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The photoluminescence (PT) properties of Al-doped ZnO thin films grown by the sol-gel dip-coating method

have been investigated. At 12 K, nine distinct PL peaks were observed at 2.037, 2.592, 2.832, 3.027, 3.177,

3.216, 3.260, 3.303, and 3.354 eV. The deep-level emissions (2.037, 2.592, 2.832, and 3.027 eV) were

attributed to native defects. The near-band-edge (NBE) emission peaks at 3.354, 3.303, 3.260, 3.216, and 3.177

eV were attributed to the emission of the neutral-donor-bound excitons (D0X), two-electron satellite (TES),

free-to-neutral-acceptors (e,A0), donor-acceptor pairs (DAP), and second-order longitudinal optical (2LO)

phonon replicas of the TES (TES-2LO), respectively. According to Haynes’ empirical rule, we calculated the

energy of a free exciton (FX) to be 3.374 eV. The thermal activation energy for D0X in the nanocrystalline ZnO

thin film was found to be ~25 meV, corresponding to the thermal dissociation energy required for D0X

transitions.
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Introduction

In recent decades, investigations for blue and UV photonics

have become the focus of interest. The preparation of the

first GaN-based light-emitting diode with emission was

achieved in 1993. ZnO is a potential competitor of GaN for

blue and UV light-emitter and detector application, and also

high-power, high-frequency electronic devices.1 ZnO with a

band gap of 3.4 eV has become a natural choice considering

its low toxicity and abundance in the earth. ZnO is charac-

terized by a large exciton binding energy (~60 meV), as

compared to the 26 meV exciton binding energy in GaN,

which allows the stable existence of excitons and deficient

excitonic lasing operation at room temperature or even higher.

Moreover, ZnO is a multifunctional semiconductor material

that has been exploited for short-wavelength optoelectronic

applications such as light-emitting diodes, laser diodes,

photodetectors, etc..25 To enhance its optical properties, ZnO

is commonly doped with Group III elements (B, In, Al, or

Ga). ZnO thin films have been prepared by a variety of thin-

film deposition techniques, such as pulsed-laser deposition,6

RF magnetron sputtering,7 chemical vapor deposition,8 spray

pyrolysis,9 chemical bath deposition,10 and the sol-gel pro-

cess.11-13 Among the preparation techniques of ZnO thin

films, the sol-gel process in combination with the dip-coat-

ing process offers the greatest possibility for low-cost small

and large-area coating of ZnO thin films for technological

applications. Despite extensive research over the past several

years, some fundamental properties of the low-temperature

photoluminescence (PL) in ZnO by sol-gel dip-coating are

still not fully understood.

We carried out a detailed study on the PL emanating from

Al-doped nanocrystalline ZnO thin film grown on a quartz

substrate in the temperature range of 12-180 K. Spectra per-

taining to free excitons (FX), neutral-donor-bound excitons

(D0X), donor-acceptor pairs (DAP) transitions, free-to-neutral-

acceptors (e,A0), two-electron satellites (TES) and their

longitudinal optical (LO) phonon replicas were identified

and analyzed.

Experimental Details

An Al-doped crystalline ZnO thin film was deposited on

the quartz substrate using a sol-gel dip-coating process. The

sol was prepared using zinc acetate dehydrate (Zn(CH3COO)2
·2H2O), aluminum nitrate nonahydrate (Al(NO3)3·9H2O), 2-

methoxyethanol (C3H8O2), and monoethanolamine (C2H7NO,

MEA). The zinc acetate dehydrate and aluminum nitrate

nonahydrate were dissolved in 2-methoxyethanol, and then

MEA was added to the solution as a stabilizer. The concent-

ration of metal ions in the solution was 0.3 mol/L (Al/Zn = 3

at.%). The molar ratio of MEA to metal salts was 1.0, and

the ratio of Al to Zn was fixed at 3 at.%. The mixed solution

was stirred at 60 oC for 2 h until it became clear and homo-

geneous. It was cooled to room temperature and aged for 24

h before using it as the coating solution for deposition.

The quartz substrate was ultrasonically cleaned in acetone

and ethanol for 10 min and then rinsed with de-ionized water

and dried by blowing nitrogen. The Al-doped nanocrystalline

ZnO thin film was dip-coated onto the quartz substrate at a
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lifting speed of 8 cm/min under computer-controlled dipping

parameters. After deposition by dip-coating, the films were

dried in an oven at 150 ºC for 10 min to evaporate the

solvent and remove organic residuals. The dip-coating and

pre-heating procedures were carried out five times. The

films were then post-heated in the furnace at 500 ºC for 1 h.

