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摘要 

 為了研究氧化鋅薄膜和基板之間的應力，我們成長氧化鋅薄膜在三種不同的

基板：藍寶石基板(001)面、矽(111)面與碳化矽(001)面。接著用波長355nm的

三倍頻Nd:YVO4雷射激發磊晶品質佳的氧化鋅薄膜，量測其光學增益值。從反射

式高能電子繞射圖及X光繞射ω−rocking curve掃描中，我們發現成長在藍寶石

基板和碳化矽基板上的氧化鋅薄膜品質較佳。我們也針對成長在藍寶石基板和碳

化矽基板上的氧化鋅薄膜(202)面，做X光繞射φ-scan掃描，清楚的發現其具有

六重對稱，確定為磊晶薄膜。至於成長在矽(111)面的氧化鋅薄膜，並沒有發現

六重對稱。利用 X光繞射對氧化鋅薄膜 (002) 和 (110)面做ω-2θ掃描，我們決

定三種樣品的氧化鋅薄膜c軸與a軸的晶格常數。配合室溫光激光光譜的分析，

分析出氧化鋅薄膜和三種基板間的雙軸向應變效應。除了晶格常數匹配的影響，

熱膨脹效應其實也影響著薄膜和基板間的應力。 

 此外，我們也量測了生長於藍寶石基板的氧化鋅薄膜上在不同激發強度下的

光學增益值。發現雷射激發強度在4.585MW/cm2時，氧化鋅薄膜的激發輻射主是

來自於激子與激子間的非彈性碰撞。當雷射激發強度達到8.45MW/cm2時，激子

的數目會增加，激子間不再有庫倫作用力，而形成電子電洞的電漿態。當雷射激

發強度達到25.3MW/cm2，這時候的最大光學增益值是187 cm-1。隨著雷射激發強

度的增加，氧化鋅薄膜的激發輻射將會逐漸由電子電洞形成的電漿態產生。 
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Abstract 

We study the effect of biaxial stress on the ZnO thin films by growing those onto 

Al2O3 (001), Si (111) and SiC (001).  We use a third harmonic of Nd:YVO4 laser 

(λ=355nm) to measure the in-plane optical gain of high-quality ZnO epilayers on 

Al2O3.  From reflection high energy electron diffraction (RHEED) observation and 

ω−rocking curve, we found qualities of ZnO/Al2O3 and ZnO/SiC are better.  Phi 

scans for (202) peaks of three samples indicate six-fold symmetry and epitaxial 

growth of ZnO thin films onto Al2O3 and SiC except Si (111).  We have investigated 

X-ray ω-2θ scan for (002) and (110) reflections to determine c- and a-axis lattice 

constants of ZnO thin films on different substrates.  With room-temperature (RT) PL 

spectra of three samples, we can derive the stress states in films.  The thermal stress 

can also play a key role in deciding the residual strain in film. 

 Beside we found that the inelastic exciton-exciton (ex-ex) scattering dominantly 

contributes to the optical gain at excitation densities, 4.585 MW/cm2 and the 

electron-hole plasma (EHP) state at excitation densities, 8.45MW/cm2.  Maximum 

gain of 187 cm-1 at the excitation density of 25.3 MW/cm2 is obtained.  With 

increasing excitation, density contribution from the EHP state gradually takes over at 

the lower energy side in the optical gain spectrum.   
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Chapter 1  
Introduction 

Wurtzitic ZnO is a wide-bandgap (3.437 eV at 2 K) [1] semiconductor with a 

high melting temperature which has many applications, such as piezoelectric 

transducers, varistors, phosphors, and transparent conducting films.  Most of these 

applications require only polycrystalline material; however, recent successes in 

producing large-area single crystals have opened up the possibility of producing blue 

and white light emitters, and high-temperature, high-power transistors.  The main 

advantage of ZnO as a light emitter is its large exciton binding energy (60 meV).  

For electronic applications, its attractiveness lies in having high breakdown strength, 

high saturation velocity, and optical UV lasing, at both low and high temperatures, 

which has already been demonstrated [2],[3].  Although efficient electrical lasing 

must await the further development of good, p-type material, ZnO is also much more 

resistant to radiation damage than other common semiconductor materials such as Si, 

GaAs, CdS, and even GaN; thus, it should be useful for space applications [4].  In 

contrast to technical limitations of GaN, excitons of ZnO material are stable even at 

elevated temperatures due to its largest exciton binding energy in the semiconductor 

family.  It is expected that exciton as well as polariton lasers will be fabricated using 

the ZnO-related materials by overwhelming the GaN [5] in the near future.  However, 

there are two big challenges for device fabrication using the ZnO material: ( i )  

control of p-type conductivity and ( i i )  higher crystalline quality.  Considering the 

p-type ZnO, much literature has recently been reported on the p-n homojunction with 

rectification properties, although reproducibility is still under the investigation. 

Recently, progresses in ZnO heteroepitaxy with either plasma-assisted 
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molecular-beam epitaxy (P-MBE) [6],[7] or pulsed laser deposition (PLD) [8] have 

led to high-quality ZnO epilayers.  Optically pumped stimulated emission and lasing 

have been demonstrated at RT [2],[3].  However, investigations on lasing 

mechanisms showed discrepancy in different reports.  P. Yu and co-workers 

observed optically pumped lasing in a 55 nm thick microcrystalline ZnO film grown 

on Al2O3 (0001) by PLD [9].  The lasing mechanism was attributed to inelastic 

exciton-exciton (ex-ex) scattering and a peak gain of 320cm-1 was observed at a 

fluence of 3.0 µJ/cm-2 [2],[7].  

In our previous study, we have fabricated ZnO epitaxial films under high 

vacuum ambiance without extra oxygen by laser molecular-beam epitaxy (Laser-MBE) 

[10].  The full width at half maximum (FWHM) of double-crystal X-ray diffraction 

(002) peak for ZnO thin films on Al2O3 is 299 arcsec.  Under such high vacuum 

ambiance (base pressure=1x10-9 torr), we can easily use RHEED to in-situ monitor 

the growth evolution of the ZnO thin films.  

 

1.1   Motivation 

  The knowledge of strain or stress state in epitaxial ZnO is very important for 

better understanding film’s property and ZnO-based devices.  However, there are 

few correlative reports [11],[12].  Biaxial strain in the epitaxial layer and the 

substrate is induced by the larger lattice mismatch and the different thermal expansion 

coefficients between the epilayer and substrate.  In this study, we grew ZnO thin 

films on three different substrates [Al2O3, Si (111) and SiC] to observe the biaxial 

strain between the ZnO epilayer and the substrate.  Al2O3 is a frequently used 

substrate for growing ZnO thin film.  Si (111) is cheap and convenient.  SiC has 
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smaller lattice mismatch (5%) to the ZnO thin films. 

Different optical pumping conditions could be a reason for the observed 

discrepancy; the different crystal properties of the investigated epilayers should also 

play a critical role in lasing mechanisms.  Large amount of grain boundaries in the 

sample provide additional internal reflection of the emission light.  These effects 

may facilitate the lasing with excitonic processes.  The structural defects result in 

numerous optical losses and thus a high threshold [13].  Thus, in the later part, we 

choose good crystalline quality sample (ZnO thin films on Al2O3) and record the 

in-plane optical gain with the RT emission spectrum.   

