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Spatially-Resolved Photoluminescence Study of Temperature Dependence of Exciton 

Inelastic Scattering Processes in a ZnO Thin Film 

Masaaki Nakayama and Yojiro Nakayama 

Department of Applied Physics and Electronics, Graduate School of Engineering, Osaka City 

University, Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan 

 

We have investigated the temperature dependence of exciton inelastic scattering processes, 

exciton-exciton scattering and exciton-electron scattering, in a ZnO thin film using 

spatially-resolved photoluminescence (PL) spectroscopy. It was found that the PL band due to 

the exciton inelastic scattering process is selectively observed at a spot around a film edge 

away from an excitation spot. The selective observation enabled us to measure precisely the 

PL-peak energy. The quantitative analysis of the temperature dependence of the PL-peak 

energy reveals that the exciton-exciton scattering, which occurs in a temperature region from 

10 to ~160 K, changes to the exciton-electron scattering in a higher temperature region up to 

room temperature. 
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From the 1960s, ZnO has attracted much attention in physics and applications related 

to the excitonic properties mainly because the exciton binding energy, Eb=60 meV, is 

sufficiently larger than the thermal energy at room temperature (RT).
1)

 Prominent phenomena 

in the excitonic properties are exciton inelastic scattering processes such as exciton-exciton 

scattering and exciton-electron scattering, which produce an optical gain leading to stimulated 

emission.
2) 

 In the exciton-exciton scattering process under energy and momentum 

conservation, one exciton with a hydrogenic quantum number n=1 is scattered into an n≥2 

state including n=∞ (the continuum state), while the other is scattered onto the photon-like 

region in the lower polariton (LP) branch. Subsequently, the photon-like LP is converted to 

the so-called P emission.
3)

 The P emission has been mainly observed in the following wide 

band-gap semiconductors in a low temperature region: ZnO,
3,4)

 CdS,
5,6)

 GaN,
7-9)

 InxGa1-xN,
10)

 

and CuI.
11,12)

 In the exciton-electron scattering process under energy and momentum 

conservation, an electron around a conduction-band bottom is scattered to a hot electron. On 

the other hand, an exciton with n=1 is scattered onto the photon-like LP leading to photon 

conversion,
3)

 the so-called H emission.
13)

 The electron contributing to exciton-electron 

scattering in undoped semiconductors is provided by thermal dissociation of excitons; 

therefore, the H emission is usually observed in a relatively high temperature region in wide 

band-gap semiconductors such as ZnO,
4)

 CdS,
5)

 GaN,
9,14)

 and cuprous halides (CuCl, CuBr, 

and CuI).
13)

  

 The excitonic system in ZnO is highly stable because of Eb=60 meV. Thanks to that, 

excitonic lasing and/or stimulated emission at RT in ZnO were intensively investigated.
15-19)

 

In these works, the mechanism for excitonic lasing and/or stimulated emission was assigned 

to the exciton-exciton scattering process. In contrast, it was recently reported that the 

exciton-electron scattering occurs in a ZnO film, which was composed of tightly-packed 

microcrystals prepared by a thermochemical deposition method, in the temperature region 

from ~150 K to RT.
4)

 Thus, the exciton inelastic scattering process in ZnO at RT is still 

controversial. 

 In the present work, we have investigated the exciton inelastic scattering process as a 

function of temperature from 10 to 290 K (RT) in a ZnO thin film prepared by a pulsed laser 

deposition (PLD) method using spatially-resolved photoluminescence (PL) spectroscopy. We 
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found that the PL band due to the exciton inelastic scattering process is selectively observable 

at a spot along a film edge which is spatially separated from an excitation spot. This is a key 

phenomenon in this work. We systematically measured the spatially-resolved PL spectrum at 

the spatially-separated spot as a function of temperature at various excitation powers. We 

quantitatively discuss the temperature dependence of the PL-peak energy from the viewpoint 

of the transition from the exciton-exciton scattering to the exciton-electron scattering. 

 The sample was a crystalline ZnO thin film with a thickness of 1.0 m grown on a 

(0001) Al2O3 substrate at 650 ºC with a PLD method. The laser for deposition was the fourth 

harmonic generation light (266 nm) of a pulsed yttrium-aluminum-garnet (YAG) laser with a 

fluence of ~2.5 J/cm
2
, a pulse width of 5 ns, and a repetition rate of 10 Hz. A commercially 

supplied plate of ZnO with a purity of 99.99% was used as a target. The partial pressure of O2 

during the deposition process was kept at 1.3 Pa. The film thickness was calibrated with a 

profilometer. It was confirmed from X-ray diffraction patterns that the growth direction of the 

ZnO thin film is just along the c axis. 

 The excitation light in PL measurements was the third harmonic generation light (355 

nm) of a pulsed YAG laser with a pulse width of 1.0 ns and a repetition rate of 10 kHz. Figure 

1 shows the schematic diagram of the measurement system of spatially-resolved PL 

spectroscopy. For excitation and collection of PL, an objective lens with a numerical aperture 

of 0.13 and a focal length of 40 mm was used. We observed a spatial PL image using a CMOS 

profiler, removing a pinhole with a diameter of 50 m from the light path. The magnification 

of the measurement system was 4.5 times, which was calibrated using a micro-ruler. In 

measuring a spatially-resolved PL spectrum, we selected the PL image using the pinhole, the 

position of which was monitored with the CMOS profiler: The spatial resolution was 11 m. 

