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Abstract. Novel surface resonances in doped semiconductor superlattices are shown 
to exist in association with depletion regions. Self-consistent calculations in a tight- 
binding formalism for the electronic states of a GaAs-AlGaAs structure exhibit 
resonance-like states in high-energy minibands. These resonances extend throughout 
the superlattice, are strongly affected by applied electric fields, and are concurrent 
with significant changes in the local density of st.ates. Calculated optical absorp 
tion curves show features related to surface resonances, making thein accessible to 
experimental study. 

Advances in the growth techniques of semiconducting materials controlled at, t'lie 
monolayer level have given rise to a great deal of research activity using semicon- 
ductor structures. This progress has allowed the observation of a variety of funda- 
mental physical effects, as well as the realisation of new opto-electronic devices [l].  
For example, semiconductor superlattices like those formed by alternating layers of 
GaAs-AlGaAs have recently been used to study such interesting physical questions 
as carrier localisation by electric fields [2], and the effects of controlled disorder on 
electronic properties [3]. In this paper we discuss the appearance of novel resonant 
states lying within the superlattice minibands. These resonances appear because of 
the potentials associated with inhomogeneous depletion charge regions at the end lay- 
ers of doped superlattices, which alter the miniband scheme of an otherwise-periodic 
superlattice potential. One could view these resonant st,ates as arising from the intrin- 
sic surface-localised Stark levels of the system which become resonant with a higher 
miniband. The  surface resonances are simi1a.r to levels introduced by impurities, such 
as resonances in metals [4], in semiconductors [5], or states associated with adsorbed 
atoms on metallic surfaces [6]. There are, however, important distinctions. The  char- 
acteristic length scales in this case are provided by the rather large effective Bohr 
radius in these systems and by the structural parameters (layer thickness, alloy coin- 
position, etc). Moreover, the features of tlie resonant stat,es presented here can be 
modified rather easily for a given system by the application of external electric fields 
tha t  change the  extent of the depletion regions. Such systems would t,hen provide 
the unique ability to study resonant states wiih rendily confrollnble experimental PiI- 

raineters, adding to tlie list of intereshig physical prohlems that can Iw studied i i i  

semiconductor superlattice systems. 
By growing thin layers of semiconductors wit,li different, band gaps, i i i i  eXectivc 

electronic potential with the periodicity of the structure is introduced along the growth 
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direction [l] .  A prime example of these systems is a superlattice formed by layers of 
GaAs alternating with Si-doped layers of A1,Gal-,As (which has a larger energy gap 
than  GaAs). This structure can be visualised as the introduction of a modulation i n  
the overall semiconductor lattice potential. This modulation can be varied by about 
100 meV by changing the aluminium concentration 2 [$I. The  resulting electronic levels 
for motion along the growth direction form a band structure which, by appropriate 
selection of the layer thicknesses, has tunable bandwidths and gaps, typically of a few 
meV. 

The  main features of this miniband structure are generally well understood in terms 
of simple Kronig-Penney models t ha t  use the as-designed layer thicknesses, as well as 
the strength of the potential barriers [l]. However, a realistic calculation of the elec- 
tronic level structure in doped systems should include the effects of depletion regions 
arising from ever-present midgap defect states tha t  produce Fermi level pinning [8,9]. 
The  effects of depletion on isolated quantum-well levels ca.n be understood in terms of 
a local potential tha t  shifts the independent  quantum well energies. However, because 
of the thin layers of the superlattice, the carriers tunnel between wells and a rear- 
rangement of the charge occurs, yielding an  inhomogeneous elect#ronic density profile. 
Since this in turn affects the local potentia.1 and energy shifts, the calculation shoulcl 
be done in a self-consistent fashion. 

