

photocurrent too much. 
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Figure 5.1 A schematic diagram of Ag-P3HT-MgxZn1-xO-GZO/glass solar cell. 
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Figure 5.2 Band diagram of Ag-P3HT-MgxZn1-xO-GZO/glass solar cell. 
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Figure 5.3 Band diagram of ITO-MgxZn1-xO-P3HT-Ag hybrid polymer-metal oxide 

device, showing the effect of Mg content on the VOC of the device [14]. 
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      Recently, MgxZn1-xO was used in hybrid polymer-metal oxide solar cells to modify the 

band offset between polymer semiconductor and metal oxide semiconductor and hence to 

increase VOC of the device [14]. The basic idea is easily seen from Fig. 5.3, in which band 

diagram of ITO-MgxZn1-xO-P3HT-Ag solar cell is shown. With the increase of Mg content 

in MgxZn1-xO, an increase in bandgap of MgxZn1-xO is observed. Their research showed 

that much of that increase was in the conduction band just as shown in Fig. 5.3. The shift of 

conduction band (CB) of MgxZn1-xO towards to the vacuum level increases the energy 

difference between CB of MgxZn1-xO and HOMO of P3HT and thus enhances the VOC of 

the solar cell. In this dissertation, an enhanced VOC is expected for using MgxZn1-xO 

instead of ZnO. 

 

5.1.2 Solar cell testing system 

      The solar cell testing system is shown in Figure 5.4. The quantum efficiency 

measurements are obtained under illumination from a 150 W Xenon Light source (Oriel 

Q60000) passing through an Oriel Cornerstone 130 monochromator, Stanford Research 

SR540 light chopper, and focused on the sample with a fiber optics probe, as shown in Fig. 

5.4 (a). The AC photocurrent is collected with an EG&G 5210 Lock-in amplifier. Light 

source power versus wavelength is calibrated using a silicon photodiode (Texas Instrument 

OPT101) of known responsivity. For each wavelength , the external quantum efficiency 

(EQE), also known as incident photon-to-current conversion efficiency (IPCE), is 

calculated from the solar cell photoresponse PR according to: 

 WJPR /
                                                                 (5.1) 

)/(   qhcPREQE                                                         (5.2) 
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Where J (mA/cm2) is the photocurrent density, W (mW/cm2) is the incident light power, 

h is the Planck constant, q is the charge of electron and c is the speed of light.  

      The power conversion efficiency measurements are shown in Fig. 5.4 (b). The solar 

cells are directly to the light generated from the 150 W Xe light source (Oriel Q60000) 

filtered through an AM 1.5G filter (100 mA/cm2). A potentiostat (EG&G 273A) is 

connected to the device to measure the photocurrent and photovoltage. The data 

acquisition, monochromator control and data analysis is integrated with homemade 

Labview program. 

      For broadband variable sunlight simulated measurements, the I-V curves are recorded 

with an EG&G 273A potentiostat at 200 mV/s in the dark and under variable illumination 

intensity from a 150 W Xe light source. The light intensity is calibrated for the spectral 

mismatch with the AM 1.5G (100 mA/cm2) solar spectrum. For one sun conditions, the Xe 

light source intensity with AM 1.5G filter is adjusted and measured to be 100 mW/cm2 

with a Newport thermopile. The power conversion efficiency  is calculated from the 

equation: 

(%) = (JSC) ·(VOC) · FF/(Pin)  100%                 (5.3) 

where JSC (mA/cm2) is the short-circuit current density, VOC (V) is the open circuit voltage, 

FF is the fill factor, which describes the power extraction efficiency of solar cells, and Pin 

(mW/cm2) is the overall illumination power incident on the solar cells.   
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Figure 5.4 Schematic illustration of solar cell testing system, (a) quantum efficiency 

measurements; (b) power conversion efficiency measurements. 
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5.1.3 Preliminary results of solar cells  

      As discussed in the section 5.1.1, the Mg incorporation in MgxZn1-xO leads to the 

increase of bandgap and such increase mostly happens on the conduction band, causing the 

increase of energy difference between EC of MgxZn1-xO and HOMO of P3HT and hence 

causing the increase of VOC of the device. Figure 5.5 shows the UV-vis absortion spectra of 

solar cells made with ZnO, Mg0.04Zn0.96O and Mg0.05Zn0.95O. The optical bandgap values 

of those 3 MgxZn1-xO samples from UV-vis absorption spectra of the solar cells are 3.42, 

3.52 and 3.60 eV, respectively. Based on the discussion above, the open-circuit voltage 

VOC of the solar cells should increase in proportion to the increase in MgxZn1-xO bandgap. 

