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Abstract. Interpretation of the optical processes in ZnO is presented. All the data on photon 
emission and absorption from the UV to the IR region are treated by a localized molecular 
unit model. Specrral assignments and characteristics of the shift of the emission band with 
tempemure =e interpreted by the present model. 

1. Introduction 

Optical processes in solids have been treated mainly by the band theory and the exciton 
effect. However, there remain some unsolved problems on the observed optical processes. 
For ZnO, fine structure in the UV emission band and the red shift of the spectrum with 
increasing temperature have been left unsolved in the exciton effect. Apart from the exciton 
model, the localized molecular unit model explains explicitly the observed results. For 
example, the ESCA spectra of Ti02 are well assigned by a molecular orbital model 111. 
The infrared reflectivity of amorphous silica is also explained by the molecular picture 121. 

We examine optical processes in ZnO by the-molecular model from an analysis of 
experimental data on photoemission and absorption. In the model, a photon interacts with a 
localized electron of an atomic orbital in a potential energy function ] x i ) .  The [xi) relates to 
the band wavefunction Ik) of wavenumber~k by the usual relation lk) = xi exp(ikxi)lxi). 
The electronic and vibrational characteristics appearing in the photon absorption and 
emission processes reflect the changes in the potential energy functions. 

The non-conducting excited state described in an old textbook [4] concerns the present 
picture. It differs completely from the picture of the exciton effect expressed by the Rydberg 
states and their couplings with phonon bauds. We consider that the degenerate atomic 
ground state changes to independent energy states under the influence of a crystal field; 
For example, the J = 2, 1 and 0 states of the ( Z P ) ~ ~ P  configuration of atomic oxygen 
contribute separately to the optical processes. These states are usually disregarded in the 
band-structure calculation. 

In this paper we assign the emission and absorption fine structures and the shift of the 
spectrum for ZnO. The orange band observed at high temperatures is analysed in the scheme 
of the potential energy functions. The shift of the spectrum and intensity distributions of 
the orange band are calculated and compared with experiments. 

2. General consideration 

A general formalism has been given in [3]. 
the present analysis. 

We summarize the necessary part for 
The wavefunction of the ground state of ZnO is expressed as 
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la,i) 2 I'So(4sz,J2 + 3P2(2po)4)Ji). la) is a linear combination of the 4s atomic 
orbitals of the 'SO state of the zinc atom and Zp atomic orbitals of the 3Pz state of 
an oxygen atom which make up the electronic state of the ZnO molecular unit. li) 
represents the vibrational states associated with the potential energy function. The excited- 
state potential energy function associated with the vibrational state Jj) is expressed as 
Ib, j) = I ' S O ( ~ S Z ~ Y +  5 s ~ ( [ 2 ~ ~ P [ 3 s l ) ) l j ) .  
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as 
i m d k  

i.j 

I (a ,  b, hu, T )  = hv (1) 

where Nou ,  T )  = exp(-jhub/kT){l - exp(-hub/kT)) represents the probability that 
the system is in an initial vibrational state l j )  of the excited-state potential energy 
function. The final-state density p(ihu, ,  T) = exp(-ihu,/kT){l - exp(-hv,/kT)] is 
related to the probability for the vibrational state li) in the ground-state potential energy 
function. I@, jlRla.i)l2 = I(blPla)lZl(jli)12. I(blPla)12 representstheelectronic transition 
probability and is proportional to u3 in the electric dipole transition. 

The vibrational transition associated with the electronic transition is expressed by 

I(jli)lz = J[(ub/u~)/(nZ~+ji!j!)]l  /exp[-i(v&,)(r - A)2+rZ]Hj(r)Hj(r - A)dr 

(2) 

A = ZnJ{(mv,)/h)xo}, r = ZirJ{(mu,/h)x] and xo is the distance between the two 
potentials in the equilibrium position. U, and vb are the fundamental frequencies in the 
ground- and excited-state potential energy functions. 8 is the delta function for describing 
the energy conservation in the transition. EO is the energy difference between the two states. 
m is the reduced mass of the molecular system of the potential energy function. 

Equation (1) is easily calculated in the harmonic~potential approximation. 

N d j ,  T)p(i, T)l(b, j lRla,  i)lzS(hu - E 0  - jhub + ihu,) 

12 

3. Analysis of ZnO UV data 

We can explain all the W absorption and emission data in our scheme. We adopt the 
absorption data of Liang and Yoffe [6] and the emission spectra obtained by Mollwo and 
co-workers 1571. 

