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ABSTRACT OF THE THESIS 

 
 

Zinc Oxide Thin Film Bandgap Engineering and Its Metal-Semiconductor-Metal Random 

Laser Devices Application 
 
 

by 
 

 

Wenhao Shi 

 

Master of Science, Graduate Program in Electrical Engineering 

University of California, Riverside, December 2018 

Dr. Jianlin Liu, Chairperson 

 

 

 

 

Ternary alloy CdZnO and MgZnO thin films were obtained by radio frequency-assisted 

(RF) molecular beam epitaxy (MBE). The films were characterized by 

photoluminescence, X-ray diffraction, UV-visible absorption, scanning electron 

microscopy and Hall effect measurement. The bandgap of ZnO based samples were tuned 

into the range of 2.25-4.76eV co-deposited with Cadmium or Magnesium were 

confirmed by band edge luminescence and Tauc plot. To overcome the shortage of 

unstable p-type ZnO semiconductor and simplify the complexity fabrication procedure 

for optical applications, a semiconductor-metal-semiconductor (MSM) device structure 

was developed. Electrically driven random laser devices based on the MSM structure 

were demonstrated by both experimental and simulation results, suggesting that the ZnO 

material is a potential competitive candidate in UV optical applications. 
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Chapter 1 

Introduction 

1.1 Introduction 

The II-VI semiconductor zinc oxide (ZnO) has been widely investigated during last 

decades due to its high potential for various applications such as optical detectors, gas 

sensors, transparent electrodes and ultraviolet light emitting diodes. ZnO has a wide 

bandgap of 3.37 eV and a large exciton binding energy of 60 meV at room temperature. 

Besides that, ZnO holds piezoelectric and ferromagnetic properties and it is also a bio-

safe material [1-9]. Moreover, ZnO has outstanding optical and electrical properties, 

excellent chemical and thermal stability, higher radiation hardness and lower required 

growth temperature. Many efforts have been made to produce high quality ZnO epilayers. 

MBE has been one of the most popular in-situ epitaxial growth methods which can 

provide precise control of growth condition. In our research, MBE was used to prepare 

crystalline ZnO thin films with excellent crystalline quality and composition uniformity. 

As a wide bandgap semiconductor, ZnO has been regarded as a potential candidate for 

UV optoelectronic applications such as biological diagnose, sterilizing pathogens, 

fluorescent inspection, and water purification treatment. By decreasing the bandgap of 

ZnO into visible spectrum region, it can be also applied to the light emitting display 

device [10-22]. However, to realize the application and improve the performance of 

devices, the bandgap of ZnO need to be engineered. ZnO is a direct bandgap material, it 

grows preferentially in Wurtzite hexagonal crystalline structure. ZnO bandgap is known 

to be tunable alloyed with other binary oxide such as MgO and CdO. Ternary alloy 
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MgZnO reached UVC band region with cubic domain structure and near UVB band with 

direct gap Wurtzite domain structure [23]. When ZnO forms alloy with CdO, Cd 

substitutes on the cation site and the band gap reduces to 3.0 eV [24], resulting in green 

region emission. The main reason preventing the realization of ZnO practical application 

is the difficulty to dope the material into p-type. Many efforts were made to obtain the 

stable p-type material including growing ZnO on p-type substrate or doped with dopants 

such as N, Cu and Sb [25, 26], but none of them achieve the enough efficiency, lifetime 

or performance to compete with existing technology. Due to the restriction of current p-

type ZnO material availability, people have adopted alternative device structures such as 

metal-insulator-semiconductor (MIS) and metal-semiconductor-metal (MSM) devices. In 

this thesis, we focus on the bandgap tuning of ZnO related ternary alloy, optimized MSM 

alternative device structure and demonstration of the deep UV and green random lasing 

devices based on MgZnO and CdZnO thin films. 