Hence, there should be an increase of 100 mV with Mg0.04Zn0.96O, and 180 mV with 

Mg0.05Zn0.95O on the solar cells VOC. The predicted and measured VOC values for solar cells 

as function of Mg contents are found to be in good agreement. 

      Annealing is an effective method for improving P3HT-PCBM organic photovoltaic 

devices [109]. The annealing effect was also reported for ZnO-P3HT solar cells using the 

solution-grown ZnO nanowires impregnated with P3HT dissolved in dichlorobenzene [110]. 

This effect is attributed to a rearrangement of the P3HT and PCBM nanostructure in larger 

clusters of improved charge mobility and light absorption, caused by the recrystallization 

of P3HT induced by heating beyond its glass transition temperature.   

      We also observe this effect in the case of P3HT-MgxZn1-xO devices by annealing them 

at 150oC for 10 min in air. Annealing significantly improves the device characteristics as 

shown in Fig. 5.6. Several reasons can be invoked for that effect: (i) oxidation of Ag layer 

at the P3HT interface, which could improve its electron blocking; (ii) better impregnation  
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Figure 5.5 UV-vis spectra of the GZO-MgxZn1-xO-P3HT solar cells with x= 0, 0.04, 0.05. 
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Figure 5.6 J-V curves of GZO-Mg0.04Zn0.96O-P3HT solar cells in the dark and under 1 sun 

before and after annealing. 
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of P3HT in the nanotips; and (iii) improvement of P3HT hole mobility by formation of 

more crystalline P3HT phase.  

      The preliminary results show that MgxZn1-xO is promising to be used in hybrid polymer 

solar cells for the enhancement of VOC. However, the overall solar conversion efficiency of 

the cells is still low because of the low fill factor (FF), low short-circuit current (ISC) etc. 

The thickness of MgxZn1-xO nanotips, thickness of the P3HT layer, the impregnation 

situation of P3HT in MgxZn1-xO nanotips, contact quality of electrodes have to be further 

optimized to achieve higher solar performance. 

 

5.2 Cu2O-MgxZn1-xO heterojunction thin film solar cells 

      It has been demonstrated that n-type ZnO and p-type Cu2O form heterojunction solar 

cells, in which Cu2O serves as the photon absorber and ZnO serves as the electron acceptor 

and conductor [9, 10]. A solar conversion efficiency of ~ 2% was recently reported for 

Cu2O-ZnO solar cells [9]; however, it is still one order of magnitude lower than the 

theoretical limit of Cu2O solar cells (~ 20%) [111]. The low solar conversion efficiency of 

Cu2O-ZnO solar cells was attributed to the high defect density in polycrystalline Cu2O thin 

films and low quality of the Cu2O-ZnO heterojunction resulted from non-optimal 

deposition, and inefficient minority carrier transport caused by the planar interface 

structure [112 , 113 , 114 , 115 , 116 ]. Various strategies have been used to improve the solar 

conversion efficiency (η) of Cu2O-ZnO heterojunctions, such as using post-deposition 

cyanide treatment [112], improving the electrical properties of Cu2O films by optimizing 

deposition conditions [113, 10], refining deposition conditions of the ZnO layers [114, 115], and 

applying a nanowire architecture to the Cu2O-ZnO interface [116]. In this dissertation, 
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another method to increase the efficiency of Cu2O-ZnO solar cells is demonstrated, which 

is through using the ternary alloy MgxZn1-xO to replace the ZnO, and thus to increase the 

open circuit voltage VOC. 

      The effect of Mg incorporation in MgxZn1-xO on VOC of P3HT-MgxZn1-xO hybrid solar 

cells has been discussed and experimentally demonstrated in last section 5.1. Different 

mechanisms have also been proposed to explain the enhanced VOC and solar conversion 

efficiency of CIGS solar cells that were fabricated by using MgxZn1-xO instead of ZnO [12, 

13]. For Cu2O-MgxZn1-xO heterojunction solar cells, however, the effect of Mg 

incorporation on VOC of solar cells is unknown. The energy band alignment of 

MgxZn1-xO-Cu2O heterojunction is unclear. In this dissertation, we try to determine the 

band alignment between MgxZn1-xO and Cu2O determined by using X-ray photoelectron 

spectroscopy (XPS), from which we investigate the Mg composition effect on the 

performance of MgxZn1-xO-Cu2O heterojunction solar cells.  

 

5.2.1 Solar cell structure and fabrication 

      Figure 5.7 shows the structure of Cu2O-MgxZn1-xO heterojunction solar cells. In design 

of this cell structure, the deposition sequence of p-Cu2O on ZnO films is chosen based on 

two considerations:  

(i) p-Cu2O on ZnO shows smaller lattice mismatch than the inverse structure and 

hence lower density of interface defects and a better solar cell performance [117]. 

