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318 NEW MECHANISM FOR NEGATIVE DIFFERENTIAL CONDUCTIVITY

path A of a carrier without external field does not
exceed appreciably the superlattice spacing d.

In these cases it is advantageous to describe the
conduction in a local picture in terms of transitions
between the localized states of neighbouring layers of
the superlattice. The *“free paths™ in these cases are
discrete, namely, low multiples of d. The expression
for the current becomes®

il = nged :.M_E‘_Qu.. T){1 — exp (— fnleFd))}n.

. ©)

w,,(F, T) is the thermodynamically averaged probability
for the transition of a carrier to the nth next potential
well in field direction. n, is the carrier concentration
in the miniband. The exponential term in (6) reflects
the fact that motion against the field becomes negligible
if nleFd| > kT.

If the w,(F, T) were field independent, current
would simply saturate for F > kT/ed. We will dem-
onstrate, however, that the w,(F, T) decrease for
eFd > E,. This is sufficient for the appearance of ND.C.
In this high field case, condition (2) always holds.
Hence, a description in terms of the proper electronic
states at high fields, the so-called “Kane states™?

{m, k,) is appropriate (m refers to the site x = md, Ky
is the momentum perpendicular to the superstructure;
see Fig. 1). The temperature averaged probability for ]
transitions of electrons to the adjacent well by one
phonon processes is given by®

wPVET) = I fleg, — w1~ flew; — H]

ky.k'.Q

2 '
x 22101, Kiing & 1LHE210, kping )

x & (ex; — €y~ eFd £ hwy)/ m_. fleg, — 1. (N

The occupation probability f of the Kane states can be
approximated by local equilibrium Fermi distributions

fle, — 1) = {exp B KY2m* — Wi+ 117" @)

if the energy relaxation by intralayer processes (m'=
m) is fast compared to interlayer transitions (m' #m).
This turns out to be justified always at high fieids and
sufficiently narrow minibands. Because of translational
symmetry the distance between band edge and local
Fermi level u is independent of the site index.

Yol. 17,No. 3

Using a simple deformation potential approximation
for the interaction with acoustic phonons®

HE' = iC(1al20e)' 3, e eulaqt 1K)

~a k'ie k), (9)
one obtains for the matrix element in (7)°
(1,kiing LA 10,k ng) =

£, iCilq"?
eFd (2pc,)'?

m.ﬁhuv m_:n + w x wu—_ﬂ mr..r.r.hn qy

(10)
where F(q,) is an oscillating function with an amplitude
decreasing = (g,d) ~? for g, > 2n/d.

{m-i}d md (meDd me2)d

FIG. 1. Kane states o, (x, k;) = (x|m, k;) at high
fields, schematically. The probability for transitions
between adjacent wells decreases with increasing field
since the amplitude of ¢m{x, k) at neighbouring wells
decreases = F ~1. For the sake of clarity only Kane
states with zero kinetic energy ey, = k3/2m* are
shown.

The crucial point for the appearance of N.D.C. is
the factor Ey/eFd in (10). This factor results from the
decrease in overlap between Kane functions of neighbour-
ing superlattice sites with increasing field (see Fig. 1).
This is similar to the well-known decrease of overlap
between the upper and the lower level in a system of
two interacting, spaciaily separated states if the energies
of the isolated states differ by more than the resonance
splitting. The corresponding energies in our case are
efFd and E,, respectively.

The field dependence of w}"(F, T) from (7) is
mainly determined by the factor F * from the square
of the matrix element (10). The reasons are as follow:

lﬁw&\
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() 1F(g;)1* from (10) represents a field independ-
ent cutoff for the g,-integration;

(ii) the density of states for the k, and the K)-
integration is energy independent;

(iii) the transverse momentum of the participating
phonons q, increases with F, but less than |q | & F'%.

So far interlayer transitions induced by scattering
of electrons at defects of the superlattice have not yet
been considered. Though these elastic processes alone
would not give rise to d.c.-conduction at all, they may
even cause the dominant contribution in combination
with successive inelastic intralayer phonon processes.
Similar to expression (7), we get for the averaged first
order contribution to the next layer transitions

Ea_..oﬁm.. T) = rwwunh.._..\ﬁm#._. — w1 —flew) — 2
iy

x (1, KL V0010, k)12 & .Nu_n.ﬁnnmul%m
/ mpxm_:la. (11}

The fluctuating part of the real superlattice potential
has been split up into a sum of n; independent scatterers
with potentials V;(x — xy). Thus, multiple scattering is
neglected. For Coulomb-potentials with exponential
screening corresponding to the average impurity distance,
ie.,
L 4 o D

ﬁ\;ﬁx ¥\V = K M &u + Vru
with A = (41m,/3)'7, e.g., the calculation yields a field
dependence of the matrix element in (11) which tends
10 2 F ~* dependence at high fields. One factor F =,
again, originates from the decreasing overlap. In addition
to that, another factor F ™~ appears, since the increasing
momentum transfer |qu | =1k, = k) | required for
elastic processes by the 5-function in (11) reduces the
scattering intensity according to (12).

(12)

Thus the contribution from transitions between
adjacent layers whether due to the interaction with
acoustic phonons ot with impurities, indeed, leads to
N.D.C. for eFd > E,, kT. The investigation of transitions
to more distant wells (n > 2) shows that in this range
of fields their intensity decreases even with a higher
power of F. Hence, their contribution to the current
can be neglected in the high field region.

NEW MECHANISM FOR NEGATIVE DIFFERENTIAL CONDUCTIVITY 319

It should be noted that expression (6) for the
current can be evaluated in terms of Kane states accord-
ing to (7) and (11) for eFd < E), as long as (2) is still
fulfilled. In this range of fields, transitions to more
distant wells will become dominant, and the current
will increase with decreasing field. This result is in
accordance with the semiclassical treatment in terms
of electrons performing Bloch oscillations.?

A case of particular interest in the view of our
formulation is a superlattice with very low mobility.
Transitions to other than the adjacent layers can be
completely neglected in expression (6) for the current
at low and high fields as well, if the low field mobility
corresponds to the minimum possible mean free path,
namely, A = d. The transition probabiiity w(F, T)
will then be roughly constant at low field. At fields
eFd > E, w,(F, T) will decrease according to (7) and
(11)and ND.C. will appear. The characteristic field
at which deviations from ohmic behaviour become
important is given by

eFd = kT (13)

because of the factor {1 —exp (— pleFd)}in (6)
(provided that w(F, T) does not change 100 much in
this range of fields). In contrast, the corresponding
condition in the case of negative differential conduction
resulting from Bloch-oscillations of the electrons is not
related to the temperature, but rather to the momentum
relaxation time 7y by condition (2).

It should be pointed out that the N.D.C. mechanism
described in this paper likely occurs at moderate fields
in *“tight binding superiattices” with narrow minibands.
With narrowing the bandwidth the necessary condition
for Bloch oscillations, that is, 3 mean free path should
be longer than a superlattice constant, is hardly met.

(i) The maximum group veloGity Vmay int 2 miniban
decreases proportionaily with the bandwidth. The
relaxation time 7, however, being dominated by intra-
layer processes is essentially constant. The mean free
path, certainly less than vmxT, finally becomes smailer
than d, even for an ideal superlattice.

(ii) Fluctuations in the thickness of neighbouring
layers, which may be inevitable in a man-made super-
lattice, will cause some fluctuations in the bound state
energies of the potential wells. In actual “tight binding
superlattices” these fluctuations may be of the same
order as the bandwidth itsetf. Under these circumstanc
Bloch states do not exist anymore and the “free path”
will be reduced to d.
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n-i-p-i crystal in which the composition is also
modulated periodicaily {(n-i-p-i heterojunction supef-
lattice). Finally, we want to provide a basis for our
forthcoming discussion of absorption, luminescence,
and inclastic light scattering.'®

IL. THEORY OF ELECTRONIC SUBBANDS
IN n-i-p-i CRYSTALS

A n-i-p-i crystal consists of an arbitrary homo-
geneous semiconductor with a periodic vanation of
n- and p-type doping, :

nplz +d)=npl2)
and (1)
nlz+d)=n4l2),

where z is the direction of periodicity and d the su-
perlattice period.