1.2   Organization of the thesis 

The thesis consists of five chapters, including the present introduction.  We 

introduce the background mechanisms of Laser-MBE as well as the basic theory of 

some characterization tools of semiconductor such as in-situ RHEED observation, 

X-Ray Diffraction (XRD), φ scan and photoluminescence (PL) spectroscopy.  In 

chapter 3, we describe the experimental details, including the sample preparation, the 

equipment setups and parameters of characterization.  The optical properties of the 

ZnO thin films are presented in chapter 4.  By growing ZnO thin films on different 

substrates, we study the effect of biaxial stain in the ZnO epilayers and substrates, 

heterointerfaces.  Later, we choose high quality ZnO films to excite exciton radiation 

and measure the optical gain of the ZnO films.  In the final chapter, we conclude our 

investigations on the ZnO thin films and propose some topics for further study.  
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Chapter 2 
Theoretical background 

2.1  A brief review of structure and photoluminescence 
property of ZnO 

2.1.1  Structure 

Fig. 2-1 shows the wurtzite structure of the ZnO crystal.  ZnO is a crystal of 

hexagonal structure with the lattice constant of a=3.249 Å, c=5.207 Å.  The 

deposited thin films usually have c-axis-oriented textures. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

The crystalline properties of the ZnO layers are poor, especially for the large 

lattice mismatch between the epilayers and the substrates.  It is noted that the ZnO 

layers grow normally on the Al2O3 substrate under the lattice mismatch (△ a / a o )  of 

Fig. 2-1 Wurtzite structure 

: O 

: Zn 
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~18%.  This large lattice mismatch, together with the different thermal expansion 

coefficients between the epilayers and the substrate, induces the biaxial strain in the 

epitaxial layers.  Some properties of usually used substrates for the ZnO thin films 

was listed in the Table 2-1.  

 

2.1.2  Photoluminescence property  

Wide band gap semiconductors have attracted a great deal of attention because 

of the ever-increasing commercial desire for short wavelength light emitting devices. 

Among a few candidates, ZnO has a direct band gap of 3.37 eV at RT and a large 

exciton binding energy of 60 meV, which in principle allows the exciton governed 

luminescence at short wavelength to be dominant at RT.  Recent developments in 

MBE technique or PLD have led to high-quality ZnO epilayers. 

 

Table 2-1  Some characteristic parameters of ZnO and the substrates used 
for its growth 

Lattice[14]  
Thermal Expansion 
Coefficient[10-6/K] 

Crystal 

Type a(Å) c(Å) a axis c axis 

ZnO 
Hexagonal 
(Wurtzite) 

3.249  5.207 4.75[15] 2.9[15] 

Al2O3(001)  
Hexagonal 
(Wurtzite) 

4.758 12.99 7.5 8.5 

Si(111)  Diamond Cubic 3.84 … 3.59 … 

6H-SiC  
(001) 

Hexagonal 
(sphalerite) 

3.081 15.117 4.2 4.68 
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2.2  The principle of Laser-MBE deposition 

 The inner of the deposition chamber was shown as Fig. 2-2.  The physics of the 

laser material-deposition process had been investigated in detail that included the 

evaporation of the target material, the formation of a high-temperature plasma due to 

the absorption of laser energy by the evaporated material, and the expansion of the 

plasma resulting in the deposition of the thin films.  Depending on the types of 

interaction of the laser beam with the target, the laser deposition process can be 

classified into three regimes: 

i. Interaction of the laser beam with the target 

At high power densities obtained from nanosecond excimer-laser pulses, heating 

and evaporation of the material will occur at the beginning of the laser pulse.  The 

amount of evaporated flux varies linearly with the pulse energy density.   

ii. Interaction of the laser beam with the evaporated material 

As the evaporated material is further heated by the interaction of the laser beam, it 

results in the formation of high-temperature plasma consisting of ions, atoms, 

molecules, electrons, etc.  The temperature attained by the plasma depends on the 

power density, frequency, pulse duration of the laser beam, and the optical and thermo 

physical propertied of the material.  During the incidence of the laser pulse, the 

isothermal expanding plasma is constantly augmented at its inner surface with 

evaporated particle from the target.  The acceleration and the expansion velocities in 

the regime are found to depend upon the initial velocity of plasma.  Because of the 

large lateral dimensions of the plasma, it expands preferentially normal to the 

irradiated surface. 
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iii. Adiabatic plasma expansion and the deposition of the thin films 

After the termination of the laser pulse, this plasma expands adiabatically with the 

expansion velocities controlled by its initial dimensions.  The plasma cools rapidly 

during the expansion process, with the edge velocities reaching asymptotic values.   

The particles from the expanding plasma stride the substrate and form a thin film with 

characteristic spatial thickness and composition variations.   

 

   

 

2.3  Reflection High Energy Electron Diffraction 

The reflection high-energy electron diffraction (RHEED) apparatus is one of the 

most useful and important surface analysis instruments in the ordinary MBE growth 

KrF excimer laser
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Fig. 2-2 Inner of the deposition chamber 
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chamber.  It provides sensitive information of the outermost layers of atoms of the 

crystal before and during growth as a function of growth conditions.  It is possible to 

obtain information concerning substrate cleanliness, smoothness, and surface structure 

from the RHEED patterns.  In the Laser-MBE system, a collimated beam of high 

energy electrons in the range of 5-40 KeV is directed at a low angle of 1-2
o
 toward the 

sample surface orthogonal to the molecular beam paths.  Because the de Broglie 

wavelength of electron at this energy is a fraction of atomic spacing on surface, a 

diffraction pattern is formed on the fluorescent screen mounted opposite to the 

electron source.  In this configuration, the sample surface can continuously 

monitored without interrupting the growth procedure.  Since the component of the 

incident electron momentum normal to the surface is very small, the penetration depth 

is limited to only the uppermost few atomic layers.  On a smooth crystal surface with 

a lattice constant ao, this acts as a two-dimensional Laue diffraction condition.  

Using the Ewald construction the reciprocal lattice is composed of rods in reciprocal 

space in the direction normal to the real surface.  At high energy, the de Broglie 

wavelength λ of the electron is small, and the radius of the Ewald sphere 2π / λ is 

large compared to the typical reciprocal lattices, 2π / ao.  In addition, the reciprocal 

lattice rods have finite thickness due to lattice imperfections and thermal vibrations, 

and the Ewald sphere also has finite thickness due to the spread in electron energy and 

beam divergence.  As a result, the intersection of the Ewald sphere and reciprocal 

lattice rods occurs almost along their length, as incident in Fig. 2-3, where shows 

schematic diagram of the RHEED geometry with a glancing incidence beam of 

electrons at an incident angle θ and an azimuthal angle φ upon a surface plane [16].  

This results in a streaked diffraction pattern normal to the shadow edge of the sample.  

On the contrary, in the presence of microscopic roughness on an otherwise flat surface, 

the diffraction pattern is formed mainly in transmission through the surface asperities 



 - 9 -

and exhibits a spotty appearance.  