By the present model, the electronic ground state is the triply degenerate states 
( J ~  = 2,1,0) of oxygen 2p orbitals [SI. The contribution of the zinc 4s electron to the optical 
process in the W region does not exist. The green band of emission observed in a zinc-rich 
sample is considered to reflect the transition of the zinc 4s electron [SI. The UV absorption 
structures of ZnO are assigned as the exciton series and their couplings with phonon modes 
[6]. We assign them as the electron transition from the states I 'SO(Zn)+ 3 P ~ ( 0 ) ) l i )  ( J  = 2, 
1 and 0) to the states I 'So(Zn) + '2s+"L,(0))lj) in the present scheme. Here S, L and 
J are the spin,~orbital and total angular momentum quantum numbers, respectively. The 
ratio of about 0.6 of the absorption intensity for n. = 2 to that for n = 1, assigned as 
the exciton states in figure 1 of [6], reflects the final-state densities of 5S and 3S states. 
The energy sequence 5S, ' S .  5P of atomic oxygen is considered to be maintained in the 
ZnO molecular unit [8]. As is seen in figure 2, the structures Ll0(L, [I), Llb(1, 11) and 
L k ( l ,  I[), LB(L)  of [6] are assigned as the transitions from the i = 0 state of three I 'P) 
to the J + 1 and 2 states of I 'So(Zn) + 'SdO)). Llb and LB in Ellc are assigned as 
another vibrational mode associated with I 'So(2n) + 3 S l ( 0 ) ) .  The energy differences of 
the absorption structures are classified into groups as shown in table 1. These give the 
energy gaps of the potential energy functions. The broadening and shift of the absorption 
edge observed in [6] are solved by evaluating equation (2). 

The W emission spectra involve fine structure with an energy difference of about 
0.07 eV in the energy region 3.302-3.027 eV [5,7]. We assign them as a vibrational 
progression of the transitions  from the state I 'So(Zn) + 5Sz(0))Ij = 0) to the state 
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Figure 2. Energy levels are assigned by the absorption and emission data of ZnO. Horizontal 
lines correspond to the energy levels of potential energy functions. The vertical arrow show the 
transitions and energy difference between the states. ~ cs denotes the bottom of the conductive 
state 5P). The numerical values are the experimentd data in elwronvolts. Analysis of the 
absorption stmctwes obnined by the exciton effect are compared in the lower part of the figure. 

I 'So(Zn) + 3P~.l(0))li = 0,1,2,3,4). The ground-state potential energy functions 3P1) 
and 3P0) are close together, 0.0051 eV (table 1). The UV fine structures may involve both 
transitions to these final states. The intense emission band at 3.341 eV is identified as the 
M transition from the state I 'So(Zn) + 'sl(0)) to the state I 'So(zn) + 3~0(0)). The 
weak 3.384 eV band of polarization parallel to the c axis is identified as the transition 
I 'so(Zn) + 5Sz(0))lj = 0) -+ 1 'So(Zn) + 3Pz(0))[i = 0). The state I 'So(Zn) + 5P(0)) 
is assigned as the conductive state. Electrons in the p symmetry state in the excited state 
wiU contribute to the electric current. The continuous feature of the absorption structure 
beyond 3.4412 eV reflects this 161. Heiland et al [5] and Nicoll 191 observed a decrease 
in W emission intensity and a shift to long wavelength with increasing temperature. It 
can b e  interpreted as a loss of the excited-state density by the non-radiative transition from 
I'So(Zn) + 5Sz(0))lj)  to^ I'So(Zn) + IP(O)) for the energies above A (figure 1). The 
emission intensity Z(T) at temperature T is proportional to the probability for which the 
thermal distribution of the vibrational states is in an effective potential of depth A. It is 
estimated from the following equation: 

We obtain A = 0.054 eV from the UV data [5]. It corresponds 'to the energy difference 
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of 0.0565 eV between the states of I 'So(Zn) + 'P(O)) and 1 'So(Zn) + 5S~(0))l j = 0) 
in table 1. The broad absorption structure of LI,, etc, is due to the autoionization of the 
quasi-bound state I 'So(Zn) + 'Sz(0))l j = 1,2), etc, to the continuous state. 