The ground state of the n-i-p-i crystal can be
described quite easily if there are no other impurities
present than the shallow donors and acceptors, if the
crystal is “macroscopically compensated,” i.e.,

d/2

ds2
° notadz= [ a2z, @

—

(2melnp /xg)z? for |z | <dp/2
conuu"

u-\oiﬁﬂnua;\ﬁ,xmxul |z|) ford/2— |zl <dp/2,

and linear parts in the intrinsic regions,
volz)=(2me npd, /o) | 2 | —d, /%)
ford,/2< |z | <ld —d,)/2 . M
The maximum height of vg(2) is 2V, given by

Ns.nSa%\.ax:u&\?r&\iab&% .

8

For |z| 2d /2, vplz) is obtained from a periodic re-
petition of the expressions (6}—(8).

Figure 1(b) shows the important consequences of
the superposition of vo(z) o the crystal potential.
The effective band gap EST ie., the difference be-
tween the lowest conduction- and the uppermost
valence-band states, is lowered by about 2V, com-
pared with the gap of the homogeneous bulk materi-
al Mw. (Deviations which result from quantum-size
effects and from impurity-band formation will be
discussed later.) The term indirect gap in real space
which was used in the Introduction now becomes
clear: The lowest conduction-band states are shifted
by half a superlattice period with respect to the up-

)\Nb\\

and if the superlattice period and the doping concen-
tration do not exceed some limiting values to be dis-
cussed below. Under these conditions all the impur-
ities will be ionized and the superlattice potential
will be the space-charge potential of the impunty
distribution,

anvunmaeglaiuz . (3

For the sake of simplicity we will restrict ourselves
in the following to the case of homogeneous doping
as shown in Fig. 1(a) with rectangular doping pro-
files which are symmetric with respect 10 the origin
placed in the middle of an n-type doped layer.

The space-charge potential of the impurities volz)

is obtained by integrating Poisson’s equation,

wueoANu
- =dmepylz) /Ko » 4
a9z
subject to the boundary conditions,
dugl2)
—_— , vpl0)=0 ’ (5)
9z |zm0

where «; is the static dielectric constant of the semi-
conductor. vglz) consists of parabolic parts in the
doping layers,

(6)

—

permost valence-band states.

It should be noted that the value of 2V, may
exceed the band gap mu. of the unmodulated semi-
conductor. Such a situation implies the possibility
of conduction subbands with energies lower than the
upper valence subband edge, which would corre-
spond to a negative effective band gap mma. Actual-
ly, under these conditions there will be a finite-
electron and -hole concentration in the n- and p-type
layers in the ground state. The compensating space
charge of the charge carriers reduces the value of
2V, and changes the shape of the space-charge po-
tential in a self-consistent way to be calculated later.
The ground state will then be characterized by elec-
tron and hole concentrations ny’' and pi’ per layer
which make the Fermi level equal for both types of
carriers (n-i-p-i semimetal).

Another case with a finite-carrier concentration in
the ground state occurs whenever the n-i-p-i crystal
is not compensated, i.c., condition (2) does not hold.
The ground-state superlattice potential. evidently,
has to be calculated self-consistently in such a situa-
tion also.

As mentioned in the Introduction, one of the
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€lm/Fp)> 2V (27/Tp) for np>10' cm~>. Thus
even the unscreened impurity potentials act as 2 rel-
atively smali perturbation at donor concentrations

which are typical for n-i-p-i crystals. Therefore’

impurity-band formation in the case of the conduc-
tion band can be neglected, and it is allowed to re-
place the actual donor space charge by a homogene-
ous space charge of density enp(z) for the calcula-
tion of vo(2} as given in Egs. (6)—(B).

On the other hand, for the acceptors we find (be-
cause of the larger heavy-hole effective mass m™) a
Bohr radius ﬁxnw.m nm so that Fy>dy for
n, <10® cm™ and el /7 ) > 2V (2m/Fy) only if
n>2x 10" cm=’ using m"™ =0.6mo. Thus we can
expect an impurity band in the p-type layers of a a-
{-p-i structure unless n, is extremely high. This re-
sult does not signify that hole subbands do not exist
in the p-type layers or that they are unimportant.
The presence of an acceptor impurity band implies,
however, important consequences for the calculation
of the self-consistent potential. The population of
the acceptor impurity band by holes is equivalent to
a neutralization of the negatively charged acceptors.
It is, therefore, a reasonably good approximation to
consider the central part of width dy=p'¥'/n, in
the p-type layers as neutral, if p'? holes per layer are
present in the sample.

We will now proceed by discussing the electronic
subband structure in the n-type layers in the frame-
work of the local-density-functional formalism of
Hohenberg and Kohn'? and Kohn and Sham.’ To-
gether with the effective-mass approximation'* this
formalism leads to a Schrodinger-type equation of
the form

[ —(#/2m*)V +volz) +oyl2) (2], ()
=e, g, gD (D

Since the potential does not depend on x or y and is
periodic in z with the periodicity d we can write for
the wave functions

¥, ol =t 1/vA Jexpliky T (2) 5 (12)

where m.: is a wave vector parallel to the doping
layers. A is the normalization area and §, (2) is the

superlattice Bloch function of subband u and wave
vector k, (—m/d <k, <w/d), with the lattice
periodic part up oolf) neglected. For the eigen-
values €,y We thus get

€, =€, + ki /2mY, :.,:

and the Bloch functions &y, (2) and the eigenvalues
€.k, BT 10 be determined self-consistently from

# 32
— || == | +vol2) +vgl2)
2m* 9z° 0 H
+ Uyel2) mE.uN,HmE.“mtﬁﬁ. {14)

The Hartree contribution of the electrons to the
self-consistent potential is given by the solution of
Poisson’s equation

g2 4men(z)
= . (s
oz Ko

subject to the boundary conditions

- duyl2)
az =0

=0, vy(0)=0 (16)

with the &u..uno: density

n()=23 &l :
"

xmgetlmtrlﬁmuxw, /2m)—E,}. (N

E. is the energy of the bottom of the conduction
band at z=0.

The local exchange and correlation potential is
obtained from

el =E(niz))+ 1 (2)(B€,/Bn) , {18)

where €,.(n) is the exchange and correlation energy
per electron of a homogeneous electron gas of the
(loca}) density n. Since the electronic densities of in-
terest in n-i-p-i crystals are usually very high, ie.,
the mean distance between two eiectrons is short
noamu«on to the effective-mass Bohr radius

aEMA =aprglmo/m®), we will take

—, = e, =(0.916/r, e/ 2x85"") (19}
with

r,=[4m/03m) 2 ragMA (208

The inclusion of higher-order correlation terms does
not affect the results appreciably. The contribution
of the holes in the p-type layers to the seif-consistent
potential is not written explicitly since it can be in-
corporated into vol2), as discussed above.

In most cases of interest only the lowest electronic
subbands are partially occupied. For these low sub-
bands and typical doping parameters an extreme
tight-binding approach is correct, i.e., the subbands
are flat in the k, direction. The Bloch function can
be written as
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FIG. 2. Subband energies and a quasi-Fermi-level as a function of the electron concentration per period 2 ' for a dop-

ing supe:

d,=d,=40 nm and d;=0. E.,=E.+¢€s the bottom of

level, are referred to the position of the hole quasi-Fermi-level 6,

subbands for large values on n
chosen as zero. The finite subband width due to the &,
sponds to the classical free-particle threshold energy.

the classical free-particle threshold as the zero of en-
ergies. The bandwidth becomes appreciable only
when the energies nearly reach this threshold. For
energies above the threshold, however, the subband
gap becomes rather narrow. Thus the subbands

= EptV¥g (2! |
:
(a1 n/2e 0 :

z direction

FIG. 3. Self-consistent potential v,(2) (thick solid line),
conduction-subband energies, and envelope wave func-
tions for one period of a superlattice with the same design
parameters as in Fig. 2. (a) Ground state {n'Y=0) and (b)
excited state in S =1.4x 10" cm ).

