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The absorption due to transitions between valence and conduction subbands in doping superlat-
tices is calculated analytically and numerically. Results for various materials and design parameters
of the superlattice configuration are presented for illustration. It is found that with an appropriate
choice of design parameters the absorption coefficient exhibits a pronounced steplike structure for
photon energies less than thc band gap of thc host materIal. Thc absorption of a gjven spcclmcn is

strongly tunable by external fields, by carrier injection, and by the generation of carriers due to the
absorption process itself. At fixed photon energy, large-amplitude oscillations of the absorption
coefficient as a function of both the external electric field and the induced carrier concentration are
predicted. The limitations of our approach, and consequences of our results for interesting applica-

tions, are discussed briefIy.

I.- INTRODUCTION

Doping (n i p i) su-p-er-lattices 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. ' The most striking features by which they differ
from their compositional counterparts ' (e.g., GaAs-
Al„Gai 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 elec-
trons and holes, which is induced by the space-charge po-
tential of the impurities. . In addition to the tunability, i.e.,
the possibility of modulating the properties of a given
specimen by applying external potentials ' or light radia-
tion, ' "" the n i p isys-te-m-s exhibit an extreme flexi-
bility with respect to the tailoring of their electronic struc-
ture. Any semiconductor, which can be n and p doped,
can be used as host material for the n i p-i structure-, -in
contrast to thc compositional superlattices, where the re-
quirement of lattice matching severely restricts the choice
of materials. Furtheimore, any value of the effective
band gap E' ' of the n i p icrys-ta-l -in the ground stateg

~ 0that is smaller than the gap of the host material, Eg, can
be generated by an appropriate choice of the design pa-
rameters, i.e., 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
thc design paranlctcrs. Finally, thc 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-Jp-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

detail. ' ' The tunable optical absorption which will be
the subject of the present paper has also been studied
theoretically and experimentally in a previous investiga-
t1on. Thc supcrlatt1cc period 1n that particular case was
chosen to be rather large, such that a 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" ' ~ '(co) for photon energies fm 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 a 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/or different direction and/or polarization, and, in
addition, by electrical bias applied via selective electrodes.
These changes of the absorption coefficient also include
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 icrystals all-o-w -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 interest for the
generation, modulation, and amplification of light signals,
the above-mentioned self-induced changes yidd intensity-
dependent absorption coefficients and refractive indices.
As a consequence, it turns out that n-i-p-i crystals
represent a promising basic material for devices based on
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optical nonlinearity, such as bistable or multistable optical
switches. '

In Sec. II of this paper we calculate analytically the ab-
sorption coefficient in the ground state for n-i-p-i crystals
with a set of design parameters which leads to a particu-
larly simple electronic structure. The analytical approach
has the advantage of making transparent the relationship
between absorption coefficient and design and materials
parameters of the n-i-p-i superlattice. It also allows us to
discuss the effects of external fields.

In Sec. III the absorption coefficient under external
electric fields and in the excited state will be considered.
We will treat analytically the former case and present nu-
merical results obtained from self-consistent calculations
of the electronic structure' for the excited state. These
examples will demonstrate the strong tunability of the ab-
sorption coefficient as a function of external fields and of
the excitation level. In our concluding remarks we will
summarize our present results and we will critically re-
view the approximations made and consider their conse-
quences.
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for the zeroth period. The static dielectric constant is itp

and e is the elementary change. The potential amplitude
Vo is given by

2 Vp = (27Te /itp)[nD(d„/2)'+n&(dit /2)'] ~

This superlattice potential is superposed on the crystal po-
tential of the host semiconductor. In Fig. 1 the real-space
band scheme with the lower conduction-band and upper
valence-band edge modulated by the superlattice potential
is shown. The motion of the charge carriers in the z
direction is quantized by the steep space-charge potential
vp(z). The electrons in the lowest discrete energy levels

E,„and holes in the uppermost valence-band states, E„,
are defined by the respective parabolic parts of the poten-
tial. The eigenvalues are therefore harmonic-oscillator en-
ergies

and

Ec'& —Ex 2Vp+fmc'(p+ —,
'

), )tt =—0, 1—, 2, . . . (4)

%e consider a compensated n-i-p-i crystal with uni-
formly doped n- and p-type layers of thickness d„and d~,
respectively, and doping concentrations nD and nq,
respectively. The condition for compensation, i.e., the ab-
sence of free carriers in the ground state, reduces to

iiDd =ngdp

in this simple case.
The periodic space-charge potential of the ionized im-

purities is composed of parabolic segments and reads

DIRECTION OF PERIODICITY z
FIG. 1. Schematic real-space energy diagram of a compen-

sated n-i-p-i crystal. The conduction- and valence-band edges
are modulated by the space-charge potential of the ionized im-
purities (indicated by + and —signs for donors and acceptors,
respectively). The dashed and solid horizontal lines close to the
(real-space) conduction- and valence-band extrema correspond
to the subband edges of different subband systems, E,'„' and
E„'„', derived from different conduction and valence bands (i)
and (j), respectively. (a) shows the ground state of an n-i-p-i
crystal, and (b) shows an excited state with carriers in the sub-
bands, reduced subband spacing, reduced band modulation, and
different quasi Fermi levels for electrons and holes.

