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ABSTRACT OF THE DISSERTATION 
 
 

Optoelectronics Devices Based on Zinc Oxide Thin Films and Nanostructures 
 
 

by 
 
 

Sheng Chu 
 

Doctor of Philosophy, Graduate Program in Electrical Engineering 
University of California, Riverside, August 2011 

Dr. Jianlin Liu, Chairperson 
 

Optoelectronics devices based on ZnO thin films and nanostructures are 

discussed in this dissertation. A ZnO homojunction LED was demonstrated. Sb-doped 

p-type ZnO and Ga-doped n-type ZnO on Si (100) substrate were used for the LED 

device. After achieving ohmic contacts on both types of ZnO, the device showed 

rectifying current-voltage (I-V) characteristics. Under forward bias, the device 

successfully showed ultraviolet emissions. The emission properties were analyzed and 

the emission was confirmed to come from ZnO near band edge emissions. Further 

analysis showed that the emission mainly comes from the p-type layer of the device. 

A ZnO ultraviolet laser diode was fabricated and demonstrated. The device consists of 

Sb-doped p-type ZnO layer and Ga-doped n-type ZnO layer. In between p-layer and 

n-layer, a thin MgZnO/ZnO/MgZnO quantum well structure was inserted. In this 
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device, random lasing mechanism plays an important role. When the diode was biased, 

the generation of light was enhanced by the carrier localization effect from the 

quantum well. The light was scattered between the ZnO random grain boundaries. 

Since the scattering effect can be so intense that some of the light can return to its 

original place to form close travel loop, as “random laser cavity”. As long as the gain 

can overcome loss from scattering and material loss, lasing action can be 

demonstrated. An improved ZnO LED device was grown and characterized. The 

device grown on c-plane sapphire substrate can favor ultimate device applications due 

to the improved crystal quality of ZnO and the possibility of getting single 

crystallinity. A double heterostructure (MgZnO/ZnO/MgZnO) was also inserted in 

between p-layer and n-layer of the device to enhance the light output. The device 

showed much enhanced output power of 457 nW, which is two orders stronger than 

the LED fabricated on Si substrate. The optimization of high quality ZnO thin film on 

c-plane sapphire substrate was discussed. The devices in chapter two, three and four 

utilized Si or sapphire substrate, and are all in polycrystalline nature. To solve this 

problem and get the basis of high output power LEDs and lasers, single crystalline, 

two dimensional surface ZnO thin films were grown in chapter five. MgO/ZnO 

double buffer layers were used to accommodate the lattice mismatch. MgO thickness 

was found to be very important in achieving good ZnO thin film. An optimized 

growth also yields low background electron concentration and high mobility, which 
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can enable future high quality p-type ZnO engineering. Our research was also 

expanded from ZnO thin films to ZnO nanostructures. The purpose of chapter six is to 

demonstrate a ZnO nanowire laser. ZnO nanowires are an excellent cavity and itself is 

a great gain material. We expanded Sb-doped p-type ZnO from thin films to ZnO 

nanowires. A p-type ZnO nanowire/n-type ZnO thin film p-n junction was achieved. 

The device showed lasing action when injection current was larger than ~50 mA. The 

lasing mechanism and gain/feedback were also discussed in detail. 
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Chapter One 

Introduction 
 

1.1 Basic properties of ZnO 

The optoelectronic properties of ZnO are attracting increasing interest. The 

band gap of ZnO of 3.37 eV at room temperature makes ZnO a promising candidate 

for ultraviolet (UV) optoelectronic devices such as photodetectors, light emitting 

diodes (LED) and laser diodes 1-4. It appears especially favorable for such applications 

because of its large exciton binding energy of 60 meV, which enables the possibility 

of low threshold lasers at room temperature. The availability of bulk ZnO substrates 

offers the possibility of homoepitaxy for the fabrication of devices. The band gap of 

ZnO can be tuned over a large energy range by alloying it with CdO 5-6 and MgO 7-8. 

Furthermore, the mature technology for growing controlled ZnO nanowires 9-10 makes 

the material a major candidate in future nanoelectronics and nanophotonics. Some of 

the basic parameters of ZnO are summarized below: 

The basic properties of ZnO are shown in Table 1.1 3. ZnO is a direct band gap 

semiconductor with Eg =3.37 eV at room temperature. The band gap of ZnO can be 

tuned by divalent substitution on the cation site. For example, Cd doping can decrease 

the band gap as low as ~2.0 eV. However, Mg doping can increase the band gap as 

high as ~5.0 eV. The tunable band gap by these elements makes ZnO based 

heterojunctions and quantum wells engineering possible. 

In terms of crystal structure, ZnO normally forms in the hexagonal (wurtzite) 

structure (See Figure 1.1) with a =3.25 Å and c =5.12 Å. The Zn atoms are 
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tetrahedrally coordinated to four O atoms, where the Zn d electrons hybridize with the 

O p electrons 11. 

 

Property value 

Lattice parameter a0 0.32495 nm 

Lattice parameter c0 0.52069 nm 

a/c 1.602 

Density 5.606 g/cm3 

Stable phase Wurtzite 

Melting point 1975 ºC 

Thermal conductivity 0.6, 1~1.2 W/mK 

Dielectric constant 8.656 F/m 

Refractive index 2.0~2.5 

Energy gap 3.37 eV 

Exciton binding energy 60 meV 

Electron effective mass 0.24 m0 

Hole effective mass 0.59 m0 

Expansion coefficient a: 6.5×10-6, c: 3.0×10-6 /ºC 

 

Table 1.1 Basic material properties of ZnO. 
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Figure. 1.1  ZnO wurtize crystal structure (Courtesy to Dr. Faxian Xiu) 

Undoped ZnO is usually n-type. The n-type doping has been attributed to Zn 

interstitials, oxygen vacancies, or hydrogen complex. The intrinsic defect levels that 

lead to n-type doping lie approximately 10~30 meV below the conduction band. The 

optical properties of ZnO, studied using photoluminescence, photoconductivity, and 

absorption reflect the intrinsic direct band gap, a strongly bound exciton state, and gap 

states arising from point defects. A strong room temperature, near-band-edge UV 

photoluminescence peak at ~3.2 eV is attributed to an exciton state, as the exciton 

binding energy is on the order of 60 meV. In addition, visible emission is also 

observed as a result of defect states. A blue-green emission, centered at around 500 

nm in wavelength, has been explained within the context of transitions involving self-

activated centers formed by a doubly ionized zinc vacancy and an ionized interstitial 

Zn2+, oxygen vacancies, donor–acceptor pair recombination involving an impurity 
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acceptor, and/or interstitial O. A broad orange-red photoluminescence emission at 

~1.9 eV can be observed in some materials and has been assigned to defect states. 

The electron Hall mobility in n-type ZnO single crystals is on the order of 200 

cm2 V-1 s-1 at room temperature. While the electron mobility is slightly lower than that 

for GaN, ZnO has a higher theoretical saturation velocity. However, the Hall voltages 

measured in p-type ZnO are very small due to the fact that the measured hole mobility 

is often <1 cm2/V-s. Also, ohmic contacts to p-type ZnO are difficult to fabricate, and 

thus noise spikes during one or more of the eight Van der Pauw switching 

configurations can easily produce an “n-type” result 12. D.C. Look 13 reported that a 

nitrogen-doped, p-type ZnO layer has been grown by MBE on a Li-diffused, bulk, 

semi-insulating ZnO substrate. Hall-effect and conductivity measurements on the 

layer give a resistivity of 40Ω-cm, hole mobility of 2 cm2/V-s; and hole concentration 

of 6×1016 cm-3. Kim 14 reported that a p-type ZnO was prepared on a sapphire 

substrate using P2O5 as a phosphorus dopant. As-grown n-type ZnO films doped with 

phosphorus showed electron concentrations of 1016~1017cm-3 and these films were 

converted to p-type ZnO by a thermal annealing process at a temperature above 

800 °C under a N2 ambient. The electrical properties of the p-type ZnO showed a hole 

concentration of 1.0×1017~1.7×1019/cm3, a mobility of 0.53~3.51 cm2/V-s, and a low 

resistivity of 0.59~4.4Ω-cm. In addition, the co-doping method is believed to decrease 

the p-type ZnO resistivity. Joseph et al 15 reported that with Ga and N co-doping 

technique, they have observed a room temperature resistivity as low as 0.5Ω-cm and a 

carrier concentration of 5×1019 cm-3 in ZnO film on glass substrate. 
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1.2 Motivation of the dissertation research 

In order to accomplish optoelectronic devices, a reliable ZnO technology with 

the potential of fabricating p-type ZnO has to be developed. A major obstacle in 

achieving p-type material has been the high “intrinsic” n-type conductivity of 

nominally undoped ZnO, whose origin is usually thought to be due to point defects. 

Even the high-quality bulk ZnO material shows an electron concentration of typically 

1017~1019cm−3. Hydrogen and structural defects, such as oxygen vacancies and zinc 

interstitials, have been suggested as shallow donors in ZnO. In the latter case, a 

decrease in background concentration with increasing layer quality can be expected 1. 

Recent reports on the p-type doping of ZnO 14-16  in particular have led to a 

revival of research on this material system. A lot of activities have so far been 

focusing on plasma-enhanced MBE of ZnO. Layers of excellent structural and optical 

quality have been accomplished using, e.g. MgO nucleation layers on sapphire 

substrates, or ScAlMgO4 (0001) substrates 17. ZnMgO/ZnO and ZnO/ZnCdO 

quantum well systems have been fabricated, and heavy n-type doping can readily be 

achieved. However, despite the various reports on the measurement of p-type 

conductivity in ZnO, a reliable p-doping technique seems still not at hand 1. Our 

group previously has successfully grown p-type ZnO thin films by using plasma 

assisted MBE system. Functional UV-photodetectors and heterostructure LEDs have 

been demonstrated. In my work on the dissertation, I have focused on applying the 

Sb-doped p-type ZnO thin films on emission devices. Much research progress was 

made: a homojunctional ZnO LED was demonstrated; An UV random laser diode was 

invented; The output power of ZnO LED was improved by growing the structure on 

c-plane sapphire substrate. Furthermore, Sb-doped p-type ZnO nanowires were 
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synthesized and applied on optoelectronic devices. Laser diodes based on ZnO 

nanowire p-n junction was achieved and the lasing comes from the wave-guiding 

effect of the ZnO nanowires. 

1.3 Dissertation arrangement 

In chapter two of this dissertation, the demonstration of ZnO homojunction 

LED was discussed. Sb-doped p-type ZnO and Ga-doped n-type ZnO were used for 

the device. After achieving ohmic contacts on both types of ZnO, the device showed 

rectifying current-voltage (I-V) characteristics. Under forward bias, the device 

successfully showed UV emissions. The emission properties were analyzed and the 

emission was confirmed to come from ZnO near band edge emissions. Further 

analysis showed that the emission mainly comes from the p-type layer of the device. 

In chapter three a laser diode was fabricated and demonstrated. The device 

consists of Sb-doped p-type ZnO layer and Ga-doped n-type ZnO layer. In between p-

layer and n-layer, a thin MgZnO/ZnO/MgZnO quantum well structure was inserted. 

In this device, a so called random lasing mechanism played an important role. When 

the diode was biased, the generation of light was enhanced by the carrier localization 

effect from the quantum well. The light was scattered between the ZnO random grain 

boundaries. Since the scattering effect can be so intense that some of the light can 

return to its original place to form close travel loop, as “random laser cavity”. As long 

as gain can overcome loss from scattering and material  loss, lasing action can be 

demonstrated. 