rlartice with constant doping np=n,=1x10"* cm

‘2 on an expanded energy scale and with the maximum o

-3 in the n- and p-type layers, respectively, and with
the pth conduction subband, and &,, the electron quasi-Fermi-
in the acceptor impurity band. The inset shows the same
f the self-consistent potential

dispersion becomes appreciable near zero energy, which corre-

change their character from tight-binding to nearly-
free-electron behavior within a few meV. This is to
be expected because of the wide barrier between
neighboring quantum wells. Another detail which
should be noted is the position of ¢, at
n'?=4x 10" cm~? (which corresponds classically
1o a neutralization of all donors and acceptors by
electrons and holes, respectively), which is found to
be only slightly above the threshold energy. This
means that the electrons almost exactly fill up to the
top the seif-consistent potential well formed by the
impurity charges and the free carriers together.
Figure 4 demonstrates the influence of v,.(z) on
the subband splitting. For n®>10'" em™? the
difference between the results with v,.(2) taken into
account (solid lines) and the Hartree energies (dotted
lines) remains nearly constant and relatively small
compared to exchange and correlation corrections in
Si metal-oxide-semiconductor structures. The near-
ly constant exchange and correlation contribution is
a consequence of the fact that the electron distribu-
tion n{z) only widens with increasing n'*' but does
not appreciably increase in height which is close to

-3~
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FIG. 7. Comparison of the subband splitting between
occupied and nearest-neighbor subbands for low carrier
concentrations calculated with (solid lines) and without
(dotted lines) exchange and correlation corrections. The
dashed-dotted and dashed-double-dotted lines represent
the Fermi energy of the lowest subband é, —E. for the
case with and without exchange and correlation correc-
tion. The design parameters are those of Fig. 5.

n-i-p-i case with wide intrinsic layers than for the
first example (compare the corresponding insets in
Figs. 2 and 5), due to the smaller width of the zone
with maximum barrier height (see Figs. 6 and 3 for
a comparison).

Finally, a comparison of the exchange and corre-
lation shift as depicted in Fig. 7 for the genuine n-i-
p-i sample with the corresponding results for the
sample without intrinsic layers shows that not only
the absolute value of the ¢, —¢p subband spacing is
increased but even the relative importance of the ex-
change and correlation correction is larger. The re-
sult becomes plausible if we consider that in the
present case the lowest subband wave function is less
extended in the z direction for a given carrier con-
centration n'?. The resulting larger local density
lowers the self-consistent potential in this region.
Therefore the energy of the €, band is lowered con-
siderably, whereas the much more extended €, band
is much less affected by the exchange and correla-
tion correction.

Our last example is a #-i-p-i heterojunction crystal
consisting of n- and p-type doped layers of
Al ,Gag 3As with a layer thickness of d, =20 nm,
d, =40 nm, and doping concentrations np=2x 10

i
{a) 2 0 T

e

T Eo Vgt :

lidt 120 1.4 02 eme? _ w

442 ] d4f3
¥ dituction

FIG. 8. Self-consistent potential v, (z) (thick solid line),
conduction-subband energies, and envelope wave func-
tions for one period of an Al ;GagAs/GaAs n-p hetero-
junction superlattice with the design parameters
np=2x10" em~*, n, =104 ecm~?, d,=20 nm, d, =40
nm, d; =0, dgaa, =20 nm. (a) Ground state (n'?'==0) and
(b) excited state (n'¥=1.4x10'* cm~%). The discontinuity
in the potential refiects the transition from n-type doped
Aly ;Gag sAs 10 undoped GaAs. The p-type layers do not
contain GaAs layers in this example.

em™3, n,=1x10'" cm=3 The n-type layers are
separated into two layers (of thickness d,/2} by an
intrinsic GaAs layer of thickness dg,a¢=20 nm.

T T T T T T

n-p - hetero

ImeV)

Energy

1
00 62 04 o5 as 10 12 N
nid) o2 em?y

FIG. 9. Comparison of subband splitting between oc-
cupied and nearest-neighbor subbands for low carrier con-
centrations calculated with (solid lines) and without (dot-
ted lines) exchange and correlation corrections. The
dashed-dotted and dashed-double-dotted lines represent
the Fermi energy of the lowest conduction subband
&, —E.o for the case with and without the exchange and
correlation correction. The design parameters are those
of Fig. 8.
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Theory of absorption in doping superlattices

Gottfried H. Dohler* and Peter Paul Ruden'
Max-Planck Institut fur Festkirperforschung, Heisenbergstrasse 1, D-7000 Stuttgart 80,
Federal Republic of Germany
(Received 9 April 1984)

L INTRODUCTION

Doping (n-i-p-) superlattices are a periodic array of n-
and p-type doped layers which may be separated by un-
doped (i-) layers of the same semiconductor material.
They represent a new class of synthetic semiconduct-
ors.l=* The most striking features by which they differ
from their compositional counterparts® (e.g., GaAs-
Al Ga,_,As or InAs-GaSb superlattices), and from any
homogeneous bulk semiconductor, is the strong tunability
of their electronic structure and, consequently, of the re-
sulting electrical and optical properties.”~!* This tunabil-
ity originates from an efficient spatial separation of clec-
trons and holes, which is induced by the space-charge po-
tential of the impurities. In addition to the tunability, L&,
the possibility of modulating the properties of a given
specimen by applying external potentials® ? or light radia-
tion,?¥\11% the n-i-p-i systems exhibit an extreme flexi-
bility with respect to the tailoring of their electronic struc-
ture. Any semiconductor, which can be and p doped,
can be used as host material for the n-j-p-i structure, in
contrast to the compositional superlattices, where the re-
quirement of lattice matching severely restricts the choice
of materials. Furthermore, any value of the effective
band gap E;T° of the n-i-p-i crystal in the ground state
that is smaller than the gap of the host material, m". can
be generated by an appropriate choice of the design pa-
rameters, i.c., the doping concentration and the thickness
of the layers. Similarly, the efficiency of the spatial
separation of electrons and holes depends on the choice of
the design parameters.”® Finally, the two-dimensional
subband structure can be tailored independently for elec-
trons and holes, again due to their spatial separation.'*

During the last few years intensive experimental studies
on GaAs n-i-p-i crystals, grown by molecular-beam epi~
taxy (MBE),' have confirmed a large number of proper-
ties which were predicted in theoretical investigations,
started by one of us (G.H.D.) more than a decade ago."?
Simultaneously, the theory has been worked out in more

30

detail 1S The tunable optical absorption which will be
the subject of the present paper has also been studied
theoretically and experimentally in a previous investiga-
tion.!! The superiattice period in that particular case was
chosen to be rather large, such thata theoretical descrip-
tion in terms of a semiclassical treatment (spatially modu-
lated internal Franz-Keldysh effect) was appropriate.
Good agreement between measured and calculated absorp-
tion coefficients was found for the ground state as well as
for their tunability by optical excitation. -

The purpose of the present paper is a more rigorous
theoretical treatment of the absorption processes, taking
into account the real two-dimensional subband structure.
We will see that this more sophisticated treatment yields
interesting new results. The two-dimensional subband -
structure leads to pronounced steps in the absorption coef-
ficient a™#4(w) for photon energies #iw corresponding to
transitions between the edges of the electron and hole sub-
bands. Similarly, the absorption coefficient for a fixed
photon energy exhibits an oscillatory behavior as a func-
tion of excitation level or external field. The variation of
the excitation level, which is tantamount to 2 variation of
the effective band gap, can be accomplished by various
means, among them population changes induced by the
absorbed probe light itself, light of different photon ener-
gy, and/oc different direction and/or polarization, and, in
addition, by electrical bias applied via selective eectrodes.
Hwﬂongﬂomﬁoggoo&magnugiaﬁo
the change of its sign, i.e., the transition from absorption
to amplification for a fixed photon energy. The specific
features of n-i-p-i crystals allow for such a transition at
unusually low excitation intensities and within a very wide
photon-energy range. Apart from the changes of the ab-
sorption coefficient which are of particular intesest for the
generation, modulation, and amplification of light signals,
the above-mentioned self-induced changes yield intensity-
dependent absorption coefficients and refractive indices.
As a consequence, it turns oul that n-i-p-i crystals
represent a promising basic material for devices based on

5932 ©1984 The American Physical Society
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5934 GOTTFRIED H. DOHLER AND PETER PAUL RUDEN ‘ 30

enHTa.nN:u \?o:::_h for GaAs structures . (9)  potential vol2). The consequences of this interband cou-
. pling are probably always unimportant for our present

For the two uppermost valence bands, the _waé.:m_a problem and will be neglected in the following. F

