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Two-electron-satellite (TES) transition of donor bound exciton (D0X) is an interesting many-body

quantum process. In this letter, precise luminescence spectra and temperature behaviors of the TES

transition of aluminum bound exciton in two kinds of zinc oxide single crystals were investigated

in detail. It is found that the TES transition can be treated as a radiative Auger process in which the

temperature dependence of the emission intensity of the transition can be fitted very well with a

model taking into account the temperature dependent Auger term and thermal dissociation of the

D0X excitons. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804619]

Recombination of excited or injected excess carriers in

semiconductors is one kind of fundamental quantum process.

It can be either radiative or non-radiative. The former gives

light emission while the latter does not. Two types of impor-

tant non-radiative processes, namely, Shockley–Read–Hall

(SRH) process and Auger process, have been identified and

documented.1 However, one peculiar radiative Auger effect,

i.e., a simultaneous emission of a light-quantum and an elec-

tron by the excited atom in the K x-ray spectra observed by

Bloch and Ross in molybdenum, rhodium, etc,2 or a neutral

donor bound exciton recombines radiatively with simultane-

ous elevation of the second electron to various excited states

of the donor and even into the conduction band of host mate-

rial observed by Nelson et al. in indirect gap semiconductors

such as GaP and Si,3 seems more exciting due to the involve-

ment of many quanta. They also pointed out that such radia-

tive Auger effect should predominate in the decay of

excitons bound to neutral donors or acceptors for a wide va-

riety of semiconductors. Recently, there has been strong in-

terest to Auger effects in various semiconductors and nitride

based light emitting devices,4–7 since it is regarded as an im-

portant mechanism for light emission efficiency droop.

Being as a wide gap polar semiconductor having outstanding

physical properties and potential applications in optoelec-

tronics and photonics, zinc oxide (ZnO) has received a great

deal of interest in past decades. Meanwhile, with well-

established growth technique for high quality single crystals,

it offers an ideal platform to study various excitonic transi-

tions and exciton-phonon interactions.8–12

In high quality ZnO crystals, direct radiative recombina-

tion of shallow donor bound exciton (D0X) is usually domi-

nant in photoluminescence (PL) spectra at cryogenics

temperatures.8–10 However, so-called two-electron-satellite

(TES) transition is still an important recombination channel

for the annihilation of D0X.13 As a result of this kind of

recombination, several weak emission lines can be seen on

the low energy side of the D0X principal line. As mentioned

earlier, TES transition was first discussed in some indirect

gap semiconductors such as GaP and Si,3,14 later in some

direct gap semiconductors such as GaAs,15 InP,16 and wide

band gap GaN.17 These studies firmly show that TES radia-

tive transition is a quite general quantum process in a wide

variety of semiconductors. In fact, such a peculiar quantum

transition in which a few particles are involved carries rich

information on impurity, exciton, exciton-impurity electron

coupling, and even exciton-phonon coupling. Therefore, a

deep understanding of the TES transition in wide gap semi-

conductors like ZnO is highly desirable and timely required.

In this letter, we present a detailed investigation of the

TES emission lines from ZnO bulk crystals grown with two

major growth techniques as a function of temperature. It is

found that the TES transition and its temperature dependence

can be interpreted well in term of the radiative Auger transi-

tion. Moreover, in sharp contrast with the D0X principal

emission line, the TES emission intensity shows a distinct

dependence on temperature, i.e., a first increase in intensity

with increasing temperature and then decrease.

The ZnO samples used in this study were high quality

single crystals with c-cut plane (0001) orientation grown by

melt-grown method (Cermet, Inc.) and hydrothermal method

(Tokyo Denpa, Inc.). For variable-temperature PL measure-

ments, the samples were mounted on the cold finger of cryo-

stat (Oxford Instruments) with temperature varying from

1.5 K to 300 K. The excitation light source was a Kimmon

He-Cd UV Laser with an emission wavelength of 325 nm,

and the optical signal was guided into a two-meter long

monochromator (McPherson, Inc.) with optimal resolution

of 0.003 nm. PMT was used to detect the luminescence sig-

nal and convert it into an electrical signal while standard

lock-in amplifier was employed to enhance the signal-to-

noise ratio.

Figure 1 shows the semi-logarithmic PL spectra of the

two samples at 1.5 K. For both the ZnO samples grown with

different methods, there are basically three structures in the

D0X region. Among them, so-called I6 emission peak is

dominant, which was ascribed to the emission line of alumi-

num bound exciton.18 The TES emission lines of I6 can be

clearly seen at the lower energy side for the two samples.