In chapter four an improved ZnO LED device was grown and analyzed. The 

devices discussed in the previous two chapters were grown on Si (100) substrates, 

which can not favor ultimate device applications due to the compromised crystal 



 7 
 

quality of ZnO grown on extremely large mismatched Si. To improve this, we have 

successfully grown device structure on c-plane sapphire substrate. A double 

heterostructure was also inserted in between p-layer and n-layer of the device to 

enhance the light output. The device showed much enhanced output power of 457 nW, 

which is two orders stronger than the LED fabricated on Si substrate. 

In chapter five of this dissertation, high quality ZnO thin film on c-plane 

sapphire substrate was discussed. Although the device in chapter four utilized 

sapphire substrate, the device was still in polycrystalline nature. To solve this problem 

and get the basis of high output power LEDs and lasers, single crystalline, two 

dimensional surface ZnO thin films were grown in this chapter. MgO/ZnO double 

buffer layers were used to accommodate the lattice mismatch. MgO thickness was 

found to be very important in achieving good ZnO thin film. An optimized growth 

also yields low background electron concentration and high mobility, which can 

enable future high quality p-type ZnO engineering. 

In chapter six of this dissertation, our research was expanded from ZnO thin 

films to ZnO nanostructures. The purpose of this chapter is to demonstrate a ZnO 

nanowire laser. ZnO nanowires are an excellent cavity and itself is a great gain 

material. We expanded Sb-doped p-type ZnO from thin films to ZnO nanowires. A p-

type ZnO nanowire/n-type ZnO thin film p-n junction was achieved. The device 

showed lasing action when injection current was larger than ~50 mA. The lasing 

mechanism and gain/feedback details were discussed in this chapter. 

Finally, a separate conclusion part is presented in chapter seven, the last 

chapter of this dissertation.  
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Chapter Two 

Sb-doped p-ZnO/Ga-doped n-ZnO homojunction ultraviolet light 
emitting diodes 

 

2.1 Current status of research on ZnO LEDs 

ZnO has recently been extensively studied due to its wide band gap and large 

exciton binding energy for UV/blue optoelectronic applications such as LEDs and 

laser diodes.1-4 Although it is extremely difficult to achieve reliable p type ZnO due to 

compensation effect from shallow donors induced during material growth, many 

research groups have reported p-type ZnO and ZnO LEDs using various dopants such 

as N,5-7 P,8-10 As,11, 12 and other specific techniques. Previously, Sb doped p-type ZnO 

and p-n homojunction were studied by our group.13-15 However no UV emissions 

were reported. In this chapter, we report homojunction LEDs based on Sb-doped p-

ZnO that show almost strong ZnO near band edge (NBE) emissions at low 

temperatures and room temperature.  

2.2 Experiments and discussion 

2.2.1 Sample growth and device fabrication 

ZnO homojunction was grown on n-type Si (100) substrate (1-20Ωcm) using 

MBE system. First, a thin MgO buffer layer was deposited at 350 ºC for 5min to 

reduce the lattice mismatch between Si and ZnO,16 which was followed by the growth 

of a ZnO buffer layer at the same substrate temperature for 15 min. Then, the two 

layer structured Sb-doped p-type ZnO/Ga-doped n-type ZnO homojunction was 

grown on this MgO/ZnO buffer. The 420nm thick Ga-doped ZnO film was deposited 

at a substrate temperature of 450 ºC and Zn and Ga effusion cells temperatures of 380 

ºC and 520 ºC, respectively. This was followed by the growth of the 420nm thick Sb-
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doped ZnO layer under oxygen rich condition at a higher substrate temperature of 550 

ºC to form the p-type layer of the homojunction. During growth of this layer, Zn and 

Sb effusion cell temperatures were 380 ºC and 360 ºC, respectively. In-situ thermal 

activation of the Sb dopant was performed under vacuum at 750 ºC for 20 min. Fig 

2.1 shows the schematic of the device structure. 

 

 

 

 

 

 

 

 

 

 

 

 

Homojunction LEDs were fabricated by standard photolithography techniques. 

Mesas of of 800 µm × 800 µm were defined. Transimission line method (TLM) 

patterns with size of 75 µm × 50 µm and intercontact spacing 10, 20, 30, 40 µm were 

made simutaneously to study the contacts properties. Etching was done using 

ammonium chloride hydroxide buffer solution to reach down to the n-type ZnO layer 

for n-type contacts with the etching rate about 10 nm/min. Au/NiO and Au/Ti contacts 

of thicknesses 500/30 and 150/30 nm were deposited on p-type Sb-doped ZnO and n-

Au/NiO contact 

Sb-doped p-type ZnO Au/Ti contact 

n-Si (100) 

Ga-doped n-type ZnO 

Figure 2.1 Schematic of the LED device structure. 
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type Ga-doped ZnO layer by e-beam evaporation, respectively. The contacts were 

subjected to rapid thermal annealing in nitrogen ambience to form Ohmic contacts. 

The annealing conditions of Au/NiO and Au/Ti were 800 ºC for 120 s and 400 ºC for 

60 s, respectively.  

2.2.2 Electrical characterizations 

 

 

 

 

 

 

 

 

 

 

 

 

Current-Voltage (I-V) characteristics were measured using Agilent 4155C 

semiconductor parameter analyzer and Signatone probe station. I-V curve shows 

typical rectifying behavior with a turn-on voltage of about 6 V in Fig. 2.2. The large 

turn on voltage of the diode is probably due to the high resistance from p-type ZnO 

layer.The inset (a) of Fig. 2.2 gives the surface intercontact I-V curves of Au/NiO 

contacts on p-type and Au/Ti contacts on n-type ZnO films, respectively, indicating 

Ohmic contact behavior. The large turn on voltage of the diode is probably due to the 

Figure 2.2 I-V characteristics of the p-type Sb-doped ZnO/n-
type Ga-doped ZnO homojunction. Inset (a) shows the surface 
p-p contacts and n-n contacts I-V curves, respectively. Ohmic 
contacts behaviors are evident. Inset (b) gives the intercontact 
resistance as a function of intercontact distance for Au/NiO 
on p-type ZnO layers. Linear fitting was used obtain the 
specific contact resistivity. 
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high resistance from p-type ZnO layer. The electrical properties of the n-type ZnO 

layer was determined by Hall effect measurement in a van der Pauw configuration 

after the p-type layer was etched. Electron concentration, mobility, resistivity of 2.8 × 

1019 cm3, 8.7 cm2V-1S-1, and 0.02 Ωcm, respectively were obtained. For this 

multilayer structured device, electrical properties in p-type layer can not be reliably 

obtained by Hall effect measurement. Nevertheless, p-type behavior is evident from 

the rectifying diode charicteristics. Low resistivity contacts are very important to 

ensure the high efficiency of ZnO optoelectronic device performance. Since we have 

relatively lightly doped p-type ZnO layer, Au/NiO contacts rather than Au/Ni contacts 

are chosen to from ohmic contacts to the film in the devices. The total resistances (in 

TLM patterns) were plotted against intercontact distance in the inset (b) of Fig. 2.2. 

The contact resistance and transfer length are 260.4 Ω and 3.77 µm, which were 

extrapolated from linear fitting. Then the specific contact resistivity of 7.4×10-4 Ω

cm2 was caculated. This value is much smaller than that of the Au/Ni (7.6×10-3 Ω

cm2) contacts on the same p-type ZnO layer. Furthermore, Au/Ni (500nm/30nm) 

contacts need much higher annealing temperature to form good Ohmic conduction 

(960 ºC). Such a high temperature would potentially degrade the contact morphology 

and film quality. The advantage of Au/NiO contacts results from high p-type 

conductivity of NiO,17 and also the outdiffusion of oxygen could be reduced to 

depress oxygen vacancy in the film.18 

2.2.3 Device performance and analysis 

To study the electroluminescence (EL), the homojunction diodes were 

packaged onto TO5 cans using conductive epoxy resin and wire bonding. EL 

characterizations were performed by using home-built measurement set-up including 
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an Oriel monochromator and a lock-in amplifier with chopper. An external power 

supply was used to inject input current. EL characteristics were studied in the forward 

bias region. Temperature dependent EL spectra under 30 mA injection current are 

shown in Fig. 2.3. For the device operated at 9 K, the spectrum is dominated by a 

peak at 373.5 nm (3.32 eV) with a FWHM of 12 nm, which is attributed to the band to 

band exciton recombination.  

The NBE peak shifts from 373.5 nm to 383.3 nm for temperature ranging from 

9 to 300 K, which is shown in the inset of Fig. 2.3. The temperature dependence of 

the exciton energy in direct band-gap material can be described as Varnish 

equation: 2( ) (0) /( )E T E T Tα β= − + ,19 α and β  are fitting parameters. The dot line 

in the inset is the fitted result for the temperature dependence emission peak using 

Varnish equation, where 0.00041 /eV Kα = , and 280Kβ = . The experimental values 

agree reasonably with the fitting curve, indicates that the red shift of the peak is due to 

temperature induced band gap variation.  

 

The magnitude of the NBE peak decreases dramatically with the increase of 

the temperatures which is typical due to the increased non-radiative recombination at 

higher temperatures. In addition to the NBE peak, there seem to be broad radiative 

deep level emissions ranging from 400 nm to 800 nm. However, the magnitude drop 

of the deep level emission intensity is much less compared to NBE peak with 

increasing temperature. Probably this can be attributed to the high radiative efficiency 

of the deep level and self-absorption from higher energy emissions.20 
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Room temperature EL under different injection currents are shown in Fig. 2.4. 
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Figure 2.4 Room temperature EL spectra obtained at 
different injection current from 30 mA to100 mA.  
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Figure 2.3 Temperature dependent EL spectra of a 
homojunction diode from 9 K to 300 K under injection 
current of 30 mA. The spectra are shifted on y-scale for 
clarity. Inset shows the EL peak positions as hollow circles 
on different temperatures, and Varnish fitting is expressed 
as dotted line. 
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For 30 mA injection current, the NBE peak is clearly seen at 383.3 nm (3.24 eV) 

together with deep level emission bands. The deep level emission at room temperature 

is mainly centered at 605 nm (2.05 eV) but with a shoulder around 490nm (2.53 eV). 

The 490nm band is commonly assigned to intrinsic defects.21 The yellow band 605nm, 

is attributed to oxygen interstitials,22 which is consistent with the fact that the p-type 

ZnO was prepared in oxygen rich condition. The intensities of both NBE emission 

and emissions from deep levels increase with the increase of injection current. The 

NBE emission red-shifts from 383.3 nm (30 mA) to 390.9 nm (100 mA). This is 

induced by the band gap variations, which results from the increased heating effects 

during the operation of LEDs. On the other hand, no peak shift was observed for the 

deep levels at higher injection, although the 605nm peak becomes more evident with 

respect to 490 nm shoulder. 
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Figure 2.5 Room temperature PL spectra from Sb-doped p-
type ZnO layer and Ga-doped n-type ZnO layer of the 
homojunction sample. 
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To further investigate the origin of these EL emissions, photoluminescence 

(PL) measurements were carried out on a separate piece of sample annealed at 800 ºC 

120 s, a process that was also used during the device fabrication. A 325 nm He-Cd 

laser was used as the excitation source. The room temperature PL spectra for both p-

type layer and underneath n-type layer are shown in Fig. 2.5. PL of the n-type ZnO 

layer was obtained by etching away the p-type ZnO layer. Besides the NBE peak at 

377.5 nm, emission bands centered around 520 nm are shown in both spectra. 

However, the p-type ZnO layer shows two more peaks at 480 nm and 610 nm which 

can link with the room temperature EL emissions of 490 nm and 605 nm closely. The 

520 nm peak in p-type ZnO spectrum may consist of the contribution from underneath 

n-type layer, because it is commonly attributed to be oxygen vacancy.23 Since the 605 

nm peak rather than 520 nm dominates the room temperature EL spectra in the deep 

level emission region, we believe that radiative recombinations in p-type layer, 

including NBE transitions, have contributed mainly to the observed EL spectra. This 

is very reasonable due to the lower mobility and concentration of holes in p-type ZnO 

layer and high mobility and electron concentration of n-type ZnO layer; the depletion 

region mostly stays in p-type layer, and the electron injection from the n-type layer to 

p-type dominates the recombination process. 