 

In kinematical scattering theory [17], the possible reflections are determined by 

the condition that the wave vectors k0 and k’ of the incident and diffracted beams 

differ by a reciprocal-lattice vector G:                                                     

(2-1) 

When considering only elastic scattering events, which means that  k' = ok , this 

diffraction condition can be cast into the geometrical construction of the Ewald’s 

sphere in reciprocal space.  In this construction, the tip of ok  is attached to a 

reciprocal-lattice point.  The sphere around the origin of ok  with radius ok  then 

defines the Ewald sphere.  The magnitude of the wavevector for high-energy 

electrons is given by 

 

(2-2) 

Fig. 2-3 Schematic diagram of the RHEED geometry 
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We shall show experimentally that the sampling depth of the crystal of RHEED 

in these cases can be very small.  This implies that the periodic part of the crystal 

beneath the surface can usually be neglected.  In the construction of the reciprocal 

lattice we can therefore often approximate the sampled volume by a two-dimensional 

layer.  The reciprocal lattice then degenerates into a set of one-dimensional rods 

along the z direction perpendicular to the surface.  Using this reciprocal lattice, we 

get the Ewald sphere construction used in RHEED that is shown in Fig. 2-4. 

The specular reflection or specular spot S is located at the intersection of the 

zeroth-order Laue circle with the (00) rod, the origin of the reciprocal lattice is 

projected onto I, also labeled (000), where for some sample geometries the part of the 

incident beam that missed the sample becomes visible.  Owing to the simple 

geometry of RHEED, the reciprocal-lattice-rod separations ⊥g  perpendicular to the 

beam direction can be easily determined 

Fig. 2-4 Ewald sphere construction and diffraction geometry of RHEED 
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(2-3)             

 which for small angled (nl 〈〈 L) can be approximated by 

oK
L
nlng =⊥                           (2-4) 

Again, n ⊥g  is measured from the central rod.   

 

2.4  X-ray diffraction 

 Consider hexagonal unit cell which is characterized by lattice parameters a0 and 

c0, the plane spacing equation for the hexagonal structure is 
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Combining Bragg’s law (λ=2 d sinθ) with (2-5) yields : 
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where λ is the wavelength of the x-ray source. Rearranging (2-6) gives 
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thus the lattice parameters can be estimated from (2-7).   

 

2.5  Photoluminescence characterization [18] 

2.5.1  Photoluminescence property 

i. Free excitons: 
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A free hole and a free electron as a pair of opposite charges experience a coulomb 

attraction.　 Hence the electron can orbit about the hole as if this is a hydrogen-like 

atom.　 If the material is sufficiently pure, the electron and hole pair forms as 

exciton which then recombines and emit a narrows spectral lime.　 In a direct 

band-gap semiconductor, where momentum is conserved for radiative transition in a 

sample, the energy of the emitted photon is simply  

hν=Eg – Ex                                   (2-8) 

where Ex: free exciton binding energy 

ii. Bound excitons: 

Similar to the way that free carriers can be bound to (point-) defects, it is found 

that excitons can also be bound to defects shown in Fig. 2-5 [18].　 A free hole can 

combine with a neutral donor to form a positively charged excitonic ion.　 In this 

case, the electron bound to the donor still travels in a wide orbit about the donor.     

The associated hole, which moves in the electrostatic field of the “fixed” dipole, 

determined by the instantaneous position of the electron, then also travels about this 

donor; for this reason, this complex is called a “bound exciton”.　 An electron 

associated with a neutral acceptor is also a bound exciton.　 The binding energy of 

an exciton to a neutral donor (acceptor) is usually much smaller than the binding 

energy of an electron (hole) to the donor (acceptor). 

 

Fig. 2-5 Visualization of (a) an exciton bound to an ionized donor, (b) a 
neutral donor, and (c) a neutral acceptor 
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iii. Polaritons 

A polariton is the complex resulting from the polarizing interaction between an 

electromagnetic wave and an oscillator resonant at the same frequency.　 The 

oscillator can be one or more atoms, electrons, or holes or their combination.     

Although polaritons initially have designed the interaction between excitons and 

photons, they can also represent the interaction between photons and optical phonons 

and plasmons.　 Phonons are collective vibrational modes of the atoms forming the 

crystal; plasmons are collective oscillations of the free carries. 

As shown in Fig. 2-6 [18], the dispersion curve for a free exciton is a parabola, 

whereas that of the photon is a straight line.  In the vicinity of the intersection of 

these two curves, the polariton-dispersion curve (dashed) exhibits a maximum 

interaction between the photon and the exciton.  Only the lowest branch of the 

dispersion curve will be of interest to us. Above the knee of the polariton curve the 

particle will behave as a free exciton; below the knee it will behave as a photon.   

 

 

2.5.2 　 Stimulated emission and optical gain 

Fig. 2-6 Dispersion curves for polaritons (dotted line) and free excitons and 
photons (solid lines)  
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i. Relationship between spontaneous and stimulated emission 

A photon of energy hν traversing a semiconductor can stimulate a transition 

between two levels E1 and E2 whose energy difference is E2 - E 1 = hν12 . (Fig. 2-7) [19]    

The transition can proceed either way, 1 2 or 2 1, provided there are electrons in 

the initial state and holes in the final state.  The (1 2) transition is the absorption or 

pair-generation process [Fig. 2-7(a)]; if the recombination occurs in response to a 

passing photon, it is a “stimulated” recombination [Fig. 2-7(b)]; if it occurs without 

apparent provocation, it is a “spontaneous”　 recombination [Fig. 2-7(c)].   

 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-7 Schematic representations of various interaction processes of light 
with matter namely 
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Chapter 3  
Experimental detail  

3.1　  The growth of the ZnO films 

3.1.1　  The Laser-MBE system Layout 

The system consists of two chambers, the load lock chamber (LLC) and the 

growth chambers (GC), as shown Fig. 3-1.  There is a gate valve between the LLC 

and GC.  A combination of scroll pump and turbo pump is used to achieve high 

vacuum pressure (<10-8 torr) in the GC.  The sample is loaded from the LLC and 

then transfer to the GC.  The GC, designed for pulsed laser ablation, is equipped 

with laser beam inlet and RHEED.   

 

 

Scroll Pump 

Deposition Chamber Scroll Pump 

Turbo Pump RHEED 
Gun

Load lock Chamber 

Fig. 3-1 Laser-MBE system layout 
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The ZnO thin films were prepared by the laser-MBE deposition utilizing a KrF 

pulsed excimer laser (Lamda Physics LPX 210i whose data sheet is listed in Table 

3-1). 

Table 3-1  LPX210i (KrF) Specifications 

Wavelength 
Pulse 

Energy 

Max. Rep. 

Rate 

Average 

Power 

Pulse 

Duration

Beam 

Dimension 

Beam 

Divergence

248 nm 700 mJ 100 HZ 65 W 
25 ns 

FWHM 

5-12x23 

mm2 
1 x 3 mrad

 

3.1.2 　 Target preparation 

The target was prepared by commercial ZnO target with purity of 99.999％ and 

the target size is 1” x 0.118”.  Before the deposition, the laser beam was ablation on 

the ZnO target to remove the contamination on the target surface. 