within the effective-mass approximation (EMA). The
harmonic-oscillator approximation is quite accurate for

(iritv,"()tt+ —,
'

), i)i(v'„"(v+ —,
'

) ) & Vp, (6)

to the extent that deviations of vp(z) from parabolas influ-
ence the energy eigenvalues. For the validity of the EMA,
however, the more restrictive condition

must be fulfilled. The error introduced by neglecting de-
viations from the EMA is not serious as long as the devia-
tions between the exact and EMA values are substantially
smaller than the oscillator level spacing, e.g.,

~

(E(i) )exact (E(i) )EMA
~

& 0 2irip)(i) (&)

We have introduced the superscripts ( i) and (j) in Eqs. (4)
and (5) in order to take into account anisotropic and/or
degenerate bands in realistic crystals. In the case of semi-
conductors with GaAs band structure, the conduction
band is nearly isotropic and nondegenerate with an effec-
tive mass m, . Therefore, we can omit the superscript; we
obtain
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coc =[4me nDI(mome)]' for GaAs structures . (9)

For the two uppermost valence bands, the heavy-hole
(HH) and the light-hole (LH) bands, we obtain, for
tetrahedrally coordinated semiconductors,

= [4~e'n~/«pmHH)1'"

(10)

co„" =[4~e ngj(apmLH))'i' .

Strictly speaking, we must take into account the anisotro-

py of the valence bands (particularly for the HH band).
Therefore, we must use the appropriate components of the
effective-mass tensor, mHH, and mLH, „ in Eq. (10),
which correspond to mHH' and mq'H ' if the z direction
of the superstructure coincides with the (100) symmetry
direction of the host-crystal lattice. We also note that the
different bands of the host crystal interact because of the

I

potential Uo(z). The consequences of this interband cou-
pling are probably always unimportant for our present
problem and will be neglected in the following.

If the host crystal exhibits a many-valley band structure
(Si, Ge, or GaP, but also IV-VI compounds such as PbTe,
for example), we must take into account the anisotropy of
the energy bands. The effective masses in Eqs. (9) and
(10) must be replaced by the appropriate values m„de-
pending on the orientation of the superlattice direction
with respect to the crystal symmetry axes. The solution
of the Schrodinger equation and the values of m, in terms
of the longitudinal and transverse masses mi and m, have
been calculated by Stern and Howard' for the 'symmetry
directions (100), (110), and (111). We give here only the
results for a IV-VI compound with superlattice orienta-
tion along the (111) direction. These compounds have
conduction- and valence-band edges at the L points. '
Equations (9) and (10) now read, for (a)-type valleys,

~."'=[4~e'naj(Kpmci)]'" to"= [4~e'n~ /(~omui)]'

and, for (b)-type valleys,

co,
' '=

I 4~e nDI[&p9m«mci j(m«+ Smci)] I ', tou '=
I 4ne nzj[tto9mutmui I( mu+t8 mc)i] J

' (12)

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 E,'„' and E„'i„' form the edges of the subbands with energies ,'e„'(kii) and e'„J„'(kii) given by

eIc(k t'ai) =Ec'tI +/P g (ki —ko, i)(kut —kp, ttt )[(mc ) ]I,m
l, m

(kii)=E —f/'(ki —kpi)(k —kp )[(m ) ]i
l, m

(13)

(14)

where [(m,") ']i and [(mu'i') ']i are the (l,m) components of the reciprocal effective-mass tensor for the

kii=(k„,k~) direction. The k p(j) are the wave vectors of the band extrema. The two-dimensional densities of states
per subband, Nc'&(e) and N,'i„'(e), again in the EMA, are

N, ~(e)=(mud )B(eE,~), ' — (15)

for GaAs structure,

N„„(e)=(mHH/mA' )6(E„„—e), N„„(e)=(mzH/M )8(E„„e), —

for tetrahedrally coordinated semiconductors,

N,"„'(e)=(m„/M )B(e E,"„'), N„'„—'(e)=(m„tlat )8(E„'„' e), —
for (a) valleys, and

N,',„'(e)=3(m,',Dos/~)6(e E,p), N„' „'(e)=—3(m„',Dos/M )8(E,

(16)

(17)

(1S)

for ( b) valleys, where the two-dimensional density-of-states (DOS) masses for motion of carriers parallel to the layers in
the (b) valleys, m,' Dos and mu Dos are given by

m", r'os =[m.t(met+ Smcl)/9] mu, Dos [mut(mut+Smul)/9]' (19)

e 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 general, is negligibly small 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 pth ( i)-type conduction subband becomes, in the layer of index m, in the EMA,
~ Ik('& Z