To measure PL spectra, a cooled charge coupled device attached to a 32-cm single 

monochromator with a spectral resolution of 0.15 nm was used. The sample temperature was 

controlled with a low-vibration-type closed cycle helium cryostat: The vibration amplitude 

was ~2 m. 

 Figure 2 shows the spatial PL image of the ZnO thin film at the excitation fluence of 

0.10 mJ/cm
2
 at 10 K, where the normalized PL intensity is indicated by the color scale and the 

white dashed line depicts the film edge. It is obvious that a PL spot appears around the film 
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edge which is spatially separated from an excitation spot. Note that spatial PL images similar 

to Fig. 2 were observed in the whole temperature region up to 290 K. Figure 3 shows the 

spatially-resolved PL spectra at various excitation fluences at (a) the excitation spot and (b) 

the spatially-separated spot at 10 K, where the PL intensity is normalized by the maximum 

intensity at each excitation fluence and EA, Eb, and Eb,M indicate the A-exciton energy, exciton 

binding energy, and biexciton binding energy, respectively. From the free exciton PL band 

under a weak excitation condition with a He-Cd laser, EA was obtained to be 3.3750+0.0002 

eV, which is in agreement with EA in a bulk crystal,
1)

 and Eb,M=14.7 meV was taken from Ref. 

20. In Fig. 3(a), a PL band labeled M, the peak energy of which almost agrees with EA–Eb,M, 

is observed. The M-PL band exhibits a low energy tail peculiar to the biexciton PL, the 

so-called inverse Boltzmann line shape. Thus, the M-PL band is attributed to the biexciton. At 

0.35I0, a PL band labeled P, the peak energy of which is almost equal to EA–Eb, appears with a 

threshold-like nature and it becomes dominant accompanied by a low energy shift with an 

increase in excitation fluence. These characteristics reflect the exciton-exciton scattering 

process. The PL-peak energy of the P emission, EP, is given by
3)

 

 P A, 1 A, 2 A, 1 B eff( ) 3n n nE E E E k T      ,                                 (1) 

where EA,n is the A-exciton energy with n, EA,n=1=EA, Teff is an effective temperature, and  is 

a positive constant smaller than unity. In this case, the exciton-exciton scattering into the n=∞ 

state occurs. The low energy shift of the P-PL peak energy results from an increase in Teff. The 

threshold-like appearance of the P-PL band in Fig. 3(a) reflects the occurrence of stimulated 

emission with an optical gain.
10,11)

 

 At the spatially-separated spot, as shown in Fig. 3(b), the PL spectral profile 

dramatically changes from that at the excitation spot shown in Fig. 3(a). The M-PL band is 

remarkably suppressed by the reabsorption effect on the PL light traveling from the excitation 

spot to the film edge. On the other hand, the reabsorption effect on the P-PL band is not 

considerable. Note that the low energy tail of the M-PL band overlaps with the P-PL band; 

however, the P-PL band is highlighted at the spatially-separated spot. This fact suggests that 

the photon-like LP, which is the final state of the exciton inelastic scattering process as 

described above, propagates along the in-plane direction from the excitation spot, and then it 
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is converted to a photon corresponding to the P emission at the film edge at which the 

translational symmetry is broken.
21)

 As a result, the P-PL band is selectively observed at the 

spatially-separated spot. The selective observation of the PL band from the P emission or H 

emission at the spatially-separated spot was confirmed in the whole temperature region up to 

290 K. Note that a tail of the exciton absorption band extends to a low energy side with an 

increase in temperature owing to the Urbach rule; however, the polariton nature of the P 

emission and H emission prevents the reabsorption effect on the P-PL and H-PL bands. Thus, 

we could precisely observe the PL band due to the exciton-exciton scattering or 

exciton-electron scattering using spatially-resolved PL spectroscopy. This is a prominent merit 

in this work. 

 In a relatively high temperature region, it is expected that the H emission due to 

exciton-electron scattering occurs.
4,9,13,14)

 The PL-peak energy of the H emission, EH, is given 

by
3)

 

X X
H A B eff

e e

3
1 2

2

M M
E E k T

m m


 
     

 

,                                 (2) 

where MX and me are the effective masses of the exciton and electron, respectively, and  is a 

positive constant smaller than unity. For ZnO, me is 0.28m0,
22)

 where m0 is the free electron 

mass, and MX=me+mh is 0.87m0, where mh is the hole effective mass in the A valence band: 

0.59m0.
22)

 The unique feature of the H emission is that EH–EA is proportional to temperature 

and becomes zero at absolute zero temperature. 