2.3 Summary of chapter two 

To summarize this chapter, ZnO homojunction LEDs, with the Sb-doped p-

type ZnO layer on Ga-doped n-type ZnO layer structure were fabricated and studied. 

The LEDs with the low resistivity Au/NiO contacts for p-type ZnO showed very good 

UV emission at different temperatures and injection currents. This study suggests that 

Sb-doped p-type ZnO is promising for future ZnO optoelectronics. 
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Chapter Three 

Electrically pumped ultraviolet ZnO random diode lasers on Si 

 

3.1 Background on ZnO random lasers 

Due to the large exciton binding energy of 60 meV, there is profound interest 

in the development of low threshold ZnO UV lasers 1-2. Random lasing has been 

observed in ZnO powders 3-5, nanowires 6-7, and polycrystalline films 8-9, which 

involves strong light scattering in sufficient random gain media that causes the 

establishment of coherent resonant cavities at microscopic scale. Recently, electrically 

pumped random lasing devices have been reported widely with ZnO functions as 

active material, which show promise for future cost-effective UV laser diode 

applications. Specifically, Leong et al firstly reported a random laser based on 

ZnO/SiO2 nanoparticles sandwiched in a ZnO/SiC p-n junction 10. Ma and Tian et al 

demonstrated an MgZnO random laser based on metal-insulator-semiconductor thin 

film structure 11-12. Zhu et al and Liang et al developed n-type ZnO/p-type GaN 

heterojunction based random lasers 13-15. All the random laser practices above show 

multiple spike peaks as well as lasing threshold behaviours. The lasing mechanism 

was explained as light scattering between the ZnO crystal boundaries. The threshold 

current was generally low, which was attributed to exciton induced stimulated 

emission. In this chapter, we introduce the first electrically pumped ZnO quantum 

well diode lasers. Sb-doped p-type ZnO/Ga-doped n-type ZnO with an 

MgZnO/ZnO/MgZnO quantum well embedded in the junction was grown on Si by 

MBE. The diodes emit lasing at room temperature with a very low threshold injection 
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current density of 10 A/cm2. Direct proof of excitonic lasing mechanism was 

observed and discussed. In addition, lasing loop formation, lasing angular distribution 

and laser device size dependence were present as well. 

3.2 Experiments and discussion 

3.2.1 Sample growth and device fabrication 

ZnO junction lasers were grown on n-type Si (100) substrate (1-20 Ω cm) 

using MBE system. The device schematic structure is shown in Fig. 3.1(a). A thin 

magnesium oxide (MgO) buffer layer was first deposited at 350 ºC to reduce the 

lattice mismatch between Si and ZnO, which was followed by the growth of a thin 

ZnO buffer layer of about 15 nm at the same substrate temperature. On top of this thin 

buffer, ZnO p-n junction structure was formed. The n-type ZnO layer was formed by 

Ga doping at 450 ºC, and the p-type ZnO layer was formed by Sb doping at 550 ºC, 

respectively. The thicknesses of both n-type and p-type layers are 340 nm. In between 

p-type layer and n-type layer, a single ZnO quantum well with thickness of about 1 

nm was deposited by using wider bandgap MgZnO of about 1.5 nm as barrier. The 

mole fraction of Mg is about 0.1 leading to a conduction band offset between ZnO 

and MgZnO of about 0.21 eV. The temperatures of the Zn, Mg, Ga, Sb effusion cell 

used in the growth were: 370 ºC, 430 ºC, 560 ºC, 380 ºC, respectively. Optical 

lithography and wet etching were used to define square-shape mesa diode devices. 

Au/NiO (500/30 nm) and Au/Ti (200/30 nm) were then deposited on p-type ZnO and 

n-type ZnO, respectively by lift-off process and properly annealed to form Ohmic 

contacts. The device areas used for lasing are 500 µm × 500 µm and 800 µm × 800 

µm. 
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X-ray diffraction (XRD) θ/2θ scans suggest that the diode film grows 

preferentially along the c-direction of the ZnO Wurtzite lattice (Fig.3.1 (b)). Scanning 

electron microscopy (SEM) images in Figs. 3.1 (c) and 3.1 (d) illustrate the top-view 

and side-view of the ZnO film on Si substrate. The images reveal that vertical ZnO 

nano-columnar structures are formed, which is the typical result of oriented nucleation 

process as a result of the large lattice mismatch between ZnO and Si substrate17. The 

in-plane size of the columnar grains ranges from 100 nm to 400 nm, however, as can 

(b) 

Figure 3.1 (a) Schematic of the ZnO laser diode showing a single 
quantum well sandwiched between p-type and n-type layers. Device 
mesa with Au/NiO and Au/Ti Ohmic contacts are also shown. (b) 
XRD θ-2θ scan of the laser sample. The result suggests that ZnO 
preferentially grows along (0001) direction of the ZnO Wurtzite 
lattice. (c) SEM image of sample surface. (d) Cross-sectional SEM 
image of the ZnO diode. 
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be seen from the side-view image, the grains are packed closely to form a continuous 

“thin film”, which makes it feasible for the formation of Ohmic metal contacts on top 

of p-type and n-type ZnO layers.  

3.2.2 Device characterization 

For device characterization, current-voltage (I-V) was measured by an Agilent 

B 1500 A semiconductor analyzer. Capacitance-voltage (C-V) was measured by an 

Agilent 4284 A precision LCR meter. Photoluminescence (PL) measurement system 

includes an Oriel monochromator, a photomultiplier detector, a lock-in amplifier, and 

a chopper. A He-Cd 325 nm laser was used as pumping source. An external HP 

E3630A DC power supply was used to input current for electroluminescence (EL) 

measurement. 
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Figure 3.2 I-V characteristics in semi-logarithmic scale of the laser diode, 
showing typical rectifying characteristics. The left inset (a) shows the I-V 
curve in linear scale while the right inset (b) shows C-V characteristics 
further confirming p-n junction with built-in potential of about 3.14 V. 
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Figure 3.2 shows the current-voltage characteristics of one typical ZnO laser 

device (the left inset is its linear version), suggesting typical diode rectifying 

characteristics. The result in the right inset is the capacitance-voltage characteristics 

of the diode showing diode linear characteristic with a reasonable built-in potential of 

about 3.14 V. 
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Figure 3.3 (a) EL spectra with low injection currents of 10 mA 
and 20 mA. Lasing effect is evident when the injection current 
reaches about 20 mA. (b) EL spectra with higher injection 
currents from 30 mA to 60 mA. All spectra are within UV 
around 380 nm. The spectra were shifted in y scale for clarity. 
Inset is an image of lasing device taken by DC camera. 
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The laser diode was biased under DC forward voltages, in other words, 

continuous current injection mode was used to obtain lasing. The lasing was firstly 

collected from the sample surface. Under low injection current of 10 mA, weak 

spontaneous emission band centered at around 378 nm was observed as shown in Fig. 

3.3 (a). This peak is attributed to free exciton spontaneous emission. As the injection 

current increases to about 20 mA, dramatic sharp emissions with a line width as 

narrow as 0.4 nm emerge from the single-broad emission spectra around 380 nm, 

which indicates that the gain is now large enough to enable cavity mode to start lasing. 

Further increase of the injection current from 20 mA to 60 mA increases both the 

number and intensity of sharp lasing mode peaks in the spectra region between 360 

nm to 400 nm, as shown in Fig. 3.3 (b). The center of the lasing spectrum red-shifts 

about 4-5 nm as the drive current increases from 10 mA to 60 mA, which is related to 

the exciton lasing mechanism discussed below. The bright lasing spot in the inset of 

Fig. 3(b) comes from image of the device at 60 mA taken by a DC camera. 

Figure 3.4 shows the plot of the integrated lasing spectrum intensity and laser 

output power as a function of injection current. The output power was measured using 

a Thorlab PM 120V power meter. The integrated lasing spectrum intensity matches 

reasonably well with the output power data trend. A solid line is plotted to guide the 

eyes, showing the threshold current of about 25 mA, corresponding to current density 

of 10 A/cm2. The output power is about 0.5 µW at 60 mA drive current. Further 

increase of driving current beyond 60 mA leads to sharper increase of output power, a 

deviation of the trend suggested by the solid line, for examples, 1.4 µW at 80 mA and 

11.3 µW at 130 mA. These numbers were obtained for the first time for ZnO lasers 

and should be very reasonable considering surface-emitting geometry with only single  
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quantum well. The very low turn-on current mainly results from strong exciton 

recombination efficiency from localization effect in the quantum well.  

 

 

 

 

 

 

 

 

 

 

 

 

So what is the reason behind the strong lasing from the surface of the ZnO 

diodes? Firstly ZnO nanowire can establish Fabry-Perot (FP) type resonant cavity by 

two end facets of the nanowire in the optical pumping scheme3. However, the length 

of the nanowire like grains is 700 nm, which is too small to provide sufficient gain to 

overcome loss. According to the FP laser theory, the threshold gain g is inversely 

proportional to the gain length L: 1 ln( )top bottomg L R R−= , where in our case L is the 

grain thickness and Rtop the reflectivity between ZnO and air, Rbottom is the reflectivity 

between ZnO and Si. A simple calculation gives required threshold gain of 12.8×103 

cm-1. This number is too large for the given current injection situation. We fabricated 

another ZnO diode device of similar structures with thinner thickness of 460 nm (not 
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Figure 3.4 Integrated EL intensity and output power as a function of 
the injection current. Threshold current can be determined to be about 
25 mA. The output power is 0.5µW at 60 mA. 
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shown here), which would require even larger threshold gain, however, this device 

easily established lasing with similar threshold pump current of around 20 mA for the 

same size mesa device. Thus the single grain resonant cavity with two end facets 

cannot be the mechanism of lasing here. Since the “film” consists of multiple grains 

like structures, light scattering from the grain boundaries may form close loops to 

establish gain, i.e., random lasing may be the reason for lasing. A signature of random 

lasing is that the light emits in all directions. The UV light generated by the diode 

undergoes scattering at the grain boundaries. When the scattering is strong enough 

and the mean free path of the light is comparable to its wavelength, then some of the 

light can be scattered to its original places. As a result, close loops resonant cavities 

for coherent lasing are formed as shown in Fig. 3.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Schematic drawing of the random laser cavity. 
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When the generation rate of light overcomes the loss, lasing oscillation 

behavior becomes dominating over the EL spectra. Although this mechanism is 

important for the establishment of random lasing, except the lasing loop observed by 

Cao et al 16, there is few direct observation of the random lasing cavity especially in 

electrically pumped devices. To study this, we placed the operational device under the 

Figure 3.6 (a) Microscope image of the mesa device (without injection 
current). (b) Microscope image of the device under 60 mA current injection. 
Bright emission spots can be observed along the edges. Inset: camera photo of 
this lasing device. (c) Top: side-view SEM image of the device mesa. 
Bottom: schematic drawing of the light scattering by the tilted edge. (d) EL 
spectra recorded at different angles. 0º denotes the vertical direction respect to 
the substrate surface. 
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microscope to locate the lasing emission centers. The microscope image with un-

biased device is shown in Fig. 3.6 (a), clear square device mesa structure can be 

observed. The device was pumped with the injection current of 60 mA and the image 

is shown in Fig. 3.6 (b). Interestingly, we found multiple discrete light spots along the 

edge of the device mesa. If we take a photo of the device by camera, the image also 

shows the edge round emission feature (Inset of Fig. 3.6 (b)). The ZnO film was 

uniformly grown thus the emission should not have location preference. The only 

possibility that can be responsible for this feature is the formation of random 

scattering loop, as illustrated in previous reports 10-15. Light scattering between the 

walls of nano-columnar crystals to form the loop in the horizontal plane with the size 

from several to tens μm will achieve enough gain to magnify itself and form lasing 

action. In this case, a controversial part is the conflict between the in-plane random 

loop and the actual surface emission collected by standard EL experiment. Assuming 

that the resonant cavities are formed in the ZnO film plane rather than in the growth 

direction, then the lasing emission should only be observed from the edge of the diode. 