(HH) and the light-nole (LH) bands, we obtain, fof If the host crystal exhibits a many-valley band structure

tetrahedrally coordinated semiconductors, (Si, Ge, or GaP, but also IV-VI compounds such as PbTe,
HH _ 2 12 for example), we must take into account the anisot f

i t=[4mre‘n,/x ) pich, anisotropy O

o =l a/teyme)] the energy bands. The cffective masses in Eqs. {9) and

and (100 (10) must be replaced by the appropriate values m,, de-

LH_ 2 12 pending on the orientation of the superlattice direction
@} ={4me’ny /xomL)] " - with respect to the crystal symmetry axes. The solution
Strictly speaking, we must take into account the anisotro- of the Schrédinger equation and the values of m, in terms
py of the valence bands (particularly for the HH band).  of the longitudinal and transverse masses 71y and m, have
Therefore, we must use the appropriate components of the been calculated by Stern and Howard'® for the symmetry
cffective-mass tensor, muH.: and mLH.z in Eq. (10, directions (100}, (110), and (111). We give here only the
which correspond to mify and m\® if the z direction ~ results for a IV-V1 compound with superlattice orienta-
of the superstructure coincides with the (100) symmetry tion along the (111) direction. These compounds have
direction of the host-crystal lattice. We also note that the  conduction- and valence-band edges at the L points.'*
different bands of the host crystal interact because of the  Equations($) and (10) now read, for (a)-type valleys,

1

e.n__ﬂmhﬂuuau)a%:a:_b. ewahfﬂmu:;\?%f:_h {(n
and, for (b)-type valleys,

E_nsﬂ:.a.m“;o\ﬂnom‘:naa\ﬁi%+m5n::_\u. eﬁasﬂ“f...mu:k\Haomiaii\aaa._-minz:_b ’ az

where we have followed the convention that the valley whose symmetry axis coincides with the direction of symmetry
breaking is designated as (a) type, and the other three degenerate valleys as (b) type.

The energies EL) and E,, form the edges of the subbands with energies €, k);) and &/} m_:m?ﬂ.cw

€K =Ef+# m:l@fLM._._,_,??-__,., , (13)
mmgm,_,u%-m,M;_Lnx.:;,.Lx_... Wm" ™ m (14)

where [(m{" "] m and [(m{")~1),, are the (Lm) components of the reciprocal effective-mass tensor for the
ky =(ky.ky) direction. The k qlj) are the wave vectors of the band extrema.® The two-dimensional densities of states
per subband, N (et and N (), again in the EMA, are?®

N, (€ =(m/mhi)Oe—Ecu) » (15)
for GaAs structure,

NI (€)== g/ RIOUES, —€), NS (&) =iy /mIOUE —€) (16)
for tetrahedrally coordinated semiconductors,

zhu:,uiaxaﬁmatmﬁr zﬁauig_\qﬁoaﬁ_ —e), n
for (a) valleys, and

zﬁAm,nza%s\qmimnmh._u ), N®(e)=3(m}Dos JmRIKED —e) , (18)

for { b) valleys, where the two-dimensional density-of-states (DOS) masses for motion of carriers parallel to the layers in

the () valleys, m'os and my bos, are given by

mBos =[Malma +8m ) /92, miBos=mulmy +8my 1/9]'2 . (19)

We have neglected the finite bandwidth of the subbands with respect to propagation in the z direction. This is justified
by the fact that this bandwidth, in generai, is negligibly smalil for all the subbands participating in optical transitions
which will be of interest in this paper. Similarly, it is sufficient to use the wave functions of isolated potential wells for
the calculation of the dipole matrix elements for the optical transitions.
The wave function for the uth (i )-type conduction subband becomes, ia the layer of index m, in the EMA,
ik’ z

A.ﬂ._n.:.v.?m__.aVnn:__..“.,_ 0 (2 —md (D0, 59
" (-9 k [
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equidistant photon energy intervals,

Ay =fwg' =hoy ,

GOTTFRIED H. DOHLER AND PETER PAUL RUDEN 30

(32)

and the analytical evaluation of (28) with the wave functions given by Egs. (22)—(24) yields rather accurate results. We

find
— -y — - 2
#?:.,.Fm.:_m.m_sc_?r_v_Nuu._?:.rww__m.»_se.xx_v_N' [ azglogdudrz—1z1} (33)
with
2
_ [ &0iaelhd 2~z dz =exp| —(d /2PN P+ (34)

Equation (33) contains only a contribution of P operating on the Bloch states, but no contribution of P acting on the en-
velope functions because of the orthogonality of Bloch states belonging to different bands. The exponent in Eq. (34) can

be rewritten as

a2y __ _, 2Wold, +dp) " .
@R+ @l Held,+Hw]d, '
and reduces to
2
.nm...._ﬁﬂw..% =2 MMW_ 36
for transitions between those bands for which eﬂn:Hem_. The integrand in the expression
1% =exp((d /20 /[(a 1P+ (el V1) 7 [ azgd o8 d/2— |z | LN . 37N

has its maximum near the boundary between the n- and p-doped regions for the subband wave functions under con-

sideration. This is not the case for transitions between the
results are less accurate for the latter case because the wave

tions in the region where the integrand is large.
For the lowest subbands, one finds

108 =2alal /(a P +1alV],

1 =188 @ d P/ (2P +(a VT

195 = I /(81" +alf P} llas Y +a

190 =198 aPal P/ (4" + (e PP (4 1]

199 = 1Ml d) /(48[ + (el PP [ d* /L

1940 =18 daf N + (@ PPa Vi /(4

(The integrals I§, 7(%”, and 133" follow from the cor-
responding terms by interchanging aPesal)

We note the following observations.

(1) The interband dipole matrix elements in n-i-p-i
crystals are reduced by an exponential factor

§.a..+m__,
Balldy + Pl

.

with respect to bulk transitions or those in heterostructure
superiattices.

{2) The matrix elements depend mn.onm_« on the effec-
tive masses of the bands, as w., <M., 72, Thus, for
_..ovse“:.?cm:. the heavy-hole-subband—to—conduc-
tion-subband transitions are negligible compared to the
=m..7__o_n.m__ggalno!ooancnnou.m:cg transitions in
typical n-i-p-i structures if the host crystal has GaAs-
tvpe band  structure. For n,=4x10® cm™},

electron and heavy-hole subbands. Therefore the analytical
functions differ significantly from harmonic-oscillator solu-

Pr1+2a el -2,

(38)

P+ (@ P]-4)7,
092 1 (PP 4 6[ (@~ (@) e+ (a1}
P@PP) +[ - 2a P+ /U + @)= 10

I
np={m./myy)n,, and d =40 nm, we find

[ {eu=0,k,m | B-X| »,LH,v=0,k;,m) |?
~2|{c,E|F-X|v,LHK) | %~'* (39
and
i A....‘_:.Ho.m__.:‘. | P& e.mﬂ.m..\“o.m__.av |2
~2|{c,K|P-A|nHHK) |27, (40

Similarly, we find, for PbTe, n-i-p-i structure with
np=n,=2x10'® cm~? and d, =d, =90 nm,

| (c, (bl =0,Kym | B+ X | 0,(8),v=0,ky,m ) |*
=2 {c,(0),K | P-X{u,(b)k) |20, ©4D

whereas the corresponding matrix elements for transitions
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FIG. 2. Calculated absorption coefficient alw) for a GaAs
n-i-p-i crystal with n,=4x10"%, ny={(myym.)np, and d =40
nm. Dashed lines depict the heavy-hole and the dashed-dotted
lines the light-hole contributions, whereas the solid lines corre-
spond to the sum of these contributions. The analytic calcula-
tion has only been performed for transitions with u,v<3. The
continuous curves show carresponding results of semiclassical
calculations similar to those presented in Ref. 11.

ity in the momentum matrix elements) and the imposition
of a symmetry axis given by the direction of the built-in
electric fields. This is particularly significant since the
electron-hole scattering, which is thought to be the dom-
inant spin-relaxation mechanism in GaAs at low carrier
energies,? is much less effective in n-i-p-i crystals than in
bulk GaAs due to the large spatial separation of electrons
and holes. Appropriate treatment of a surface perpendic-
ular to the layers with cesium oxide, yielding a negative
electron affinity,® may turn GaAs-doping superlattices

|
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FIG. 3. Same as Fig. 2, but for an InAs n-i-p-i crystal with
np=5x10"" cm~? and d =96 nm. The difference between the
heavy- and light-hole contributions is more pronounced than in
the former case. In addition, the semiclassical description is
found to overestimate considerably the absorption coefficient in
this low-effective-band-gap example.

into a very efficient source of spin-polarized electrons.

