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ABSTRACT
It is shown, that the lifetime of nonequilibrium current carriers in the luminescence process in doping superlattice structures
changes in a wide range with increasing the excitation level of the crystal. Two effects are important, i. e., (a) low-
dimensional character of the carrier distribution and (b) change in the overlap of electron and hole wave functions. At low
excitation, non-radiative recombination can play principal cause in the stabilization of the effective lifetime of current
carriers. At high excitation, the effective lifetime of current carriers approaches the value in the bulk crystal. The major
attention was given to the compensated GaAs doping superlattices with i-layers (n-i-p-i crystals) and to the structures with
no i-layers (n-p-n-p structures). The layer thickness of n-, p-, and i-type were 20, 40, or 60 nm and the concentrations of the
dopants Te and Zn made up to 1018 cm3. Photoluminescence spectra and the decay time of the spontaneous emission
intensity in the superlattices were measured at the temperature interval from 1 1 to 300 K. The influence of u-particle
irradiation and thermal annealing on the luminescence spectra and the carrier lifetime was also investigated.
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I. INTRODUCTION
As an active controllable component in semiconductor structures, doping superlattices are attractive since they are
compatible with dense optical and electronic integration and could provide required performance characteristics of the
devices. Unique features of doping superlattices, or n-i-p-i crystals, are spatial separation of electrons and holes, tunable
energy band gap under excitation, increased current carrier lifetime, strong changing the potential profile versus impurity
concentrations, and wide variation of electric and optical characteristics due to design parameters or added quantum wells
and ö-doped

Earlier, from the time-resolved observation of luminescence in GaAs doping superlattices the lifetime of current carriers
was determined as a function of the optical excitation power.2 The analysis of changes in the total and radiative lifetimes
was performed in the model with no the k-selection rule and without the taking into account various possible broadening
mechanisms. In spite of this, the predictions agree well with the experimentally observed increasing of the lifetimes over
several orders ofmagnitude during the red shift ofthe luminescence spectra.

In this paper, processes connected with radiative recombination of nonequilibrium current carriers in the doping
superlattice GaAs crystals are analyzed. Data of self-consistent calculations of the electrostatic potential profile in the
superlattices are presented and transformation of electron energy levels and wave functions and variation of the overlap of
electron and hole wave functions under excitation and in dependence on the superlattice design parameters are examined in
details. Influence of high doping on the energy spectrum and electron-hole recombination in n-i-p-i crystals is determined
taking into account the Gaussian fluctuations of the impurity concentrations. Generally, the fluctuations of dopant
concentrations, correlation in the impurity distribution, and screening of the electrostatic potential have an effect
independently in n- and p-regions. Account of the appearing tails of the density of states allows describing adequately the
long-wavelength edge in the luminescence spectra and their transformation under excitation and also other unusual
peculiarities in optical and electric characteristics of doping superlattices.
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2. RESULTS
The major attention was given to the compensated GaAs doping superlattices with i-layers (n-i-p-i crystals) and to the
structures with no i-layers (n-p-n-p structures). The layer thickness of n-, p-, and i-type were 20, 40, or 60 nm and the
concentrations of the dopants Te and Zn made up to 1018 cm3 (Table 1). The values of the potential relief depth 2AV0 and
effective energy band gap of the superlattice structures E given in Table 1 have been obtained by the self-consistent

calculation procedure.

Photoluminescence spectra of the superlattices were measured at varied temperature T in a wide interval from 1 1 to
300 K. The influence of a-particle irradiation and thermal annealing on the luminescence spectra was also investigated.3

Table 1. Parameters of the GaAs doping superlattice structures. T 300 K.

Sample
number

Donor and acceptor
concentrations
Nd =Na, cm3

Thickness of
n- and p-layers

d = d, nm

Thickness of
i-layers
d,, nm

Potential relief depth
2A 0, eV

Effective band gap
E, eV

2 1018 20 0 0.14 1.28
4 1018 40 0 0.58 0.84
6 1018 60 0 1.30 0.12
4i 1018 40 40 1.37 0.05
6i 1018 60 60 1.41 0.01

As the analysis of the rate of optical transitions shows, the lifetime of nonequilibrium current carriers in the
luminescence process changes in a wide range with increasing the excitation level of the superlattices. Two effects are
important, i. e., (a) low-dimensional character of the carrier distribution and (b) change in the overlap of electron and hole
wave functions. At low excitation, non-radiative recombination can play principal cause in the stabilization of the effective
lifetime of current carriers. At high excitation, the effective lifetime of current carriers approaches the value in the bulk
crystal, i. e., close to 0.7 ns (GaAs). Depending on the impurity concentrations and layer thickness, the effective band gap of
doping superlattices can be designed as low as for an inverted arrangement of the intrinsic band edges. Accordingly, the
emission spectra and carrier lifetime are significantly varied by design parameters and with increasing the optical excitation.