The luminescent properties of the Al-doped nanocrystal-

line ZnO thin film were investigated through PL measure-

ments using a He-Cd laser (325 nm) with an excitation power

of 20 mW and a 0.75-m single-grating monochromator with

a photomultiplier tube over a wide temperature range of 12-

180 K.

Results and Discussion

Figure 1 shows the PL spectrum of the nanocrystalline

ZnO thin film at low temperature (12 K) and the draft of the

anticipated level of defect in the nanocrystalline ZnO thin

film. At 12 K, nine distinct PL peaks were observed at

2.037, 2.592, 2.832, 3.027, 3.177, 3.216, 3.260, 3.303, and

3.354 eV. The deep-level (DL) emissions (2.037, 2.592,

2.832, and 3.027 eV) were attributed to native defects. The

peaks at 2.037 and 3.027 eV were attributed to interstitial

oxygen (Oi)
14,15 and a zinc vacancy (VZn),

16 respectively. We

supposed that the peak at 2.832 eV was probably due to a

high exciton binding energy of 60 meV or interstitial aluminum

(Ali). In Figure 1(b), the peak at 2.592 eV was generated by

VZn and above proposal. The near-band-edge (NBE) emission

peaks at 3.354, 3.303, 3.260, and 3.216 eV were attributed to

the emission of D0X,17 TES,18 (e,A0),19 and DAP,20 respec-

tively. The other peak at 3.177 eV, which correspond to the

TES-2LO are obtained from the fittings. Highly polar semi-

conductors such as ZnO are known for their significant

exciton-phonon coupling. It is a well-known fact that the LO

phonon replicas of TES in ZnO have been generally identi-

fied through the energy interval between a TES peak and the

LO phonon energy ( ω = 70 meV). In the LO phonon

replicas of TES, the TES-1LO was not found, because the

intensity of this peak was weak or this energy was freed by

the DAP. The energy interval between the TES and TES-

2LO was 126 meV, which was less low 144 meV, as shown

in Figure 1(a). The peak at 3.303 eV can be resolved into

TES,18 DAP,21 exciton-exciton scattering,22 and first-order

longitudinal optical (1LO) phonon replicas of the FX and

D0X. The peak at 3.303 eV could be attributed to TES.

Bound excitons are extrinsic transitions and are related to

dopants or defects, which usually create discrete electronic

states in the band gap. In theory, excitons could be bound to

neutral or charged donors and acceptors. The neutral shallow

donor-bound exciton often dominates because of the pre-

sence of donors from unintentional impurities and/or shallow

donor-like defects. Another characteristic of the D0X tran-

sition is a TES transition. During the recombination of D0X,

the final state of the donor can be a 1s (normal D0
iX line) or

2s/2p state (TESi line). The energy between the D0
iX and its

TESi is the difference between the donor energies in the 1s

and 2s/2p states. The donor excitation energy from the ground

state to the first excited state is equal to 3/4 of the donor

binding energy (ED). According to the peak positions of the

TES and D0X, we calculated ED as 68 meV. According to

Haynes’ empirical rule,23 ED can be expressed as

,  (1)

where EFX is the FE transition energy, ED0X is the energy of

D0X, and α is the Haynes’ factor (0.3). This implies that the

exciton-donor binding energy is proportional to ED. Accord-

ing to Haynes’ empirical rule, we calculated the energy of

FX as 3.374 eV. The acceptor binding energy EA is given by

,  (2)

where Eg is the band gap and kB is Boltzmann’s constant. If

we use the value of Eg = 3.437 eV at 12 K,24 we can obtain

an EA value of ~178 meV.

Figure 2 shows the temperature dependence of the PL
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Figure 1. (a) PL spectrum of the nanocrystalline ZnO thin film at
12 K and (b) the draft of the anticipated level of defect in
nanocrystalline ZnO thin film.