( r
i
c, (i),p, kii, m )=e ii 'inc'„'(z —md)u" ~&(r)e (20)
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and, for the vth (j)-type valence subband,

Ik(j'Z
( r

~
U, (j),v, kll&m )—e "II '

llg~J„'[z —(m + —, )d]u'j-', i)(r)e (21)

where the u's are the (host-) lattice-periodic parts of the respective Bloch functions at the conduction-band minima k 0'

and valence-band maxima k Oj'. The envelope wave functions g,'„'(z) and g'„j„'(z) are harmonic-oscillator solutions within
the app«»mations discussed at the beginning of this section. For —d/2 &z & d/2, we have

g(i) (z) ~—) /4(a(l) )
—1/2exp[ z 2/2(a(l) )2 j(p)2P )

—1/2H (z /a(l) ) (22)

g'„'„'(z)=m ' (a'„") ' 'exp[ —(d/2 —iz I ) /2(a'„")'j(v!2") ' 'H [(d/2 —iz i
)/a',"j, (23)

where the H2 (g) are the Hermite polynomials,

Ho(g') =1, Hi(g) =2/,

H2(g') =4/ 2, H3—(g) =8/ —12$,
(24)

(i) (g/ (i) (i))1/2
C C7$ C 7

(j) (g/ (J) (j)
)
1/2

(25)

(26)

We have treated in some detail the relationship between
the two-dimensional subband structure of the n-i-p-i su-

perlattice and the electronic structure of the host crystal
because we will find that optical-interband-transition '

probabilities depend very sensitively on the specific sub-
band system involved. We will exclude from our con-
sideration the interesting case of absorption in n i p isy-s---
tems made from a host material with an indirect gap in
momentum space, such as Si, Ge, or Gap. For valleys
which are projected onto the I point of the (k„,k„) plane,
the vertical valence-band-to —conduction-band transitions
are no longer strictly forbidden, which means that the
crystal becomes a direct-gap semiconductor. A reason-
ably realistic treatment of this situation, however, would

I

lead beyond the scope of the present paper.
We now turn to the calculation of the absorption coeffi-

cient of an n i p i--c-rystal in its ground state
a"'1''(co;Eg ' ). Here, Eg

' stands for theeffectiveband
gap in the ground state, defined by (see Fig. 1)

Eg ' Eg 2VO——+mi—n (fico,' /2+fico„'j)/2) . (27)
E7J

This energy represents the threshold photon energy for
absorption. Excitonic effects are normally .negligible in
n i p-i cry-st-als because of the rather large average value
of the electron-hole distance of d/2. The value of the ab-
sorption coefficient near Eg ' is always considerably
smaller than typical bulk values because the interband di-
pole matrix elements

&c,(i),o, kll, m
~ p ~

U, (j),o, kllm)

are small due to the spatial separation of the initial and fi-
nal states. %"ith increasing photon energy, transitions be-
tween subbands with higher indices p and v becomes ener-
getically possible. The imaginary part of the dielectric
function ez

'~ '(co&,Ee ' ), for photons fico& with polari-

zation vector A, , becomes

2 2
n-i-p-ig . jeff,oi

(CO g~pEg j=
A~

p, , k
~~,

( ),(j)

(c (i) p'pkl! m
)
p'A

)
() (j) v kll m ) ) ( ) (j)5(e,'q(kll) —e,~„(kll) —quoi ) .

eU „'(k
(28)

The absorption coefficient a" ' i' '(co &,Ez ' ) is related to e2
' ~ '(co &,Eg ' ) by

a(co) =e2(co)co/[n», (co)c], (29)

where 'n», (co) is the refractive index and c is the velocity of light.
Equation (28) will be evaluated for two simple examples. We take advantage of the fact that the two-dimensional sub-

band structure for electrons and holes can be tailored independently. We choose the design parameters d„, dz, nD, and

n~ such that co,
' =co„i for those subband systems which yield the major contributions to e2

' ~ '(co &,Eg ' ). This require-

ment is fulfilled if

m, /mi H, for GaAs structure,
P1D

nz d„m,','/m, ',' for IV-VI compounds,

(30)

(31)

depending on the band structure of the host crystal.
This particular choice of design parameters has two advantages. The (ij ) contribution to the absorption increases at
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equidistant photon energy intervals,

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

1&c (i»u k)~ I p ~
I

u V»v k))) I
'=21 &c (i»k o'

I p ~
I

u V»k o")
I

' f dz4",,'(zC".'(d/2 —
I
z

I ) (33)

f g(E) (z)g(E) (d/2
I
z

I
)dz expI (d/2)2/[(~(E))2+ (~(J))2]}I(E)(J) (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 orthogonahty of Bloch states belonging to different bands. The exponent in Eq. (34) can
be re%'rittcn as

(d/2)2 2Vo(d„+d~)
( (i))2+( (j))2 ~(i)d +~(j)d (35)

=2(d/2) 2Vo

( (l'))2+( (j))2 ~(j)

for transitions between those bands for which cu,
' =(E),J . The integrand in the expression

I„', ' =expI(d/2)'/[(a, ")'+(a„'J')']j f dzg,'„'(z)g„') (d/2 —
I
z

I )

(36)

has its maximum near the boundary between the n and p-do-ped regions for the subband wave functions under con-
sideration. This is not the case for transitions between the electron and heavy-hole subbands. Therefore the analytical
results are less accurate for the latter case because the wave functions differ significantly from harmonic-oscillator solu-
tions in the region where the integrand is large.