The ¥, summation in Eq. (28) yields two-dimensional
interband densities of states,

NP e)= [[(miibos) " +(mfbos) ") = /7 )
xOle—EN +EN) . . (46)

For our two cases under consideration the interband
density-of-states masses in (46) are given by

m:-'+mpay m.'+min for GaAs band structures,

Aah.-_,anvl_..Tﬁau.bDOmvl_“

ma'+myg ! for (a) valleys,

47

I MM +8me)] ™24 3y +8m, )]~ 72 for (b) valleys.

In both cases the absorption near the threshold vr..son energy

fio't=E;T°

{48)

is due to the v=0-to-u=0 transition with the smallest matrix clements. Above the threshold for light-hole-

band—to—conduction-band, or ( b)-valley, transitions,

o et E.o—ELY for GaAs structures,
Ao "=Eg"= | g _E!% for IV-VI compounds,

{49)

the latter contributions dominate the absorption coefficient. This is true, in particular, for the IV-VI compounds as the
density-of-states factor is much larger for the (b} valleys, in addition to the larger matrix elements.

In Figs. 2 and 3 analytically calculated absorption coefficients for the ground state n_.-_.sgﬁenm.na.av for GaAs and InAs
n-i-p-i crystals, respectively, are shown. The materials and design parameters are given in Table I Also shown are the
absorption curves which would be obtained from a semiclassical calculation as it was used in Ref. 11. Note that the in-
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in adjacent layers, however, changes drastically. There-
fore, the field F, strongly influences the absorption coeffi-
cient a™Pi{a;ESY,F,). Inspection of Fig. 5 and some
clementary algebra tell us that the absorption coefficient
can be caiculated in the same manner as before. Evaluat-
ing exprassion (28) for m.u_...,_.._ﬁe..nmm.n.or one has only to
replace it by one-half of the sum of two analogous contri
butions, cbtained by substituting for 2V, and d by

2Vg =2Vod™*) .
Vo= 2wy =2¥o(d ™)
and
-
_ An«t _ e.<v+ _nu_ An-__:. | v,v) _uam._u _h.ou _ \H..n_-avu.t.f.._
and

| (e ]vw)~ |2 (e [0} | 21— | F ] JF 20+ expl(=1/80d /@)X | Fy | /Fqua )| Fe | /Faas =201

GOTTFRIED H. DOHLER AND PETER PAUL RUDEN : 30

expl((—1/8)Nd /@ | Fy | /F g ) | Fr | /F s +2)}

d+*=d(i+|F;| /Fou)

d— | g==d (1= | F,| /Fnas)- (35)

The potential amplitudes Vold™) and Vold ™) are calcu-
lated according to Eq. (3) with the new effective superlat-
tice periods d* and d~, respectively. Fp,, is the
ground-state maximum space-charge field at the interface
between n and p layers, given by Eq. (51). From Egs. (54)
and (55) we see that the effect of F; on the absorption will
be twofold.

The field dependence of d* and d ™ results in strong
superlinear changes of the transition probabilities. From
Eqs. (33) and (37) we find, for . =a, =a,

{56)

(57)

Consequently, the increase of the transition probabilities according to (57) {or to the adjacent n-type layer on the left-
hand side in Fig. 5) overcompensates for the decrease following from m..u_ vanm.m_. transitions to the neighboring n-type
layer on the right-hand side in Fig. 5). Thus, an overall increase of a™ P Ef F;) according to

Qe ESHOF,) T coshl(d?/8a? 2 | Fy | /F mas ) lexPl ~d*F}/8a*F )

results from the field-induced changes of the effective
layer thicknesses.

The second effect of F, concerns the splitting of the en-
ergy separation between conduction and valence subbands,

E%, =y~ E,=E{=2pthoolu+v+D, 9
into two sets, EJ, and E_,

E},=ES—2Vo(2| F; | /Fuus+Fi/Fu) (60)
and

E;,=EJ,+2Vo(2|F,| /F o —F2/FLe) . (61)

This splitting lowers the threshold for {(av)* transitions at
a given photon energy if F; increases, which results in
(strong) steplike increases of a4 ¥(a; ESFO,F,) each time

the condition .
E}F,) = " (62)
is fulfilled. Similarly, a steplike decrease of
- @™ ESEO.F,) is expected if, with increasing F,, the
condition
Ep\F)=ho (63)
is met.

In order to illustrate this rather complicated field
dependence of the absorption coefficient, the situation is
depicted in Figs. 6 and 7 for a simple situation where fiv

is chosen such that only the lowest two conduction and

valence subbands are participating in absorption processes
at F,=0. The design parameters (d =50 nm,
np=1.5x10"* cm=3, and np/n, =d, /d,=m:/MLu)
were determined such that Aw,=Aw y~50 meV and
2V,~400 meV. In Fig. 6 the valence-subband—con-

(58)

—
duction-subband separations E,}, and E, as a function of
F, are indicated by solid lines for E m(Fy) and
E ....LHLAFF i.e., for the region where transitions occur,

NOI Vd - :—._..._+.I.h
9 \\ \\ PR
g ott0 L300 -~ P
9 4 ’ p -
rd V4 yl -2

snergy (maV)

0 0.1 0.2

Fr/Fmax

FIG. 6. Effective band gaps E,, and E, as defined in Egs.
(61) and (62) for transitions between the vth valence and the uth
conduction subbands to the left and the right neighboring layers
us n function of the field F,. Absorption is possible only for in-
tersubband gaps E,, smaller than the photon encrgy (see
daahied-dotted lines labeled fiw, and fio,).

a2
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FIG. 8. Absorption coefficient of s compensated GaAs n-i-

p-i crysml with np=4x10'" cm™, n,=(myy/mcinp, and
d =40 am at different nonequilibrium carrier concentrations,
calculated numerically. The numbers indicate the valence- and

conduction-band indices of transitions becoming allowed at a
given photon energy. The absorption coefficient for p+vg3
has also been calculated analytically for the carrier-free ground
state. The deviations from the aumerical results are 0o smail to
be shown in the plot. At higher subband indices deviations from
the harmenic-oscillator energies become apparent. The heavy-
hole contributions are neglected in this example. a'¥'=0.

superlattices is strongly intensity dependent, i.e., non-
lineasr. The discussion of the excitation kinetics and their
consequences for low-intensity nonlincar phenomena is
deferred to a planned subsequent publication.

IV. CONCLUSIONS

In this paper we have presented the theory of optical
absorption in n-i-p-i doping superlattices together with
the results of analytical and numerical calculations of the
absorption coefficient alw). We have found 2 pronounced
steplike structure of the absorption coefficient as a func-
tion of photon encrgy which can extend far below the

103 23.32.41.50 05
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FIG. 9. Same as Fig. 8, except n?=0.8x 102 cm ™%
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FIG. 10. Same as Fig. 8, except AP=1.6%x10% cm~%
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limits by the application o
layers of the superlattice or

um carrier concentration.

We have tried to demonstrate the wide range of situa-

tions which can be encountered, depending on the choice
of host material and design parameters. We have neglect-
mechanisms which may affect
i-p-i crystals, depending
arameters, and the pho-

ed a number of physical
the observed behavior in real n-
on the host material, the design p
ton energy. None of them, however, is expected to make

the observation of any of the phenomena discussed in the

present paper impossible.

The potential fluctuations,
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magaetic field allows for a geometrical scailng of the structure, while electrical
and/or optical tuning allows for depleting or filllng up the densitiy of state diseri-
bution. Within this 2-dimensional parameter space we expect unique possibilities
to study metal insulator transition of the Mott-Anderson and of the Mott-Hubbard
type by optical and by transport messurements.

PEREEEEEEE%

In this section we will investigate the effect of a magnetic field which is oriented
parailel to the layers or pormal to them on the dynamically 2-dimensional states
of an idealized n-i-p-i crystal (potential fluctuations due to random impurity
distribution neglected).