The decreases in the vibrational band gap of j and j ' progressions show the anharmonic 
character of the excited-state potential energy functions. They constitute the different 
vibrational modes of I 'So(Zn)+ 'SI (0)) shown in figure 2. An assignment for the transition 
in figure 2 corresponds to all the combinations involving the spin-flip transitions. It is due 
to the perturbation of the crystal field due to electron transitions. 

4. Temperature shift of the spectrum (orange band) 

The orange band of ZnO is assigned using the same scheme of the electronic transitions 
as for the UV emission. The excitation to the I 'So(Zn) + 5S2(0))(j = 0) state is attained 
by heating. It induces the probability distribution of the vibrational level at large i of 
ihw, > Eo in the ground-state potential energy function I 'So(Zn) + 3PdO))li) (figure 1). 
The probability of thermal distribution, exp(-Eo/kT), is about IO-", for Eo = 3 eV and 
T w 1000°C. At this temperature, the numbers of the excited states in a sample volume of 

cm x 1 cm2 is approximately 10-l2 x loz3 x lo-' = IO9, which distributes at the ith 
vibrational levels of i = 3.0j0.07 = 43 and makes a possible transition to the electronic 
excited states, I 5S2(0)) or $Si(O)). 

0 300 500 700 900 1100 1300 1500 

Temperature(K1 
F i y r e  3. Position of the maximum of the emission b a d  as a function of temperature calculated 
for parameter A and compared with analysis of the experimental dala by Mollwo and co-workers. 

The energies for themaximum of the spectral distribution are obtained from equation (2) 
and the results for the temperatures from 300 to 1500 K are shown in figure 3. The 
experimental parameters EO = 3.302 eV and hu, = hub = 0.07 eV and the presupposed 
values i,,, = 40 and j,, = 1 are used in the calculations. The unknown parameter A 
is selected for the calculated temperature coefficient to match the experimental value. The 
result for A = 9 approaches the experimental value of -11.5 x eV K-I. In figure 4, the 
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calculated relative intensity profiles near the maximum of the emission band are compared 
with the experimental profiles at room temperatures of 870-1090°C IS]. 
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5. Conclusion 

The molecular model analysis gives reasonable results for the optical data of ZnO. It treats 
the photon interaction processes in solids as electron transitions between potential energy 
functions associated with vibrational states. From the assignment of figure 2, all types of 
transition, such as the electron's spin-flip transition, are possible under the effect of a crystal 
field. 

The green band of ZnO, observed in a zinc-rich sample, shows no shift in its spectral 
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peak position and its intensity decreases under an applied voltage [6]. These phenomena 
can be interpreted by the molecular model. We consider the green band as the emission 
induced by an electron transition from 3P to 'S states of the zinc atom. The potential energy 
function associated with the 3P state of the zinc atom is a localized wavefunction, but its 
form is expected to be shallow and extends to neighbouring unit cells. The 4p electron of 
the zinc atom will recombine to the 'S state, emitting green light. Under application of an 
electric field, the 4p electron will drift along the applied field and the emission intensity 
will decrease. 

An analysis of the mechanism of the orange band as radiative recombination of 
electron-bole pairs arising from thermal excitation does not give reasonable results for 
the recombination cross section and its temperature dependence [6]. We can check the ' 

model from experimental data on the emission intensity. The numbers of electron-hole 
pairs must be smaller than the photon number from thermal radiation in the same energy 
region. ZnO and Ti02 show colouration bands with a strong intensity compared with the 
intensity of thermal radiation [lo]. It is inconsistent with the model based on electron-hole 

ESCA data for Ti02 are well assigned as the transitions between molecular orbitals [l]. 
The temperature-dependent behaviours of the photocurrent and quantum yield of 3 0 2  at 
around 3 eV have been reported [ l l ] .  These are also possible to interpret by the molecular 
model in the same manner as for ZnO. The doublet structure of the photocurrent profile 
corresponds to transitions from the ground electronic states [12]. In contrast with ZnO, the 
energy splittings are large and these appear in the structures of the quantum yields at lower 
temperatures. 

The R emission band of ZnO, usually treated as thermal radiation, can also be 
described by the transitions between the potential energy functions of the triplet states, 3 P ~ )  
( J  = 2. 1.0) and the spectral profile can be found when we have obtained the parameters 
in calculations [3]. 

We may conclude that the molecular model is i m p o m t  in understanding the optical 
processes, and numerical results on the spectral profile and its shift can easily be obtained 
using this model. 
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