For the lowest subbands, one finds

I(i)(j) 2 (i) (j)/[( (i))2+( (j))2]

I(i)(j) I(i)(j)
( (i)d)2/I 2[( (i))2+ (

(J) )2]2}
I(i)(j) I(i)(j)( (i))4/Ig[( (i))2+( (j))2]2}Id2/[( (E'))2+{ (j))2]+2( (j))2/( (i))2 2}2

I(i)(j) I(i)(j)(~( )~(jE))2/I4[(~(i))2+(~(j))2]2}Idz/[(~(i))2+(~(j))2] 4}2

I(i)(j) I (i)(j)( (l)d )2/I 4g[( (i) )2+ ( (j))2]2}I (~(E)d)2/[(~(E))2+(~(j ))2]2+ 6[( (t))2
( (j))2]/[( (E))2+( (j))2]j

2

I(l)(J) I(l)(J)d(z(J)/[((z(E))2+ ((2(J))2]2((ci(E))2d2/I 4[((z(i))2+ ((z(J'))2]2 j +[ 2((2(i))2+ ( (J'))2]/[( (i))2+ ( (J))2] )2

(The integrals Io'iJ', Io'2J, and Io', &J' follow from the cor-
responding terms by interchanging a,"=-=a,'J'. )

We note the following observations.
(1) The interband dipole matrix elements in n-i-p-i

crystals are reduced by an exponential factor

4Vo(d„+d~)

with respect to bulk transitions or those in heterostructure
superlattices.

(2) The matrix elements depend strongly on the effec-
tive masses of the bands~ as 6)~ ~ c(: m~ ~ . Thus~ for
Vo & (%co,",fico„'J'), the heavy-hole-subband —to—conduc-
tion-subband transitions are negligible compared to the
light-hole-subband —to—conduction-subband transitions in
typical n-i-p-i structures if the host crystal has GaAs-
type band structure. For nz ——4 & 10'8

I

nD (m, /m——i H )n„, and d =40 nm, we find

I (c,)M=O, k)), m
I p J(,

I
u, LH, v=0, k((,m ) I

2
I (c,k

I
p. A,

I
uLH k) I

e '~ (39)

I &ci =o, k(~, m
I p a Iu, HH, v=o, k~), m) I'

=2
I (c,k

I p A,
I

u, HH, k) I e . (40)

Similarly, we find, for PbTe, n i JJ istructu-r-e -with
na ——nz ——2& 10' cm and d„=d& ——90 nm,

/

I (c,(b},p=o, k[(,m I p A,
I

u, (b),v=o, k((, m ) I

=2I (c,(b), k
I
p. A, Iu, (b), k) I

e ', (41)

whereas the corresponding matrix elements for transitions
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between the (large-effective-mass) (a) valleys are much
smaller

f (c,(a),)M=0, k)~, m
[
p.A, [ U, (a),v=o, k(~, m & [

=21&c,(a} k
I p ~ IU, «»k& ['e ". (42)

+c'""'(k)
~

ZP&, (43)

where
~
S&,

~
I&,

~
Y&, and

~

Z& stand for wave func-
tions of s and p symmetry, and a and P are spinors. The
k-dependent coefficients a'" '(k), b'" '(k), and c' '(k)
reduce, in the limit k —+0, to

(LH)(()) 0 b(LH)(()) 3
—)/2 c(LH)(()) (

2 )1/2 (44)

The conduction-band wave function is given by a similar
linear combination. Its coefficients for k —+0 reduce to

a "(O)=1, b"(O)=O, c"(O)=O. (45)

This form of the wave functions has the following two in-

teresting consequences for optical absorption in doping
superlattices.

(a) The absorption coefficient will be polarization
dependent since the momentum matrix elements p,p~
will, in general, not be equal to that of p, . However, a
factor-of-4 difference between polarization C in the plane
of the layers and perpendicular to it, which is expected
from Eq. (44), i.e., from using the effective-mass approxi-
mation, will not be observed. Even for the lowest subband
the superlattice potential will mix Bloch functions of ap-

preciable k, (k vector along the superlattice axis}. This
mixing is not described by the (lowest-order) wave func-
tion of Eqs. (20} and (21). The superposition of Bloch
states of different k, causes the differen'ces in the matrix
elements to diminish even for states near the subband
edges, i.e., states with zero transverse momentum k

~

~.