In the general case, the radiative lifetime of current carriers 'rfl, in doping superlattice crystals is defined as

-C = , (1)sp
dP [i — exp(— AF/kT)]

where n is the two-dimensional concentration of electrons, n0 is the equilibrium value of the concentration, d is the period of
the superlattice, is the spontaneous recombination rate, AF is the difference of the quasi-Fermi levels, T is the
temperature of the crystal. Here, it is assumed that the energy of emitted quanta hv exceeds the thermal energy kT and the
width ofthe spontaneous emission band is comparatively narrow.

The concentration of electrons is given by summation over the whole subbands, i. e.,

n = 2N : $erfc0
+ E:nv

EJfe(E)dE . (2)

Here m is the effective mass of electrons, N is the number of the superlattice periods, E0 is the bottom of the conduction
band in n-layers, is the ground state for the subband with the quantum number n and the miniband with the quantum
number v, fe (E) is the distribution (dependent on the quasi-Fermi level Fe) of electrons over the energies E. A similar
expression with corresponding parameters , Fh) is written for the concentration of heavy and light holes (i =h, 1)
in the subbands in p-layers. Effects of fluctuations of concentrations of impurities are taking into account through the
broadening parameters of the density state tails a, and Under excitation of the superlattice the screening of the
electrostatic potential becomes more effective that influences on the energy tail distribution and on the population in the
subbands.5
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The spectrum of the spontaneous emission recombination in doping superlattices is also modeling taking into account
appeared density state tails (owing to fluctuations of the impurity concentrations in the n- and p-type The rate of
spontaneous recombination can be calculated in the case of direct transitions and in the model with no the k-selection rule as
well. In the first approach, the spectrum ofthe spontaneous emission recombination is given as follows

(h v) =
2thNd

mn1
erfc[

h v _hVnm,v

) 'nmiv
2

fe (Ecnmiv )fh (Evnmiv) . (3)

Here, A is the Einstein coefficient, mrj± 5 the reduced mass relative to transverse components of the hole masses,

hVnmiv — E + + Evim,, O•cv J°C + , 'nmiv the overlap integral of the envelope wave functions of electrons and

holes, fe (Ecnmiv) and f(Evnmiv) are the Fermi-Dirac distribution functions for electrons and holes having the energies
determined by the rule of conservation of the wave vector of electrons at the optical transitions. Therewith,
Ecnmiv Evnimv = /iv. Here it is assumed that the energy fluctuations of the edges of the conduction band and valence band in
n- and p-regions of the doping superlattice are independent and for the energy levels Ecnmjv and Evnmjv in the bands, between
which optical transitions occur, average values are taken. Temperature dependence of the energy band gap of the
semiconductor Eg 5 also included according to the empirical Varshni relation.

In the case of optical transitions without selection rules on the electron wave vector, the spectral rate of spontaneous
emission recombination is described as follows

(/i v) = -: : Jo (E)pvim (2 — h v)i 1nmi
2 f (E)fh (E — h v)dE , (4)

where A = 4rca dA is the probability of optical transitions with no the k-selection rule, a0 is the effective Bohr radius of

the impurity, Pcn and Pvim are the densities of states in the subbands of electrons and heavy and light holes. Here, the
dependence ofthe probability A on the characteristic parameter ofthe superlattice, i. e., on the superlattice period d is taken
into account.6 Such a dependence can be important for short-period superlattices where d 20 nm and close with a0 2 nm.
In addition, the averaging over the whole quantum numbers v ofthe minibands is carried out.

The rate of spontaneous radiative recombination is obtained as an integral sum of r(hv) over the energy hv of all
emitted quanta. Then, using Eq. (1) the radiative lifetime of current carriers ;, can be evaluated. If included existing, in
general, channels of non-radiative recombination, the effective lifetime of current carriers 'r is determined through the
relation

r= nr
, (5)

DSP + rnr

where ; is the non-radiative lifetime ofthe carriers, or via the defmition 'r =r, ;,, where ii, is the quantum efficiency. As
a rule, it is assumed that ; does not change with the excitation of the crystal. But, in the general case non-radiative process
exhibits, as the radiative recombination, bimolecular or more complex 8 After irradiation treatment of the doping
superlattices a set of different recombination centers In conditions of powerful excitation of the superlattices the
Auger recombination can be an essential non-radiative process.'°

As seen in Eqs. (3) and (4), the rate of spontaneous emission recombination in doping superlattices in a great degree is
determined by the strength of overlapping the electron and hole wave functions. The average meaning of the squared
overlap integral is given by

I2 = nPmi Inmi
2

(6)
I n m
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where n and Pmi are the concentrations of electrons and holes (i =h, 1) in the subbands with the quantum numbers n and m
respectively. Then, the rate of spontaneous recombination is estimated based on Eq. (4) in the form

