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以電漿輔助式分子束磊晶成長之氧化鎘鋅

薄膜在熱效應下的載子遷移過程研究 
 
 
 

指導教授： 周武清 教授 

 

研究生： 許維綸 

國立交通大學電子物理所 

 
 

摘要 

 

 本研究以分子束磊晶成長氧化鎘鋅薄膜，利用光激螢光與時間解析光譜

等技術來探討在溫度效應下氧化鎘鋅薄膜的載子躍遷行為。我們發現鎘摻

進氧化鋅後會在能帶中產生深淺不一的侷限態，當溫度升高時載子受聲子

散射的影響會從淺的侷限態躍遷至較深的侷限態發光，因此會造成螢光訊

號隨著溫度會有劇烈的紅位移現象，從時間解析光譜中可以明顯觀察到當

溫度升高時，載子隨著時間往低能量躍遷的現象，為載子躍遷提供了有利

的證據。 

 

關鍵字：分子束磊晶、氧化鎘鋅 
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Abstract 
 

The thermal-activated carrier transfer processes in Zn0.98Cd0.02O epilayer 

grown by molecular beam epitaxy was investigated by temperature dependent 

and time-resolved photoluminescence. The PL of ZnCdO alloy includes free 

exciton, deep and shallow localized states caused by fluctuations in Cd 

composition. We also verified the carriers are transferred to the deeper localized 

states when temperature increased. TRPL spectra gives a strong evidence about 

the thermal-activated carrier transfer processes in ZnCdO. 

Key words：MBE、ZnCdO 
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Chapter 1 Introduction 
 

1.1 Background 

 Due to the concern of clean energy and green-house effect, the development 

of energy-saving devices is urgent. For illumination, the bright GaN-based 

light-emitting diodes1 (LED) gradually substitute the fluorescent lamps and 

bulbs. ZnO has similar physical properties as GaN. Both compounds have 

wurzite crystal structure and band gap close to 3.4 eV2. Recently, ZnO-based 

LED3 of high emission efficiency is reported. For the ZnO-based LEDs, the 

active layer is usually composed of ZnO/ZnMgO multiple quantum wells. 

Recently, ZnCdO/ZnMgO multiple quantum wells (MQW) are proposed to 

replace the ZnO/ZnMgO multiple quantum wells, because the introduction of 

Cd in ZnO not only provides the regulation of emission wavelength but also 

lattice constant. The band gap of ZnCdO alloys can be turned from ultraviolet to 

red light spectra4. The lattice constant can be adjusted to match the lattice 

constant of the ZnMgO barrier. Therefore, the study of growth and optical 

properties of ZnCdO is very interesting.  
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1.2 Paper review of ZnCdO 

 ZnO has a wurzite structure with the lattice constants a=3.25 Å and c=5.2 Å, 

as shown in Figure 1-1(a). ZnO is a semiconductor with a large bandgap of 3.4 

eV and a large excitonic binding energy of 60 meV. Recent studies showed that 

the extremely stable excitons, which survive well above room temperature5. On 

the other hand, CdO has a rock-salt structure with the lattice constant a=4.69 Å, 

as shown in Figure 1-1(b). The direct optical band gap of CdO is 2.3 eV6.  

The energy gap and lattice constants of ZnCdO and ZnMgO were studied by 

Makino and Kawasaki et al.7 in 2001, as shown in Figure 1-2. By choosing an 

appropriate combination of Cd and Mg concentrations, the growth of 

ZnCdO/ZnMgO MQW of perfect in-plane lattice match can be achieved, 

because both a-axis lattice lengths are monotonically increasing functions of Cd 

and Mg concentrations for both alloys. On the other hand, dependence of band 

gap energy on the Cd and Mg composition is opposite, the energy gap of ZnCdO 

decreases with Cd and the energy gap of ZnMgO increase with Mg. It results in 

a strong quantum confinement in the ZnCdO/ZnMgO MQW when both Cd and 

Mg are incresed. However, the fabrication of high quality ZnCdO epilayer is 

challenging. 

 In 2000, Sakurai et al.8 reported that the Zn/Cd composition ratio of ZnCdO 
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do not simply follow the partial pressures of Zn and Cd in molecular beam 

epitaxy (MBE). The obtained films were categorized in to three types, as shown 

in Figure 1-3. At relatively high Zn pressure, the luminescence is in the UV 

region (type A), same as pure ZnO films. At low Zn pressure, the luminescence 

turned to red (type B), similar to CdO films. At moderate Zn pressure of 

approximately 4~7×10-7 torr, films exhibited a blue luminescence peak (type C), 

which stand for ZnCdO alloy. There is only a narrow growth window of Zn/Cd 

composition ratio for the successful growth of high quality ZnCdO alloy.  