1.2 Current Research Status 

The research work on ZnO thin films started from the 20th century and the enthusiasm 

once faded due to the lack of p-type ZnO, but the great interests on its application showed 

up again after researchers were able to control the material properties with better 

understanding and more powerful synthesis methods. P-type ZnO has been realized with 

various dopants such as antimony, arsenic, nitrogen from group V and copper, silver, 

gold from group IB. From the first-principles studies, those elements are demonstrated 

acting as shallow acceptors to produce p-type ZnO by compensating the common 

accepted shallow donors in the material like hydrogen, oxygen vacancy (Vo) or zinc 
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interstitial (Zni) [27, 28]. With the development of ZnO, some more efficient and 

electrically pumped random lasing devices are achieved based on both ZnO thin films 

and nanowires. The Sb doped ZnO thin film on Ga doped ZnO layer p-n junction device 

is obtained, meanwhile the antimony or nitrogen doped p-type ZnO nanowire grown on 

n-type ZnO layer are also achieved as another homojunction p-n type random lasing 

device [26]. Furthermore, to overcome the always existed problem that p-type ZnO will 

convert to n-type after certain period, the alternative structures are proposed and realized 

such as the ZnO on silicon dioxide MIS devices, Au and ZnO nanowire Schottky junction 

metal semiconductor devices and MSM back-to-back Schottky device on ZnO film [29]. 

Although these ZnO based random lasers have been demonstrated in electrical injection, 

the emission ranges are still limited by ZnO bandgap of ~400 nm light emission. To 

improve the random lasing practicability, the simple device structure with tuned bandgap 

ZnO material would be a potential research direction. In this thesis, we are investigating 

the similar MSM device structure in ZnO ternary alloy, and the expected luminescence 

mechanism for these types of diode is demonstrated in previous publications also done by 

our group. The radiative recombination of excitons is believed to contribute to the initial 

light generation of the random lasing due to large exciton binding energy of ZnO material 

under room temperature. Since most of the native ZnO related material is n-type due to 

intrinsic shallow donor, several simulation experiments are done to explain the hole 

generation in MSM structure cases. Figure 1.1 shows the band diagram of a MgZnO 

MSM device along with a narrow contact distance (~50 μm). The generation of the 

excess holes can be controlled by several processes: the trap-assisted band to band 
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tunneling of the hole leakage current from the forward biased contact and impact 

ionization near the reverse biased metal-semiconductor Schottky junction. The 

simulations are based on the same schematic and the potential profile result of the device 

shows a large potential drop in the depletion region with a depletion width of 1.5 μm at 

reversed contact in Figure 1.1. The estimated hole concentration from the non-local 

impact ionization model is used to specify the trap assisted tunneling process, where the 

hole generation is increasing with applied bias and mainly near the space charge region, 

and the number is much smaller than the Mott density of 1017 cm-3 for ZnO. For the 

carrier transitions, the injected electrons enter the high-field depletion region and gain 

large energy before being scattered, and the electrons eventually excite electron- hole 

pairs by impact ionization. The results imply that the lasing is more excitonic-like rather 

than electron-hole plasma type and the exciton emission is formed by these minor holes 

and abundant electrons flowing [30]. This study takes an important role supporting the 

light generation mechanism that has been established and paves the way for the further 

research towards MSM random lasing applications. 
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Figures 

 

Figure. 1.1. Band diagram of MgZnO and MSM simulation schematic 

 

Figure. 1.2. Simulated hole concentration from impact ionization model. 
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Chapter 2 