2. 1. Magnetic Field Parallel to the Lavers

We assume a n-i-p-t crystal conslsting of a uniform semiconductor host material
with band gap m.m. dielectric constant x and effective masses m_, m, and m,,

for electron, heavy and light holes near the band edges. Due to the periodic n-
and p-doping in the superlattice direction, z. there is a periodic space charge

olz) = elnp{z) - nglz} - niz} + piz) {1)

due to ionized donors and acceptors as well as due to free electrons and holes,
respectively, The space charge potential

z z
viz) = (4ne/x ) Jdz' fplz")dz" 2
with the superlattice period d superposed to the lattice-periedic potential

H, = vN\NB + V() of the hoat material. In the following we are using the effective
mass approximation

H, ~ p2/2m, : with i = ¢, hh, 1h 3

for elsctrons, heavy and light holes, respectively. Thus, the energies and Bloch
functions for the bulk material become

2 2, 1=
£ p; E. + (B2/2mgtk?; i=e (&)
{-h2/2mpk?2; i =1lh hh
and
P in) ~ o—rﬂ:..rd {r); i=e th hh . (S)

We introduce the magnetic field B in the xy-plane by the vector potential

A= (0,-Bz,0) {6
whence
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the subband spacing is now renormalized by the Landau energies

Hwcy = BeB/me . (16)

Also, the energies are shifted by the (diamagnetic} term m:..w - uy,p)/2. In GaAs
with np, = 4 x 107cm™ and B = I5T we find, for instance,

H(4rtelnp/xom,)'’Z & 25 meV ~ FeB/m,c, or Bul ~ 35 meV.
The wave functions are also renormalized and shifted into the z-direction.

B (@) = (mel /=D 4220 Y2, ((me? /8 nﬁ-p_..w..u:.:.

exp(-(myur /2B z-4 3 -z,% , un
‘where
2in =ad; I=e and Fuwvn <z < {n+;)d (18)
and
2;, ={n+l)d; 1=hh th and nd <z < (neddd . 19

The shift of the wave functions in z-direction

B, * quen._\awm = (Bky/mpoc, /lwp)? 69

is a consequence of the Lorentz force experienced by particles with a momentum
mww perpendicular to the B-field. The Lorentz force is also the reason for the increase
of the effective mass with respect to the in-plane motion perpendicular to the B-fleld
(see kin energy term in Eg. (12)).

The renormalization of the subband energies has been investigated by Maan et
al. /5/ in magnetoresistance experiments. These authors were able to demonstrate
that the conductance showed quantum oscillation as a function of magnetic fleld
in quantitative agreement with the expected behavior.

From equs. (17} to {19} we can calculate the changes of overlap and the resulting
changes of the conduction to valence subband transition probabilitiesa. A comparison
between experiment and theory is particularly interesting as we are investigating
with high sensitivity the changes of the wave function induced by the B-fleid.
Usually, only the changes of the energles induced by a perturbation are observed.
For the p = O electron light-hole transition we find for the change of transition
probability reduction factors with and without B-fleld { assuming np = n,,
dp = dp, My & m,)

wB = wBUk eypl-m wDd?/8R) 20

and
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a z-component or due to localization by impurity potentials or spatially random
potential Fluctustions. These cases, for which we expect qualtitative changes will
be discussed in sections 2.2 and 3. ’

2.2. Magnetic Field Normal to the Lavers

We chose the gauge
A = (By/2,-Bx/2, 0) . (24}

This is also the appropriate gauge for a system with additional potentials v{x.y) which
we will treat in section 3. Replacing p by (p~eA/c) in the effective mass Schridinger
equation now ylelds, instead of our previous eq. (8)

2 )
{/2mpp2epZpd) + THEE (%ey%) + Bucly ¢ %12 = Sy} #oar 0 =0,

(25)
Eq. (25) reflects the full quantization of the system by the formatlon of Landau
orbits In the (x,y)-plane with quantum numbers n and L, and the confining super-
Jattice potential v,{(z} in the z-direction. Eq. (25) can be separated into a z-dependent
and a {xy)-dependent part. For the ground state we find {assuming again uniform
doping in the n- and p-layers}

M
0B 00 = N2 expl- Tt (xPey®) expl- 2t (z-2i0 )2} 1= ¢ th, Bh (26)
and
foo0 = *Mnunﬁ.vmen.-\n +hup /2, i=e @

“hw, /2~ fiwg, ¢/ 2 ; i = hh, 1h

where the degeneracy of the Landau levels per layer is {eB/nHc)-fold, as known
from any 2-D system. From {(Zb) we see, that the interband transition probabilities
should not be affected by the normal B-field, as the z-dependence of the wave
function isn't.

2.3. Arbitrary Orientation of the Magnetic Field

Without loss of generality (except for the case of an anisotropic band structure of
the host material) we can choose a magnetic field

B = (B,, 0, B;) . (28)

Having the results of 2.1 and 2.2 in mind, one might first expect that the system
is now fully quantized due to the B -induced lLandau level Formation, hut with the
space charge induced subband energies renormalized by the fleld component B,
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Eg-2Vo+ (Rwy 1+ By )/2¢(B2/2m) 00y /0, 022, = e
fi0,0 tkad = * 2 2 2 (40)
lﬁmc..u\.w\vmnrau..uv\N - (R \NB—ZE“-._.\EU_?»V WK B i Tr-m—u .

The expression for the 1-dimensional subband reduces to the O-dimensional Landau
system (27) in the limiting case of By~ 0. Note, that in this case the renormalized
effective mass for the motion In x-direction In (40} diverges, e,
5."2 = B_Ae«._\a x..zn < . This implies the transition from the i-dimensional
density of states, which exhibits logarithmic singularities st the discrete energy
levels (n+1/2)fw +(u+1/2)8w, to the $-function-density of states of the Landau fevel
system diacussed in 2.2

From (37) and (33} we see that a finite momentum in x-direction shifts the
wave function in y-direction. The z-dependant part of the wave function, however,
remains centered at the middle of the n- and the p-layers. Thus, the k,~dependent
increase of the transition probabilities, discussed in section 2.1 will not occur, if,
in addition to the magnetic field parallel to the layer, B,, there [s also a magnetic
field, B;, normal to them (at least, if it is strong enough to achieve the magnetic
quantum [imit).

For our previous example this means, that the transition probabilities, which
are enhanced for carriers the Fermi level by the field B, = 15 T by a factor » 120,
compared with the field-free case will drop to a value which is even by a factor
of = 20 lower than the field-free case value if a B,-field of 9 T is added.

3. Effects of High Magnetic Fields in the Case of Localized States

So far we have assumed .hat the carriers are moving free in the (xy)-plane as long
as no megnetic fields are applied. In particular, we found For a Fermi system that
the transition probabilities may increase upon the application of a fleld parailel to
the layers, instead of the expected reduction if the density is high enough. An
additional field normal to the layers, however, may turn the increase back into a
strong reduction, due to the formation of Landau levels. In this section we will
investigate the consequences of disorder which causes localization of the states in
the (xy)-plane.

3.1 Magnetic Fields Paralle] to the Lavers

We expect that the effect of localization on the magnetic fleld dependence will be
weak, If the random potential, which results from the disorder, is small. If, however,
the spatial potential fluctuations are so strong that the classical motilon in the
ground state of a localized state corresponds to kinetic energies at which the
ky-dependence from eq. (23} leads to strong lncrease of the interband transition
probabllitles,it is of interest to know whether this increase also applies to bound
states. In the foilowing we will treat a simple model which can be solved analytical-
ly. We azsume, that, in addition to the parsbolic space charge potential

volz) = AE.E_N.U\E 2% there is also a parabolic potential

13}
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In this sectlon we have only treated the ground state for a simple model. We
expect, however, that the results will not change qualitatively if more realistic
situations are assumed.