(ii) This deposition sequence can avoid formation of the impurity phase CuO at the 

interface that usually occurs in the inverse sequence.  
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Figure 5.7 The schematic diagram of Ag-Cu2O-MgxZn1-xO-FTO heterojunction solar cells. 
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5.2.1.1 Growth of MgxZn1-xO films 

      For fabricating the solar cells, MgxZn1-xO films were firstly grown on 1”x1” 

fluorine-doped tin oxide (FTO)/glass substrates (Pilkington TEC7) by the MOCVD 

technique at temperature of ~520 °C. Diethylzinc (DEZn) and 

Bis(methylcyclopentadienyl)magnesium (MCp2Mg) were chosen as the Zn and Mg 

precursors, respectively. The Mg composition (0 ≤ x ≤ 0.13) was tuned by changing the 

precursor flow rate ratio (MCp2Mg/DEZn). All MgxZn1-xO films were kept ~ 600 nm thick. 

      The transmission spectra of MgxZn1-xO films were measured at room temperature with 

a UV-visible spectrophotometer (BECKMAN DU 530), shown in Fig. 5.8(a). A 

transmittance of >80% in the visible light region is observed on all films, which allows 

most of the visible light transmitted into the light-absorber layer (Cu2O) of solar cells. 

Based on the transmission data, the absorption coefficient  can be calculated from Beer’s 

law. The bandgap values of MgxZn1-xO films are determined by ploting the absorption 

coefficient 2 as a function of photon energy (hv) and fitting these curves to the equation  

= A*(hv - Eg)
1/2, where A* is a frequency-independent constant, as shown in Fig. 5.8(b). 

      Figure 5.9(a) and (b) show the FESEM (field emission scanning electron microscopy) 

images of as-grown MgxZn1-xO with x=0 and x=0.1, respectively. It is observed that the 

MgxZn1-xO surface morphology evolves with increasing of the Mg composition x. During 

MOCVD growth, nanostructured ZnO is formed at temperature 400-500 oC [7373], resulting 

from the polarity of ZnO along <0001> direction. This leads to a high surface energy on 

{0001} planes [118] and hence a fast growth rate along the c-axis [119]. With the Mg 

incorporation into ZnO, however, this polarity is weakened, leading to the reduction of the 

anisotropy of surface energy among all ZnO planes [68]. The growth rates along a- and  
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Figure 5.8 (a) Transmission spectra of MgxZn1-xO (0 ≤ x ≤ 0.13) films, (b) Plots of 2 

versus hv for MgxZn1-xO (0≤x≤0.13) films. 
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Figure 5.9 FESEM images of as-grown MgxZn1-xO layers with (a) x = 0 and (b) x = 0.10. 
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Figure 5.10 Resistivity of MgxZn1-xO (0 ≤ x ≤ 0.13) films as a function of Mg content (x). 
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b-axis would increase, while that along the c-axis decreases. As a result, the morphology of 

MgxZn1-xO changes from sharp nanotip arrays to dense columns with increasing x, as 

shown in Fig. 5.9(a) and (b). 

      The electical properties of MgxZn1-xO films were characterized by Hall measurements 

on the Van der Pauw pattens. Figure 5.10 shows the resistivity of MgxZn1-xO (0 ≤ x ≤ 0.13) 

films as a function of Mg content (x). It is seen that the resistivity of MgxZn1-xO films 

increases with Mg content. 

 

5.2.1.2 Deposition of Cu2O films 

      Cu2O thin films have been grown by various methods including thermal oxidation of 

Cu foils [120], metal-organic chemical vapor deposition (MOCVD) [121], sputtering [117], and 

electrochemical deposition [ 122 ]. Among them, the electrodeposition is the attractive 

technique because of its ability to use low-cost equipment and chemicals, large area 

coating, and precise control of deposition parameters. 

      Cu2O films were electrodeposited from aqueous solutions of CuSO4 (0.4 mol·L-1) and 

lactic acid (3 mol·L-1), with the pH value ~11-12 controlled by NaOH. The working 

electrode substrates were MgxZn1-xO/FTO/glass. The counter electrode was a Cu foil. 

Electrodeposition was performed at a constant voltage of -0.4 V with the bath temperature 

of 90 °C, under which a growth rate of ~ 0.2 µm/min was obtained. The thickness of ~ 4.2 

- 4.5 µm was controlled for all Cu2O films. 

      Figure 5.11(a) shows the morphology of as-deposited Cu2O film (~4.5 µm thick) on 

MgxZn1-xO-FTO-glass substrates, taken by FESEM. The dense Cu2O film shows a similar 

morphology to previous reports [10, 116]. Figure 5.11(b) shows the plot of absorption 
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coefficient 2 as a function of photon energy (hv), from which the bandgap of Cu2O is 

determined to be 2.0 eV.  