ZnO, CdZnO and MgZnO thin film 

2.1 MBE Thin Film Deposition System 

Molecular beam epitaxy is an epitaxial growth method for thin film growth of crystalline 

materials and is widely used in the manufacture of semiconductor devices material. It 

operates under an ultra high vacuum (UHV) condition (~10E-10 Torr) to achieve lower 

impurity level than other deposition techniques such as CVD and PLD. The deposition 

rate of MBE is rather low, typically under 1000 nm per hour. Compared with 

conventional synthesis methods, MBE provides highest purity growth results, precise 

control of film thickness and elemental composition, instant multi-source introduction 

and in-situ atomic epitaxial precision.  The schematic of the MBE used to grow ZnO and 

its constitution structure is shown in Figure 2.1a and 2.1b. The Knudsen cells are used 

with 6 N purity zinc, cadmium, copper and 3 N purity magnesium source. 6 N purity 

oxygen and nitrous oxide gas is also introduced by a radio frequency plasma source, 

respectively. The MBE is equipped with a reflection high energy electron diffraction 

(RHEED) gun to monitor the sample surface condition during growth. The base pressure 

in the main chamber is maintained at ~9E-10 torr, aqua regia boiling cleaned substrates 

are transferred from load-lock to the main chamber after the pressure is properly pumped 

down to ultra high vacuum by the turbo pump.  

2.2 ZnO Thin Film Growth 

ZnO has a preferential growth of hexagonal Wurtzite structure, proper substrate which 

has smaller lattice mismatch towards Wurtzite ZnO crystal needs to be chosen for 
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epitaxial growth. The ZnO substrate is a perfect match, and some other substrates also 

provide very little lattice mismatch like ScAlMgO4 and SiC, however they are 

considerably expensive. Among all the commercially available substrates in 

semiconductor applications, the c-plane sapphire is considered a proper option due to its 

relative low cost and acceptable lattice mismatch (~18%). To further release the inner 

stress between film and substrate, buffer layer is introduced before depositing active layer 

of ZnO. Buffer layer deposition is following the substrate thermal annealing at 800 ℃ for 

a contamination cleaning. A very thin MgO layer will be firstly deposited on sapphire, 

followed by a ZnO buffer layer which can control the interface structure between 

substrate and active layer, resulting in break large mismatched interface into two. Then 

the active epitaxial layer of ZnO is grown for 3 hours at desired temperature with 

thickness around 600 nm. In the meantime, copper or nitrous oxide dopant will be 

activated as needed. Both Cu and N2O dopants are commonly applied as p-type dopants 

for ZnO material since the successful doping of nitrogen or Cu can compensate the 

shallow donor of oxygen vacancy in ZnO. In this project, Cu and N can also be used to 

reduce the n-type of the material and result in smaller carrier concentration in the film. 

Finally the post annealing at ~700 ℃ under oxygen ambient is carried out. The typical 

growth procedure is described in Figure 2.2 step by step. 

2.3 CdZnO Thin Film Growth 

CdZnO is one of the essential ternary alloys of ZnO which can serve as active layer of 

visible green region emission or stopping layer of optoelectronic devices. CdO has a 

cubic structure and a narrower bandgap of 2.3 eV, the bandgap of the ZnO can be red-
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shifted to longer wavelength spectrum region such as blue and green band by alloying 

with CdO. Figure 2.3 shows the growth procedure of CdZnO thin films. Two-layered thin 

buffer is firstly deposited on the pre-annealed substrate and is annealed again to improve 

the crystalline quality. To incorporate more cadmium into the ZnO lattice, the active 

layer is grown at a lower temperature around 200 ℃  in order to suppress the Cd 

evaporation from the high temperature substrate. As the Zn cell temperature was fixed, 

higher Cd cell temperature will increase the Cd flux rate during deposition thus result in 

larger Cd to Zn ratio of the ternary synthesis. Table 2.1 shows the specific growth 

parameter of the series of CdZnO thin film samples with different cadmium cell 

temperatures. As the incorporation rate of Cd increased, the absorption edge of 

absorption spectra and near band edge emission of photoluminescence for each sample 

shown in Figure 2.4 and 2.5 tend to shift to longer wavelength, which implies the 

decrease of the bandgap. The flat part of the absorption curve represents that the 

absorbance has reached the compliance value of measuring system. The XRD data of this 

series of sample is shown in Figure 2.6, indicating all the films are mixed phase with 

hexagonal Wurtzite and cubic crystalline. Every CdZnO sample shows an evident 

wurtzite domain CdZnO 0002 peak at ~35 degree, and they also have the 111 cubic phase 

at ~33.5 degree in different and relatively smaller intensity compared with main wurtzite 

phase peak. Some samples also show the cubic 200 peak at ~38 degree, as the sample 

bandgap decreases, the 200 peak first shows up then disappears, which indicates that the 

existence and the content of cubic phase of CdZnO in the film does not directly affect the 