For the hydrothermal grown ZnO sample from Tokyo
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Denpa, however, the narrowest emission line Y0 is not

observed that was previously investigated and suspected to

be from some structural defect depending on growth

method.19 Its nature is still unclear because such narrowest

emission line was reported in other hydrothermal grown

ZnO samples.20 In the present study, we concentrate on the

TES transition of the dominant D0X (I6). It splits into double

structures identified as the 2s and 2p TES modes, as shown

in Fig. 1. The splitting of the 2s and 2p states is due to the

anisotropy of ZnO crystal field and the polar interaction

owing to the LO phonon vibrations. A quantitative expres-

sion for the energy of 2s and 2p states can be written as12

E2s ¼ �
R�

4
ð1þ A2s þ P2sÞ � Ech; (1)

E2p ¼ �
R�

4
ð1þ A2p þ P2pÞ; (2)

where R* is the polaron effective Rydberg energy, while Ech,

A2s,2p, and P2s,2p are all positive values which represent the

chemical shift of 2s state, anisotropy factor and the polar cor-

rection for 2s and 2p states, respectively. Therefore, if the

various corrections were neglected, the energy for 2s and 2p

states should be equal to �R*/4 with reference point set at

the continuum. The corrections make the 2s and 2p states

shift towards lower energy. It should be noted that the D0X

(I6) lines and their respective first-order phonon replicas (not

shown here) have the exact energetic locations for both the

samples when the instrumental error is taken into account.

However, a detailed inspection of the TES spectra of the two

samples at different temperatures shows that the energetic

locations of the TES lines exhibit unexpectedly large differ-

ence, i.e., the 2p and 2s states in the melt-grown sample are

0.7 and 0.9 meV, respectively, lower than those of the thermal

grown sample. Moreover, the energy separation (E2p-E2s)

between the two excited states is 1.46 meV and 1.20 meV

for the thermal grown sample and melt grown sample,

respectively. Such large energy difference for the TES

between the two samples is rather unusual. From the param-

eters given in Refs. 12 and 17, it can be calculated that, for

the 2s state, the energy shift due to the polar interaction P2s

is two orders of magnitude larger than the anisotropic cor-

rection A2s. Thus, the energy correction for the 2s state can

be approximated as an outcome of polar interaction and

chemical shift. In fact, the anisotropy factor has been

argued to produce less significant correction compared to

the polaron coupling.21,22 Further investigations are thus

needed to clarify the physical mechanism causing the

unusually large difference in energy for the TES lines of

the same D0X between the two samples. Precise many-body

interactions involving exciton, impurity electron, phonon,

and even photon shall be considered for explaining the

detailed structures in the PL spectra of ZnO.9

Figure 2 shows the variable temperature PL spectra of the

two samples in the temperature range of 1.5–30.0 K. The PL

intensity of the D0X principal line decreases rapidly with

FIG. 1. Semi-logarithmic PL spectra of the two ZnO samples at 1.5 K. The

emission intensity in the TES region is manually magnified by 120 for clear

comparison with the emission intensity Ix of D0X.

FIG. 2. Semi-logarithmic PL spectra of the two

samples at different temperatures from 1.5 to 30 K.

The intensity of the TES lines is magnified by 110

for clarity.
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increasing temperature, accompanying with noticeable red-

shift and broadening, which are common features of the donor

bound excitonic emission due to the thermal effects.9

However, the TES emissions of the D0X exhibit very different

dependence on temperature. As temperature is increased from

1.5 K to 20 K, the intensity of both the 2s ad 2p emission

peaks increases, especially for the 2s emission whose intensity

rises rapidly and even becomes stronger than the 2p emission

at 20 K. However, when temperature is up to 30 K, the TES

emission peak experiences a significant decrease in intensity

and simultaneously broadening in width, which is ascribed to

the substantial thermal dissociation of the D0X excitons.

In Fig. 3, a more quantitative view for the temperature de-

pendency of various radiative channels of D0X is presented by

plotting the integrated intensity (symbols) versus temperature

along with the fitting curves (solid lines) of the D0X and TES

data. In the low temperature range of 1.5–20.0 K, the D0X and

its TES exhibit very different dependence on temperature for

both the samples. That is, the D0X intensity monotonically

decreases while the TES emission increases with increasing

temperature. As mentioned earlier, the rapid drop of the D0X

emission intensity is mainly due to the efficient thermal disso-

ciation of D0X excitons (i.e., to free excitons (FE)) since the

FE intensity shows a substantial increase (not shown here).