3.2 Magnetic Field Perpendicular to the Layer

If we assume the same potential v,(z} due to the space charge potential and vo(x,y}
due to disorder as In section 3.1, with the magnetic fleld, however, oriented in
z-direction ,we obtain, with the gauge for the vector potential given in (24), the
same results (43) and (44) for the ground state solution of the effective mass
Schridinger equation, The values of wy, wy, and Wy, however, are now given by
Wy = Wy = ne.m.—..;aw\n._nvuup\n

48
Wy g = Wpy -

These results confirm the expectation that a magnetic field normal to the layers
will not influence the z-dependent part of the ground state wave function, also
in the case that one Is dealing with states localized in the (xy)-plane. The results
will not change drastically if v (x,y} is no longer a harmonic potential, as long as
it Is weak compared with v,{z). A case of particular interest is, of course, the
Coulomb potentlal of an impurity atom /710/. One has to be aware that a solution
obtained, say for an impurity at the center of a uniformly doped n- or p-layer, is
of limited relevance for a realistic system. For the realistic system we have to take
into account that the potential v(r) is not simply the superposititon of the average
potential of the umiform space ‘charge back-ground, v,(z}, and the potential of 2
specific impurity at R

vin) = e2/lx, =R - b

In addition, there are strong spatial f{luctuations, due to the random distribution
of the impurities in the doping layers. There are, however, a number of possibilities
to create systems in which the potential can be treated as a superposition of a
one-dimensional and a point charge potential, if the requirement of a parabolic
shape of v,(z) ls given up. An example of such a structure is proposed In Fig. 6
of Ref. 4. The quantizing fleld due to the impurities in the ny- and py layers is
nearly uniform within the (very wide) quantum well in between. If the average
distance within the (xy)- plane between the impurity atomg is sufficiently large, the
potential for the effective mass Schrédinger equation can be described appropriately
by the superposition of a triangular potentlal v,(z), the Coulomb potential (49) and
a vector potential

Ag, = (B/D -y, -x+x.0 . (50

Such a system is of particular interest, as it s uniquely sulted for the study of
metal insulator transitions. This is due to the fact that it can be dynamically tuned
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PROPERT1ES OF IMPURITY STATES IN SUPERLATTICE SEMICONDUCTORS
Edited by C. Y. Fong, Inder P. Batra and $. Ciraci
(Plenum Publishing Corporation, 1988)

PROPERTIES OF IMPURITY STATES IN

n-i-

p-i SUPERLATTICE STRUCTURES

Gottfried H. Ddhler

Institut fiir Technische Physik
Universitdt Erlangen
Erwin-Rommel-Str. 1, 8520 Erlangen, FRG

Abstract

The

primary effect of the static potential of the impurity

atoms in doping superlattices is the formation of space
charge induced quantum wells. In most of our previous studies
of n-i-p-i doping superlattices we have focussed our interest

to

the remarkable features which result from the spatial

separation between electrons and holes, such as tunability of

the

electronic structure, electron-hole recombination

lifetimes, increased by many orders of magnitude compared
with those of bulk semiconductors, or huge optical non-
linearities. In this lecture we will concentrate on the point
defect aspects of impurities in doping superlattices. Topics

to

be discussed will include the impurity pand formation by

shallow (donor) and less shallow (acceptor) impurities over

the

whole concentration range from very low toO high

concentrations. We propose various n-i-p-i and hetero
n-i-p-i structures which should be idealy suite for optical
studies of impurity- and Hubbard bands, and for electrical
investigations of the density of states of the conductivity
in these bands as a function of (tunable) carrier and dopant
density. In particular it is expected that these structures
represent unique systems for investigations of the Mott-
Hubbard transition in two dimensions.

I

Introduction

— R e i—

gince the first proposal of n-i-p-i doping superlattices as
crystals with tunable electrical properties and their first
theoretical investigationl.2 a considerable amount of
experimental work has been performed, which confirmed the
theoretical vnmawnnwoumu.». These results have stimulated
further theoretical investigations and proposals for new
experimental studies5-13. Although all the remarkable
features of the n-i-p-i doping superlattices derive from
impurities, almost no attention had been paid to the impurity
states in these structures. We have almost all the time
eliminated them from our discussion by replacing the random
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crystal in the ground state. With increasing population of
the layers by electrons and holes, respectively, the
amplitude of these fluctuations decreases rapidly.

it turns out, that the effect of increasing free carrier
concentration is very strongly dependent on the effective
mass of the charge carriers. The relatively large effective
mass of holes in the valence bands of most crystals results
in relatively large acceptor ionization energies and a
relatively small effective Bohr radius. Thus, a treatment of
che effect of increasing population in terms of step by step
neutralization o¢f the deepest lying states in this random
potential is appropriate. From computer simulatieonsl’ it
follows that the potential fluctuations become smaller than
the acceptor binding energy at a relatively low ratio of the
(2-dimensional) hole to acceptor concentration pf{2)/n,(2)
even at rather high values of n,(2). For the much lower
effective masses of electrons in the conduction band of
direct gap semiconductors the situation is substantially
different. A considerably larger ratio of electron to

0.90 . ; T direchion
0 1.0 2.0 3.0 4.0
2-D CARRIER CONCENTRATION n®[1012cm-2]
Fig. 1 Relation between (two-dimensional} carrier

concentration in the layers and effective band gap and quasi
rermi level difference, calculated self-consistently for a
GaAs doping superlattice with np = n, = 1018cm-3  and
dp = dp = 40nm. The inset shows the envelope wave functions
(cp(2) for the lowest subbands for the mnoc:a state and for
an excited state with n® = 1.4 x 1012cm-2.
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to avoid impurity related  problems
superlattices

In order to be specific, we consider a structure as shown in
Fig. 2. This unw:w|w design resembles the one considered in
our original work »2. We assume an acceptor concentration
much lower than the donor concentration. All acceptors will
be ionized in the ground state. The ionized donors will be
those which are closest to the negatively charged acceptors.

In the following we will discuss this structure for the case
of much lower doping levels than previously considered. In
terms of tunable properties this structure becomes guite
uninteresting. The intriguing aspects result from this
structure representing an ordered version of the well-known
donor acceptor pair luminescencel®. The photon-energy emitted
in a recombination between an electron on a donor and a hole
on an acceptor is given byl®

Kw = Eg0 - Ep - Es + @/kpIpa (3

(this expression can be easily understood by considering the
total energy difference between the initial state,
characterized by a neutral acceptor and the electron sitting
on a neutral donor, and the final state, characterized by the
electron sitting on the acceptor and experiencing the
negative electrostatic potential of the donor in the distance
Ipa, given by e?/xprpa. The transition probability for this
process is determined by the overlap between the donor and
acceptor wave function.Therefore, it depends exponentially on
the distance rp,,18

W(rpa) = Wo exp-(rpa/a*). (4)

a* is not much different from the effective Bohr radius of
the less localized impurity involved.

In a uniform bulk crystal with a random distribution of
donors and acceptors the photo-luminescence is determined Dby
the capture and recombination of photo-excited electrons and
holes. The Coulomb term in Eq. (3), of course, leads to a
considerable broadening of the donor-acceptor pair
luminescence spectra. The contribution of the pairs with low
distance rp, is, of course, particularly strong. These
transitions also cannot easily be saturated because of the
high transition probabilities at low distances (see Eq. (4))-
The width of the luminescence line associated with donor-
acceptor transitions can be estimated from the distribution
function of donors neighbouring the acceptors (also for the
bulk case we assume np much larger than n,). The probability
of finding the next nearest donor within a distance interval
{(r, r+dr) is given by

p(r)dr = 3(r2/ro3) exp-(r/ro)idr (5)
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distance r (see Fig. 2) becomes strongly peaked near d;. For
the probability of finding the next donor within a distance
interval (@, e+d_) within the two-dimensional doping layer
away from the nea®est distance point is now

ple)de = 2(e/eo?)exp-(e/eo)de (11)
with
Qo = (2nnp(2))-1/2 (12)

(the factor 2 in Eq. (12) results from the fact that each
acceptor is facing two neighbouring donor layers). Quite
analogous to our previous three-dimensional nosmwamunnwonm we
now define quantities r_ = d; and r; = thn+ﬁoxvmu such,
that two thirds of all the nearest donors are® found within
this interval. Thus, we obtain ¢ = 1.05gg9. For the
luminescence linewidth we find ﬂwmﬂmwoum

AKw(2) = e2/xp - eZ/xg[d;? + ﬂmeNHP\N {13)

Ffor the n-i-p-i version of our previous example we find
therefore

ARw(2) = 2.34 - 2.26meV = 0.08meV (14)

Comparing the values from Egs. (14) and (8), we observe a
dramatic reduction in impurity pair luminescence linewidths.
We believe that this strong narrowing of the linewidth,
indeed, should be observable. The only energy in a lumines-
cence experiment which could interfere with the donor
acceptor pair luminescence could be due to excitons bound to
neutral acceptors. This contribution to the luminescence
would have a much faster decay after excitation compared with
the donor acceptor pair luminescence, which is given by
Eq.(4) with Tpsy = dj.