Cd incorporation rate of Wurtzite CdZnO. Optical quality decreasing of the sample is 
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also noticed that as the near band edge emission shifts to longer wavelength, the FWHM 

of the PL peak becomes wider. 

2.4 MgZnO Thin Film Growth 

MgZnO is one of the ZnO based alloys that has raised most interests among researchers 

as it can be applied into deep ultraviolet emission devices or cladding layer of 

heterostructures [31]. When alloyed ZnO with magnesium, continuously tunable bandgap 

can be achieved from 3.37 eV to 7.8 eV. Meanwhile, the Wurtzite crystallinity can be 

achieved when the Mg content is not exceeding a certain ratio (~33%) under idealized 

growth condition, and is proved by some simulation research [32]. The single 

crystallinity of MgZnO cannot be maintained as the Mg content increases, the phase 

segregation is due to the large difference in the lattice constant between Wurtzite ZnO 

(a= 3.25 Å， c= 5.2 Å) and cubic MgO (a= 4.25 Å), thus it ends up with mixed phases 

of cubic and hexagonal Wurtzite structure. Figure 2.7 shows the growth procedure of the 

MgZnO thin film. In the MgZnO growth, the proper buffer layer is critical for 

successfully incorporating Mg into Wurtzite ZnO. The similar MgO/ ZnO thin buffer 

layer with slightly adjusted MgO to ZnO thickness ratio is introduced. Besides reducing 

the stress originated from lattice mismatch and structural defects, this two steps buffer 

layer is also employed as a low Mg content MgZnO quasi-homoepitaxy layer to 

accommodate the big difference in bonding configurations between Mg-O and Zn-O and 

adapt to homogeneity in active layer. The buffer layer is then annealed at higher 

temperature to improve the quality, followed by active layer growth and post-annealing.  

Figure 2.8, 2.9 and 2.10 show the absorption, XRD and PL spectra of MgZnO thin film 
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samples grown at different Mg cell temperature, respectively. As more Mg is 

incorporated into the ZnO, the near band emission shifts to shorter wavelength in the PL 

spectra, indicating the increasing of the MgZnO bandgap energy. From the XRD of 

MgZnO thin films, all the samples exhibit Wurtzite domain phase, and the peak slightly 

shifts to larger 2 theta value as the bandgap energy of sample is increased. To better 

prove the Mg content in MgZnO is consistent with the bandgap energy and XRD 2 theta 

value, an EDX measurement is carried out on this series samples and the results are 

shown in Table 2.2 along with the PL and XRD peak position. As the single Wurtzite 

phase will not maintain when the Mg content is increased to ~33% and cubic phase 

segregation will show up, another series of MgZnO are grown to observe the transition of 

the phase segregation. From the absorption and XRD curve shown in Figure 2.11 and 

2.12, the Wurtzite peak intensity decreases and finally disappears with the cubic peak 

showing up and becoming dominant, the according Wurtzite related absorption edge 

intensity is also decreased and disappeared. The cubic related absorption edge becomes 

dominant and is shifting to deeper UV region. This provides us an approximate growth 

window of hexagonal Wurtzite domain MgZnO under the current growth condition 

which suggests a better optimized growth condition is needed to reach the maximum 

possible Mg incorporation rate. 