 This narrow growth window for ZnCdO results from the difficulty of 

wurtzite phase ZnO crystallizing in the rock-salt structure CdO (Figure 1-1 a,b). 

The thermodynamic solubility limit of Cd in ZnO is 2%. The low solubility 

result was confirmed by Bertram et al.9. Their cathode-luminescence (CL) 

results showed that a low energy shoulder emerges when the Cd concentration 

was increased to 1.3%, as shown in Fig.1.4. As the Cd concentration was 

increased further to about 2%, two separate luminescence bands can be clearly 

distinguished with emission energies of 3.143 eV and 2.968 eV, respectively. 
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1.3 Motivation 

Due to the difficulty to obtain high quality ZnCdO, many fundamental optical 

properties of ZnCdO are still not fully understood. In this thesis, the optical 

characteristics of the ZnCdO thin film grown by plasma-assisted MBE were 

investigated. The temperature-dependent PL and time-resolved PL (TRPL) 

were used to study the thermal-activated carrier transfer dynamics of ZnCdO. 
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Fig. 1-3 (a) Structure of ZnO 

 

 

 

 

 

 

 

 

 

Fig. 1-3 (b) Structure of CdO 
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Fig. 1-2 Optical and structural properties of CdyZn1-yO and MgxZn1-xO alloy 

films mapped out in a plane of a-axis length and room-temperature band gap 

energy (Ref. 7) 
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Fig. 1-3 Obtained films, either type A, B or C, against partial pressures of Zn 

and Cd. (Ref. 8) 
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Fig. 1-4 Integrated CL spectra at T=4 K. The Cd concentrations and peak 

positions are summarized in the inset. (Ref. 9) 
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Chapter 2 Experiments 
 

 In this chapter, the experimental techniques used in this thesis are described, 

including molecular beam epitaxy, photoluminescence, transmittance, and 

time-resolved photoluminescence. 

 

 2.1 Molecular beam epitaxy (MBE) system 

 The SVT Associates molecular beam expitaxy (MBE) system is shown in 

Figure 2-1. It consists of a vertical growth chamber with ten sources, a load-lock 

chamber, and analytical equipment.  

Currently, seven solid sources Zinc (Zn), Manganese (Mn), Cadmium (Cd), 

Magnesium (Mg), Chromium (Cr), Selenium (Se), Tellurium (Te), and Zinc 

Chloride (ZnCl2), and two gas sources, Oxygen (O2) and Nitrogen (N2), are 

operated each source has its own shutter to control the growth time. There is a 

main-shutter between sources and the substrate to avoid the unintentional 

evaporation before growth. 

 The load-lock chamber used to transfer substrate from air to the growth 

chamber and was maintained at 5×10-8 torr by using a dry rotary pump and a 

turbo molecular pump. The growth chamber was further pumped down to a base 
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pressure of 8×10-10 torr. The reflection high-energy electron diffraction (RHEED) 

system is also set up in the growth chamber. It is an invaluable tool to determine 

different aspects of the deposition layer. Morphological data of the surface may 

be interpreted from the spot and line pattern, which appear on the phosphor 

screen display during growth. 

 ZnO and ZnCdO thin films were grown on c-plane sapphire substrates. The 

group-II atoms were produced in conventional effusion cells by evaporating 

elemental Zn (6N), and Cd (6N). The group-VI atoms were supplied by 

introducing oxygen (5N5) gas through a rf-plasma source. Prior to the growth 

procedure, the substrates were degreased in acetone and methanol to clean up 

organic pollution, etched in a H2SO4:H3PO4=3:1 solution for 15 minutes at 160 

oC to remove the pollution of oxide, rinsed in flowing de-ionized water about 

two minutes and dried with high purity N2. After the substrate was transferred 

into the growth chamber it was desorbed at 850 oC and treated in oxygen plasma, 

which is expected to produce an oxygen terminated Al2O3 surface. In order to 

reduce the lattice mismatch between ZnCdO and Al2O3, we grow a 70 nm-thick 

ZnO at 650 oC as the buffer layer. The structure of our samples was shown in 

Figure 2-2 (a), (b). ZnO and ZnCdO epilayers with thickness of 480 nm were 

then grown at 450 oC. After growth, the optical characterizations of the samples 
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were analyzed by photoluminescence, transmittance and time-resolved 

photoluminescence at various temperatures. 

 

2.2 Photoluminescence (PL) system 

 To study optical properties of semiconductors, laser beams with photon 

energy higher than the band gap energy of the semiconductor are usually used to 

excite electrons from the valence band to the conduction band and leave holes in 

the valence band. The excited (electrons/holes) relaxed to (bottom of the 

conduction band/top of the valence band) through the carrier-phonon interaction. 