Conventional edge emitting laser diodes normally were achieved by the polishing of 

the edge or perfect cleaves of the crystal 17. However, in our device, the device mesa 

was formed by standard wet chemical etching. It is therefore that side planes of the 

diode mesa are not perpendicular to the substrates. By close observation through the 

side-view SEM image of the device in the top figure of Fig. 3.6 (c), the non-vertical 

tilted edge is shown. This indicates that a further scattering region can reflect the light 

to other directions. Schematically, this scenario is shown in the bottom part of Fig. 3.6 

(c). Although the light emission from random lasing is mostly parallel to the substrate 

surface, the output for the scattered light by the mesa edge is a statistical process. In 
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fact, the height of the device is in the same order as the light wavelength, thus 

diffraction/reflection must occur simultaneously, resulting in broad out-emitting 

angles 18-19. In this case, most light are scattered at the edge region and can be 

recorded in EL, and in the mean time, captured by the microscope. As a result, 

discrete lasing spots can only be scattered and observed right at the edge position. To 

further verify the spatial distribution of emission intensity, EL measurement was 

performed at higher angles. The results for 0º, 45º, and 60º are shown in Fig. 3.6 (d). 

The measurement for higher angles was not possible in the current device mounting 

geometry. Nevertheless, similar random lasing spectra were observed in all three 

angles. 

As long as the randomly formed close-loop resonant cavities are possible, 

carrier population inversion is another critical condition required for lasing in diode 

lasers. In our diode, the lasing is related to exciton emissions closely associated with 

the embedded MgZnO/ZnO/MgZnO quantum well, it should be noted that the devices 

without the quantum well structures does not show lasing actions. As the diode is 

forward biased, the injected electrons and holes quickly form excitons and become 

localized around the quantum well. More carriers injected into the junction at the 

higher drive currents result in exciton-exciton inelastic collisions, which dissociate the 

localized excitons to form carrier population inversion conditions for stimulated 

emissions. Exciton energy (lasing mode energy) follows the 

equation18: Tk
m

EEE B
b
EXEXEX 2

3)11( 20 −−−= , where E0EX is the free exciton energy, 

b
EXE  is the exciton binding energy, m is the quantum number of an excited state of 

excitons, kB is Boltzmann’s constant, and T is the temperature of the junction. As the 
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driving current increases from 10 mA to 60 mA, m and T increase, the reason that the 

lasing modes show a red shift of about 4-5 nm (Fig.3). As the driving current further 

increases beyond 60 mA, the emission output power increases more sharply, a result 

of further increase of the quantum number m.     

 

3.3 Summary of chapter three 

In this chapter, we realized the first electrically pumped ZnO diode lasers on 

Si using Sb-doped ZnO as p-type layer and Ga-doped ZnO as n-type layer with a 

MgZnO/ZnO/MgZnO quantum well in between. Ultraviolet lasing at around 380 nm 

was demonstrated at room temperature with very low lasing threshold current density 

of 10 A/cm2. The output power of this laser was measured to be 11.3 µW at 130mA 

driving current. This work has experimentally proved electrically pumped ZnO 

exciton ultraviolet lasing, which may find many potential applications.  
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Chapter Four 

ZnO light emitting diodes on c-sapphire substrate with higher 

emission power 

 

4.1 Motivation of ZnO LEDs on c-sapphire substrate 

Sb doping for p-type ZnO was theoretically proposed and experimentally 

confirmed subsequently 1-2. Various functional prototype devices such as 

photodetectors 3-4, LEDs 5-7, and random lasing devices 8 based on Sb-doped ZnO 

have been demonstrated, indicating that Sb can be an effective p-type dopant for ZnO.  

Among these, the first ZnO LED using Sb-doped p-type ZnO on Si substrate was 

demonstrated in Chapter two.  However, the highest output power achieved on Si was 

only ~1 nW reported by Kong et al 7, which is due to the high lattice mismatch 

between ZnO and Si. To improve the LED’s output power, p-type doping and LEDs 

was tried on c-sapphire substrate. Zheng et al successfully enhanced the output power 

obtained in LED with Sb-doped p-type ZnO on c-plane sapphire substrate of 32 nW 9. 

The improvement was attributed to improved ZnO crystal quality, as shown in Fig. 

4.1. The XRD rocking curve for device on c-sapphire shows much smaller FWHM 

compared to the one for device on Si substrate, indicating less defects formation for 

better device qualities. 
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To further increase the output power, improved p-type film and double 

heterojunction may be used. Double heterojunction in LED can drastically enhance 

the quantum efficiency, and is widely used in most commercial LED families. Double 

heterojunction often refers to a lower bandgap material sandwiched between two 

wider bandgap materials. In ZnO case, higher bandgap can be achieved by Mg or Be 

alloying, as schematically shown in Fig. 4.2. From quantum mechanics, it can be 

easily understood that the wave-function of electron and holes will be localized in the 

well. The enhanced n (electron density) and p (hole density) yields high 

recombination rate (G) because the relationship: 

 clearly indicates that in this case the emission efficiency can be increased.   

Figure 4.1 XRD rocking curves for ZnO LED device on Si and c-
sapphire. Courtesy to Dr. Zheng Yang. 
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In this chapter, Sb-ZnO/MgZnO/ZnO/MgZnO/ZnO double heterojunction 

LEDs on c-plane sapphire substrates with improved output power of 287 nW at 60 

mA and 457 nW at 140 mA are reported. 

 

 

 

 

 

 

 

  

4.2 Experiment and analysis 

4.2.1 Sample growth and device fabrication 

The double heterojunction diode was grown on c-plane sapphire substrates 

using plasma-assisted molecular-beam epitaxy (MBE). Sapphire substrates were 

chemically cleaned in an aqua regia (HNO3: HCl = 1 : 3) solution at 150ºC for 20 

minutes, then rinsed in de-ionized water, and finally dried with a nitrogen gun and 

transferred into an MBE chamber. The growth began with a 2-minute growth of MgO 

for improving the subsequent ZnO film quality, followed by a regular ZnO buffer 

layer growth at 550 ºC for 8 minutes. The subsequent n-ZnO and Sb-doped p-type 

layers were grown at 700 ºC and 500 ºC, respectively. The effusion cell temperatures 

of Zn, Mg, and Sb were 365, 380, and 370 ºC, respectively. The Zn and Mg beam 

fluxes were on the order of 10-7 Torr, while Sb beam flux was on the order of 10-9 

Figure 4.2 Schematic of band diagram of a MgZnO/ZnO/MgZnO double 
heterojunction. 



 37 
 

Torr. The n-type ZnO and ZnO buffer layers were grown under near stoichiometric 

condition while the Sb-doped ZnO layer was grown under oxygen rich condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The thickness of the buffer, n-type ZnO, and Sb-doped p-type ZnO layers are 

~10, ~400, and ~400 nm, respectively. Between the p-type and n-type layers, a 20 nm 

MgZnO/~80 nm undoped ZnO/20 nm MgZnO double heterojunction was inserted as 

the active region, and the growth temperature of this layer was 400 ºC. The mole 

fraction of Mg in MgZnO was designed to be 10%. Post growth thermal annealing 

Figure 4.3(a) Schematic of the ZnO LED showing a 
MgZnO/ZnO/MgZnO double heterojunction 
sandwiched between p-type and n-type layers. 
Device mesa with Au/Ni and Au/Ti Ohmic contacts 
are also shown. (b) SIMS spectra of Zn, O, Mg, and 
Sb elemental distribution. 
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was performed at 750 ºC in oxygen ambient to activate the dopants. Mesa geometry 

LEDs of 800 × 800 µm2 were fabricated using standard photolithography and lift-off 

processes. Au/Ti and Au/Ni were deposited on n-type ZnO layer and Sb-doped p-type 

layer, respectively, as electrical contacts using e-beam evaporation. Ohmic contacts 

were achieved after rapid thermal annealing process. Fig. 4.3 (a) shows the schematic 

of the device structure. Secondary ion mass spectroscopy (SIMS) measurements were 

performed by a Cameca IMS 4.5F system, and the result is shown in Fig. 4.3 (b). The 

SIMS spectra show the profile of elements O, Zn, Sb, and Mg along the growth 

direction. The elemental distribution is consistent with the designed device structure. 

The Sb and Mg diffusion is probably due to the high temperature annealing after 

growth.  

4.2.2 Material characterizations 

X-ray diffraction (XRD) θ/2θ survey shows that the diode film grows 

preferentially along the c-direction of the ZnO wurtzite lattice (Fig. 4.4 (a)). Surface 

morphology and cross section of the ZnO film were studied by scanning electron 

microscope (SEM). Fig. 4.4 (b) shows the top-view image of the ZnO film on 

sapphire substrate. It is evident that ZnO grains with in-plane size from 200 to 500 nm 

are formed, which is a typical result of oriented nucleation process due to the large 

lattice mismatch between ZnO and c-sapphire substrate. Fig. 4.4 (c) shows the cross-

sectional SEM image of the film, which confirms the nano-columnar grain growth 

mode. In addition, there is evident contrast between the top p-type layer and bottom n-

type layer, which is a result of different growth temperature as well as extensive Sb 

dopant incorporation in the top film.  
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Hall effect measurement was characterized under a Hall bar configuration at 

room temperature. The sample was cut into ~15 mm×5 mm bar with Au/Ni Ohmic 

contacts on both ends and sides. The hole concentration of 1×1017cm-3, mobility of 17 

cm2/Vs, and resistivity of 3.6 Ωcm were obtained by linear fitting the Hall resistance 

Figure 4.4 (a) XRD pattern of the double heterojunction 
sample. (b) Top-view SEM image of the sample surface. 
Scale bar: 500 nm (c) Side-view SEM image of the cross-
section of the sample. Scale bar: 500 nm. Contrast between 
p-type layer and n-type layer is clearly observed. 
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with magnetic field. It should be noted that the electrical properties of the p-type ZnO 

layer can be extracted in a multilayer structure for the first time, in which the effect of 

the n-type layer would be inevitably included. Capacitance-voltage (C-V) analysis 

(Fig. 4.5) under standard diode model was performed. 

The C of a typical p-n junction is given as 3: 

                     (1) 

where A is the diode area (800 µm×800 µm), e is the electron charge, εr=8.5 is the 

relative dielectric constant of ZnO, ε0=8.85×10-12F/m is the vacuum permittivity, V0 is 

the diode built in potential, Na and Nd (= 5.0×1017 cm-3) represent the doping 

concentration in p-type and n-type layers, respectively. Equation (1) can be re-written 

as: 

               (2) 

Therefore, from the slope of the 1/C2 versus V curve, the doping concentration Na can 

be estimated.  

From linear fitting of the result in Fig. 4.5, the slope k is determined to be -7.2×1018, 

thus: 

 

 

 

The extracted doping concentration in p-type layer is slightly smaller than the result 

from Hall effect measurement of ~1×1017/cm3 but should be reasonable. Furthermore, 

the C-V measurement also presents typical diode characteristics and the built-in 
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potential extracted from the C-V is ~2.7 V, which fits well with the doping 

configurations of the device. Therefore, the Hall data obtained for the top p-type layer 

is reliable due to the fact that the space charge region of the diode is depletion layer, 

which effectively block most horizontal current from penetrating into the bottom layer 

during Hall measurements. In other words, the effect of the double heterostructure and 

the n-layer on the electrical properties of the top p-type layer is minor in this case. 