(b) The form of the wave functions (43) implies the pos-
sibility of exciting electrons of only one spin direction
from the light-mass valence into the conduction band by
applying circularly polarized light which propagates along
the superlattice axis. Large degrees of conduction-
electron spin polarization should be obtainable by absorp-
tion near the subband edges in n-i-p-i crystals due to the
separation of light- and heavy-mass valence-bands (dispar-

Note, that (a)-to-(b) transitions are forbidden by the k~~-

selection rule.
(3) There is no (ILI, , v) selection or quasi selection rule be-

cause of the spatial shift between the initial- and the
final-state harmonic-oscillator wave functions ("indirect
gap in real space" ' ). This is in contrast to heterojunc-
tion superlattices with a direct gap in real space.

(4) The matrix elements increase rapidly with increasing
subband indices, i.e., for transitions which become ener-
getically allowed for higher photon energies the absorp-
tion is much larger.

(5) For a GaAs-type band structure we can use the
Kane model to describe the cell periodic part of the Bloch
functions. ' For the light-hole band with an effective spin
of + —,', for instance, one has

(LH)+ (LH)(k)
~

gp&+g(LH)(k)
~
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FIG. 2. Calculated absorption coefficient e(co} for a GaAs

n-i-p-i crystal with- n~ ——4X10", ng ——(ELHI, }nD, 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 p, v & 3. The
continuous curves show corresponding results of semiclassical
calculations similar to those presented in Ref. 11.
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h~ —E ~ {meV)9
FIG. 3. Same as Fig. 2, but for an InAs n-i-p-i crystal with

nD ——5X10' cm and d =96 nm. The difference between the
hea, vy- and light-hole contributions ls more pronounced than ln

the formeI case. In addition, the semiclassical description is
found to overestimate considerably the absorption coefficient in

this low-effective-. band-gap example.

ity in the momentum matrix elements) and the imposition
of a symmetry axis given by the direction of the built-in
electric fllclds. Tllls ls partlclllal ly slglllflcallt slllcc tllc
electron-hole scattering, which is thought to be the dom-
inant spin-relaxation mechanism in GraAs 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

into a very efficient source of spin-polarized electrons.
The k(( summation in Eq. (28) yields two-dimensional

interband densities of states,

~(i)(J)(~)
I [(m(i) )

—1+(m(J) )
—1I —I/~@II

(46)

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

I, +IHH I, +ILH foi GRA8 band strUctUres,
—1 —1 —1

( m& Dos ) +(m& Dos ) = ' m«+ m&( fol ((I ) valleys~

3[m«(m«+8m, ()] I/ +3[m„(m«+8m„))] '~ for (b) valleys.

(47)

In both cases the absorption near the threshold photon energy

~th Eeff, O

is due to the v=O-to-p, =O transition with the smallest matrix elements. Above the threshold for light-hole-
band —to—conduction-band, or (b)-valley, transitions,

LHE, o—EU o for GaAs structures
E eff, O (49)E,' O' —E,' 0 for IV-VI compounds,

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 a" ' I' '(m;Es '
) for GaAs and InAs

is-i-p-i crystals, respectively, are shown. The materials and design parameters are given in Table I. Also showa 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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(50)

terband effective mass I „defined by Eq. (36) 1n Ref. 11, must be replaced by the appropriate quantities p;,.ln Eq (34)
and by p~~D3o~,'g in Eq. (33) if the bands are anisotropic. Here, p, ; Dos is identical with the expressions given in Eq. (47),
and p;, is defined by

m, i'+m„ i for (a) valleys,

(9m, i) '+(9m„/8) '+(9m„i) '+(9m„/8) ' for (b) valleys.

It is now quite obvious how we can tailor the absorption
coefficient of an n i p-i-c-rystal by an appropriate choice
of host material and design parameters nD, nq, and d.

The absorption edge fico'" shifts to lower values with in-
creasing Vo, which, according to Eq. (3), is proportional
to the doping concentration, the square of the superlattice
period, and the inverse of the static dielectric constant.
The width between the steps, with our particular choice of
the subband distances fico, =ficoLH or fico,' '=fico'„', is pro-
portional to the square root of the doping concentration,
over the relevant effective mass and the inverse static
dielectric constant, according to Eqs. (9)—(12). The aver-
age slope in the region fico'" & fico & Eg, where lncc" ' i' '(co)
is staircase shaped, can easily be estimated from the semi-
classical calculation. %'e find that the average slope is ap-
proximately proportional to the inverse maximum space-
charge field Fmax~

Fm, „=2irenz&d„ /ico,

and to the square root of the smallest reduced mass p;, .
Thus, 1na" '~ '(cu) versus co becomes particularly flat in
materials with small effective masses if the product

nod„=nod& is made large. Figure 4 shows the absorp-
tion coefficient of a PbTe n i p-i-c-rystal.