 

3.1.3 　 The surface treatment of the substrate 

High quality c-face sapphire wafers were used as the substrates for the growth of 

ZnO thin films.  Before the surface treatment, the substrates were cut into a area of 

20 ╳ 10 mm2 for the epitaxial growth.  Then Al2O3 and SiC substrate were cleaned 

by using the following steps: 

(1) Rinsed in D. I. water for 5 min.  

(2) Rinsed in Acetone (ACE) solutions by a supersonic oscillator for 5 min. 
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(3) Rinsed in D.I. water for 5 min. 

(4) Rinsed in Isotropic Alcohol (IPA) solutions by a supersonic oscillator for 

5min. 

(5) Rinsed in D.I. water for 5 min. 

(6) Rinsed in H2SO4 : H2O2=3:1 for 10 min. 

(7) Rinsed in D.I. water for 5 min. 

(8) Dried with the gas of N2. 

After the surface treatment, the substrates were mounted on the molybdenum 

substrate holder and ready to grow ZnO thin films.  For Si (111) substrate, it was 

cleaned for standard Radio Corporation of America (RCA) cleaning.   

 

3.1.4 　 Operating process of the Laser-MBE system 

(1) Load the substrate holder (with the substrate) into the load lock chamber and 

turn on the scroll pump. 

(2) After the pressure of the chamber was pump down to lower than 3x10-2 torr, 

the turbo-pump was turned up. 

(3) The pressure of the chamber could reach 10-8 torr in two hours.  Only at this 

condition, we can open the gate valve between the load lock and main 

chamber.  We use the magnetically coupled transfer arm to transfer the 

substrate holder from the load lock chamber into the main chamber. 

(4) After transferring substrate, close the gate valve. 

(5) Adjust the distance between the substrate and ZnO target to reach the 

appropriate position. 

(6) Make sure that the water cooling system was working. 
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(7) Turn on the thermal controller and power supply.  Set the needed thermal 

program. 

(8) Ensure the substrate temperature is reached.  Wait for a few minutes to let the 

chamber pressure decline to 7x10-9 torr. 

(9) Turn on step motor to start the mirror scanner.  Turn on target manipulator 

and sample manipulator rotation to make the thin film uniform. 

(10) Turn on the laser and start to grow thin film. 

(11) After thin film growth was completed, open the gate valve and use the 

magnetically coupled transfer arm to transfer the sample from the main 

chamber to the load lock chamber. 

(12) Stop the turbo pump and the scroll pump.  When the blades of the turbo 

pump stop, we can vent the load lock chamber by insert N2 gas. 

After the surface treatment, substrate was loaded in the chamber with the base 

pressure of 1 ×10-9 torr [see Fig. 2-2] and we used a focus lens (f= 40 cm) to converge 

the laser beam through a window of chamber onto the target, which makes 45 degree 

to the normal of the target.  Within the chamber, a ZnO ceramic target (99.999%) 

was located in front of the substrate holder at a distance of 5 cm and was ablated by a 

KrF excimer pulsed laser with the wavelength, pulse duration, repetition rate, and 

laser fluence of 248 nm, 25 ns, 5 Hz, respectively.  At the same time, the laser beam 

was scanning by moving reflection mirror, which is carried by step motor to prevent 

laser hitting at the same point on the target that leads to non-uniform film growth.  In 

order to grow a uniform thin film, the target holder and sample holder rolled during 

thin film deposition. 

 

3.2   Determination of structures and synthesis of the ZnO 
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thin films 

3.2.1   X-ray diffraction  

The crystal structures of the as-grown as well as post-annealed thin films were 

inspected by a Bede D1 diffractometer at Industrial Technology Research Institute 

using a CuK X-ray source (λ=1.5405
o
A ).  The scanning step is 0.02o and scanning 

rate is 4 degree/min.  Fig. 3-2 shows XRD ω– 2θ scans geometry of ZnO (0 0 2) and 

(1 1 0) diffraction peaks.  The dashed lines mean the trajectory of the incident beam 

and the detector to be in motion. 

 

 

 

 

 

 

 

 

3.3    Measurements of optical properties 

3.3.1 　 Photoluminescence detection system 

A He-Cd laser (Kimmon IK5552R-F) operating at the 325 nm UV line is 

Fig. 3-2 XRD ω–2θ scans geometry of ZnO (A) (002) and (B)(1 1 0) 
diffraction peaks. 
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TRIAX 320 

mirror #1 

He-Cd laser 

commonly utilized as pumping source for PL.  As shown in Fig. 3-3, the block 

diagram of PL detection system includes mirror, focusing and collecting lens, the 

sample holder and the cooling system.  We utilized two single-grating 

monochromators (TRIAX 320), one equipped with a CCD detector (CCD-3000), and 

the other equipped with a photo-multiplier tube (PMT-HVPS), which is equipped with 

a photon counter for detection.  The normal applied voltage of PMT is 0.8 KV.   

Moreover, we used a standard of fluorescent lamps to calibrate our spectral response 

of spectrometer and detector.  The PL signals are exposed about 0.1 sec at the step of 

0.1 nm.  The data are transmitted through a GPIB card and recorded by a computer.   

TRAIX 320 has a focal length of 32 cm with an optional side exit slit and has three 

selective 600, 1200 and 1800 grooves/mm gratings.  When the entrance and exit slits 

are both opened to about 50 µm, the resolution is about 0.1 nm for the 

monochromator with PMT.  The low-temperature PL measurements were carried out 

using a closed cycle cryogenic system.  

  

 

 

 

 

 

 

 

 

3.3.2 　 Stimulated emission and optical gain detection system 

Fig. 3-3 PL detection system 

mirror #2 

mirror #3 

focusing and collecting lens 

sample 
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 For high power excitation measurements, we used a third harmonic of Nd:YVO4 

laser (3.51 eV photon energy) with a pulse width of ~500 ps and a repetition rate of 

1kHZ..  As shown in Fig. 3-4, the beam size of Nd:YVO4 laser was expanded to two 

times larger than the original.  Then it was focused on the sample surface using a 

cylindrical lens to form a rectangular stripe of L×H, 300×145.08 µm2, where L 

denotes the total length of excitation stripe, which can be tuned by a slit and a 

movable knife.  The distance from the sample edge to the excited region remains 

unchanged when the length of the excitation stripe is varied.  Emission from the 

sample edge was collected onto a fiber connected to and recorded by the 

monochromator, which is equipped with a CCD detector. 