      The XRD pattern of Cu2O film is shown in Fig. 5.12, from which a polycrystalline and 

pure Cu2O phase is observed. None of the other phases, such as CuO or Cu are detected 

although these two impurities could easily be incorporated into Cu2O during the deposition 

process [10]. XPS was used to verify the purity of Cu2O, as shown in Fig. 5.13(a). The Cu 

2p3/2 peak is fit into a single peak at a binding energy of 932.42 eV with a FWHM of 1.27 

eV as known from literature values for Cu(I) in Cu2O [123]. No sub-peak at a binding energy 

of 933.73 eV, which is attributed to the Cu(II) in CuO, is observed. Moreover, the shake-up 

satellites peaks that usually appear in CuO and at a binding energy 940 eV - 945 eV [124] are 

not seen in this spectrum. Another possible impurity, Cu, is not easy to quantify by XPS 

because the Cu 2p3/2 peak binding energies of Cu(0) and Cu(I) are very close (~ 0.1 eV 

difference). But these two states can be distinguished from the Cu LMM-2 Auger transition 

peak positions which also appear in photoemission spectra; the peak positions are 568 eV 

for Cu(metal) and 570 eV for Cu2O [125]. In our sample, a broad peak centered at 570 eV 

was found, as shown in Fig. 5.13(b). Although a small peak at 568 eV is possibly buried in 

the broad peak, it appears that the amount of Cu is negligible.   

 

      Metal contacts (Ag) were finally deposited by a Hummer Anatech 6.6 argon plasma 

sputtering system. Devices were annealed for 15 minutes at 200 °C in air. J-V testing was 

conducted with an EG&G 273A potentiostat using the full spectrum of a xenon light source 

shaped with a AM1.5 filter and adjusted to 100 mW/cm2 with a Newport thermopile.  
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Figure 5.11  (a) an FESEM image of the Cu2O film deposited on Mg0.1Zn0.9O-FTO films; 

(b) A plot of 2 versus photon energy (hv) for the Cu2O film. 
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Figure 5.12 A typical XRD pattern of the Cu2O film. 
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Figure 5.13 (a) The Cu 2p3/2 XPS spectrum from a Cu2O film; (b) Cu LMM-2 Auguer peak 

of Cu2O film. 
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5.2.2 Testing results of Cu2O-MgxZn1-xO heterojunction solar cells 

      The current density-voltage (J-V) curves of the heterojunction devices under 

illumniation are shown in Fig. 5.14 and various parameters of the solar cells examined are 

listed in the Table 5.1. As expected, the VOC value increases with increasing Mg content, 

from 251 mV for the pure ZnO-based device, up to 575 mV for the Mg0.1Zn0.9O-based one. 

Besides VOC, shunt resistance (Rsh) gets improved with increasing Mg content (x) in 

MgxZn1-xO, increasing from 189 Ωcm2 for x=0 to 677 Ωcm2 for x=0.10. Unlike the VOC 

and Rsh, the short circuit current density JSC stops being improved and starts to decrease as 

the Mg percentage increases to over 4%. The resistivity, ρ, of MgxZn1-xO films increases 

with Mg content (x) from ~4 Ω·cm (x = 0) to ~63 Ω·cm for (x = 0.1), as shown in Fig. 5.10, 

resulting in an increase in the series resistance Rs (Table 1). Although Rs increases a little 

bit with increasing Mg content, the fill factor (FF) obtains an improvement from 0.34 (x=0) 

to 0.42 (x=0.1). With the improved VOC, FF and Rsh, the solar conversion efficiency  of 

devices keep increasing with the increase of Mg content (x) until x = 0.1. The highest solar 

conversion efficiency was obtained on the Mg0.1Zn0.9O sample, ηAM1.5 = 0.71 %, with the 

JSC = 3.0 mA/cm2 and VOC = 575 mV. 