A. Absorption with external electric field

In Fig. 5 the band profiles e, (z) and e„(z) of an n i p i---
crystal with an external field F, apphed in the direction of
periodicity are shown. Such a field can be induced by an
external bias U, applied between sandwich electrodes on
the top and the bottom of the n i p is-tr-uc-ture,

F, =U, /(N, id), (52)

if the n i p istruct-u-re -consists of N, ~ periods.
The uniform field F, does not affect the parabolic

shape of the superlattice potential

III. TUNABLE ABSORPTION COEFFICIENT

The absorption coefficient of an n i p i-c-ry-stal can be
changed drastically by the application of external electric
or magnetic fields or by varying the effective band gap
Ez through the injection or optical generation of elec-
trons and holes. We defer the magnetoabsorption to a
planned later publi|:ation and restrict ourselves to the
modifications induced by an external electric field F„ap-
plied in the direction of periodicity (Sec. IIIA), and the
variation of cc" '~ '(co;Eg'ff ") induced by variation of the
effective band gap in the excited state (Sec. III 8).

uz(z) =uo(z) eF,z . — (53)

Therefore, the energetic separation between subbands of
the same subband system, fico", does not change either.
The energetic and spatial distance between subband states

d /2

d/2

4
i( ~ 5 ~ ~ I ~ ~

~ g%

I I

-80 O—40
(~~-E ) (mevj

eff, o
La 9
C
4)

4 ~ ~ ~ ~

~ I

~ ~ ~

FICr. 4. Absorption coefficient of a PbTe doping superlattice
with nD ——nz ——10' cm and d =SOO nm. The dashed line
represents the contribution of the (a) transitions. The contribu-
tion of the ( b) transitions (dotted line) practically coincides with
the total absorption coefficient (solid line) for photon energies
smaller than Eg. The steplike structure is not shown due to the
smallness of the subband spacing in this particular example.

direction of periodicity

FIG. 5. n-i-p-i crystal with an electric field F, applied nor-
mal to the layers. The effective band gap and, therefore, the.
threshold energy for absorption is lowered, The subband spac-
ings remain unaffected.
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in adjacent layers, however, changes drastically. There-
fore, the field F, strongly influences' the absorption coeffi-
cient a" 'i' '(co;Eg ','F, ). Inspection of Fig. 5 and some
elementary algebra tell us that the absorption coefficient
can be calculated in the same manner as before. Evaluat-
ing expression (28) for e~z

'~ '(co &,Ez ' ), one has only to
replace it by one-half of the sum of two analogous contri-
butions, obtained by substituting for 2 Vo and d by

2VO+ —2VO(d+)

2VO ——2VO(d )

d+=d(1+ IF, I
IF,„)

d =d(1 —IF, I
/F, „). (55)

The potential amplitudes Vo(d+) and Vo(d ) are calcu-
lated according to Eq. (3) with the new effective superlat-
tice periods d+ and d, respectively. F,„ is the
ground-state maximum space-charge field at the interface
between n and p layers, given by Eq. (51). From Eqs. (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„=a,

and

I &c,p I
v, v&

I
=

I &c,p I
U, v&

I
(1+

I
F,

I
/F, „) '"+"'exp[( —1/8)(d/a) (

I
F,

I
/F, „)( I F, I

/F, „+2)j

1&c vl»v& I'=1&cs IU v& I'(1 —IF. I/F -)"'+'exp[( I/—8)(d/~)'(IF. I/F ..)(IF. I/F ..—2)3.

(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 Eq. (56) (for transitions to the neighboring n-type
layer on the right-hand side in Fig. 5). Thus, an overall increase of a" ' ~ '(co;Eg '

',F, ) according to

a" 'i' '(co;Eg ';F, ) ~cosh[(d /8a )(2
I
F,

I
/F, „)]exp( dF, /8a —F,„) (58)

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,

I

duction-subband separations E&„and Ez„as a function of
F. are indicated by solid lln~ for Ep+.(F.) and
E&„(F,) &fuu, i.e., for the region where transitions occur,

E~ —E,„E„„=E—g
2V—0+ficuo(p—+v+ 1),

into two sets, E& and E&„,

Eq„E~„2VO(——2
I
F,

I

—/F, „+F,/F, „)

(59)
EO

g

E eff 0 +300-g

(p. + v)+

3

r 2

and

E„„=E„„+2VO(2IF, I
/F, „E,/F, „) . — (61)

This splitting lowers the threshold for (pv)+ transitions at
a given photon energy if F, increases, which results in
(strong) steplike increases of a" ' i' '(co;Ez ',F, ) each tim'e

the condition

Eq (F, )=Pm (62)

is fulfilled. Similarly, a steplike decrease of
u" '~ '(co;Eg ',F, ) is expected if, with increasing F„ the
condition

r
E e 0 +2004g

E x x r r
XX

E «fo+&00(
g X

r

E eff, 0
g

5+
~ ~ hQ)24+

E~ (F, )=fico (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 fico

is chosen such that only the lowest two conductiori and
valence subbands are participating in absorption processes
at F,=0. The design parameters ( d =50 nm,
nD ——1.5X10' cm, and nD/n~ dzld„=m, /mLH)——
were determined such that fm, =kcoLH-50 rneV and
2 Vo-400 meV. In Fig. 6 the valence-subband —con-

0+
I ) I

z max
FICx. 6. Effective band gaps E„+ and E„as defined in Eqs.