A theory of resonant impurity states in solids has been developed in the lit- 
erature [5,10]. However, the added complexity of the problem introduced by the 
self-consistent nature of the inhomogeneous potential requires a different formulation 
where the eigenstates of a f ini te  system are calculated taking this self-consistent con- 
stra.int into consideration. In this calculat8ion t,he effective mass approximat,ion is used 
for electronic motion within a given semiconductor layer. In addition, the degree of 
freedom in the perpendicular direction (the growth direction .^) is parametrised by a 
ba.sis set of Wannier states 4 j , ,  where s ( j )  denot8es the miniband (site) index. The  
corresponding envelope-funct,ion IIainiltonian, H = Hi, + H,, can be described within 
a tight-binding approximation for H, as [2] 

Here, t ,  is the hopping parameter for miniband s ,  c j S  is the crea.tion operator asso- 
ciated with q5j,, u j  is the inhomogeneous potential contribution to the local energy 
to,, and ujss, represents the potentinl-induced miniband mixing [11]t. The  potentia.1 
is obtained by solving the Poisson equation with a.ppropria.te boundary conditions, 
taking into account the pinning of the Fermi level by the inidgap states (at  about 
0.8 eV below the conduction band) which produces the inhomogeneous charge de- 
pletion. Consequently, the negative charge ent,ering the Poisson equation is given by 
pj = ( 7 n / ~ h ~ )  E,, /bys I2(EF - E,)f, ~ where f, is the Fermi function. This completes 
the set of equations to  be solved self-consistently; details for a similar calculation are 
given in [9]. This formulation is equivalent to a Hartree treatment of the inhomoge- 
neous potential associated with the depletion regions. 

t The miniband mixing term is estimated to be proportional to the potential gradient and the 
interminiband dipole matrix element, uJss, = (uJ+l  - ~ ~ - ~ ) d ~ , , t / 2 a .  The dipole matrix elements 
d J s s i  = ( $ 3 s  lz14Js/) are calculated using explicit Wannier functions calculated nunierirally for the 
col responding Kronig-Penney problem. 
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To illustrate the effects of miniband mixing introduced by the inhomogeneous 
potential, we have solved a two-miniband model with parameters corresponding to 
a GaAs-AlGaAs superlatticet. Further generalisation to  include more minibands is 
straightforward, and the quantitative effects for the energy range considered here are 
negligible. Figure l(a) shows the resulting level structure for a superlattice of thirty 
layers as one varies the donor doping density p+ (variation of external electric fields 
would produce qualitatively similar results; see below). As expected, the level struc- 
ture is composed of groups of levels corresponding to  the minibands of a perfectly 
periodic superlattice. A downward tilting of the levels with respect to  the fixed Fermi 
level for increasing p+ is produced by the increasing total electron density. Notice 
also that a few levels appear detached from the minibands, in a degree which changes 
with p+.  These minigap-lying states have fairly localised wavefunctions near the end 
layers of the system, and are produced by the potential associated with the inhome  
geneous charge depletion by defect states [9]. These surface-localised states can be 
understood as zntr insic  Stark-Wannier states induced by the self-consistent charge 
depletion in the system. These states behave basically as superlattice Tamm states 
but with characteristic wavefunctions extended over  a f e w  superlaltzce periods,  rather 
than on atomic scales. 
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Figure 1. (a)  Transverse-motion energy levels E ,  for different doping densities p + .  
The Fermi level is shown by the broken line. Notice level anticrmsing and mixing 
in the upper miniband for p+ x 3. ( b )  Resulting potential v3, and charge density 
p, for different layers J ,  for p+ = 2.95. Notice charge depletion on both ends of 
superlattice. 

Figure l ( b )  shows sample results of the inhomogeneous potential v j ,  and the elec- 
tron charge density per layer p j ,  for the case of p +  = 2.95 x 1017 ~ m - ~ .  The charge 
depletion caused by the non-uniform potential is evident a t  both ends of the super- 
lattice, where the effective potential is larger than in the middle layers [9]. 

It is most important for this paper to  notice that in  the neighbourhood of 
p+ M 3 x ~ m - ~ ,  one of the surface-localised states crosses the upper miniband. 

t We use tl=-0.62meV, t2=2.61meV, t o l = O ,  to2  = 32.6meV, n~=0.067, ~=12.5, a=226A, and 
d,lz/a=0.187, which correspond approxhiiately to a tjpical GaAs/A1,Gal - , A s  superlattice with 
2=0.2, and barrier width of 38A. The superlattice is assumed to Le grown on an undopecl buffer layer 
ll0OA thick. These parameter values model a system such as that of [SI. 
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Figure 2. Wavefunctions for different doping densities ( p +  in units of l O I 7  cm-3) 
corresponding to resonant eigenstate near top ( p + = 2 . 8 5 ) ,  middle (2 .92) ,  and bottom 
(3.02) of upper miniband in figure 1. 