2.5 Sample Characterization Methods 

The samples were taken out from MBE chamber and then characterized by several 

methods to identify their optical, electrical and structural properties. For the structural 

analysis, the scanning electron microscopy (SEM) is used to see the nanostructure of 
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sample surface and cross section morphology. The thickness of the thin film was 

measured under optical profilometer after wet etching in the diluted hydrochloride acid. 

X-ray diffraction system is used to extract all the crystalline composition information 

including phase dominance and crystalline quality.  

For electrical properties characterization, we use Van Der Pauw and Hall bar method for 

hall coefficient and carrier concentration measurement according to estimated 

conductivity of each sample. The Van Der Pauw system has a 0.6 T magnet implanted 

and has reliable measurement results for sample with 10E-15/cm3 carrier concentration or 

above. The Hall bar system is set up with a 1.0 T electromagnet to measure sample with 

carrier concentration below 10E-15/cm3. In order to know the electrical properties of the 

devices fabricated on the sample after the sample processing and device fabrication, the 

current-voltage (I-V) measurement are done using an Agilent 4155C semiconductor 

analyzer set up with a Signatone sample stage. 

Optical properties are confirmed by an Oriel photoluminescence system with a Kimmon 

Koha He-Cd 325 nm laser excitation source and Shimazdu UV-Vis spectrometer. The PL 

system is also capable of low temperature condition measurement down to 15k with the 

compressor and vacuum chamber set up. Figure 2.13 shows the typical home-built PL 

system schematics. Very important information of sample optical properties can be 

extracted from the PL spectrum such as bandgap, optical emission quality, and exciton 

behavior. The absorption spectrum also works as critical optical characterization, which 

gives information of the approximate bandgap value, crystalline composition and phase 

segregation behavior. 
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Figures 

 

Figure. 2.1.a MBE system schematic. 
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Figure. 2.1.b Constitution structure of SVTA MBE system. 

 

Figure. 2.2. Growth procedure of ZnO thin film. 
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Figure. 2.3. Growth procedure of CdZnO thin film. 

 

Figure. 2.4. Absorption spectra of CdZnO series sample grown under different condition. 
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Figure. 2.5. PL spectra of CdZnO series samples grown under different condition. 

 

Figure. 2.6. XRD spectra of CdZnO series samples grown under different condition. 
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Figure. 2.7. Growth procedure of MgZnO film. 

 

Figure. 2.8. Absorption spectra of MgZnO samples with different Mg content. 
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Figure. 2.9. XRD spectra of MgZnO samples with different Mg content, the inset shows 

the zooming in Wurtzite 0002 peak shifting. 

 

Figure. 2.10. PL spectra of MgZnO samples with different Mg content, the inset shows 

the zooming in near band edge emission shifting. 
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Figure. 2.11. Absorption spectra of phase dependent series MgZnO samples. 

 

Figure. 2.12. XRD spectra of phase dependent series MgZnO samples. 
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Figure 2.13. Schematic diagram of a typical PL measurement set-up. 
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Tables 

Sample #° Heater(°C) Zn Cell(°C) Cd Cell(°C) O2 Flux 

(sccm) 

Growth 

Time (Hrs) 

Sample 1 150 315 285 2.0 2 

Sample 2 200 315 285 2.0 2 

Sample 3 160 315 275 2.0 2 

Sample 4 180 315 280 2.5 2 

Sample 5 180 310 275 2.5 2 

Sample 6 150 315 275 2.0 2 

Table. 2.1. Growth parameters of CdZnO thin film series sample. 

Sample #° Photoluminescence peak 

position (nm) 

XRD 2 Theta 

(degree) 

Mg content from 

EDX (%) 

Sample 1 365 34.96 43.1 

Sample 2 367 34.93 41.8 

Sample 3 368 34.89 29.5 

Sample 4 374 34.74 24.7 

Sample 5 378 34.64 5.1 

Table. 2.2. MgZnO samples: PL near band edge emission peak, XRD Wurtzite peak 

position and EDX results of Mg content. 
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Chapter 3 

MgZnO and CdZnO random laser device 

3.1 Introduction of random laser 

The laser devices have a wide range of applications due to its high efficiency, scalability 

and narrow emission wavelength. Compared with commercial Fabry-Perot laser diode, a 

random laser does not use optical cavity but uses a highly disordered gain medium 

instead. The device is not requiring precise designed cavity to realize stimulated emission. 