(61) and (62) for transitions between the vth valence and the pth
conduction subbands to the left and the right neighboring layers
as a function of the field I,. Absorption is possible only for in-
tersubband gaps E„„smaller than the photon energy (see
dashed-dotted lines labeled flu~ and 'Aco2).
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@+v=0 transitions to the left. The steplike increases re-
sult from transitions with @+v=2, 3, 4, and 5, respec-
tively, coming in with increasing field F,. We also note a
considerable increase of the absorption coefficient which
is superimposed on the sawtooth-shaped oscillations of
a" ' y '(co;Eg ',F, ). It is also worthwhile to mention that
these oscillations occur at rather low values of F, (F,„ is
only about 3X10 Vcm for our present example). Such
fields can be created by the built-in voltage in an n i p i---
structure of about 10 periods, sandwiched between an n

bottom and p-top layer, or vice versa. This means that
very small external voltages are required in order to in-
duce large relative changes of the absorption coefficient.

B. Absorption in the excited state

10' 2+

1O' 1+
0+

and by dashed lines above the photon energy. In Fig. 7
the squared interband matrix elements (c,p ~ p ~

u, v)+
and (c,p ~ p ~

u, v) are shown as a function of F, .
Again, the solid lines indicate the range where these ma-
trix elements contribute to the absorption coefficient at
the given photon energy. The bold line displays the sum
of all contributions, i.e., the total absorption coefficient
(see scale on the right-hand side of the figurc) At low
values of F, we observe two steplike decreases, marked by
arrows, associated with the cutoff for the @+v=1 and

Z fABX

FIG. 7. Transition probabilities between different valence
and conductio, . .. s. .. p a. . ..c.. ..o. .. .t n ciwkknmA er nnr4 C. n AIn tine f fCD18 A The

bold lines represent the sum of all allowed transitions at the
photon energies indicated in Fig. 5. They reflect directly the

field dependence of the absorption coefficient.

The low recombination probability of photoexcited car-
riers in doping superlattices implies that the system will
usually be in a metastable excited state even at low light
intensities and/or low values of the absorption coefficient.
The crystal then contains a finite number of electrons in
the n layers and holes in the p layers whose distribution
can be characterized bv (different) qu
and Py. The presence of charge carriers has two striking
rn11enn11vt1Cvc. f'nr Oetiral nheOrntjnnvvuvvq gvucvv a va oy vavaw aavvorp vivum

(1) The superlattice potential, and therefore the effec-
tive band gap and the subband structure, will be different
from the one in the ground state due to the partial com-
pensation of the built-in impurity space charge by the
electrons and holes. This has been discussed in great de-
tail in the context of self-consistent subband-structure cal-
culations for GaAs-doping superlattices in Ref. 14. For
n- i-p- i structures in IV-VI materials it should be
remarked that a much larger number of charge carriers
llllAn J 4J ~L6 Ls J.Vbf lkk J.V%k Vo kkWLVe Hr sJ QJJJJ Lcanb CLJ%hJLQV 4JkthQ 1fl Cv A 1 1 P/l111T'PA t 1118 1P 9 10%11 t hQtlcP 1tl

the superlattice potential because of the large static dielec-
tric constant of the host lattice.

(2) TM partial~ccupatlon of- subbands causes a Bu—
stein shift in the ab'sorption edge. The absorption thresh-
old will no longer be given by Eq. (27), but by

fico'"= min {E,'& E, +(iri /2)m—ax((kf p) (kf ) )[(dip )zy +(yyiU~ )zy ]I
E,J l,J

(64)

provided the transition
~

u, (j),v) —+
~
c,(i),p) is allowed

and the k-selection rule applies strictly for the momentum

Ak~~ of carriers in these subbands. Here, k&'& and kP' are
the quasi Fermi wave vectors for electrons and holes,
respectively. The Burstein shift in GaAs-doping superlat-
tices is more important than in bulk material because even
a relatively low excitation intensity can induce a large
concentration of photoexcited carriers and, therefore,
large quasi Fermi wave vectors. Furthermore, the fact
that transitions from the light-mass valence bands dom-
inate the absorption enhances the Burstein shift over that
observed in the bulk, where the transitions from the
heavy-mass valence band dominate. The Burstein shift
also implies that the lowest transition is not necessarily
the one between the lowest conduction and valence sub-
bands.

We have used the results of self-consistent subband-
structure calculations for GaAs-doping superlattices' to
calculate the absorption coefficient for various excitation
levels. As design parameters we selected nD ——4)&10'
cm, nz (mLH/m——, )nD, and d =40 nm. The results
are shown in Figs. 8—12. Obviously, the absorption coef-
ficient changes in magnitude and, in particular, in its fre-
quency dependence as a function of carrier concentration.