 

Table 5.1 Photovoltaic parameters of the FTO/MgxZn1-xO-Cu2O/Ag solar cells with 

different Mg composition x examined under AM1.5 simulated sunlight 

% Mg η (%) FF JSC(mA/cm2) VOC (mV) Rs (cm2) Rsh (cm2)
0 0.21 0.34 2.38 251 60 189 
4 0.47 0.34 3.44 390 64 223
6 0.57 0.35 3.30 488 91 350 
10 0.71 0.42 3.00 575 95 677 
13 0.06 0.28 0.45 520 1077 1208 
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Figure 5.14 Current density (J)-voltage (V) characteristics of FTO/MgxZn1-xO-Cu2O/Ag 

solar cells under AM1.5 simulated sunlight. 
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      A solar cell with a higher Mg content of 13% was also fabricated. However, the 

electrodeposition of Cu2O became difficult with a small deposition rate and poor control of 

film uniformity. The reason could be attributed to the rougher surface morphology and 

higher resistivity of Mg0.13Zn0.87O films (ρ ~78 Ω·cm) in comparison with other 

MgxZn1-xO (x≤0.1) films. As consequence, the thickness of as-deposited Cu2O film was 

low (~2.5 μm), resulting in lower JSC and detoriated performances as shown in Fig. 5.14. 

 

5.2.3 The effect of Mg composition on VOC 

      In order to understand the enhancement of VOC caused by Mg incorporation in ZnO, we 

determined the band alignment of Cu2O and MgxZn1-xO using the XPS method proposed 

by E.A. Kraut, et al [126]. In this method, the valence band offset (VBO) EV at the 

Cu2O-MgxZn1-xO heterojunction interface is given by the following equation: 
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                           (5.4) 

where B
AE refers the binding energy of core level “A” in the sample “B”, B

VE refers the 

valence band maximum (VBM) and )(iE B
A  represents the binding energy of core level “A” 

in the sample “B” at the interface. Two heterojunctions of Cu2O-ZnO and 

Cu2O-Mg0.1Zn0.9O were chosen for the XPS measurement. Fig. 5.15(a) shows the XPS 

spectra determined from the Cu2O-ZnO heterojunction.  The Cu2O-Mg0.1Zn0.9O spectra are 

shown in Fig. 5.15(b). Based on the XPS data, the corresponding band alignments of 

Cu2O-ZnO and Cu2O-Mg0.1Zn0.9O heterojunctions are schematically drawn as Fig. 5.16.  
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Figure 5.15 XPS spectra of (a) a Cu2O-ZnO heterojunction, (b) a Cu2O-Mg0.1Zn0.9O 

heterojunction, showing the binding energy separations (i) between the Zn 2p3/2 core level 

and the VBM of bulk ZnO (a), bulk Mg0.1Zn0.9O (b), (ii) between the Cu 2p3/2 core level 

and the VBM of a bulk Cu2O film, and (iii) between the Zn 2p3/2 and the Cu 2p3/2 core 

levels at the heterojunction interface, respectively. 
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Figure 5.16 Schematic of the flat-band diagrams at the heterojunction interfaces 

determined from the XPS measurements. For simplicity, the Cu2O-ZnO and 

Cu2O-Mg0.1Zn0.9O interfaces are drawn with Cu2O in the middle. 
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      From Fig. 5.16, we can see the VBOs for Cu2O-ZnO and Cu2O-MgxZn1-xO are 2.73 eV 

and 2.77 eV, respectively. And the conduction band offsets (CBOs) are determined to be 

1.47 eV for Cu2O-ZnO and 1.27 eV for Cu2O-Mg0.1Zn0.9O. The 0.2 eV difference moves 

the conduction band of Mg0.1Zn0.9O closer to the vacuum level compared to ZnO; we 

assume that this change in conduction band edge is responsible for the enhancement of VOC.  

It is difficult to determine the theoretical VOC from this band alignment without knowing 

the bulit-in potential Vbi determined by the effective work function difference between p 

and n semiconductors. In order to roughly estimate the theoretical VOC of Cu2O-MgxZn1-xO 

solar cells, we used two assumptions as follows. The first common assumption is that the 

built-in potential Vbi alone sets the upper limit to VOC, which is approximately true for 

conventional p-n heterojunction solar cells. The second assumption is that no band bending 

happens in an ideal type II heterojunction under forward bias V, as shown in Figure 5.17, 

where V is set to Vbi. By assuming that the Fermi level EFn in n-MgxZn1-xO is close to ECn 

(CBM in n-MgxZn1-xO), and EFp in p-Cu2O is close to EVp (VBM in p-Cu2O) due to the 

high doping level in both n and p materials, the energy difference between ECn and EVp 

would be approximately equal to the Vbi, i.e. the upper limit of VOC. With this assumption, 

the upper limit of theoretical VOC is estimated to be 530 mV for Cu2O-ZnO and 730 mV for 

Cu2O-Mg0.1Zn0.9O, respectively.   