When photons are incident into the material, a large amount of optical scattering can 

occur thus stimulate more radiative transitions to unleash more photons. This chain 

reaction was defined incoherent behavior in a random laser device. While the photons are 

diffusing through a medium consisting of nanograins of 300-500 nm shown in Figure 3.1, 

there is a high chance for some photons to scatter and follow a single looped path. 

Photons traveling in this loop will interfere with each other. The disordered gain medium 

(in our case the ZnO grains) provides random cavity length to allow certain modes 

oscillating. After the competition between different modes, some modes are standing out 

and lasing emission can be detected out of plane once the lasing threshold is reached. 

Owing to the tunable direct bandgap (2.25- 4.76 eV) and high exciton binding energy, 

ZnO and its alloy has been studied extensively for realizing low-threshold lasing devices. 

Nevertheless, the stable and efficient p-type ZnO is extremely difficult to achieve, so 
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many efforts have been made to realize alternative light generation device structure such 

as heterojunctions, Schottky diodes and metal-semiconductor-metal devices. In this 

chapter, we are discussing the established MSM devices based on MgZnO and CdZnO 

thin film grown by plasma- assisted molecular beam epitaxy and their characterization 

results. The CdZnO thin film is in the green region which is suitable for display 

applications. For the large direct bandgap MgZnO, the deepest UV that has been 

achieved reaches to UV-B band (~280nm) that can lead to functional deep UV 

optoelectronic devices. 

3.2 Optical, structural and electrical characterizations 

The sample growth details of MgZnO and CdZnO thin film series are shown in previous 

chapter along with the absorption, photoluminescence, XRD and EDX characterization 

results. From the results, it can be found that the incorporation rate of Cd and Mg into 

ZnO increases monotonously with the effusion cell temperature. The ternary alloy 

bandgap tuning however, depends on the alloyed material species but still varies 

monotonously with Mg or Cd contents. To further evaluate the bandgap of MgZnO, we 

have employed the Tauc plot which is derived spectrum of α2 versus photon energy hv, 

where the α represents the absorption coefficient. As the ZnO is a direct bandgap material, 

the bandgap energy Eg of the thin film can be calculated by assuming that α2 is 

proportional to (hv- Eg). Figure 3.2 shows the bandgap of MgZnO with different Mg 

contents as the intercept value between x axis and tangent line towards the (αhv)2 curve. 

Sample 6-8 in the Tauc plot gives approximated bandgap of cubic domain MgZnO for 

achieved region and presents the bandgap window not yet realized as well. 
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By employing a helium compressor with a small chamber into the PL system, 

temperature-dependent photoluminescence spectra of the ZnO: Cu and MgZnO thin film 

was measured. Figure 3.3 shows the spectra of both films between 15 K and 300 K. The 

dominant peak with an energy of ~3.36 eV observed in the Cu doped ZnO film in Figure 

3.3 (a) is attributed to the acceptor bound exciton (AOX) emission. The DOX peak in 

MgZnO is located at a higher energy of ~3.48 eV in Figure 3.3 (b). As the temperature is 

increased, DOX and AOX associated emissions are merged into free exciton (FX) related 

peaks and the emission peaks are dominant at room temperature. Additionally, the 

emission peaks shift to smaller energy as the temperature increases which is also 

consistent with the bandgap changing with temperature variation. 