In Fig. 13 we have plotted the absorption coefficient for
a fixed photon energy as a function of the excitation level
for the same GaAs n-i-p-i crystal. It should be noted
that some of the steps in the absorption coefficient corre-
spond to changes by almost an order of magnitude. Since
the charge carriers may simply be produced by photoexci-
tation their concentration will be related to the intensity
of the absorbed light. Therefore, the absorption in doping
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superlattices is strongly intensity dependent, i.e., non-
linear. The discussion of the excitation kinetics and their
consequences for low-intensity nonlinear 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 a(co). We have found a pronounced
steplike structure of the absorption coefficient as a func-
tion of photon energy which can extend far below the

FIG. 8. Absorption coefficient of a compensated GaAs n-i-
p-i crystal with nD=4X10' cm, nq ——(m&H/m, )nz, and

d =40 nm 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+v&3
has also been calculated analytically for the carrier-free ground
state. The deviations from the numerical results are too small to
be shown in the plot. At higher subband indices deviations from
the harmonic-oscillator energies become apparent. The heavy-

hole contributions are neglected in this example. n' '=0.

103—
I I I

1.1 1.2 1.3 1.4
'hm (eV)

FIG. 10. Same as Fig. 8, except n' '=1.6X10' cm

I

1.51.0

band gap of the host material of the n i p i-s-tr-ucture.
The strength of absorption for a given photon energy, and
the threshold energy at which the absorption becomes
zero, can be modulated for a given specimen within wide
limits by the application of external fields normal to the
layers of the superlattice or by changing the nonequilibri-
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-
ed a number of physical mechanisms which may affect
the observed behavior in real n-i-p-i crystals, depending
on the host material, the design parameters, and the pho-
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, for instance, which result
from the random spatial distribution of the impurity
atoms, may broaden the expected steps of the absorption14

coefficient. This will be important if the fluctuations are
not screened by (a relatively small number of) charge car-
riers in the layers. The conditions for the observation of
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FIG. 9. Same as Fig. 8, except n' '=0.8X10' cm
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FIG. 11. Same as Fig. 8, except n' '=2.4X10' cm
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the quantum structure in the absorption coefficient gen-
erally will be more favorable at high doping levels since
the subband spacing increases faster than the potential
fluctuations with increasing doping concentration. More-
over, a lower-band-gap material, such as InAs, will be
more suitable than GaAs because of the larger subband
spacing resulting from smaller electron and light-hole
masses. n i p istr-uc-tu-res grown in IV-VI compounds, fi-
nally, seem ideal from the point of view of neglecting po-
tential fluctuations and problems associated with
impurity-band formation (see Refs. 14 and 20) because of
their large static dielectric constant which makes the po-
tential fluctuations small and prevents the formation of
impurity bands.

The effective-mass approximation, which has been used
throughout this paper, on the other hand, will become un-
satisfactory more often in the lower-band-gap materials.
The subband spacing will be overestimated because of the
neglected nonparabolicity at higher subband indices. The
matrix elements, on the other hand, will be underestimat-
ed because of the errors introduced by the EMA calcula-
tion for the overlap between conduction- and valence-
subband envelope wave functions.

We have not considered in detail the consequences of
our results for the observation of pecularities in the photo-
conductive response, of nonlinearities in the absorption
coefficient, for optical gain, or for the generation of spin-
polarized electrons, nor have we discussed device applica-
tions of these unusual properties.

We should also point out that the choice of design pa-

FIG. 13. Absorption coefficient as a function of carrier con-
centration for the photon energies indicated for the same exam-

ple as in Fig. 8.

rameters for the examples presented in this study was not
made aiming for favorable conditions for device applica-
tions. The appropriate design for devices depends on their
purpose. For ultrafast modulation of the absorption coef-
ficient at given photon energy by a field F, in an electro-
optical modulator, e.g., see Sec. IIIA, the optimized
design is achieved by high doping levels and small super-
lattice period. Such a configuration will combine a sharp
increase of a values from close to 0 up to 10'—10 cm
at the given photon energy fico (Es ' under low values of
I; and with recombination lifetimes which are sufficient-
ly short to prevent a signal-dependent "floating" of the
absorption edge. If, on the other hand, a sensitive photo-
conductive detector working quite far below the gap of
the host material is to - be designed, a device with
Eg ' «Eg provides a wide absorption tail. Long
carrier-recombination lifetimes are obtained by moderate
doping and a large superlattice period. While an adequate
description for the former case is only provided by our
present theory, the latter case can be treated with our
semiclassical theory. " In fact, the latter case is more ap-
propriate, not only from the point of view of requiring
much less computational effort, but also on theoretical
grounds. In cases where Eg ' =0, the absorption for pho-
ton energies not far below the gap of the host material,
Ez, involves transitions between high-index subbands, to
which the-EMA can no longer be applied.
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