  

 

 

 

 

 

 

 

 

 

4.2.3 LED characterizations 

Electrical properties of the LED devices were characterized by Agilent B 1500 

A semiconductor parameter analyzer. Fig. 4.6 shows the current-voltage (I-V) 

characteristic of a typical ZnO diode device, suggesting typical diode rectifying 

characteristic. The inset in Fig. 4.6 shows the linear I–V curves of n–n contacts on 

undoped ZnO layer and p–p contacts on Sb-doped ZnO layer, respectively, indicating 

the formation of Ohmic contacts. The Ohmic behavior of metal contacts on top of 

ZnO excludes the possibility of metal-semiconductor junctions in the device. 

Figure 4.5. Dependence of 1/C2 with voltage. Red 
line is the linear fitting of the experimental points. 
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Electroluminescence (EL) characterizations were performed by using a home-

built measurement setup including an Oriel monochromator and a lock-in amplifier 

with a chopper. An external HP E3630A DC power supply was used to input current 

to the diodes. Fig. 4.7 shows the EL spectra of the LED device at the injected currents 

ranging from 30 to 70 mA. The near-band edge (NBE) ultraviolet emissions are 

present in the EL spectra and the emission intensity increases with the increase of the 

injection current. The EL peak position red-shifts from 3.26 eV (380 nm) at small 

injection current (20mA) to 3.06 eV (405 nm) at large injection current (70 mA), 

which is attributed to heat induced bandgap shrinkage. The output power of the device 

was measured and calibrated with an Ocean-Optics integral sphere and an Ocean-

Optics LS-CAL-1 standard lamp. Well defined emission signal can be observed and 

the output power of this device is calculated to be 457 nW (140 mA). Top inset of Fig. 

4.7 shows the image of the emitting light of the device on a TO5 can at the injection 

Figure 4.6 I-V characteristic in linear scale of the device, showing 
typical rectifying diode characteristic. The inset shows the I-V for 
contacts on p-type layer and n-type layer, respectively. 
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current of 140 mA, which was captured by a photo-camera. Referring to the device 

structure shown in Fig. 4.3 (a), it is obvious that the ultraviolet/blue lighting area 

covers the whole square-shaped mesa area, indicating that the light originates from 

the planar ZnO p-n junction. The integrated intensity against injection current is 

shown in the bottom inset of Fig. 4.7, suggesting quasi-linear relationship between 

output power and injection current, which is a typical LED characteristic. As a result, 

the output power is estimated to be 287 nW at the injection current of 60 mA. This 

value is almost one order of magnitude larger than the previously reported Sb-

ZnO/Ga-ZnO junction LED with the same size of 800 × 800 µm2 on c-sapphire (32 

nW output at the same current of 60 mA) 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Figure 4 EL spectra at the injection currents ranging from 30 mA 
to 70 mA. Top inset: a photo of the LED operating at 140 mA. Bottom 
inset: integrated spectrum intensity versus injection current.   
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The spatial distribution of the light emission was characterized by angle-

dependent EL measurement. The measurement was achieved by rotating the device 

sample holder with respect to the growth direction of the sample, as schematically 

shown in the inset of Fig. 4.8 (a). The EL spectra for 0º, 30º, 45º, 60º, and 90º are 

shown in Fig. 4.8 (a). Clearly, similar UV emissions are demonstrated at all the five 

angles, which indicate that this device has fairly broad emission that covers the whole 

semi-sphere. The broad emission profile in this device is related to the textured 

surface (as shown in Fig. 4.4 (b)), which enhances the light output due to the 

reduction of internal reflection in the ZnO/air interface 10. It is also noticeable that 

Figure 4.8 (a) EL spectra collected at different angles: 0º, 
30º, 45º, 60º, and 90º, respectively. Inset: schematic of 
measurement angle. (b) Integrated spectrum intensity as a 
function of measurement angle. 
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there is a slight blue-shift of the emission as the measurement angle increases. This 

trend is similar to the angle-dependent photoluminescence (PL) in ZnO columnar 

films grown by pulsed laser deposition 11, which is mainly attributed to the effect of 

microcavity formed by the films 12-13. The integrated intensity as a function of angle is 

shown in Fig. 4.8 (b). This result is a typical far-field pattern characteristic of an LED; 

similar results were observed in very good GaN LEDs 14.  

 

 

 

 

 

 

 

 

 

 

In Sb-ZnO/Ga-ZnO homojunction LED, the light mostly arises from radiative 

recombination in Sb-ZnO layer 6. Here, the enhanced emission power is a result of the 

carrier confinement and recombination in the MgZnO/ZnO/MgZnO double 

heterostructure. Fig. 4.9 shows the low-temperature (9K) PL spectra of the top p-type 

layer (blue) and the film with Sb-doped ZnO layer etched (orange). The etching was 

done by using diluted HCl. The set-up of the PL measurement is similar to the EL set-

up. A 325 nm He-Cd laser is used as the excitation source. As seen from the PL 

spectrum of the p-type layer, an acceptor-bound exciton emission (3.351 eV) and 

Figure 4.9 Low-temperature PL spectra from the top Sb-doped 
p-layer (blue line) and the film with p-layer etched (orange line). 
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electron to zinc vacancy acceptor transition peak (~3.0 eV) can be observed, which is 

the signature of Sb-doped p-type ZnO 2. The PL of the etched sample shows a donor 

bound exciton emission (3.360 eV) as well as a drastic increase of the PL intensity by 

almost two orders of magnitude, which originates from much better crystal quality of 

the undoped ZnO layer. There is a shoulder around 3.40 eV beside the main peak in 

the PL of the etched ZnO film, which is widely attributed to free exciton (FX) 

emission 15. The presence of the FX peak is another strong proof of excellent optical 

quality of the undoped ZnO film. Under forward bias, radiative recombination 

happens in the undoped ZnO layer, rather than in the Sb-doped ZnO film, giving rise 

to the enhanced emission intensity.  

4.3 Summary of chapter four 

ZnO LEDs with Sb-doped p-ZnO, MgZnO/ZnO/MgZnO double 

heterostructure, n-ZnO were fabricated on c-plane sapphire using plasma-assisted 

MBE. The devices show prominent ultraviolet emission in the EL spectra. The output 

power of the LED was characterized to be 487 nW at the injection current of 140 mA 

thanks to the high crystalline quality of the intrinsic layer in the double 

heterostructure. 
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Chapter Five 

Towards single crystalline LED: growth of high quality ZnO thin 

films by MBE 

 

5.1 Background of the growth of high quality epi-ZnO films on c-sapphire 

ZnO is promising for future UV optoelectronics.  However, due to the lack of 

low-cost lattice-matched-epitaxy substrate, the majority of ZnO thin films and devices 

have to be grown mostly on sapphire or SiC substrate in hetero-epitaxial regime. For 

the case of ZnO growth on c-sapphire substrate, due to the large lattice mismatch of 

18% (Fig. 5.1 (a) (reprint from Ref. 1), it is very difficult to get single crystalline 

films and mis-fit dislocations prevails in the epi-films (Fig. 5.1 (b) (reprint from Ref. 

2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 (a) top-view of the lattice arrangement of ZnO/c-sapphire (Reprinted with 
permission from [Y. Chen et al, J. Appl. Phys. 84, 3912 (1998)]. Copyright [1998], 
American Institute of Physics.) (b) TEM image of ZnO/sapphire interface, mis-fit 
dislocations are indicated by white arrows (Reprinted with permission from [B. Pecz et 
al, J. Appl. Phys. 100, 103506 (2006)]. Copyright [2006], American Institute of 
Physics.). 

(b) (a) 
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Many efforts have been made previously to achieve good ZnO films on c-

plane sapphire substrate 1-8. By using MgO as hetero-buffers, several researchers have 

produced high quality ZnO epi-layers 4-8, because MgO can mediate the lattice 

mismatch of 18% between c-sapphire and ZnO into 9% between ZnO/MgO and 8% 

between MgO/c-sapphire. Among those, Chen et al 4 demonstrated the epi-ZnO film 

with full width at half maximum (FWHM) of 18 arc-second (arc sec) in the ω scan of 

x-ray diffraction (XRD rocking curve) by using optimized MgO buffer, which is the 

best value for ZnO film on c-sapphire so far. Although those achievements on 

sapphire substrate are promising, to date, the ZnO LEDs with micro-Watt output 

power were only realized on lattice matched ScAlMgO4 9 and bulk ZnO substrates 10. 

In the case of sapphire substrate, except the single crystalline ZnO LED made by Lim 

et al 14, others still suffer from low crystallinity and output power. This fact means 

that further engineering on reliability, and low background electron concentration 

ZnO thin film on sapphire substrate is needed and indispensible for further acceptor 

doping and device development. In this chapter, we have developed a general route to 

grow high quality epi-ZnO layers with optimized structural and electrical properties. 

By varying the growth time of MgO buffer layers, it is observed that the crystallinity 

and surface flatness of ZnO films first improves and then deteriorates once the MgO 

buffer growth time exceeds 60 seconds. In the mean time, the electron concentration 

shows a minimized value of 2.03×1016/cm3 and highest mobility of 169.4 cm2/VS. 

The high mobility and low carrier concentration are suitable for further p-type and 

LED engineering. In addition, the temperature dependence PL studies were carried 

out to study the bound exciton emission properties. 

5.2 Experiments and analysis 
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5.2.1 ZnO thin film growth 

ZnO/MgO thin films were grown on c-plane sapphire substrates using plasma-

assisted MBE. Zn and Mg sources were provided by low temperature effusion cells. A 

radio frequency plasma source was used to provide O2 gas. 5.0 SCCM (standard cubic 

centimeter per minute) O2 gas flow rate, and 400 W forward plasma power was used 

for all samples. The MgO buffer layers were grown at 450 °C, with 450 °C Mg cell 

temperature. Another intermediate ZnO buffer layer was grown on MgO at the same 

temperature for 40 seconds while the Zn cell temperature was kept at 355 °C. The 

double buffer (MgO/ZnO) was annealed at 700 °C for 10 minutes to improve the 

surface morphology. The main epi-ZnO layers were grown at 650 °C. The growth 

time was kept at 3~4 hours. All the as-grown samples were in situ annealed at 750 °C 

in oxygen plasma for 20 min. A schematic of growth process is given in Fig. 5.2. The 

ZnO samples have overall thickness of around 600 ~ 620 nm. The growth time for the 

MgO buffers varies from 0 second to 90 sec and is summarized in Table 5.1. The 

MgO film grown at the same condition for 10 min yielded a thickness of 45 nm, thus 

the thickness range of the MgO buffer could be interpreted to be 0~7 nm. 

 

 

 

 

 

 

 

 Figure 5.2 Schematic of the ZnO thin film MBE growth process 
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Sample MgO buffer FWHM Electron Electron 

no. growth time ω scan Concentration Mobility 

 (seconds) (arc sec) (cm-3) (cm2/VS) 

A 0 1562 2.35×1018 76.2 

B 30 975 4.40×1017 83.9 

C 60 205 8.03×1016 169.4 
D 90 568 6.46×1017 155.3 

 
Table 5.1. MgO buffers growth time, FWHM of rocking curve (ω scan), electron 
concentration, and mobility of sample A-D. 

 

5.2.2 Characterization methods 

XRD measurements were performed in both 2θ/ω and ω rocking curve 

geometries. The scanning electron microscope (SEM) images were taken using a Leo 

SUPRA SEM. The atomic force microscope (AFM) images were used to characterize 

the ZnO film roughness. Room temperature electrical properties of the films were 

studied by Hall-effect measurements under Van der Pauw configurations at room 

temperature. Temperature dependent Hall effect measurements were done in a 

Quantum Design physical properties measurement system under Hall bar 

configuration. Photoluminescence (PL) measurements were carried out using a home-

built PL system. The system includes a 325 nm wavelength He–Cd laser, a 

photomultiplier tube, an Oriel monochromator and a lock-in amplifier. The 

temperature control from 13 to 300 K in the PL system was achieved using a Janis 

Cryostat with continuous liquid helium flow. 