= - n(n + N)I2 , (7)

where p = n + N, N = Na d Nd d � 0. If assuming n0 0, the expression for the radiative lifetime of carriers becomes as
follows

Tsp =
4A(n + N)I2

(8)

For the average value jjj2 ofthe squared overlap integral it can be roughly assumed the value for the transitions between the

ground subbands of electrons and holes.8' 1 1, 12 Functional dependence 1112 on the excitation level of the superlattice is

approximately described by

2 SjEC1EV1 ( 2AV=2 expl —2 I, (9)
E1 + E1 E1 + E1)

where E1 and E1 are the initial states in the ground subbands of electrons and holes. For simplicity, E1 is taken as the
average of the energies Eh1 and E11 for the subbands of heavy and light holes. The values of E1, Eh1, and E11 are
determined by the donor and acceptor concentrations and effective masses of carriers and slightly excitation dependent.8
The depth of the potential relief 2AV is directly related to the excitation factor r = n/Ndd. For compensated or p-type
doping superlattices, e. g., 2AV is proportional to (1 —r) (within the effective concentrations of ionized impurities
approximation).' Thus, the optical transitions with no the k-selection rule decay by a complex process.

Obviously that in a quasi-exponential and hyperbolic decay process of the luminescence intensity the time constant 'cd
will vary with the time taccordingto the function

rd 11— mr e t/rnr
(10)

2 Tnr+TspO )
where tspO the initial value of the radiative lifetime of current carriers. As seen, the decay time constant td increases during
decay of the excited carriers from the initial value -r =tspO tps/2(tspø + tpj) to the limit quantity t,,/2. With decreasing the
excitation power the initial value of the decay time 'r must approach the limit time constant. In doping superlattices, the
decay of the luminescence intensity occurs more complex since during decay of excited electrons and holes the overlap of
their wave functions can vary significantly.'

Results of calculations of the effective lifetime of current carriers 'r in the case of conservation of the electron wave
vector are presented in Fig. 1 . Evaluations of the lifetime of nonequilibrium current carriers show that at room temperature
the value of ;, becomes of the order of 1 ts at the excitation level corresponding to AF =1 .2 V. At liquid nitrogen and
lower temperatures the same value of ;, reaches at AF close to Eg. Thus, in the conditions of weak excitation of the
superlattice the rate of recombination of electrons and holes is controlled, in general, by a process of the trapping of current
carriers by existing defects, which serve as centers of non-radiative recombination. The effect of stabilization of the
effective lifetime of current carriers in homogeneously doped superlattices is more pronounced in comparison with ö-doped
short-period superlattices.'3 Therewith, the role of defects at the same value of AF occurs more essential in the structures
with i-layers in which case the spatial removal of electrons and holes is larger. The measured at low temperatures decay
time constant 'Cd for tunable photoluminescence band in the a-irradiated GaAs doping superlattices lies in the interval 7 to
12 ns (sample 4)3 It leads to the conclusion that non-radiative recombination is the controlling process of the decay of
optically excited carriers in the treated doping superlattice structures and the value of is of the order of 10 ns.
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Fig. 1. Dependence ofthe nonequilibrium current carriers lifetime -r on the quasi-Fermi level difference AF indoping superlattices with
structures (a, c, e, i) 4j and (b, d, f, j) 4 at different values ofthe non-radiative recombination time constant (1) tnr , (2) tnr 1 p, (3)
Tnr 100 fl5, &id (4) tnr = iOns and temperatures (a, b) T= 20 K, (c, d) T= 80K, (e, f) T= 150 K, and (i, j) T—= 300 K.
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3. CONCLUSIONS
Doping superlattices or n-i-p-i crystals belong to the class of tunable semiconductor materials. The changing of the doping
and excitation level transforms the structure of the energy levels and, accordingly, the spectra of luminescence. The
suggested approach takes into account the density state tails appeared due to fluctuations of impurity concentrations and
gives possibility to explain the observed intensity distribution at the long-wavelength edge and photoluminescence spectrum
shift. In comparison with known models,14' 15 the developed modeling of the emission spectra includes main peculiarities of
the potential relief and electronic state spectrum behaviors under excitation. Due to spatial separation of electrons and holes,
the screening of the fluctuated electrostatic potential takes place independently in n- and p-regions. Under excitation, the
shortening of the screening lengths changes distribution of energy levels and influences on the emission spectra.

The evaluations of the lifetime of current carriers show that the radiative recombination time constant occurs to be
strongly dependent on the level of excitation ofthe doping superlattice. Irradiation with a-particles and following isochronal
thermal annealing of the compensated GaAs doping superlattices result in the appearing in the photoluminescence spectra
measured in the temperature interval from 1 1 to 300 K additional bands and stabilization of the carrier lifetime by the level
ofthe order of 10 ns that can be attributed with the controlling non-radiative recombination process.
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