 

 

3.3.3 Optical gain measurement  

To measure the optical gain we excite the sample with a stripe and vary the stripe 

of light beam length.  If there is only spontaneous emission we expect in the 

cylindrical len 

slit 

 

sample knife 

Fig. 3-4 Stimulated emission and optical gain detection system

transfer 
stage 
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Concave lens to 
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transparent spectral region a linear increase of the luminescence with increasing stripe 

length.  For stimulated emission we expect an exponential increase of the PL.  The 

photoluminescence emitted to the x direction [see Fig. 3-4] (in-plane) is given by              

(3-1).  The change of the PL intensity in x direction is given by the spontaneous 

emission to the x direction A× Ispont  (hν) and the stimulated emission g’(hν)× I (x, 

hν) 

              ( ) ( ) ( ) ( )υυυυ hx, Ihg'hI Ahx, I
x spont ×+×=

∂
∂

               (3-1) 

where Ispont (x, hν) is spontaneous emission to the x-direction, A is area of the stripe, 

g’(hν) is net optical gain, g’ = g-α  where g is gain coefficient, and α is absorption 

coefficient, respectively.  By integrating e.g.(3-1), one obtains (3-2) the dependence 

of the PL intensity depending on the stripe lengthl and the optical gain g is 

( ) ( )
( )

( )( )1 
'g

AI
 I    'gspont −

×
= × ll hνe

hν
hν

,hν                  (3-2 ) 
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Chapter 4  
Results and Discussion 

This chapter is classified into three parts to discuss the structure and optical 

properties of the ZnO thin films.  In the first part of this chapter, the crystalline and 

structure properties of ZnO thin films grown on various substrates will be discussed. 

The in-situ monitoring RHEED and ω−rocking curve can determinate the crystalline 

quality of the ZnO thin films on different substrates.  Second, we will focus on the 

influence of the biaxial strain on the energy of exciton at RT.  The ex-situ XRD 

measurement can determine the in-plane lattice constants.  In the last part, we are 

interested in the optical gain of ZnO epilayer with good crystalline quality.  The net 

gain was obtained from the PL spectra at different pumping intensities.  The 

mechanism of the optical amplification will be reported.  

4.1 Crystalline quality of the ZnO thin films on different 
substrates 

In this section, the residual stress of the ZnO thin films grown on c-plane Al2O3, 

Si (111) and SiC (001) was investigated.  The ZnO/Al2O3, ZnO/Si (111) and 

ZnO/SiC samples were all grown under similar condition at 600
o
C for 2 hours by the 

Laser-MBE system and in-situ annealing for 1 hour at 700
o
C.  The thickness of the 

ZnO/Al2O3 sample is 1.56 µm and those of the ZnO/Si (111) and the ZnO/SiC 

samples are 0.6 µm.  All samples are unintentionally doped. 
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4.1.1 RHEED observation 

Fig. 4-1  shows the Al2O3 substrate after the thermal treatments along [1-100] 

and [1-210] azimuths [Fig. 4-1(a)] and the ZnO epilayers after the deposition of about 

2 nm along [2-1-10] and [1-100] azimuths [Fig. 4-1(b)].  The growth temperature for 

this sample is 600
o
C.  Before the deposition, the RHEED pattern of the Al2O3 

substrate shows sharp streaky, which indicates a clean and flat surface.  At the initial 

stage of ZnO deposition, the RHEED pattern of the Al2O3 substrate disappears and a 

diffuse streaky pattern evolves. 

 

 

 

 

 

 

 

 

According to the previous pioneer’s report [20], the ZnO epilayer and the Al2O3 

substrate have their c-axis aligned parallel.  The [2 -1 -1 0] direction of ZnO aligns 

with the [1 -1 0 0] direction of Al2O3, and the [1 -1 0 0] direction of ZnO aligns with 

the [1 -2 1 0] direction of Al2O3 [Fig. 4-2] [20].  The 30
o
 rotation of the crystal 

Fig. 4-1 RHEED patterns of (a) the Al2O3 substrate and (b) the ZnO epilayers 
along [2-1-10] and [1-100] azimuths  

(a) 

(b) 

ZnO[1-100] ZnO[2-1-10] 

Al2O3[1-210] Al2O3[1-100] 
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orientation of the ZnO epilayer against the Al2O3 substrate occurs because the ZnO 

lattice aligns itself with the oxygen sublattice of Al2O3; with this, the lattice mismatch 

is reduced from around 32% to 18% [1].  

 

 

 

 

 

 

 

 

 

Fig. 4-3 shows the RHEED pattern of c-plane Al2O3 along the [1-100] azimuths, 

Si(111) and SiC substrate after thermal treatment as well as ZnO thin films along the 

[1-100] azimuths on the above mentioned substrates.  RHEED patterns of the ZnO 

thin films grown on the Al2O3 substrate show streaky [see Fig. 4-3(b)], besides those 

are spotty on Si (111) and SiC substrates [Fig. 4-3(d) and Fig. 4-3(f)].  In the 

previous study [1], the RHEED patterns change from streaky to spotty during the 

growth of the films on the substrate.  It indicates a roughening of the growth surface.  

The morphology evolution is related to a transition of the epitaxial growth mode from 

two-dimensional (2D) nucleation to three-dimensional (3D) one.  Therefore, it can 

be deduced that the morphology of the ZnO thin films on c-plane Al2O3 is smoother 

than those on Si (111) and SiC. 

 

Fig. 4-2 Schematic diagram shows the epitaxial relationship of ZnO (0001) 
grown on c-plane Al2O3. [23] 
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Fig. 4-4 shows the line profile of the RHEED intensity of the ZnO/Al2O3 sample 

along [1-100] azimuth and displays the (3x3) reconstructed of ZnO thin films [21]. 

Surface reconstruction can be a consequence of a rearrangement of broken covalent or 

Fig. 4-3 RHEED patterns of (a) c-plane Al2O3[1-100], (c) Si(111) and (e) SiC 
substrate and ZnO thin films on above mentioned substrates. 

 

Fig. 4-4 Intensity profiles of RHEED patterns of ZnO thin films on c-plane 
Al2O3 along [1-100] azimuth.  
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ionic bonds at the surface.  Under such conditions the atoms at the surface bunch 

into rows with alternately larger and smaller spacing than those in the bulk.  That is, 

for some crystals held together by valence bonds, creation of a surface would leave 

unsaturated bonds dangling into space.  The energy may then be lowered if 

neighboring atoms approach each other and form bonds with their otherwise unused 

valence electrons [22].  Previous studies [23],[24],[25] concluded that both the 

Zn-terminated ZnO (0001) and O-terminated ZnO (000-1) surface have (1x1) surface 

structure which deviates little from the bulk truncated surface [24].  However, from 

the theoretical viewpoint, for the polar surface such as ZnO (0001) and ZnO (000-1), 

the presence of a surface dipole perpendicular to the ideal bulk truncated surface 

suggests that these surfaces will be unstable.  This has lead to the hypothesis of ZnO 

surface reconstruction [26].  The surface reconstruction reflects the surface 

stoichiometry, which depends much on the ambient surrounding of the surface.  Our 

Laser-MBE growth environment is very different from those in the previous surface 

analytic experiments [23],[24],[25].  