Figure 2. Temperature-dependent PL spectra of NBE emissions of
nanocrystalline ZnO thin film grown on quartz substrate.
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spectra for nanocrystalline ZnO thin film between 3.10-3.40

eV within a temperature range of 12-180 K. In general, the

D0X emission is dominant at low temperatures. In particular,

because of the abundance of D0X in ZnO, the photon

emissions FX and D0X are usually mixed. As the temper-

ature increases, the emission of FX becomes dominant, and

localized carriers are thermalized to occupy higher energy

states, which leads to a blueshift in D0X, TES, (e,A0), and

DAP. This blueshift behavior is observed in the temperature

range 12 K < T < 50 K. With increasing temperature, the

DAP emission energy was redshifted in the temperature

range 50 K < T < 180 K. For a DAP transition, the energy of

the photon resulting from radiative recombination is given

by

,  (3)

where Eg is the band gap, EA and ED are the acceptor and

donor binding energies, respectively, ε is the dielectric con-

stant, and r is the donor-acceptor distance. With increasing

temperature, carriers on DAP with small distance r are

released into the band, and the line is shifted to the low-

energy side. The peak at 3.354 eV is redshifted with increas-

ing temperature. With an increase in temperature, the thermal

energy (kT) protects the exciton localization energy, and the

lineshape of the emission peak becomes the characteristic

line shape of FX recombination, producing the redshift

characteristic of temperature dependence of the band-gap

energy of semiconductor materials. The FX is generally too

weak to be easily identified because of the localization of

excitons by impurities, particularly by donors or acceptors.25

The temperature-dependent D0X transition energy can be

fitted by Cody’s equation:

 (4)

where Eg is the band gap energy and k is a constant. The

parameter θ is related to the average phonon frequency, and

it can be represented by the Einstein temperature θE. The

experimental data were also fitted with Eg(0) = 3.354 eV, k =

0.18 eV, and θ = 500 K as shown in Figure 3. The experi-

mental curve does not agree in the temperature range 12 K <

T < 80 K, because the localized carriers occupy higher

energy states. However, at temperature above 80 K the

temperature dependence of the PL peak position agrees well

with Cody’s equation.

Moreover, the integrated PL intensity of the D0X peak was

expressed as a function of the inverse temperature, as shown

in Figure 4. It was observed that the intensities decayed with

temperature increase in agreement with the following ex-

pression:

, (5)

where I0 is the intensity at T = 0 K, C is the ratio of non-

radiative transition probability, kB is Boltzmann’s constant,

and ΔEA is the thermal activation energy for thermal quen-

ching. The thermal activation energy for a bound exciton is

directly linked to Eloc, the energy required to remove an

exciton from the defects.26 Eq. (5) assumes that the dominant

mechanism for the PL intensity change with increasing

temperature is the thermal activation of carriers. The thermal

activation energy for the D0X with increasing temperature in

the nanocrystalline ZnO thin film was found to be ~25 meV,

corresponding to the thermal dissociation energy required

for the D0X transitions. The PL intensity is normally observed

to decrease monotonically with increasing temperature, which

is called the “thermal quenching” phenomenon. However, as

seen in Figure 4, the PL shows increasing intensity with

rising temperature in the range 30 K < T < 50 K. This

temperature dependence is unusual and called the “negative

thermal quenching” phenomenon, which is a characteristic

sign of the contribution of intermediate states to the re-

combination process.27

Conclusion

We report temperature-dependent PL studies on Al-doped

ZnO thin films grown by the sol-gel dip-coating method. At

12 K, nine distinct PL peaks were observed at 2.037, 2.592,

2.832, 3.027, 3.177, 3.216, 3.260, 3.303, and 3.354 eV. The

DL emissions (2.037, 2.592, 2.832, and 3.027 eV) were

hv = Eg EA– ED–  + 
q
2

εr
-----

Eg T( ) = Eg 0( ) − k/ exp θ/T( ) − 1[ ]

I = 
I0

1 C+  exp ΔEA/kBT–( )[ ]
-------------------------------------------------------

Figure 3. Peak energy for D0X as a function of temperature. Solid
lines indicate fitting of experimental data using Eq. (4).

Figure 4. Integrated PL intensity dependence on temperature. Solid
line is fit to experimental data using Eq. (5).
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attributed to native defects. The near-band-edge (NBE)

emission peaks at 3.354, 3.303, 3.260, 3.216, and 3.177 eV

were attributed to the emission of D0X, TES, (e,A0), DAP,

and the TES-2LO, respectively. According to the peak

positions of the TES and D0X, we calculated ED as 68 meV.

According to Haynes’ empirical rule, we calculated the

energy of FX as 3.374 eV. The temperature-dependent D0X

transition energy was fitted by Cody’s equation. The experi-

mental data were also fitted with Eg(0) = 3.354 eV, k = 0.18

eV, and θ = 500 K. The thermal activation energy for the

D0X in the nanocrystalline ZnO thin film was found to be

~25 meV, corresponding to the thermal dissociation energy

required for the D0X transitions.
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