      The equivalent circuit of the solar cell is shown in Fig. 5.18. It is seen that the low shunt 

resistance (Rsh) could degrade VOC significantly. Rsh is generally caused by parallel 

high-conductivity paths (PHCPs) through the solar cell, or on the edges of the cell. In our 

case, the interface defects and grain boundaries of both polycrystalline films in the space 

charge region (SCR) of the heterojunction could act as PHCPs, thus contributing to the Rsh.  
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Figure 5.17 Energy-band diagrams for a p-n heterojunction with type II band alignment 

under forward bias V, where V is set to Vbi, the upper limit of VOC. 
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Figure 5.18 Equivalent circuit of the solar cell, where Iph, Id and Ish are photogenerated 

current, dark current and shunt current, respectively. 
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Figure 5.19 (a) Schematic image of the interface between Cu2O and ZnO, showing a 

relatively big junction area; (b) Schematic image of the interface between Cu2O and 

Mg0.1Zn0.9O, showing a relatively small junction area. 
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As shown in Table 1, Rsh value increases with increasing Mg concentration, from 189 

cm2 for ZnO to 677 cm2 for Mg0.1Zn0.9O, indicating a decrease of the PHCPs with 

increasing Mg. In addition to the defects contribution, the surface morphology also impact 

the PHCP. Fig. 5.9 (a) and (b) show different surface morphologies between MgxZn1-xO 

(x=0.1) and ZnO (x=0) films, which result in the different effective junction area between 

MgxZn1-xO and Cu2O. The Cu2O-ZnO heterojunction have a larger effective junction area 

than that of the Cu2O-Mg0.1Zn0.9O cell, due to the nanorods-like surface of ZnO in 

comparison to the relatively smooth surface of Mg0.1Zn0.9O, as shown in Fig. 5.19. A larger 

junction area is favorable for generating more electron/hole pairs, hence a higher 

photocurrent, however, it would concomitantly possesses more interface defects and grain 

boundaries. As shown in Table 1, the Cu2O-ZnO cell has lower Rsh due to higher PHCPs 

than that of Cu2O-Mg0.1Zn0.9O. The lower Rsh in Cu2O-ZnO degrades VOC values (a 

deviation of 279 mV from the real VOC to the theoretical one) more than that of 

Cu2O-Mg0.1Zn0.9O (a deviation of 155 mV).  

 

5.3 Summary 

      In summary, MgxZn1-xO nanostructures and polycrystalline films were used in 

P3HT-MgxZn1-xO hybrid solar cells and Cu2O-MgxZn1-xO heterojunction thin film solar 

cells, respectively. A unique 3-D structure, consisting of 1-D MgxZn1-xO nanotips and 2-D 

GZO films was used as a photoelectrode in P3HT-MgxZn1-xO hybrid solar cells. The 1-D 

MgxZn1-xO nanotips was desgined not only to improve carrier generation and 

transportation but also to adjust the band offset between MgxZn1-xO and P3HT and hence 

to increase the VOC of the solar cell. The preliminary testing results show that MgxZn1-xO is 
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promising to be used in hybrid polymer solar cells for the enhancement of VOC, although 

further optimization of solar cells performances is needed. Besides that, we also 

demonstrated Cu2O-MgxZn1-xO heterojunction thin film solar cells, in which MgxZn1-xO 

polycrystalline films were grown on FTO substrates by MOCVD and Cu2O films were 

deposited on MgxZn1-xO films by electrodeposition. The solar cells show enhanced VOC 

and solar conversion efficiency AM1.5 with increasing Mg composition until 10%. The 

solar conversion efficiency AM1.5 = 0.71 %, with JSC = 3.0 mA/cm2 and VOC = 575 mV 

were obtained in the Cu2O- Mg0.1Zn0.9O cell. Further increasing of Mg incorporation 

(>10%) would increase the resistivity of MgxZn1-xO films and degrade the quality of Cu2O 

films made by the electrodeposition, therefore, result in poor cell performance. The effects 

of Mg composition in MgxZn1-xO on the open circuit voltage of the solar cells were 

investigated. It was found that Mg incorporation into ZnO reduced the conduction band 

offset between MgxZn1-xO and Cu2O, resulting in an increase of VOC. Furthermore, the Mg 

incorporation (0 ≤ x ≤ 0.1) increased the Rsh, correspondingly improves VOC value. 
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Chapter 6 Conclusions and Suggestions for Future Work 

 

6.1 Conclusions 

      In this dissertation, we developed the MOCVD growth technology of MgxZn1-xO 

polycrystalline films and single crystalline nanostructures for photovoltaic applications. 

