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A theory is developed for the electric-field induced changes of optical absorption
spectra due to multiphonon-assisted transitions from deep level into band states. The theory
can be used for the determination of deep centre parameters.
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1. Introduction

Deep centre and band structure parameters of doped and undoped semiconductors .-
have been obtained by different experimental techniques based on optical, electrical, mech-
anical and magnetical effects or a combination of them, e.g. electrooptical, magnetoopti-
cal and piezooptical effects [1]. All these techniques have been developed for studying bulk
crystals but they can be also used for the investigations of superlattices [2]. One type of
measurements which allows one to determine band parameters as well as deep-centre param-
eters with high accuracy is the electroabsorption (EA) technique. Usually the electric field
strength varies from 1 x 10* V/cm up to a few 10° V/em and the EA spectra of interband
transitions are known to be of rich structure. The change of the absorption coefficient
is induced by the mixing of different electronic states due to the presence of the electric
field causing characteristic oscillations with photon energy (Franz-Keldysh effect [3]).
The typical parameter on which the line-shape depends is the electrooptical energy
1, = (eh?F32m)"/® (F electric field strength, my effective mass in field direction).
For low field strengths, life-time broadening may be important if the relation ho, <r
is fulfilled. Then the EA spectrum can be represented as the third derivative of the absorp-
tion spectrum (low field limit). EA techniques have been also employed for studying intra-
centre transition between localized gap states [4, 5] by using the electric-field induced
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shift of the electronic levels due to the Stark effect. In this case, theory predicts an EA
signal of the first derivative type instead of the third-derivative type in the case of inter-
band transitions. The energetic width of the spectrum of intracentre transitions is deter-
mined by the strength of the electron-phonon interaction, Thus, the spectrum turns out to be
the broader the stronger the electron-phonon coupling is. The EA spectrum is relatively
smooth [5] in contrast to the case where transitions take place from band to band states.
In the case of transitions between band and localized states one expects a combination
of the two characteristic features mentioned above. The EA lineshape should depend both
on the electrooptical energy i, as well as on the electrooptical energy h6.

In this paper we will treat the intermediate type of transitions (band to centre), where
all of the typical energies, 16, I' and hw,,, came into play and determine together the line-
shape of the EA spectrum.

2. Theory

We study the influence, both of the strong electric field and of the multiphonon excita-
tion and deexcitation processes on the dipole allowed optical transitions from deep centre
to band states. The complexity of the problem can be reduced by adopting a 3-dimensional
d-potential model which allows an exact analytical solution to be obtained even in the
presence of an electric field [6, 7]. In [6] the zero-phonon absorption spectrum has been
calculated for transitions from an impurity level to band from which the level splits up. The
same model has been applied to the case of transitions from valence band to impurity states
accompanied by multiphonon processes [7]. As long as the field strengths are below a certain
threshold value (10° Vjem in typical cases) the field effect on the localized initial
states is much smaller than that on the final band states and can be neglected, i.e. the
Stark effect can be neglected in comparison to the Franz-Keldysh effect. The lineshape
is determined by the Franz-Keldysh oscillations. As it has been demonstrated in [8] the
field-induced change of the absorption coefficient is:

[e]

5 N 1/2
ww) = ape SN Z (A-%r—l) 1,25 VN(N+1))

I=—m
hOF[(Eg+ e, —hw) (h6)) 7]

m . 0
o [Eg— —_ (EB-i-lftcoph—hm)]
m, .

Ey means the effective trap depth measured from the bottom of the conduction band.
Ey = E,+Shaw,. I, denotes the modified Bessel function of order /. § is the Huang-Rhys
factor. N is the mean occupation number of phonon states. F(p) is the electrooptical func-
tion of the first kind [1, 8, 9]. Equation (1) can be used for the calculation of the lineshape
of a(w) depending on the ratio of 710, and hwy, which has been reported in [8].
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3. Comparison with experiment. Determination of deep centre parameters

Sokolov et al. [10, 11] have measured the EA spectrum of ZnSe doped with Ni. They
have found two groups of positive and negative EA peaks, one around 1.85eV and one
around 2.64 ¢V. The latter group of structures has been attributed to a transition of an
electron from the 3T, state of the Ni?+ion (d® configuration) slightly above the valence
band to the conduction band edge, leaving behind an Ni*+-ion in its ground state to which
the electron is bound by Coulomb forces [11]. The change of absorption has been assumed
to be caused by the excitonic features of this transition. There is a second possibility for
the mechanism responsible for the electric-field induced change of the absorption coefficient,
the half-sided Franz-Keldysh effect. This mechanism, accompanied by multiphonon proc-
esses, has been discussed in general terms in [8]. Here, we apply the general results to the
experimental situation studied by Sokolov et al. [10]. The measurements are performed
at low temperatures (T = 4.2 K and 77 K). The 4.2 K spectrum is of rich structure and all
the information we are interested in can be deduced from it. The position of the first maxi-
mum is equal to thermal binding energy Ep = E,—2.637 ¢V. From the oscillation width
one obtains the electrooptic energy 16 = 3.5 meV. The difference between the energetic
positions of the maximal positive amplitudes is identical with the effective phonon energy
hawyy, = 22.1 meV. From the maximum of the envelope function, E = Eg+Shoy, it is
possible to obtain the value of the Huang-Rhys factor S = 3.5. This procedure is confirmed
by comparing the 4.2 K and the 77 K spectral line-shapes. The maxima of the envelope
function are found to be in good agreement.

Furthermore, all the main peaks of the experimental spectrum can be assigned by
applying the theory and assuming the approximations discussed above. The differences
between the theoretical and experimental curves are caused due to the neglecting of broaden-
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Fig. 1. Electroabsorption spectrum a(w) of ZnSe: Ni+, Experimental data after Sokolov et al. [10]
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ing effects (the amplitude should be reduced by life time broadening [1]) and due to the
simplification of the degenerate real energy band structure at the top of the valence
~band. Furthermore, in the energy region E > Ey+4g. one has to expect a superposition
of the impurity spectrum and the tail of the conduction band (E, = 2.8¢eV).
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