To facilitate the formation of the random lasing cavities, the proper sizes of the column 

grains and air gaps between each of them are required. The low temperature growth on a 

lattice mismatched sapphire gives a better condition for this morphology formation. To 

further confirm the samples used for the devices fabrication, SEM images were taken to 

show the sample surface and their continuity and uniformity as well. Figure 3.4 shows the 

SEM images of both MgZnO and Cu doped ZnO thin films, the top view image shows 

clear morphology of the column structured random grains with air gaps in the same plane. 

Part of the sample morphologies show a slightly tilted grains orientation due to different 

combinations of gas flow and film deposition rate influence. The size of each grains is 

ranging in 200~ 500 nm with clear boundaries between each grain.  

The electrical properties of the CdZnO, MgZnO and ZnO: Cu films characterized by Hall 

effect measurement are summarized in Table 3.1. All these samples exhibit n-type 
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characteristics with various resistivities and carrier concentrations. For the further I-V 

measurements, symmetric Ni/Au MSM structure devices were fabricated on the column 

structure films using standard photolithography processes, metal contact deposition and 

wire bonding, and finally tested by I-V system with semiconductor analyzer and sample 

stage. The current-voltage characteristics of MgZnO, CdZnO and ZnO: Cu for the MSM 

device structures are shown in Figure 3.5, respectively. Due to the surface states of the 

thin films, there is a large chance that only Ohmic contacts are formed even with Ni 

which has considerable large work function. The top inset of Figure 3.5 shows the semi-

log I-V of the MSM devices. Typical I-V characteristics are observed from the MSM 

devicse, where two Schottky junctions are placed back to back, showing evident 

nonlinear curves as leakage current under both forward and reverse bias. Regardless of 

the resistivity and carrier concentration of the films, Schottky junctions are formed, 

leading to the proper condition for the light generation via impact ionization process. 

3.3 MSM random laser device fabrication and characterization 

The MSM laser devices were fabricated by standard photolithography process in a class 

10000 cleanroom. Figure 3.6 shows the schematic of device structure, where the patterns 

are placed on the thicker active layer and the thin MgO/ ZnO buffer on the c-plane 

sapphire. The two metal contacts consist of a circular ring with the inner/ outer diameter 

of 440 μm/ 450 μm and an inner crossbar with 4 rectangular crosses (100 μm× 20 μm). 

The metal contacts deposited by the e-beam evaporator are symmetric Au/Ni with a 

thickness of 120 nm and 20 nm, respectively. Then the devices were measured by using 

an Agilent 4155C semiconductor parameter analyzer. Finally, the devices were wire-



 25 

bonded on TO5 can packages by wire bonder and prepared for future 

electroluminescence (EL) measurement. The EL spectra were measured by the same 

home-built system where only an external HP E3630A DC power supply was used for the 

current injection for the devices. A heat sink with ice cube was attached to the back of 

devices to avoid over heat breakdown of the device. However, in these samples, no light 

emission was observed from any angle. 

3.4 Random lasing device simulation 

To better understand the random lasing behavior of the MSM devices, MgZnO MSM 

devices are simulated utilizing COMSOL Multiphysics. COMSOL Multiphysics is a 

finite element analysis, solver and simulation tool. Several modules are available for 

COMSOL, and for the random lasing device on thin films simulation, wave optic module 

was applied which is widely used for simulation of lasing modes and electromagnetic 

wave propagation in a cavity. In wave optics module, the refractive index of input 

material forming the waveguide is a critical parameter, so the simulation with different 

sample bandgap energy can be realized by varying the refractive index and operation 

wavelength. Also, the refractive index will vary with either light wavelength or Mg 

content. The input refractive index values in this simulation are shown in Table 3.2 along 

with the operating wavelength value. COMSOL has its own model builder with 

parameter input, which allows user to build desired model structure, size external 

condition and material properties. To realize the poly crystal MgZnO film surface, 

random polygon grains with the size of 200- 600 nm and approximate 90% filling factor 

were considered proper to investigate the in-plane lasing mode behavior and used in the 
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modeling. Due to the computer memory limitation, the simulation was done only within 