MgxZn1-xO films have been used in several types of solar cells including organic-inorganic 

hybrid solar cells and inorganic thin film solar cells. The surface morphology of 

MgxZn1-xO plays important roles on performances of various solar cells. One-dimensional 

(1-D) single crystalline semiconductor nanostructures are advantageous in excitonic solar 

cells, since the nanostructured 1-D architecture provides a larger surface and hence 

interface area (i.e. charge generation area) and faster electron transport path. On the other 

hand, the two-dimensional (2-D) film with smooth surface is needed for conventional 

inorganic solar cells, in which rough film surface could lead to large interface area and 

hence high recombination probabilities. Both MgxZn1-xO 1-D nanostructures and 2-D films 

can be grown by MOCVD and the surface morphology switch between 1-D nanostructures 

and 2-D films can be controlled by using buffer layers. 

      2-D MgxZn1-xO polycrystalline films are sequentially grown on GZO films using 

MOCVD. The GZO film is first grown on glass substrates at a relatively low substrate 

temperature Ts (~400oC), which produces a smooth surface and low resistivity of the film. 

Then the MgxZn1-xO film is grown on the GZO film at a relatively high Ts (~500oC). 

As-grown MgxZn1-xO film is highly crystalline with good optical properties but with a 

rough surface (roughness, rms value ~18 nm). Such rough surface is unfavorable for 

making the conventional p-n junction solar cells. In order to modify the surface 
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morphology of MgxZn1-xO films, a LT (~250oC) ZnO buffer layer (~20 nm) is grown 

initially followed by subsequent HT (~500oC) growth of MgxZn1-xO films. By using the LT 

ZnO buffer, the MgxZn1-xO film becomes dense and smooth with a reduced surface 

roughness (~8 nm). A growth mechanism is proposed to explain the LT ZnO buffer effect 

on the surface morphology of MgxZn1-xO film. The LT buffer changes the surface energy 

and morphology of GZO film surface and thus changes the nucleation behavior of the 

following growth of MgxZn1-xO, leading to a microstructure change of the MgxZn1-xO film 

compared to that without using a LT ZnO buffer. The microstructure of MgxZn1-xO films 

changes from one with c-axis preferred orientation to one with [10-10] preferred 

orientation, which should be responsible for the improvement of surface roughness.    

      Growth of 1-D MgxZn1-xO nanostructures by MOCVD is optimized on Si substrates 

firstly. It is found that a high Ts (530oC-560oC) is good for the formation of nanostructures. 

However, too high Ts (>560oC) increases the phase reaction probability, making 

nanostructures non-uniform. Besides that, Mg incorporation is reduced with the increase of 

Ts. In order to achieve high Mg content in MgxZn1-xO nanostructures, a low DEZn flow 

rate (25 sccm) is preferred. The optimum chamber pressure of ~60 torr is needed for 

growth of MgxZn1-xO nanotips. It is also found that a HT (~520oC) ZnO buffer layer (~30 

nm) plays a critical role in the growth of MgxZn1-xO nanostructures. It could serve as a 

template layer or a nucleation layer inducing the sequential growth of MgxZn1-xO 

nanostructures. 1-D MgxZn1-xO (0≤x≤0.10) nanostructures are also grown on GZO films 

for photovoltaic applications. A HT (~520oC) ZnO buffer layer (~30-50 nm) is also used, 

which serves as a nanostructured template for nucleation. The MgxZn1-xO adatoms will 

follow the crystallographic alignment of that template to grow into 1-D nanostructures. It is 
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still challenging to grow MgxZn1-xO nanostructures on GZO films with x value higher than 

0.1, which could be related to the reduced surface energy anisotropy of MgxZn1-xO with the 

increase of x. 

      1-D MgxZn1-xO nanostructures grown on 2-D GZO films form a promising 3-D 

photoelectrode, which has been implemented into the MgxZn1-xO-P3HT hybrid solar cells. 

The preliminary testing results of solar cells show that the VOC gets improved with the 

increase of Mg content (less than 10% in this dissertation work). The predicted and 

measured VOC values of solar cells as function of Mg contents are found to be in good 

agreement. In addition, the annealing effects on solar cell performances are investigated. 

Annealing (150oC for 10 min in air) significantly improves the device characteristics. The 

reasons could be attributed to several factors (i) oxidation of Ag layer at the P3HT 

interface, probably improving the electron blocking, (ii) better impregnation of P3HT in 

the nanostructures, and (iii) improvement of hole mobility in P3HT. 