5.2.3 Results and discussions 

5.2.3.1 XRD analysis 
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Fig. 5.3 is the XRD patterns (in log-scale) of sample A in 2θ/ω configuration. 

Besides the ZnO (0002) c-direction, two peaks from ZnO (0004) and sapphire (0006) 

are also observed, which indicated that the ZnO film was grown preferentially along 

the c-axis. All other samples (B-D) showed similar 2θ/ω XRD patterns.  

 In order to clarify the crystallinity of each sample, XRD rocking curve 

measurements were performed. Figure 5.4 (a)-(d) shows the rocking curve patterns of 

the ZnO (0002) peaks for samples A to D. The FWHM values of the rocking curves 

are used to quantify the crystallinity of each sample, as denoted in the corresponding 

figures and also summarized in Table 5.1. When no buffer was employed in sample A, 

the FWHM of the rocking curve is 1562 arc sec. From Fig. 5.4 (b), it is observed that 

the presence of MgO layer leads to better crystallinity with FWHM of 975 arc sec. 

When the MgO buffer growth time increased to 60 sec, the FWHM decreased to a 

minimum of 205 arc sec in sample C. However, if MgO buffer growth time further 
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Figure 5.3 XRD scan of sample A 
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increases to 90 sec, the FWHM of rocking curve in sample D increases to 568 arc sec, 

which is more than twice larger than sample C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3.2 Surface morphology analysis by SEM and AFM 

SEM and AFM studies were used to characterize the surface morphology of 

the epi-ZnO. Fig.5.5 (a) shows the top-view SEM image of sample A. Without buffer 

layer, sample A shows the three dimensional island growth mode, with random 

Figure 5.4 XRD ω scan of sample A-C. The FWHM values are 
denoted in each figure. 
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shaped islands with the size around tens of nanometers on top of the sample surface. 

The side-view SEM image in Fig. 5.5 (b) shows non-smooth surface with fluctuations 

due to the release of strain caused by the lattice mismatch between ZnO and sapphire. 

Sample C with optimized MgO buffer layer shows evident smooth surface, as shown 

in top-view SEM image Fig. 5.5 (d). The sample surface is very smooth as also can be 

seen in the side-view SEM image of Fig. 5.5 (e), indicating that much better epi-ZnO 

was formed in terms of layer-by-layer growth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 (a) Top-view SEM image of sample A. Scale bar: 200 nm. (b) 
Side-view SEM image of sample C. Scale bar: 500 nm. (c) AFM scan of 
sample A. RMS 3.5 nm. (d) Top-view SEM image of sample A. Scale bar: 
200 nm (e) Side-view SEM image of sample C. Scale bar: 500 nm (f) AFM 
scan of sample C. RMS 0.65 nm. 



 56 
 

To confirm the conclusion drawn by rocking curves and SEM, Fig. 5.5 (c) and 

5.5 (f) show the morphology analysis provided by AFM images of samples A and C 

in 5×5 µm2 ranges. Evidently, sample C shows much smoother surface. The root-

mean-square (RMS) surface roughness of sample A is 3.5 nm. After optimized MgO 

buffer was introduced, the rms of the epi-ZnO film was significantly improved to 0.65 

nm in sample C. The MgO buffer layer follows the epitaxial relation of MgO 

[111]//Al2O3 [0001], MgO [1-10]// Al2O3 [1-100], and MgO [11-2]// Al2O3 [1-210]. 

MgO buffer on c-sapphire surface first accommodates lattice strain and form smooth 

surface of the film. When exceeding a certain critical thickness of about 5 nm, the 

MgO layer starts to form three dimensional surface due to the 8% mismatch between 

MgO and c-sapphire, which leads to the deterioration of the overall ZnO film quality 

12. 

5.2.3.3 Electrical properties of ZnO films 

Hall effect measurements were carried out to study the effect of MgO 

thickness on the electrical properties of epi-ZnO films and the results are also 

summarized in Table 5.1. The value of carrier concentration and mobility are plotted 

against MgO growth time in Fig. 5.6. Sample A shows the electron concentration of 

5.87×1017/cm3, mobility of 76.2 cm2/VS, and resistivity of 0.14 Ωcm. It is noteworthy 

that the mobility achieved is comparable to most reported ZnO films obtained by 

MBE 13-14. With the introduction of the MgO buffer layer, enhanced crystallinity 

brings fewer donors due to less structural defects such as zinc interstitials, oxygen 

vacancies, etc. so that smaller background electron concentration and higher mobility 

can be achieved. The best structural quality sample C does bring the lowest carrier 

concentration of 2.03×1016/cm3. On the other hand, the mobility was measured to be 
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as high as 169.4 cm2/VS. Although it is slightly smaller than bulk ZnO of ~200 

cm2/VS 15, this number is higher than most epitaxial ZnO films grown on c-sapphire 

such as: 81 cm2/VS by Wang et al 14, 88 cm2/VS by Polyakov et al 16, 145 cm2/VS by 

Miyamoto et al 17. However, as thicker MgO buffer layer will decrease the ZnO film 

quality, more defects centers increased the electron concentration to 1.45×1017/cm3, 

and the mobility lowered down to 155.3 cm2/VS in sample D.  

 

 

 

 

 

 

 

 

 

5.2.3.4 Optical properties  

Temperature dependent PL measurements were performed for sample A and 

sample C to evaluate the optical properties. Fig. 5.7 (a) and (b) shows the PL spectra 

from 13 K to 300 K for sample A and C, respectively. Dominant emission peaks at 

3.361 eV are evident in both spectra, which are generally attributed to donor bound 

exciton (D0X) in ZnO 18-19. It is observed that the intensity of the D0X in sample C is 

~4 times stronger than sample A while the FWHM of this peak is significantly 

narrower, which are direct results of improved crystallinity. A free exciton shoulder 

(FXA) is seen in sample A around 3.38 eV 18. From Fig. 5.7 (a), the D0X quenches 

Figure 5.6 Carrier concentrations and mobility as a function of MgO 
buffer growth time. 
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much more rapidly than FXA, due to smaller donor bonding energy than ZnO free 

exciton bonding energy (60 meV) 20-21. The slow quenching behavior can also be 

observed for the emission peak around 3.310 eV in Fig. 5.7 (b). Thus the 3.310 eV 

line likely can be attributed to phonon replica of FXA, although no obviously free 

exciton emission is resolved for sample C. The peak at 3.23 eV line in both spectra 

can not be correlated to FXA-2LO as it does not show red-shift with the increase of 

temperature. On the other hand, the 3.23 eV line is widely assigned to donor-acceptor-

pairs (DAP) 18, 22. In fact, the DAP peak has a weak blue-shift with the increase of 

temperature. This shift of DAP is due to complex factors involving bandgap shift as 

well as thermal activation. In our case here, the donor electron is first being thermally 

excited to the conduction band before the radiative capture by the acceptor. With the 

increase of temperature, the excitation of electron to conduction band gets stronger, 

resulting in higher PL emission energy. The chemical status of the acceptor is not 

known in detail, probably is related to unintentional incorporated nitrogen states.  

The integrated PL intensity for D0X (sample C) as a function of temperature is 

shown in Fig. 5.7 (c). The nearly exponential decrease of PL intensity is attributed to 

thermal ionization of excitons and thermally activated non-radiative recombination 

mechanisms. The temperature dependence of the PL intensity can be expressed 

by:   23-24, where  is the intensity at 0 K, A is a constant and Ea 

is the donor bonding energy of the thermal quenching process. By fitting the 

experimental data using the equation (shown in the figure by the dotted line), Ea is 

estimated to be 23.5 meV, which is in good agreement with the review by Meyer et al 

18.  
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Figure 5.7(a) Temperature dependent PL spectra of 
sample A. (b) Temperature dependent PL spectra of 
sample C. (c) The PL intensity as a function of 
temperature. Dot line is the fitting curve. 
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5.3 Summary of chapter five 

In summary, ZnO thin films were grown on c-plane sapphire by MBE. After 

low-temperature MgO was introduced, smooth surface of the epi-ZnO layer was 

achieved with a minimum RMS of 0.65 nm. The epi-ZnO’s rocking curve and surface 

roughness were optimized when the MgO buffer was grown for 60 seconds. It is 

demonstrated that the residual background electron carrier concentration and mobility 

in the epi-ZnO film can also be tuned to achieve the best values at the same time. This 

research studied a general route to produce ZnO films in the aim of achieving 

qualities that can be employed in reliable LEDs, which is important for future 

applications. 
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Chapter Six 

Electrically pumped ZnO nanowire waveguide diode lasers 

 

6.1 Background of nanowire lasers 

Ultraviolet (UV) semiconductor lasers are widely used for applications in 

photonics, information storage, biology and medical therapeutics. While the 

performance of gallium nitride UV lasers has improved significantly over the past 

decade, demand for lower costs, higher powers and shorter wavelengths has 

motivated interest in zinc oxide (ZnO), which has a wide direct bandgap and a large 

exciton binding energy 1-6. ZnO-based random lasing has been demonstrated with 

both optical and electrical pumping 7-10, but random lasers suffer from reduced output 

powers, unstable emission spectra and beam divergence. Here in this chapter, we 

demonstrate electrically pumped Fabry-Perot (FP) type waveguide lasing from laser 

diodes that consist of Sb-doped p-type ZnO nanowires and n-type ZnO thin films. The 

diodes exhibit highly stable lasing at room-temperature and can be modeled with 

finite-difference time-domain (FDTD) methods. 

Single-crystalline semiconductor nanowires have long been considered as an 

excellent candidate to realize small and cost-effective FP type lasers because of the 

optical feedbacks provided by the naturally formed flat facets in the ends of 

nanowires. Although optically pumped nanowire lasers are widely reported 1-5, only 

single cadmium sulfide (CdS) nanowire/Si heterojunction laser has been demonstrated 

in electrically driven way 11, and there lacks high-efficiency homojunction lasers. In 

ZnO, this is mainly due to the difficulty of controllable p-type doping 12-14. As reliable 

p-type doping of ZnO keeps on progressing, more nanowire based optoelectronic 
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device will certainly emerge, for example, p-n homojunction nanowire LED 14 and 

photodiode 15 have been realized recently. In this letter, we report a homojunction 

diode, which consists of p-type Sb-doped ZnO nanowires on high-quality n-type ZnO 

film. Evident FP type UV lasing was demonstrated while gain/feedback mechanisms 

as well as laser emission profile were studied in detail.  

6.2 Sample preparation 

6.2.1 ZnO thin film growth: The n-type ZnO film was grown on a 2-inch c-plane 

sapphire substrate using plasma-assisted MBE. The growth began with a 1-minute 

growth of MgO for improving the subsequent ZnO film quality, followed by a regular 

ZnO buffer layer growth at 550 ºC for 8 minutes. The subsequent main ZnO film was 

grown at 700 ºC for 5 hours, yielding a total film thickness of around 1050 nm. The 

Zn effusion cell temperature was kept at 360 ºC with a beam flux on the order of 10-7 

Torr. The oxygen plasma was generated by a radio-frequency (RF) system and the 

flow rate of oxygen is 5 standard centimeter cube per minute (sccm). 

6.2.2 ZnO nanowire growth: The c-axis oriented ZnO thin film acts as both seed 

layer for ZnO nanowire growth as well as n-type component of the p-n junction light 

emitting device. The ZnO/c-sapphire sample was subsequently transferred to a CVD 

furnace for vapor-solid growth of Sb-doped ZnO nanowires. The sample was partially 

covered during the nanowire growth to expose the ZnO film for n-type contacts 

deposition. 