Therefore, to fit the temperature dependence of the D0X emis-

sion intensity, only the thermal dissociation factor is consid-

ered and thus the well-known one-channel dissociation

Arrhenius model was used23

IðTÞ
IT¼0

¼ 1

1þ A� exp

�
� Ea

kbT

� ; (3)

where Ea is the dissociation energy of the D0X excitons, A is

a temperature independent factor, kb is the Boltzmann con-

stant, and T is the absolute temperature. From Fig. 3, it can

be seen that the classic Arrhenius model works very well for

the D0X principal transitions of the two samples. As for the

TES transition, as viewed from Fig. 3, it shows a non-

monotonic dependence on temperature. For the temperature

below 20 K, the TES emission intensity unusually increases

with increasing temperature. When the temperature is

beyond 20 K, it starts to decrease. Such distinct evolution

with temperature suggests that the TES transition has very

different mechanism compared with its parent transition (the

D0X principal transition). Therefore, in order to find a quan-

titative description on the temperature dependence of the

TES transition in the interested temperature range from 1.5

to 30.0 K, we shall consider more factors such as temperature

dependent radiative rate of the TES transition, in addition to

influence of the thermal dissociation of the D0X excitons.

We start our discussion from a general definition of lu-

minescence intensity, i.e., a product of total number and av-

erage rate of excitons involved in radiative process:

I ¼ N � 1
s
; (4)

where N denotes the total number of D0X excitons involved in

the radiative TES transition, and 1=s is the average rate of the

TES transition. For temperature dependence of N, it can be

described with the Arrhenius model as above used. For the

TES transition, it has been argued to be analogous to the radia-

tive Auger effect observed in the x-ray photo-emission spectra,

in which the electron is excited into continuum or bound states

whereas an x-ray photon is emitted. The Auger transition rate

in semiconductors was suggested to be exponentially depend-

ent on temperature, say eð�E=kBTÞ.24 In fact, such an exponential

dependence has been further developed and modified for vari-

ous band-to-band processes.4 In the case of the TES transition

discussed here, we adopt following express to describe the

temperature dependence of the TES transition rate:

1

s
/ 1þ B� exp

�
�

DE2sð2pÞ
kbT

�
; (5)

where B is a temperature independent factor, DE2s(2p) repre-

sents a characteristic energy for the TES 2s (2p) state,

respectively. For DE2s(2p), it is equal to the electron transition

energy from 1s to 2s (2p) minus the energy difference

between the quasi Fermi levels of 1s and 2s (2p) state, i.e.,

DE2sð2pÞ ¼ ðE2sð2pÞ � E1sÞ � ðEf 2sð2pÞ � Ef 1sÞ; (6)

where Ef2s(2p) and Ef1s are the quasi Fermi levels for 2s (2p) and

1s state. Thus, by combining the temperature dependence of

the exciton number and TES transition rate, the luminescence

intensity formula of the radiative TES transition is yielded as

I ¼ N � 1
s
/

1þ B� exp

�
�

DE2sð2pÞ
kbT

�

1þ A0 � exp

�
� E0a

kbT

� : (7)
FIG. 3. Integrated PL intensity of the D0X and TES transitions as a function

of temperature. The solid curves represent theoretical fitting for the corre-

sponding experimental data. The intensity of D0X is divided by 200 for con-

venience of comparison.
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As shown in Fig. 3, the fitting curves (solid lines) accord-

ing to Eqs. (3) and (7), respectively, show good agreement

with experimental data of the D0X principal transition and

the TES transition. The values adopted for the fitting pa-

rameters are listed in Table I. Although we are not able to

calculate the exact values for Ef2s(2p) and Ef1s, the DE2s(2p)

fitting results are in a reasonable range, for example, the

difference between DE2p-DE2s is comparable to E2p-E2s

obtained from Fig. 1. Meanwhile, the fitting results for TES

2s and 2p states in each sample show good consistence,

i.e., the value of E0a much larger than Ea, which means

largely delayed thermal influence on the TES transition, as

observed.

To conclude, we present a detailed study on the TES

transition for the two commercial ZnO single crystals pre-

pared with two typical main growth methods. Through ana-

lyzing the temperature dependence of the TES emission

intensity, we show that the TES transition can be treated as a

radiative Auger transition rather than a common radiative

recombination like the direct radiative recombination of

bound excitons. We believe that this work and view offer an

important insight into the nature of satellite transitions of

bound exciton complexes.
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