Electrons and holes form exciton by Coulomb interaction. Electrons and holes, 

Excitons, recombination could emit photons and be detected by 

photoluminescence (PL) spectroscopy. 

 The experimental set-up for the photoluminescence measurement is shown 

in Figure 2-3. PL measurements were performed by using the 325 nm line of a 

He-Cd laser. The incident beam was focused by a lens (f=10 cm). The PL 

emission from sample was collected by second lens (f=10 cm) and focused by 

the third lens (f=30 cm) to the spectrometer. The signal was dispersed by an 

Ihr550 spectrometer and detected by liquid nitrogen cooled charge-coupled 

device (CCD). The spectrometer was controlled by a computer, which was used 
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to store and plot the collected data. For temperature-dependent PL 

measurements, samples were cooled in a closed-cycle refrigerator system. The 

temperature was varied from 10 K to 300 K. 

 

2.3 Transmittance system 

 The experimental set-up for transmittance measurement is shown in Figure 

2-4. A broadband xenon lamp was used as an excitation source. The incident 

beam was focused on the sample by a lens (f=10 cm). The transmittance beam 

from the sample was collected to the entrance slit by lens L2 (f=10 cm) and L3 

(f=30 cm). The transmittance spectra were analyzed by the Ihr550 spectrometer 

and detected by liquid nitrogen cooled charge-coupled device (CCD). 

 

2.4 Time-resolved photoluminescence (TRPL) system 

 TRPL system was used to study the decay dynamics of excitons. The 

experimental setup of TRPL system is similar to the PL system and shown in 

Figure 2-5. The GaN diode laser with 50 ps pulses and a repetition rate of 40 

MHz at a wavelength of 377 nm was used as an excitation source. The peak 

power of the pulse was estimated to be below 0.1 mW. The laser beam was 

focused on the sample by a lens (f=10 cm). The combination lenses guide the 
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signal to the iHR550 spectrometer, which was equipped with a high-speed 

photomultiplier tube to detect the signal. The signal was further analyzed by a 

computer. The overall temporal resolution of the setup was about 300 ps.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-1 SVT Associates molecular beam expitaxy (MBE) system 
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           Fig. 2-2 (a) Schematic structure of ZnO thin film, 

                  (b) Schematic structure of ZnCdO thin film 
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Fig.2-3 Schematic diagram of the photoluminescence (PL) spectra setup 
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Fig.2-4 Schematic diagram of the transmittance spectra setup 
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Fig.2-5 Schematic diagram of the TRPL system setup 
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Chapter 3 Results and discussion 
 

3.1 Low –temperature photoluminescence (PL) and transmittance  

 The PL and transmittance spectra of ZnO and ZnCdO at 10 K are shown in 

Figure 3-1(a), (b), respectively. Sharp near-band-edge emissions of ZnO at about 

3.361 eV were observed, as shown in Figure 3-1(a). The emission peaks at 3.361 

and 3.366 eV were assigned to the excitons bound to neutral donors10. 

Comparing with the absorption edge of the transmittance spectrum, the peak at 

3.377 eV is attributed to the free A excitons (FXA)11. When Cd atoms were 

introduced into ZnO, the PL peak becomes broad and the energy position shifts 

to 3.185 eV. Fine structures of bound excitons could not be resolved. The PL 

peak position of ZnCdO can be written as 

             EPL = (3.35-9.19x+8.14x2) eV,                  (1) 

according to the results of Gruber et al.14 The Cd composition of our sample is 2 

%. Additionally, the PL emission profile of ZnCdO is not symmetry due to the 

existence of localized state at lower energy. The FXA state of ZnCdO was 3.265 

eV, which was determined from the absorption edge of the transmittance spectra.  

3.2 Temperature-dependent PL and transmittance 

 In order to further understand optical properties of ZnCdO epilayer, the 
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temperature dependent PL spectra were studied. In comparison, the temperature 

dependent PL spectra of ZnO were also carried out, as shown in Figure 3-2(a). 

Both DX and FXA in ZnO shift to lower energy and the line-width broadens with 

the increasing temperature. The broadening of PL band is related to the 

carrier-phonon interaction. Additionally, because carriers are thermally activated, 

FXA dominates at higher temperature. In case of ZnCdO epilayer, as shown in 

Figure 3-2(b), only one peak, P1, was observed at low temperature. The line 

shape of P1 is highly asymmetric. The lower energy shoulder consists of another 

emission band, which dominates the P1 emission band at higher temperature. 