4.1.2 XRD ω−rocking curve 

Fig. 4-5 shows the XRD ω−rocking curves of the ZnO (002) diffraction peak on 

Al2O3, Si (111) and SiC samples, respectively.  The FWHM of the (002) ω−rocking 

curves for these three samples are 207 arcsec, 2624 arcsec and 3082 arcsec, 

respectively.   Compared with the FWHM of (002) ω−rocking curve for the ZnO/Si 

(111) and ZnO/SiC samples, the ZnO/Al2O3 sample gives a narrower width, which 

implies the less tilt in the c planes.  These properties of the (002) diffraction peak 

indicate the perfect ordering along the growth direction of ZnO (001) as a 

consequence of well controlled layer-by-layer epitaxy.  The FWHM of ZnO/Si (111) 

and ZnO/SiC samples are larger than the previous reports [27],[28].  Thus the quality 
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of the ZnO/Si (111) and ZnO/SiC is not good. 

4.1.3 Phi Scan   

Upper part of Fig. 4-6 (a), (b) and (c) show phi scan of each (202) peak for ZnO 

on Al2O3, Si and SiC.  Lower part of Fig. 4-6(a), (b) and (c) show φ scan of each (202) 

peak for the substrates.   Fig. 4-6(a) shows six-fold symmetry of ZnO thin films and 

Al2O3.  φ scan of each ZnO (202) peaks were separated by 60o and the Al2O3 (202) 

peaks shift 30o compared to those of the ZnO thin films.  This indicates a 30o 

rotation of the ZnO unit cell with respect to that of Al2O3.  Combining the results of 

RHEED observation and XRD φ scan, the epitaxial relationship between ZnO and 

Al2O3 is [2-1-10] ZnO[1-100] Al2O3
.  Fig. 4-6 (b) shows three-fold symmetry of Si 

(111) substrate, but there is no peak in the φ scan of the ZnO (202) thin films.  It 

indicates poor quality of the ZnO thin films onto Si (111).  Fig. 4-6 (c) shows φ scan 

of each (202) peak for ZnO on SiC.  The ZnO (202) peaks were separated by 60o and 

the SiC (202) peaks appeared at the same angles as those of ZnO.  This suggests that 

ZnO was also epitaxially grown on SiC and the same stacking orientation as the 

Wurtzite SiC. 
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Fig. 4-5 A set of ω− rocking curve of the ZnO (002) peak on (a) Al2O3 (b) Si 
(111) (c) SiC substrates
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Fig. 4-6 A set of in-plane φ scan of the ZnO thin films (202) and the substrates 
(202) peak (a) Al2O3; ZnO/Al2O3 (b) Si (111); ZnO/Si(111) (c) SiC; 
ZnO/SiC. 
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4.2 Effect of Biaxial Strain on ZnO Thin Films  

In this section, we use the ex-situ XRD ω-2θ scan on (002) and (110) 

reflections to determine the in-plane and out of the plane lattice constants of the 

three samples above mentioned.  Compared to the in-plane lattice constant of the 

ZnO bulk, biaxial strain is observed between the ZnO epilayer and the substrates.  

The biaxial strain also induces the variation of the free exciton emission energy of 

the ZnO thin films on different substrates.  

4.2.1 Lattice determination by XRD ω-2θ scan  

The c- and a-axis lattice parameters of the ZnO thin films on different substrates 

were obtained using the XRD ω-2θ scan on the (002) and (110) reflections.  The c- 

and a-axis can be calculated by (4-1) which has been derived in Chapter 2. 
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Fig. 4-7 shows the (002) peak of the ZnO/Al2O3, ZnO/Si (111), ZnO/SiC 

samples at 2θ = 34.347ο, 34.570ο and 34.51ο, which determinate out of plane lattice 

constant c equal to 5.2172 Å, 5.1894 Å and 5.1936 Å, respectively.  Fig. 4-8 shows 

the (110) peak of the ZnO/Al2O3, ZnO/Si (111), ZnO/SiC samples at 2θ =56.739o, 

56.517ο and 56.46ο, which determinate in-plane lattice constant a equal to 3.2424 Å, 

3.256 Å and 3.253 Å, respectively. Notice that lattice constants of the bulk ZnO are a 

= 3.249 Å and c = 5.207 Å.  Although the strain between the film and the substrate 

induces the variation of the in-plane and out of plane lattice constants, the volume of a 

unit cell have to be fixed.  

Referring to the material parameters [12],[29], it is not difficult to understand 
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why the opposite stress states exist in ZnO epilayers grown on Si versus on sapphire.  

For ZnO/Si system, the lattice constant of ZnO is smaller than that of Si [the atomic 

spacing in the (111) plane of Si is 3.84 Å] and its thermal expansion coefficient is 

larger than that of Si.  Both lattice and thermal mismatches lead to the tensile stress 

in the ZnO epilayer.  For the case of ZnO/Al2O3, it is known that the lattice of 

epitaxial ZnO rotates by 30o with respect to that of Al2O3, and so the atomic spacing 

of the substrate parallel to a-axis of ZnO is only 2.75 Å.  Consequently, epitaxial 

ZnO layer is expectedly compressively stressed.  For sample ZnO on SiC, however, 

the lattice constant and the thermal expansion coefficient of ZnO is larger than those 

of Si. Both lattice and thermal mismatches between the epilayer and the substrate are 

relatively small, where the lattice constant of ZnO is slightly larger than that of SiC.  

It is thus somewhat surprising to observe the relative larger stress present in ZnO and 

the strain is tensile.  We attribute such a result to the effect of thermal expansion. 

Stress is built in film during sample cooling from deposition temperature to RT after 

growing and this stress can overcompensate that due to lattice constant mismatch in 

this case. 

Fig. 4-9 shows the lattice constant a vs. c for ZnO thin films grown on Al2O3, Si 

(111) and SiC substrates.  For comparison, the lattice constants of ZnO bulk reported 

by R. Paszkiewicz et. al. [14] are plotted together in Fig. 4-9.  It exhibits the linear 

relationships between the lattice constants and the epitaxial layers deformed 

elastically by stress in the epilayers. 
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Fig. 4-7 XRD ω−2θ scan (002) of the ZnO/Al2O3, ZnO/Si (111) and ZnO/SiC 
samples 
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 Fig. 4-8 XRD ω−2θ scan (110) peak of the ZnO/ Al2O3, ZnO/Si (111) and 
ZnO/SiC samples  
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4.2.2 Photoluminescence spectra 

In order to identify the origin of the RT emission, we measured the temperature 

dependent photoluminescence.  Fig. 4-10 shows the emission spectra of the ZnO thin 

films on Al2O3 measured at in the temperature ranging from 10 K to 300 K.  At low 

temperature, the spectra are dominated by the neutral-donor bound exciton (DoX) 

emission at 3.366 eV, which is consistent with previous report [30].  On the lower 

energy region of the DoX peak, the emissions of the 1 LO-phonon replicas and 2 

LO-phonon replicas are observed.  With increasing temperature, the DoX emission 

rapidly decreases, and is hardly resolved above 100 K.  At the onset of bound 

exciton decay, a feature at 3.380 eV becomes stronger and finally dominates the 

spectrum even up to RT.  The feature is assigned to free exciton emission due to its 

Fig. 4-9 Length of the a-axis is plotted against the length of the c-axis for the 
ZnO thin films grown on Al2O3, Si (111) and SiC.  
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narrow line width and its temperature dependence of emission intensity.  The peak of 

the free exciton emission energy at RT is 3.293 eV.  This result is in agreement with 

the literature result [30].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-10 Emission spectra of the ZnO thin films on Al2O3 in the temperature 
range 10-300K. 
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Fig. 4-11 shows a set of PL at RT for the ZnO/ Al2O3, ZnO/Si (111) and 