So far, we have neglected the Coulomb broadening of these
lines due to other non-neutral donor-acceptor pairs. This
broadening will be negligible if the  donor acceptor
transitions are saturated-or almost saturated. Because of the
uniform distribution of transition probabilities, which, at
the same time are relatively small (for our present example
they can be estimated to be of the order of 10¢ s-1)
saturation can be achieved with moderate excitation
intensities quite easily.

Apart from the narrowing of the luminescence spectra, which
is interesting by itself, this new system offers the exciting
possibility to study the formation (of 2-dimensional)
impurity bands. If we study a set of samples in which only
the donor concentration in the n-layers differs, we expect a
broadening of the luminescence spectra when the donor enerqgy
level distribution broadens due to the formation of an
impurity Dband. The observed shape of the luminescence
spectrum should reflect directly the density of state
distribution N(e) of the impurity band. Note, that the
acceptors are randomly distributed in the p-layers and,
therefore, probe the impurity band independently on the
special donor distribution within the n-layer.
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A special version, a type-II hetero - n-i-p-i, is shown in
Fig. 3. It is obvious that electrons and holes are now
spatially separated, not only from each other but also from
their parent donors and acceptors, respectively. The
advantage is two-fold. First, the influence of potential
fluctuations as a broadening mechanism for the subbands is
now strongly reduced. Second, holes no longer populate
acceptor impurity bands. Instead, they reside in hole
subbands whose properties are readily accessible by the
theory??, Recent photoluminescence and time-resolved
luminescence measurements have, in fact, demonstrated much
narrower luminescence lines23. Also distinct lines due to
recombination from excited subbands could clearly be
distinguished. In the next section we will discuss some
‘specific properties of hetero - n-i-p-i - structures with
very low doping concentrations which have not been considered
previously.

4. Study of (2-dimensional - and Hubbard-bands in
hetero - n-i-p-i’'s

In section 3.1 we discussed a new possibility to observe the
density of states of impurity bands, N(e), for the special
case of a completely or nearly completely filled impurity
band. In this section we outline that hetero - n-i-p-i’'s
provide a unigue possibility to study impurity bands as a
function of their population. This is, of course, a
consequence of the tunability of the carrier concentration in
n-i-p-i - structures. We will find that the situation in
hetero - n-i-p-i's of appropriate design differs from that in
the conventional n-i-p-i‘s by the fact that the tunability of
the carrier density is not limited to the range between 0 and
the density which just neutralizes all the impurities. We
can increase the carrier density even beyond this limit. This
implies the possibility to populate the “Hubbard-band"lit 2z,
formed by double occupancy of the impurity states. The most
interesting aspect of this system is perhaps the possiblity
to have a unigque system for studying the Mott-Hubbard-
transition?% as a function of gg/ap or gg/a,, similar to the
case of the simple impurity band formation in section 3.1. In
this respect, our present system differs from any other
system we are aware of. We do not see any possibility to
design a similar bulk system in which the conductivity and
the density of states could be investigated in the range of
population higher than one carrier per impurity (we exclude
the case of impurities which exist in a singly and doubly
ionized state and which are separated by a large energy
difference. The Mott-Hubbard transition can probably never be
studied in such systems).

4.1. Hetero - n-i-p-i for the study of (2-dimensional)
conduction in impuritv and Hubbard-bands

Fig. 4 shows the band diagram for the conduction and valence
bands of a hetero - n-i-p-i in the ground state (b), the
excited state with neutral impurities (c), and with the
Hubbard-band populated (d). The doping profile is indicated
in part (a). The doping concentration in the p-layers is
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Upp - UOpp < -35nV

At Upp - Uopp > 0, on the other hand, D- centers will be
formed in the n-layers by the excess electrons, provided that
np{2) is less than the critical density n(2)p mg for the
Mott-Hubbard transition. These D- centers form the Hubbard
impurity band. The centex of this band is shifted to higher
energies, compared to the center of the D° impurity band by
the repulsive correlation energy Ug.

For our example we find, that at a voltage
cﬂﬂ = GOBU + 35mev ' aHWv

the number of electrons in the Gahs layers has

_increased up to n® = 2np™, which corresponds to a completely

filled Hubbard band. This means, that we can shift the
position of the electron quasi Fermi level from the lower
edge of the D? impurity band up to the upper edge of the D-
Hubbard band by varying the voltage Upp between selective n=-
and p-contacts by a rather small amount (~ 70mV in our
example). Over ‘the whole range the leakage currents
through the Al Ga;.xAs barriers are expected to be very low
at very low temperatures.

In order to study the conduction processes in the D% and the
p- bands one has only to measure the current In, due to 2
small bias Upp, applied between two selective n-type contacts
with the voltage Upp as & parameter26.27. A schematic picture
of the density of states and the position of the electron
quasi Fermi level &, as a function of sheet electron density
n® is shown in Fig. 5. -

At low temperatures we expect to observe the Mott-Anderson
metal-insulator transition at low n® provided that np® is not
too low. The most interesting tuning range, however, is n® «

np®, i.e., from slightly below to slightly above this value.
Depending on the doping level np® and/or the strength of a
magnetic field Bg perpendicular to the layers, the Mott-
Hubbard metal-insulator transition due to the breakdown of
the Hubbard gap at sufficiently strong interaction between
neighbouring donor states, can be studied by conductivity
measurements as a function of the position of &p.

4.2 Heter n-i~p-i he optical investigation of the
i i and the Hubbard

The structure shown schematically in Fig. 6 consists of

‘weakly n-doped quantum wells with built-in electric space

charge fields due to the space charge in the comparatively
high doped n- and p-layers (see part (a) of Fig. 6 for the
doping profile). In the ground state there are no carriers in
the tilted quantum wells. Excitation with photons with an
energy above the effective band gap, mwomm creates electron-
hole pairs within the tilted guantum wells.

Kw > Egeff.0 = Bl + Ec o - Epl: - eFdl + Eyn,o (20)
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their population, if the dispersion of holes populating the
upper heavy-heole subband can be neglected. This requires a
low hole concentration in the tilted quantum well even for
the case that the p® and the D- donor pands are filled with
2np™ electrons. To meet this goal the height of the barriers

between the tilted gquantum wells and the neighbouring n- and
p-type guantum wells has to be chosen nuvnovnwmﬂmw%.

The muouuwwwwdwmm for escaping Irom the tilted guantum wells
by tunneling are mﬂowOHnwosuw to exp *na\wﬁsa>M|Mouuﬁnxmmm.
where the appropriate values for the effective mass, M, band
edge of-set, AE and lowest pbound state energy, Eg, have to be
chosen for electrons and heavy holes, respectively. wWith the
values for the system wamupauwh%muvu. AE./aEy = 65/35,
Mo /Mpn T 0.168 and Ep © [(eF)2/m] " they turn out to be
nearly jdentical for electrons and heavy holes, if the Al-
content is the same in both types of parriers. It should be
noted that the dependence on the ratio &Ec/AEy is very
gensitive. 1t might even be useful for an accurate
determination of Hetero junction pand off-sets.

The design of the structure as shown in Fig. & allows for an
external recombination of electrons and holes which have
escaped from the tilted guantum wells via external selective
contacts to the n- and p-type doped gquantum wells. Moreover,

the built-in electric field, F, can be modified by applying 2

rig. 6 Hetero n-i-p-1i doping cont. (a)
for the optical investi-
ation of impurit and
MGUuuﬂa anam %Ha 2- n 2} nplz) n,(2)
diminsional systems . n@s(zz) [ 1B o220 []
Part (a}: Doping profile. >. \> ﬂ
na(z) and np{z) cause the —Z

built-in electric fields, yt——— /2 ——
F. The doping npt?’
causes the impurity band
which is subject to the
optical investigations.
part (b): Band profile in
the ground state (all
donors in the tilted
guantum well ionized, 1o
holes in the valence sub-
bands) . The escape
probability for electrons
and holes generated by
optical absorption in the
tilted quantum wells
determines the steady-
state electron/hole con-
centration ratio
nt2)/pl2). 1t can De -z
tailored independently for electrons and holes by the choice
of the band gap in the neighbouring barrier regions. The
escape probability can be made small by chosing large values
of the superstructure pericd 4. Moreover, it can be
influenced strongly by variation of a Dbias Unp applied
petween sSelective n- and p- type contacts to the strongly
doped n- and p-type guantum wells.
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