The  anti-crossing behaviour exhibited there would suggest that  mixing is taking place 
among nearly degenerate levels. This is indeed the case, as shown clearly in a plot 
of the corresponding eigenfunctions. Figure 2 shows selected transverse-motion eigen- 
functions for different values of the doping density. A large-amplitude feature centred 
near the left end of the superlattice (./U x -15) appears in these eigenstates as the 
doping density is varied, while they also have non-vanishing amplitudes all across 
the structure (which in this case extends from ./U = -16 to +14 in figure 2 ) .  This 
behaviour is in contrast to the midgap-lying surface states, which possess wavefunc- 
tions strictly localised to one or two superlattice periods. I t  is evident tha t  strong 
mixing takes place whenever the structure parameters are such that a localised state 
(associated mostly with a low-energy miniband) is nearly degenerate with an upper 
miniband. This gives rise to  eigenstates of combined localised-extended character. 
These mixed states are reminiscent of the resonant levels associated with impurities 
discussed in the literature [4-61, but are clearly produced by a totally different mech- 
anism. Moreover, since the  depletion region width is strongly affected by applied 
electric fields, so would the characteristics of tlie resonant levels. Indeed, one observes 
tha t  the near-degeneracy conditions between a localised level and a minihand, needed 
for the resonance to  develop, are easily shifted by small fields [12]. This change i n  
properties would in turn have important observable consequences. I t  is to be expected, 
for example, tha t  varying the localisation profile of tlie resonance would provide for 
different spectral weights in typical experiments such as optical absorption or Raman 
scattering [5,13]. 
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Figure 3. Density of st,ates E,  measured with respect to E1 near the upper mini- 
band range for p t z 2 . 3  (full curve), 2.92 (dotted curve) and 2.97 (broken curve). 
Strong labelled featums are surface-resonant states, absent for 2.3 .  

As occurs for typical resonances, tlie local density of states in these systems is 
perturbed when a surface resonance is present. This behaviour is also reflected by 
a n  enhanced density of transverse-mot,ion states for energy values corresponding to 
the resonance, as shown in figure 3 for several values of the doping density. The  
energy range shown corresponds to the upper miniband in figure l ( a ) ,  and a Gaussian 
level broadening of 1 meV has been assumed. The  strong labelled feature displayed 
by the density of states and produced by the resonance suggests possible important 
consequences in experiments. These resonant states also show in the total density of 
states, which includes the  in-plane motion degrees of freedom, as additional features 
in the differential. As an  example of an experimental probe tha t  couples direct,ly 
to the density of tunnelling states, we estimate the optical absorption in tliis energy 
range. We calculate the imaginary part of the dielectric function of the system in tlie 
long-wavelength regime, using the well known RPA expression for E:, [14] 

(2) 
with g (  2) = (l/y&) exp( -z2/2y2) , which takes into account level broadening ef- 
fects, and where P,,, = ( I Y ~ X ~ I Y ' )  are the dipole matrix elements calculated using 
explicit Wannier functions [ l l ] .  Figure 4 shows results for two different doping den- 
sities, although different electric fields would yield tlie same qualitat,ive results [9, 121. 
The  appearance of an  additional absorption feat,ure in the energy region correspond- 
ing to inter-miniband excitations (U x 35 meV) is both a reflection of tlie enhanced 
density of states and, most, significantly, of va.riations in the optical mat r i s  elements 
linlring the miniband with the mixed resonant levels. These resultas would suggest 
experiments to study the existence and properties of surface-resonant states via far- 
infrared absorption [13]. Possible depolarisation effects have been neglected in this 
figure [15]. However, preliminary calculations including these effects indicate tha t  the 
resonance features are still present and highly noticeable, although shifted slightly. 

The  strongly perturbed wavefunction associated with the resonances (figure 2)  
would also suggest tha t  tunnelling experiments be used to study these. Since tun- 
nelling coefficients for transport through a structure are extremely sensitive to phase 
coherence effects, it  is anticipated that they would be strongly affected by tlie presence 
of a resonance like those described here. Ongoing calculations of this effect will he 
presented elsew her e,  
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Figure 4. Imaginary part of dielectric function E Z ( W )  in the region of interminiband 
absorption for p+=2.92 (full curve) and 2.3 (broken curve). The extra feature a t  
w 35 meV arises from resonance-enhanced density of states in figure 3.  The overall 
amplitude for 2.92 is larger, due to increased total charge. 
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