The ZnO nanowires were grown by a quartz tube furnace system (Thermal 

Scientific Inc.) Zinc powder (99.999% Sigma Aldrich) in a glass bottle was placed in 

the center of the quartz tube. Sb powder (99.99% Sigma Aldrich) was put in an open 

glass boat. The boat was placed ~5 cm upstream to the zinc source. The ZnO film 
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sample was kept 10 cm away from the zinc source on the down-stream side. The 

furnace was flown continuously by 1000 sccm nitrogen. The sources and sample were 

then heated to 650ºC at the temperature ramp rate of 30 ºC/min. After the desired 

temperature was reached, 200 sccm mixture gas of argon/oxygen (99.5: 0.5) was 

introduced to the quartz tube for ZnO nanowire growth. The growth was kept for 15 

minutes.  

6.2.3 Device fabrication 

6.2.3.1 N-type contact: Au/Ti (100 nm/10 nm) contact was deposited on the n-type 

ZnO films (the n-contact area was intentionally covered during nanowire growth). 

6.2.3.2 Top ITO contact: After ZnO nanowire formation, poly methyl methacrylate 

(PMMA) was spun on the sample to separate the bottom ZnO film and subsequent 

ITO top contact. The spin rate was 2000 rpm for 30 seconds, and this process was 

repeated for 5 times. After drying, the sample was put into a DC magnetron sputtering 

system. ITO target 99.99% was acquired from Sigma Aldrich. The growth was taken 

at RT and the pressure was maintained at 10-2 Torr. The sputtering power and time 

was 180 W and 10 minutes, respectively. The ITO glass slides (15~25 Ω/sq) for the 

reliable current feed through were acquired from Sigma Aldrich. The fabricated 

device has an area of about 5×10 mm2. 

6.3 Device characterizations 

6.3.1 Material characterizations 

The growth of the p-type ZnO nanowire/n-type ZnO film diode structure was 

done via seed-assisted growth scheme 16, 17. First, a 1050 nm thick high-quality n-type 

ZnO seed film was grown on c-plane sapphire substrate by plasma-assisted MBE 

(Figs. 6.1 and 6.2). Then, Sb-doped p-type nanowires were grown on top of the film 
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by chemical vapor deposition (CVD). Fig 6.3 (a) shows the schematic of the device 

and Fig 6.3 (b) shows the photo image of the device. The c-axis of the ZnO nanowires 

perfectly follows the growth direction of the underneath film, resulting in highly-

oriented vertical nanowires array (Fig. 6.3 (c)). The length and diameter of the 

nanowires are on average 3.2 µm and 200 nm, respectively.  
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Figure 6.1. (a) Top-view, and (b) Side-view 
SEM image of the ZnO thin film grown by 
MBE.  
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Figure 6.2. XRD scan of the ZnO thin film 
grown by MBE. 
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Figure 6.3 (a) Schematic of the laser device that consists of n-type ZnO thin film 
on c-sapphire substrate, p-type vertically aligned ZnO nanowires, ITO contact 
and Au/Ti contact. (b) Photo image of the device. (c) Side-view SEM image of 
the device structure showing ZnO thin film and nanowires. Scale bar is 1 µm. (d) 
XPS spectrum of the Sb-doped ZnO nanowires array. (e) RT optically pumped 
lasing spectra from 46 kW/cm2 to 403 kW/cm2 with average ~20 kW/cm2 step. 
Solid arrows denote equal-distance lasing peaks and the spacing of 2.4 nm was 
extracted. Inset shows the integrated spectra intensity as a function of pumping 
power density, solid lines are used to show the threshold Pth (~180 kW/cm2). 
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The major merit of the device structure is the integration of the advantages 

from both MBE and CVD. MBE grows high-quality thin films but it is not practical to 

grow ZnO nanowires due to relatively low growth rate. On the other hand, CVD 

furnace synthesizes high-quality nanowires with fast growth speed but can hardly 

achieve controllable multi-segment nanowires growth with different conductivity 

types. Therefore the approach by growing p-type nanowires in CVD on high-quality 

n-type films by MBE can solve this dilemma and produce controllable p-n 

homojunctions. The single-crystalline nature of ZnO nanowires was confirmed by 

high-resolution transmission electron microscopy (TEM) imaging analysis (Fig. 6.4). 

Sb dopant incorporation was proved by x-ray photoelectron spectroscopy (XPS) 

spectrum in Fig. 6.3 (d), which shows a clear Sb 3d3/2 peak at 539.5 eV. This peak 

position suggests that the Sb atoms substitute Zn atoms (SbZn) with +3 charge status 18. 

Sb distribution along the nanowires was also proved by Auger electron spectroscopy 

(AES), as shown in Fig 6.5 and Fig 6.6. 

Figure 6.4. (a) TEM image of the Sb-doped ZnO 
nanowire. (b) SAED pattern. 
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AES line scan was done on a single nanowire of a reference sample grown at 

the same Sb-doping condition as the device sample. The result is shown in Fig. 6.5. 

The Sb signal slowly decreases from 1.8% at the top to 1.3% at the bottom. 

 

 

 

 

 

 

 

 

 

 

 

 

AES spectra were recorded on two individual points of one nanowire on the 

same sample as shown in Fig. 6.6 (a). The measurement points are marked “1” and 

“2” and corresponding AES spectra were shown in Fig. 6.6 (b). The two points show 

Sb signals of 1.7 % and 1.2 %, respectively, suggesting the incorporation of Sb, which 

is in consistent with XPS result shown in Fig. 6.3 (d). Higher Sb concentration in the 

upper part of nanowires may be due to the incorporation of Sb after growth when the 

furnace is still hot for a short period of time.  

 

 

Figure 6.5 Sb profile determined by AES scan superimposed on 
SEM image. The yellow line is the scan line. 
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The lasing of the nanowires was firstly demonstrated via optical pumping. Fig. 

6.3 (e) shows the lasing spectra at different pumping power. Equal-distance peaks 

with separation of ~2.4 nm are observed (solid arrows). It is also noticeable that at 

higher pumping powers, additional modes indicated by dashed arrow begin to show 

up due to the excitation of the adjacent nanowires with slightly different length. The 

threshold power is ~180 kW/cm2 from the plot of the intensity as a function of 

pumping power in the inset of Fig. 6.3 (e). The density of electron hole pairs (np) 

produced by the optical pumping can be calculated as: np=Iexcτ/hωl 19, where Iexc is the 

excitation power, τ is the spontaneous emission life time (τ varies 20 and is assumed to 

be 300 ps 21) and l is the diffusion length (~2 µm 22 from top excitation). The analysis 

roughly gives an np of 5.1×1017/cm3 at the threshold.  

6.3.2 Electrical characterizations of the device 

In Fig. 6.7 (a), current-voltage (I-V) characteristic exhibits rectifying diode 

behavior. However, the large reverse current is related to the formation of ITO/Sb-

Figure 6.6. (a) AES measurement points on the nanowire in SEM image. (b) The 
corresponding AES spectra and elemental analysis result. 
 

(a) (b) 
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Figure 6.7 (a) I-V characteristic of the ITO/ZnO nanowire/ZnO 
film laser device. Positive bias is applied on the ITO side. (b) 
Electron beam induced current (EBIC) profile superimposed 
on the side-view SEM image of the cleaved device.  
 

doped ZnO nanowires metal-semiconductor junction, which is in series to ZnO p-n 

homojunction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The formation of ZnO homojunction between the nanowires and film was 

investigated by electron beam induced current (EBIC) profiling 23, 24. EBIC profile 

measurements were conducted on the ZnO nanowire/ZnO film cross-sectional 

structure which was done by cleaving the sample. The measurement was carried out 
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in a Philips XL30 SEM under a 30 kV electron beam accelerating voltage. EBIC 

signal line scans were recorded using homemade software. A Stanford Research 

System low noise current amplifier and a Keithley 2000 digital multi-meter were 

employed as digitizer. 

To facilitate EBIC experiment, silver paste was utilized to contact the top ends 

of nanowires. Fig. 6.7 (b) plots the EBIC profile superimposed on the cross-sectional 

SEM image. The EBIC signal forms a peak across the nanowire/film junction due to 

the drift of electron-beam generated electrons and holes under the influence of built-in 

electric field, indicating the formation of p-n junction. The second peak on the right 

side is related to the additional non-equilibrium electron collection from the 

ZnO/ITO/silver paste contacts.  

Another batch of ZnO nanowires were grown at the same growth condition. 

The nanowires were transferred onto a SiO2/p+-Si substrate for nanowire FET device 

fabrication. The thickness of the SiO2 layer is 300 nm. Standard photolithography 

techniques were used to define the micro-contacts onto the nanowires. The SEM 

image in the inset of Fig. 6.8 shows successful placing of Au/Ni (100 nm/20 nm) 

contacts on the ZnO nanowire. Field effect measurement was achieved by using Si 

substrate as the global back gate. Fig. 6.8 shows IDS vs VG curve under different drain 

voltages. The results suggest that the Sb-doped ZnO nanowires exhibit p-type 

behavior under gate voltage ranging from -10 V to 20 V, that is, the conductance of 

ZnO nanowire decreases with the increase of positive gate voltage. Fig. 6.9 shows 

IDS-VDS output characteristics of the nanowire FET under a gate bias of 10 V, 0 V, 

and -10 V, respectively. The result agrees with the transfer characteristics and further 

confirms the p-type behavior of the nanowires. 
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Some electrical transport properties were extracted using simple nanowire 

FET model. Capacitance of the system was calculated to be 2.22×10-16F by 

12, where L = 1.8 µm is the nanowire length between contacts, 

h=300 nm is the thickness of SiO2 and d ~ 200 nm is the nanowire diameter. Hole 

concentration can be estimated by  , where q is the electron charge, 

Vth is the threshold voltage obtained from IDS-VG curve. As a result, hole 

concentration of 4.5 ×1017/cm3 to 2.5 ×1018/cm3 was extracted. In the meantime, 

carrier mobility was determined to be 0.005 to 0.03 cm2/Vs by , 

where gm is the transconductance of the FET.  It should be noted that the mobility 

value here is actually the low bound limit of the real mobility since the non-ohmic 

contacts between the metal and nanowire may bring large series resistance. 

 

Figure 6.8 Drain-source current (IDS)-gate voltage (VG) at drain-
source voltage (VDS) of 3 V, 6 V and 10 V, respectively. The decrease 
of IDS with VG represents typical p-type FET characteristics. Inset is a 
SEM image of a single nanowire FET. Scale bar is 1 µm. 
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6.3.3 Optical characterizations of the sample 

 

 

 

 

 

 

 

 

 

The p-type behavior of the nanowires can also be confirmed optically by LT 

PL. PL spectra of both undoped and Sb-doped ZnO nanowires at 9K are shown in Fig. 

6.10. The spectrum of the undoped ZnO nanowires shows a dominant neutral-donor-

bound exciton (D0X) peak at 3.361 eV, which is commonly assigned to I8 transition in 

ZnO.  The peak at 3.321 eV was identified as two-electron-satellite (TES) transition 
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Figure 6.9  IDS-VDS curve of the ZnO nanowire FET under 
different gate voltages. 
 

Figure 6.10 9K PL spectra of undoped ZnO nanowire (blue) and Sb-doped 
ZnO nanowires (orange) samples.  
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of I8. 3.300 eV, 3.229 eV and 3.157 eV peaks are attributed to phonon replicas of the 

free exciton A (FXA) emission.  

 In contrast, Sb-doped ZnO nanowires spectrum shows distinct neutral-

acceptor-bound exciton (A0X) peak at 3.350 eV. In addition, this peak becomes 

significantly wider than D0X in the undoped ZnO nanowire, which is due to extensive 

dopant incorporation. The broad emission around 3.0 eV is related to zinc vacancies, 

which is also a signature of Sb-doped ZnO thin films. The PL analysis suggests that 

the Sb-doped ZnO has shallow acceptor induced energy levels, which result in the p-

type behavior of the nanowires. 