When T >140 K, additional peaks, P2 and P3, become visible. The intensity of 

P2 increases and exceeds P1 when T > 240 K. The similar optical properties 

were observed by Yang et al.15 in ZnSe1-xTex (x=0.01) epilayers, as shown in 

Figure 3-3. In the case of ZnSe1-xTex at a low temperature of 10 K, the X/Te is 

not observed and the PL of the Ten-bound excitons (X/Ten) is very pronounced. 

The energy states of X/Te and X/Ten cluster becomes observable as the 

temperature was increased. Thus, the PL peaks of P1, P2, and P3 can be 

attributed to the emissions from X/Cd, X/Cdn, and X/Cdn cluster, respectively. In 

order to understand the properties of X/Cd and X/Cdn in ZnCdO, the 

temperature-dependent transmittance spectra of the ZnCdO were investigated as 
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shown in Figure 3-4. The absorption edge shifts monotonically to lower energy 

as the temperature increases. The peak positions of the FXA, X/Cd, and X/Cdn 

emission as a function of temperature were plotted in Figure 3-5(b). 

 For ZnO, as shown in Figure 3-5(a), the energy positions of FXA and DX 

monotonically decrease as the temperature increases. The red-shift of these 

peaks with increasing temperature obeys the Vashinis' formula16, which is 

writing as 

              Eg(T) = Eg(0)-αT2/(β+T),                   (2) 

where Eg(0) is the band-gap energy at T=0 K, and α and β are the corresponding 

thermal coefficients. On the other hand, for ZnCdO, as shown in Figure 3-5(b), 

only the trace of FXA and X/Cd obey the Vashinis' prediction. The PL spectra of 

X/Cdn and X/Cd emissions are more complicated, because the X/Cdn and X/Cd 

emissions are attributed to the localized states emissions due to high fluctuation 

in Cd composition.  
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3.3 Power dependent PL study of ZnCdO 

 Figure 3-6 shows the power dependent PL spectra at 220K for ZnCdO. The 

intensity of PL emission is enhanced with increasing excitation power. Under an 

excitation power of 65 W/cm2, the emission energy of X/Cdn cluster and X/Cd 

are at 2.782 and 3.160 eV, respectively. As the excitation power is increased, the 

X/Cdn cluster exhibits energy blue-shift and the X/Cdn state dominates the 

spectrum. This result implies the density of state for X/Cdn is much higher than 

the X/Cdn cluster. The increasing excitation density saturates the lower energy 

states. As a result, X/Cdn state dominates the emission.  
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3.4 Time resolve photoluminescence (TRPL) spectra of ZnCdO 

 In order to further study the optical properties of localized states, we 

performed TRPL measurements at 10 K and 100 K, as shown in Figure 3-7, to 

demonstrate the origin of the X/Cdn radiative recombination. The carrier 

recombination time is found to decrease with the increasing temperature. At 10K, 

although the recombination times of the lower energy states are faster, the 

dominant emission intensity is from X/Cdn due to the higher density of states. As 

temperature is raised to 100K, whole emission bands shift to lower energy due 

to the decreasing energy band and the thermal activation of higher energy states 

to lower energy states. Therefore, the recombination time of lower energy states 

become longer. 
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Fig. 3-1 (a) PL and transmittance spectrum of the ZnO thin film at 10K 

(b) PL and transmittance spectrum of the ZnCdO thin film at 10K 
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Fig. 3-2 (a) PL spectra of the ZnO alloy at various temperatures. 
           (b) PL spectra of the ZnCdO alloy at various temperatures. 
 
 
 
 
  
 



26 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-3 Temperature-dependent photoluminescence spectra from ZnSe1-xTex 
(x=0.01) epilayer. (ref 15) 
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Fig. 3-4 Temperature dependent transmittance spectra of     
       ZnCdO. 
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Fig. 3-5. The traces of X/Cd, X/Cdn, FXA and ZnO peak at various temperatures. 

The solid line is a Varshni’s fit. 
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Fig. 3-6. Power dependent spectra of ZnCdO 
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Fig. 3-7 Temporal evolution of the PL spectra at (a) 10 K, (b) 100 K. 
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Chapter 4 Conclusion 
Zn0.98Cd0.02O epilayer was grown grown by plasma-assisted molecular beam 

epitaxy. The PL measurements show that Zn0.98Cd0.02O exhibits strong emissions 

from localized states. The carriers transferred from shallow localized states to 

the deeper localized states were evidenced by temperature dependent PL 

measurements. The TRPL measurements show that the recombination times of 

the localized states are about a few nano-seconds. The thermal-activated carrier 

transfer processes in ZnCdO result in the increasing recombination time for the 

lower energy localized states. 
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