ZnO/SiC samples used for Fig. 4-3 (b), (d) and (f).  As grown on different substrates, 

the optical properties of the ZnO thin films are also different.  The full width at half 

maximum (FWHM) of the free exciton emission for the ZnO/Al2O3 [100 m eV] and 

ZnO/Si (111)  [ 100 m eV] samples was narrower than that for the ZnO/SiC 

[146.98 m eV] sample.  Besides, the intensity of the deep level emission of three 

samples is the lowest for the ZnO/Al2O3 sample, then the ZnO/Si (111) sample and 

the ZnO/SiC sample sequence.  Usually, the quality of the optical property depends 

on the structure.  The deep-level emission is usually related to structural defects and 

impurities.  However, the structural defects depend on growth conditions as well as 

the lattice mismatch.  Another feature of the PL spectra is the long tail extending 

from the near band edge emission, which is usually caused by band structure 

deformation resulting from lattice deformation.  As discussed previously, the large 

lattice mismatches result in an interfacial region in the ZnO epilayer with a higher 

density of defects.  This region may be responsible for the long band edge tail in the 

PL spectra [30].  

  A tensile stress will result in a decrease of energy band gap while a 

compressive strain causes increase of the band gap [12].  Fig. 4-12 depicts exciton 

energies of ZnO layers as a function of strain along the a axis.  The strain has been 

calculated using the εxx = (a-ao)/ ao relation, where a is the measured lattice constant 

from XRD (110) reflection and ao is the unstrained lattice constant.  The FE 

emission of the ZnO bulk constant was cited from Ref [30].  An approximate 

tendency was in agreement with a tensile stress induces free exciton emission energy 

blue shift and a compressive stress induces red shift. 
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Fig. 4-11 The RT PL spectra of the ZnO/Al2O3, ZnO/Si (111) and ZnO/SiC 

samples 
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Fig. 4-12 Exciton energies of ZnO layers as a function of strain along the a 
axis are plotted. 
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4.3 Stimulated emission and Optical gain in ZnO epilayers 

In this section, we use Nd:YVO4 laser to pump the ZnO/Al2O3 sample and  

observe the stimulated emission.  We vary the excitation density to calculate the 

threshold excitation density for the inelastic ex-ex scattering and the EHP state.  

With the variable strip length method, we measure the optical gain at different 

excitation densities. 

4.3.1 Photoluminescence spectra with Nd: YVO4 laser under various 
excitation densities at RT 

For high excitation measurements we used a Nd: YVO4 laser providing pulses 

with duration of 500 ps at a frequency of 1 kHZ.  The output of Nd: YVO4 laser at 

355 nm was focused on the sample surface using a cylindrical len to form a 

rectangular stripe of l ×145.08 µm2.  As shown in the inset of Fig. 4-13, the excited 

area has a length l  which is determined by a fixed slit and a movable knife edge.  

To confirm the uniformity of the laser beam, we used a knife to adjust the length of 

the laser beam.  Fig. 4-13 shows the excitation pumping density of the excited area 

extends uniformly.  We therefore set the fixed slit width of 300 µm to limit the 

uniform pump range. 

Fig. 4-14 shows normalized emission spectra from the edge of a 1.56 µm thick 

ZnO epilayer for a range of excitation intensities at RT.  As the excitation intensity 

increases above 4.6 MW/cm2, a sharp stimulated emission peak emerges at 3.15 eV 

and grows superlinearly.  With further increase of excitation intensity above 9.2 

MW/ cm2 a second peak emerges at 3.13 eV.  This peak broadens and shifts to lower 

energy as the excitation intensity increases. 
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Fig. 4-15 shows the spectral emission intensity versus the excitation density for 

the inelastic ex-ex scattering and the EHP state where the threshold excitation density 

is given by 4.585 MW/cm2, 8.45 MW/cm2, respectively.  Fig. 4-15(a) shows the 

intensity of emission was saturated where the excitation density was above 13.8 

Fig. 4-13 The inset shows the method by which the crystal is excited and the 
amplified light (Io) is detected.  

Fig. 4-14 RT PL spectra under various excitation densities show the inelastic 
ex-ex scattering induced stimulated emission. 

l 
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MW/cm2.  The power dependence of the luminescence can be described by an I~Lk 

law, where I is the luminescence intensity and L is the excitation laser intensity, K is a 

coefficient.  For the inelastic ex-ex scattering (3.15 eV) and the EHP state, the 

coefficients K are 2.047 and 2.6, respectively.  The coefficient K which is larger than 

1 means the luminescence intensity is superlinear with the excitation density, and the 

radiation is not spontaneous emission but stimulated emission. 

The emission mechanisms of II–VI compounds under high excitation have been 

studied [31],[32].  As the excitation intensity increases, exciton density becomes 

sufficiently high to cause interaction with each other.  In the intermediate density 

regime, biexciton, exciton–exciton, and exciton–carrier emissions may be observed.  

Biexcitonic emission is only observed at cryogenic temperatures. 

 

 

 

 

  

 

 

 

 

At higher temperatures exciton ionization increases the free carrier density and 

an increasing probability of exciton–carrier emission.  At very high excitation 

density, the exciton density reaches such levels that excitons overlap.  The 

superlinear increase of the emission intensity and the sharpening of the emission peak 

Fig. 4-15 The spectral emission intensity versus the excitation density for (a) 
the inelastic ex-ex scattering (b) the EHP state.  
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with increasing excitation above a threshold indicate the typical nature of a stimulated 

emission.  Using the Debye-Huckel screening theory, the Mott density in ZnO at RT 

is given by [33] 

                      ,~
Ea
TKn 319

ex
B

3
B

B
M cm1073

2
−×= .                    (4-2) 

where a
B
=18Å is the exciton Bohr radius and ex

BE  is the exciton binding energy of 

ZnO.  The experimental observed threshold density Ith for inelastic ex-ex scattering 

and EHP are 4.585 M W/cm2 and 8.45 M W/cm2; the corresponding electron-hole pair 

density created by a laser beam are calculated to be 7.18×1018 cm-3 and 1.32×1019 

cm-3, respectively.  The former is close to the calculated Mott density and the later is 

larger. 
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where the carrier life time is 20ps [34] and the diffusion length is 57.1nm [35]. 

In line with the previous stimulated emission from ZnO at RT the energy 

position of sharp emission peak is found to be in accordance with that expected from 

an inelastic collision between excitons.   The result of such a collision is an exciton 
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being excited into a higher state (n=2,3,4,. . . . ,∞ ), and a photon with energy given 

by [3] 

∞=−





 −−= ,...,,nkT

n
EEP ex

bexn 432,
2
311 2  (4-4) 

where exE is the free exciton emission energy, ex
bE  is the binding energy of the 

exciton, n is the quantum number of the envelope function, and kT is the thermal 

energy.  According to  (4-4),  

eV  1943303870110602933 2 ....P =−







∞
−−=∞   

eV  153.>  (4- 5) 

the inelastic ex-ex scattering would lie in 3.1943eV, [see Fig. 4-10 ] which is larger 

than the experimental data, 3.15eV.  The pumping laser would induce heat on the 

surface of the sample and enlarge the thermal energy would enlarge kT
2
3 .  Thus P∞ 

would red shift to the small energy. 