      MgxZn1-xO films are used as the n-type semiconductor and a window layer in 

Cu2O-MgxZn1-xO heterojunction solar cells. The bandgap engineering of MgxZn1-xO is 

designed to modify the band offset between MgxZn1-xO and Cu2O and thus increase VOC 

and solar performances of solar cells. The preliminary testing results show that VOC is 

improved, increasing from 251 mV for the ZnO-based device, up to 575 mV for the 

Mg0.1Zn0.9O-based one. The highest solar conversion efficiency is obtained on the 

Mg0.1Zn0.9O sample, ηAM1.5 = 0.71 %, with the JSC = 3.0 mA/cm2 and VOC = 575 mV. The 

band alignment of Cu2O-MgxZn1-xO heterojunction is measured by XPS to understand the 

Mg effect on VOC. It is found that Mg incorporation into ZnO reduces the conduction band 

offset between MgxZn1-xO and Cu2O, resulting in an increase of VOC. Furthermore, the Mg 
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incorporation (x ≤ 0.1) increases the shunt resistance Rsh, correspondingly improves VOC 

value. These results show that MgxZn1-xO has become a promising photovoltaic material 

because of its tunable bandgap values and controllable surface morphology.  

 

6.2 Suggestions for Future Work 

      Up to date, most research on MgxZn1-xO has been focused on the epitaxial films grown 

on various lattice-matched substrates for electronics and optoelectronics applications. 

There have been few reports on MgxZn1-xO polycrystalline films and single crystalline 

nanostructures for photovoltaics. In this dissertation, we developed MgxZn1-xO 

polycrystalline films and single crystalline nanostructures by MOCVD for 

Cu2O-MgxZn1-xO heterojunction thin film solar cells and P3HT-MgxZn1-xO hybrid solar 

cells, respectively. However, there are still many problems needed to be solved and the 

solar cells performances can be further improved.  

 

MgxZn1-xO polycrystalline films: The growth of MgxZn1-xO polycrystalline films needs 

to be further optimized. The proposed growth mechanism for explaining how the LT ZnO 

buffer influence the surface morphology and roughness of MgxZn1-xO polycrystalline films 

needs to be further experimentally proved. Besides GZO films, other transparent 

conductive electrodes (FTO or ITO), metals or other p-type semiconductor films can 

become substrates for the growth of MgxZn1-xO polycrystalline films for different 

applications. The growth of MgxZn1-xO polycrystalline films on such substrates needs to be 

systematically investigated. 
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MgxZn1-xO nanostructures: There are two targets to realize successful growth of 1-D 

MgxZn1-xO nanostructures. The first one is to achieve the expected morphology, i.e. 

nanotips. The second is to reach enough high Mg composition. However, more Mg 

incorporation brings more difficulties on forming nanotips. So far, the highest Mg 

composition we have achieved is 15% for MgxZn1-xO nanotips grown on Si substrate and 

10% for MgxZn1-xO nanotips grown on GZO films, respectively. Further optimization on 

substrate temperature, O/Zn precursors flow rate ratio, chamber pressure, buffer layer 

thickness etc. has to be done to get MgxZn1-xO nanotips with higher Mg composition 

(>10%). Since the surface status (e.g. defects, steps, chemical bonding) of GZO films can 

influence the nucleation behavior and thus the film structure development,  the growth of 

GZO films also needs to be optimized for the subsequent growth of MgxZn1-xO nanotips 

with higher Mg composition (>10%). The microstructure, texture, surface roughness and 

morphology of GZO films should be well controlled through growth. 

 

P3HT-MgxZn1-xO hybrid solar cells: So far, the solar conversion efficiency of the cells is 

still low. The reason could be attributed to (i) poor hole transportation in polymer 

semiconductor P3HT, (ii) poor impregnation of P3HT in MgxZn1-xO nanostructures, (iii) 

big leakage current due to poor junction interface quality. Therefore, the further 

improvement of solar cell performances should be focused on optimizing the thickness of 

MgxZn1-xO nanotips, thickness of the P3HT layer, the impregnation of P3HT in MgxZn1-xO 

nanotips, contact quality of electrodes. The effects of Mg composition on the solar cell 

performances should be investigated. Blocking layers and antireflective coatings should 

also be considered to further improve the solar conversion efficiency. 
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Cu2O-MgxZn1-xO heterojunction thin film solar cells: The highest solar conversion 

efficiency that we have gotten for such solar cells is around 0.7%, which is far below the 

theoretical maximum power conversion efficiency (Shockley-Queisser limit) of Cu2O, 

~20%. We demonstrated an effective way to increase the VOC and hence the solar 

conversion efficiency. But there are still many improvements can be done to further 

enhance the efficiency, which are: (i) modifying the electrical properties of MgxZn1-xO 

films through in-situ doping during MOCVD growth, e.g. Ga-doping, to reduce the series 

resistance, (ii) modifying the surface morphology and roughness of MgxZn1-xO films to 

increase the shunt resistance, (iii) modifying the electrical properties of Cu2O films to 

improving the holes transportation, (iv) changing FTO with GZO to reduce the cost and 

concomitantly to reduce the contact resistance between electrode and MgxZn1-xO films, 

and (v) optimizing thickness of MgxZn1-xO films and Cu2O films. 
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