an area of 8 μm×8 μm simulation region. In this simulation, MgZnO film with random 

shape column structure within a square plane is designed as the electromagnetic wave 

conductive cavity and its operating wavelength is 280 nm, 300nm, 325nm and 335nm 

with different Mg composition of samples shown in Figure 3.7, respectively. This 

condition is coherent to our previous MgZnO DUV random lasing experiment, and the 

mode analysis was carried out to find the possible lasing modes for the same emission 

wavelength in the MgZnO random cavity. The simulated electric field distributions of 

certain lasing mode in random cavities are shown in Figure 3.7, which are found in 

different regions of the film even the whole film structure and injection condition are kept 

the same. These provide the correlated evidences for the multiple lasing emission peaks 

in previous MgZnO MSM random laser EL measurement results [30]. 

3.5 Conclusion 

To conclude, we have demonstrated the ZnO and its alloy of CdZnO and MgZnO thin 

film grown by MBE. Furthermore, the electrically driven random lasers with metal-

semiconductor-metal structure in green and UV region were investigated both in 

experiments and simulations. The hole generation process for this excitonic lasing device 

is explained by the impact ionization process. Excitons are formed through the excess 

holes and electrons and recombine with each other. With the characterization and 

simulation of the devices, typical I-V were measured to be back-to-back Schottky 

behavior and the lasing mode was confined through random scattering and forming 

closed-loop random cavity inside the poly grains MgZnO column structure film, leading 
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to the random lasing behavior by electrical injection. This work paves the path for future 

development of low-cost and high-performance lasers at room temperature. 
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Figures 

 

Figure. 3.1. Illustration of the formation of in-plane close loop random cavities and 

lasing detection in ZnO column grains film.  

 

Figure. 3.2. Square of the absorption coefficient with photon energy (αhv)2 versus the 

photon energy at room temperature. 
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Figure. 3.3. Temperature dependent PL of (a) Cu doped ZnO and (b) MgZnO film at 

temperature between 15K to 300K. 
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Figure. 3.4. SEM top-view image of (a)-(e) Cu-doped ZnO thin films, (f)-(i) MgZnO thin 

films. 
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Figure. 3.5. I-V characteristics in linear scale of MSM devices of CdZnO, MgZnO and 

ZnO: Cu thin films, inset shows the semi-log scale curve. 
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Figure. 3.6. The schematic of MSM device. 
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Figure. 3.7. Simulation results showing the intensity of electric fields distributing along 

c-axis, which correspond to the possible lasing modes for the (a) Mg0.45Zn0.55O, (b) 

Mg0.4Zn0.6O, (c) Mg0.3Zn0.7O and (d) Mg0.25Zn0.75O film. The operating wavelengths are 

280 nm, 300 nm, 325 nm and 335 nm, respectively.  
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Table 

Samples° Carrier 

Concentration(cm-3) 

Mobility 

(cm2V-1s-1) 

Resistivity (Ω 

cm) 

Electrical types 

CdZnO 01 2.72×1019 4.76 0.048 n-type 

CdZnO 02 2.62×1018 5.68 0.176 n-type 

MgZnO 01 1.43×1017 8.62 8.626 n-type 

ZnO: Cu 01 3.45×1017 6.48 0.462 n-type 

ZnO: Cu 02 2.72×1018 1.12 0.259 n-type 

ZnO: Cu 03 2.69×1019 0.294 0.674 n-type 

 

Table. 3.1. The results of room temperature Hall measurements of CdZnO, MgZnO and 

ZnO: Cu which gives back-to-back Schottky characteristics.  

Wavelength (nm) Mg Content (%) Refractive Index 

280 45 1.98 

300 40 1.98 

325 30 2.01 

335 25 2.03 

 

Table. 3.2. The refractive index used in the simulation for samples with different Mg 

content and operating wavelength. 
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