4.3.2 Stimulated emission spectra for various excitation stripe 
lengths at RT 

By using the variable stripe length method (VSLM) [36], we measured the 

optical gain spectrum of these ZnO epilayers.  Fig. 4-16(A) shows the stimulated 

emission spectra with excitation density neat I t h  (Ipu mp=9.19MW/cm2) for various 

excitation stripe lengths and Fig. 4-15(B) is under Ipump=25.3MW/cm2.  The 

emission spectrum is a broad asymmetric band, which is red shifted versus the 

increase of the excitation lengthl .  The sharp increase of the emission intensity with 

excitation length indicates the presence of optical gain.  Based on the 

one-dimensional optical amplifier mode for an excited media, the spectra were 

analyzed by fitting to the equation (4-6) where be derived in chapter 2. 



 - 45 -

             ( ) ( )
( )

( )( )1spont −= ll υ

υ
υ

υ hg'e
hg'

AhI
h,I    (4- 6) 

With increasing of the pumping stripe length, the position of the emission peak 

red shift.  Under higher pumping density, the position of the emission peak red shift 

more.  According to the report of Yefan Chen’s et. al [13], a redshift was observed 

when the excitation exceeds 220kW/cm2, which gives a sign of the emergence of EHP.  

However, it may be also due to the quality of the ZnO thin film [37].  Good quality 

ZnO thin films would have fewer defects than poor quality ones.  In this way, near 

band edge emission of the photoluminescence would be narrower and the intensity of 

the donor-acceptor pair would be smaller.  In the absorption coefficient versus 

photon energy (Fig. 4-16), the absorption coefficient of the thin films with good 

quality (α) would increase more steeply than that of the thin films with poor quality 

(α’).  Thus absorption coefficient of thin films with poor quality would have band 

tailing.  The optical gain recording by VSLM was net optical gain g’ = (g−α)  or 

(g−α’).  As the excitation length is small, the multiplier α’ l  is smaller for large 

photon energy, thus the intensity is higher.  However, with the longer excitation 

length, the multiplier α’ l  is larger for large photon energy so that the 

photoluminescence would red shift.  
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Fig. 4-16 Stimulated emission spectra for various excitation stripe lengths at 
RT.  Ip u mp= (A) 9.19 MW/cm2 (B) 25.3 MW/cm2 
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4.3.3 Optical gain spectrum of a ZnO epilayer at various excitation 

densities 

  Fig. 4-18 shows the variation of output intensity with increasing length for 

different photon energy where the excitation density is 25.3 MW/cm2.  Intensity 

versus excitation length varies according to (4-6).  The gain coefficient g 

determinates the direction of the concave of the curve.  As g is smaller than 0, the 

concave would face toward downward.  In the other way, the concave of the curve 

would face upward as g is larger than 0.  As g is approximate to 0, the curve would 

be linear-like.  The evaluated optical gain as a function of photon energy is plotted in 

Fig. 4-19.  The excitation density increases from Fig. 4-18(c) to Fig. 4-18(a) where a 

dominant peak in the curve shifts from 3.138 eV to 3.15 eV.  The dominant peak was 

Fig.4-17 absorption coefficient versus photon energy for good quality (α) and 
poor quality of ZnO thin films (α’). 
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attributed to the EHP state because it would blue shift with excitation densities.  On 

the right of the dominant peak there exists a shoulder which is attributed to the 

inelastic ex-ex scattering.  At an excitation density of 9.2 MW/cm2, the peak gain is 

about 180 cm-1 with a redshift about 16meV as the excitation density becomes 13.8 

MW/cm2.  The peak gain seems smaller than that reported by P. Yu and co-workers 

[2].  This results from different pumping conditions as well as the lack of light 

confinement in our samples.  The peak gain seems smaller than that reported by Y. F. 

Chen [13], too.  This is induced by the quality of the ZnO thin films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-18 A set of the variation of light output with length of excited region for 
excitation density=25.3 MW/cm2.  
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Fig. 4-19 Optical gain spectrum of a ZnO epilayer under various excitation 
density at RT 
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Chapter 5 
Conclusion and Perspective 

5.1 Conclusions 

 From the RHEED observation and ω−rocking curve, we found qualities of 

ZnO/Al2O3 and ZnO/SiC are better.  Phi scans for (202) peaks of three samples 

indicate six-fold symmetry and epitaxial growth of the ZnO thin films onto Al2O3 and 

SiC except Si (111).  We have investigated X ray ω-2θ scan for (002) and (110) 

reflections to determine in-plane and out of the plane lattice constants of ZnO thin 

films on different substrates.  With room-temperature PL spectra of ZnO epilayers 

grown on Al2O3, Si (111) and SiC substrates, we can derive the stress states in films.  

The thermal stress can also play a key role in deciding the residual strain in film. 

 Beside, we report RT stimulated emission and optical gain spectra of 

high-quality ZnO epilayers on Al2O3.  We found that the inelastic ex-ex scattering 

dominantly contributes to the optical gain at excitation densities, 4.585 MW/cm2 and 

the EHP state at excitation densities, 8.45MW/cm2.  Maximum gain of 187 cm-1 at 

the excitation density of 25 MW/cm2 is obtained.  With increasing excitation, density 

contribution from the EHP state gradually takes over at the lower energy side in the 

optical gain spectrum.  This work clearly shows that without quantum or light 

confinement, excitons play the main role in the emission processes of ZnO at RT in 

both low and intermediate excitation regimes.   

5.2 Perspective 

 In our research, we have derived the relationship between the 

photoluminescence properties and the biaxial strain of the epilayer.  It could be a tool 
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to diagnose the strain of the ZnO epilayer substrate.  However, the strain can be 

relaxed by the thickness of the ZnO thin films, even it exists a critical thickness to 

release the strain completely.  In the future, it may be put to the proof about the 

strain and the thickness. 

  There is large advantage in the growth of ZnO on Si because of large scale 

integration using natured Si technology.  However, among three samples, quality of 

the ZnO/Si (111) sample is poor.  According to Y. –Z. Yoo et. al. report [38], 

deposition of ZnO onto Si causes the formation of an amorphous interface (SiO2) 

between the film and the substrate, which leads to the poor quality of the ZnO films.  

It is reasonable to use a buffer layer to prevent SiO2 formation.  For the growth of 

ZnO on Si, a buffer with the same hexagonal symmetry as ZnO is desirable to 

minimize the structural mismatch, like wurtzite ZnS. 

Although different optical pumping conditions could be a reason for the 

observed discrepancy, the different crystal properties of the epilayers play a critical 

role in lasing mechanisms.  The structural defects result in numerous optical losses 

and thus a high threshold.  Thus, different samples may have different pumping 

threshold.  Therefore, it can study the relationship between the crystalline quality 

and the properties of the stimulated emission. 
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