6.3.4 Device performance 

Electroluminescence (EL) characterizations were performed to demonstrate 

the lasing action. The left column of Fig. 6.11 shows EL spectra under injection 

current from 20 mA to 70 mA. Under low injection currents from 20 mA to 40 mA, 

only free exciton spontaneous emissions centered at around 385 nm are observed. As 

the pump current reaches a threshold of around ~50 mA, drastic sharp emissions with 

line-width as narrow as 0.5 nm emerge from the single-broad emission around 385 nm, 

which indicates that the gain is now large enough to enable cavity mode to start lasing. 

Further increase of the injection current increases both the number and intensity of 

sharp lasing modes, which is attributed to the onset of lasing in additional nanowires 

with slightly different length. Nevertheless, stable, quasi-equal distance pattern of 

lasing peaks can be extracted with reasonable wavelength deviation. The average 

spacing between modes (Δλ) is 2.52 nm for selected peaks denoted by arrows in Fig. 

6.11, which is close to the spacing in optical pumping from Fig. 6.3 (e) (2.4 nm).  
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The spacing Δλ for a FP cavity is given by: 11, 

where n=2.5 is the refractive index of ZnO and dn/dλ= -0.015 nm-1 denotes the 

dispersion relation for the refractive index. For 4.2 µm cavity between the top end of 

the ZnO nanowire and the bottom ZnO film/sapphire interface determined by SEM 

imaging, Δλ is calculated to be 2.95 nm, which is in close agreement with the 

observed experimental values.  

Figure 6.11 Left column: EL spectra of the laser device operated at 
between 20 mA and 70 mA. Above 50 mA, the lasing characteristics 
are clearly seen. Arrows in 70 mA spectrum represent quasi-equal 
distance peaks. Right column: Side-view optical microscope images 
of the lasing device. Each one corresponds to the EL spectrum in the 
left column. The first image was taken with lamp illumination and 
without current injection.  
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To verify the FP lasing mechanism for the sample described in the main text 

from a different angle, another sample with similar structure was fabricated. The total 

thickness of this sample is ~ 10 µm as shown in Fig. 6.12. According to the line 

spacing formula , the line spacing for this resonant cavity is 

1.24 nm.  

 

 

 

 

 

 

EL spectrum of this device under an injection current of 30 mA is shown in 

Fig. 6.13. The spectrum shows multiple lasing peaks that are similar to above device.  

The average peak spacing is ~1.5 nm, which is close to the calculated value of 1.24 

nm. 

 

 

 

 

                

 

 

 

 

 Figure 6.12  Side-view SEM image of the longer cavity sample. Scale bar is10 µm. 
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 Figure 6.13  EL spectrum of the longer cavity device operated 
at 30 mA. 
 



 79 
 

In addition to the spectra features, the right column of far-field microscope 

images in Fig. 6.11 shows another direct evidence of nanowire FP type lasing. First, 

side-view ZnO nanowires array can be seen at the center of the first image. Then the 

illumination lamp was switched off and emission light was recorded from the biased 

device from 30 mA to 70 mA. Under the excitation of 30 mA, distinct light emission 

shows up to form a stripe close to the bottom of the nanowires/thin film interface, 

indicating that electrically pumped light emission starts near the p-n junction active 

region rather than at the ITO/ZnO nanowire interface. With the increase of the 

injection current, the light from the top ends of the nanowires emerges. As the 

pumping current increases to 60 mA or 70 mA, this behavior becomes very prominent 

with bright light spot pairs at the two ends of the nanowires. This striking 

phenomenon is a strong proof of longitudinal lasing modes in a waveguide that has 

been constantly observed in nanowire lasing3, 11,  26.  

The integrated lasing spectrum intensity is plotted against the injection current 

value, as shown in Fig. 6.14. Dash line is plotted to guide the eyes, showing evident 

threshold current of about 48 mA. The gain/feedback mechanism of this 

nanowire/thin film FP laser is shown in the left inset of Fig. 6.14. It can be inferred 

that the gain length is determined by the minority carrier diffusion lengths in p-type 

(Ln ~2 µm 22) nanowire and n-type ZnO film (Lp ~200 nm 27), as well as the width of 

the space charge region (<100 nm). Thus the total gain length is ~2.3 µm. In FP laser, 

threshold gain (Gth) is given as 26 

,   
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where R1 and R2 are reflectivities on the two ends of the cavity, which are 0.04 for 

sapphire/ZnO and 0.09 for ZnO/ITO/glass. L here is the gain length. Calculation leads 

to Gth~1.2×104 cm-1 for this laser. On the other hand, optically pumped lasing (Fig. 

6.3) needs reduced Gth~5.6×103 cm-1 mainly due to longer L (4.2 µm) and larger 

reflectivity at ZnO/ITO/air (0.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Excited carrier density of 5.1×1017/cm3 was estimated at the threshold for 

optically pumped lasing in the previous paragraph. So it is reasonable to assume that 

higher carrier densities, for example >1.0×1018/cm3 are needed in the electrically 

Figure 6.14 Integrated spectrum intensity as a function 
of injection current. Dash line is used to guide the 
eyes. Right inset shows camera images that 
correspond to the emission pattern along the nanowire 
length direction at each of the injection current.  Left 
inset shows the gain feedback diagram of the ZnO 
nanowire/thin film laser cavity. The laser gain area is 
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pumping case because of the larger Gth. These numbers are around or larger than 

calculated Mott density of ZnO 19, 28 therefore electron-hole plasma (EHP) rather than 

exciton-exciton interaction may dominate the lasing process. Using np=Ithτ/eVgain 19, 

where Ith is threshold current, and Vgain=L×S (S: nanowire cross-section area) is the 

volume of the gain region, threshold current in each lasing nanowire Ith is determined 

to be > 39 µA. This is comparable with the threshold current of 200 µA in CdS 

nanowire laser 11. This situation can be readily achieved due to the fact that initial 

current crowding effect will allow a handful of nanowires among those tightly 

connected with ITO/glass contacts to meet the threshold gain and lase, and further 

increase of injection currents involve more nanowires to emit lasing. Under 

corresponding injection currents, the lasing images taken from the nanowire length 

direction are displayed in the right inset of Fig. 6.14. Blue-purple light becomes 

significantly brighter as the pumping is above threshold.  

The laser diode is also quite stable and produces FP stimulated lasing with 

slightly degraded output power even after six and seven months since the first test 

(Fig. 6.15, 6.16, and 6.17). Fig. 6.15 shows the EL spectra at different injection 

current with clear lasing threshold behavior in the inset.  
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Figure 6.15 EL spectra of the same sample after 6 months. 

 

 

 

 

 

 

 

 

 

 

The output power of the lasing device as a function of the injection current 

was characterized after 6 months and the result is shown in Fig. 6.16. Fig. 6.17 shows 

the change of output power measured at 70 mA over 7 months since the first test. The 

device maintained strong emission although the output power is slightly decreased 

due to frequent testing during the period. This indicates good reliability of the device. 

 

 

 

 

 

 

 

 

 Figure 6.16 Power output of the device after 6 months.  
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The evolution of the spatial distribution of the emissions was studied by 

FDTD simulations. FDTD solution 6.5 (Lumerical Inc.) was used for simulation. The 

pumping source is a point transverse electric wave (380 nm ~400 nm) source located 

between the ZnO nanowire (center one) and ZnO film, which corresponds to the p-n 

junction active area. A frequency-domain power monitor was used to record the 

emission profile over the simulation region.  

The simulation/measurement environment is schematically illustrated in Fig. 

6.18 (a). The simulated spatial distribution of the emission is displayed in Fig. 6.18 (b) 

and far-field emission intensity as a function of angle with respect to the nanowire 

length direction is shown in Fig. 6.18 (c). The result suggests that the nanowire laser 

device emits intense light close to the nanowire length direction; in the meantime, the 

light spreads in a concentrated conic shape with angular oscillation. The simulated 

pattern follows well with previous nanowire laser studies 3, 26, 29-30. Experimental far-

field emission values (blue square symbols) are shown in Fig. 6.18 (c). The result is in 

close agreement with the simulated data of the far-field pattern, further proving the 

waveguide mode emission.  

Figure 6.17. Change of output power at 70 mA over 
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6.4 Chapter summary 

In conclusion, we achieved the electrically pumped ZnO nanowire diode lasers 

using p-type Sb-doped ZnO nanowires and n-type ZnO film. FP type UV lasing was 

demonstrated at RT with good stability. The work on ZnO UV lasing may enable 

many potential applications. Future work is needed to further optimize the laser 

performance. For examples, the top contact with the p-type nanowire might be 

engineered to offer both good optical transparency and low electrical resistivity; 

Figure 6.18 (a) Schematic view of the FDTD simulation/measurement 
environment. The area has a dimension of 9×10 µm. (b) Simulated 
spatial distribution of the light (385 nm) intensity. (c) Angle distribution 
of the far-field emission patterns. θ (x-axis) is the emission angle respect 
to the nanowire growth direction and y-axis is the normalized emission 
intensity. Orange curve shows the simulation result and blue square 
symbols originate from the results from EL measurement by rotating the 
device with respect to the nanowire length direction. 
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Heterojunction nanowire diode structures may be used to achieve stronger power 

output.  
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Chapter Seven 

Conclusions 

1) ZnO material is promising for UV optoelectronics, such as photodetectors, 

LEDs, and laser diodes. P-type ZnO was achieved by Sb-doping in MBE 

system in our lab. A Sb-doped p-type ZnO/Ga-doped n-type ZnO LED was 

demonstrated in chapter two. The LED successfully produced UV emissions 

that were generated from near band edge emissions in p-type ZnO layer. 

2) ZnO homojunction device with quantum well structure was grown on Si (100) 

substrate in chapter three. Lasing was demonstrated when forward current was 

larger than a critical threshold. Further analysis shows that the lasing 

mechanism is related to light scattering which forms random resonant cavities. 

When the gain (induced by injection current) becomes larger than scattering 

and material loss, lasing action begins with multiple spike peaks presented in 

the spectra. 

3) The light output properties of the ZnO optoelectronics devices were improved 

by growing the structure on c-plane sapphire substrate. ZnO LEDs with Sb-

doped p-ZnO, MgZnO/ZnO/MgZnO double heterostructure, n-ZnO were 

fabricated on c-plane sapphire using plasma-assisted MBE. The devices show 

prominent ultraviolet emission in the EL spectra. The output power of the 

LED was characterized to be 487 nW at the injection current of 140 mA 

thanks to the high crystalline quality of the intrinsic layer in the double 

heterostructure. 

4) In order to get high quality ZnO films with single crystalline, smooth surface 

and low background electron concentrations, ZnO thin films were grown on c-
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plane sapphire by MBE. After low-temperature MgO was introduced, smooth 

surface of the epi-ZnO layer was achieved with a minimum RMS of 0.65 nm. 

The epi-ZnO’s rocking curve and surface roughness were optimized when the 

MgO buffer was grown for 60 seconds. It is demonstrated that the residual 

background electron carrier concentration and mobility in the epi-ZnO film 

can also be tuned to achieve the best values at the same time. This research 

studied a general route to produce ZnO films in the aim of achieving qualities 

that can be employed in reliable LEDs, which is important for future 

applications. 

5) ZnO nanowire diode lasers using p-type Sb-doped ZnO nanowires and n-type 

ZnO film were demonstrated for the first time. Fabry-Perot type UV lasing 

was demonstrated at RT with good stability. Electron-hole plasma is 

responsible for the lasing action. The work on ZnO UV lasing may enable 

many potential applications.  
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