 Figure 4(a) shows the PL spectra observed at the spatially-separated spot at 

temperatures from 10 to 290 K with a step of 10 K, where EA at each temperature is the origin 

of photon energy, Eph, and the PL spectrum is normalized by the maximum intensity at each 

temperature. We selected the PL spectrum with the lowest peak energy corresponding to the 

lowest Teff at each temperature. The temperature dependence of EA was calculated using the 

following Varshni formula: EA(T)= EA(0)–T
2
/(T+), where =0.65 meV/K and =660 K for 

ZnO.
23)

 The value of EA(0) was estimated from experimentally obtained EA(10)=3.3750 eV 

using the Varshni formula: 3.3751 eV. We quantitatively analyze the temperature dependence 

of the spacing between the PL-peak energy, Epeak, and EA, Epeak–EA, as shown in Fig. 4(b), 

where the solid and dashed lines indicate the fitted results using Eqs. (1) and (2), respectively. 
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In the fitting process, we assumed that Teff is equal to the lattice temperature. In the 

temperature region from 10 to 160 K, the solid line well explain the temperature dependence 

of Epeak–EA, where the fitting parameter in Eq. (1) is =0.46. At absolute zero temperature, the 

solid line reaches Epeak–EA=0.060 eV corresponding to the exciton binding energy, which 

demonstrates the appropriateness of the fitted result. Thus, the exciton-exciton scattering 

occurs in the temperature region from 10 to 160 K. In contrast, in the temperature region from 

200 to 290 K, the dashed line fits the temperature dependence of Epeak–EA, where the fitting 

parameter in Eq. (2) is =0.42. The dashed line reaches Epeak–EA=0 eV at absolute zero 

temperature, which is an inevitable result from Eq. (2). Thus, it is concluded that the 

exciton-electron scattering occurs in the temperature region from 200 to 290 K. At the 

temperatures of 170, 180, and 190 K, the value of Epeak–EA slightly deviates from the dashed 

line. This deviation may result from a slight change of : The  value is estimated to be ~0.44. 

Since the values of  in Eq. (1) and  in Eq. (2) are phenomenological in this work, the 

quantitative discussion is beyond the scope of this paper. If we assume the occurrence of 

exciton-hole scattering,  is estimated to be 1.3 using Eq. (2), where me is replaced by mh. The 

value of  should be smaller than unity; therefore, we can exclude the exciton-hole scattering. 

We did not observe the coexistence of the P-PL and H-PL bands in the whole temperature 

region. In Ref. 4, in which the temperature induced transition from the exciton-exciton 

scattering process to the exciton-electron scattering process was also investigated in a ZnO 

film, the coexistence of the two PL bands was not observed. Therefore, the experimental fact 

phenomenologically suggests that the two scattering processes cannot coexist. This may be 

due to that the occurrence of the exciton-electron scattering process, which results from 

thermal dissociation of excitons in the high temperature region, prevents that of the 

exciton-exciton scattering process. There is no available theory to discuss whether the two 

scattering processes coexist or not. 

 In summary, we have investigated the transition of the exciton inelastic scattering 

process from exciton-exciton scattering to exciton-electron scattering in a ZnO thin film with 

an increase in temperature from 10 to 290 K (RT) using spatially-resolved PL spectroscopy. 

We selectively observed the PL band due to the exciton inelastic scattering process at a spot 

around a film edge which is spatially separated from an excitation spot. This phenomenon 
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originates from the spatial propagation of the photon-like LP corresponding to the final state 

of the exciton inelastic scattering process. The selective observation of the P-PL and H-PL 

bands enabled us to detect precisely the peak energies. We quantitatively analyzed the 

temperature dependence of the PL-peak energy. As a result, we clearly showed that the 

exciton-exciton scattering, which occurs in the temperature region from 10 to 160 K, changes 

to the exciton-electron scattering in the higher temperature region up to 290 K.  

 

Acknowledgement  This work was supported by JSPS KAKENHI Grant Number 
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Figure captions 

 

Fig.1. (Color online) Schematic diagram of the measurement system of spatially-resolved PL 

spectroscopy. 

 

Fig. 2. (Color online) Spatial PL image of the ZnO thin film at the excitation fluence of 0.10 

mJ/cm
2
 at 10 K, where the normalized PL intensity is indicated by the color scale and the 

white dashed line depicts the film edge. 

 

Fig. 3. (Color online) Spatially-resolved PL spectra at various excitation fluences at (a) the 

excitation spot and (b) the spatially-separated spot at 10 K, where the PL intensity is 

normalized by the maximum intensity at each excitation fluence and EA, Eb, and Eb,M indicate 

the A-exciton energy, exciton binding energy, and biexciton binding energy, respectively. 

 

Fig.4. (Color online) (a) PL spectra observed at the spatially-separated spot at temperatures 

from 10 to 290 K with a step of 10 K, where EA at each temperature is the origin of photon 

energy, Eph, and the PL spectrum is normalized by the maximum intensity at each temperature. 

(b) Spacing between the PL-peak energy, Epeak, and EA, Epeak–EA, as a function of temperature, 

where the solid and dashed lines indicate the fitted results using Eqs. (1) and (2), respectively. 
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