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Theory of luminescence spectra fromd-doping structures: Application to GaAs

G. M. Sipahi, R. Enderlein, L. M. R. Scolfaro, J. R. Leite, E. C. F. da Silva, and A. Levine
Instituto de Fı´sica da Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970 Sa˜o Paulo, SP, Brazil

~Received 29 July 1997!

A general procedure for calculating luminescence spectra fromd-doping structures of semiconductors is
developed. The electron and hole states are self-consistently calculated within the eight-band Kane model.
Explicit results are obtained forp-typed-doping wells and superlattices in GaAs. For a prototype superlattice
~SL! it is demonstrated how the luminescence spectra ofd-doping structures depend on their self-consistent
potentials, band structures, and oscillator strengths of radiative recombination processes between extended
electron and confined hole states. Wave-vector conserving~direct! and nonconserving~indirect! transitions are
considered. Luminescence spectra are calculated for a series ofp-type d-doping SL’s, varying their sheet
doping concentrations, doping spreads, and periods. A comparison with experimental spectra shows that direct
transitions may be ruled out. The indirect spectra are dominated by an emission band below the gap whose
structures reflect the various occupied hole subbands. Increasing the temperature, the calculated hole emission
bands become stronger, in contrast with experiment. This discrepancy is solved by means of a photoinduced
electron confinement.@S0163-1829~98!05104-2#
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I. INTRODUCTION

d doping in GaAs and other materials is now widely us
in semiconductor basic research and device applications.1,2 A
unique feature of this particular type of doping is that it giv
rise to qualitatively different localized carrier states as co
pared to those in homogeneously doped semiconduc
Provided the sheet dopant concentration is high enough
common localized impurity states within the fundamen
gap disappear, and instead confined states occur having
ergies within the former bulk bands.3–16 This happens be
cause an ionized dopant layer creates a one-dimens
quantum well perpendicular to the layer in which the
leased carriers are confined. Within the layer, the carriers
free to move, thus the confined levels are widened into s
bands. As there are no empty states in the gap, the maj
carriers must populate the lowest subband states and fo
two-dimensional carrier gas.

The above model of the electronic structure ofd-doped
semiconductors has been confirmed by photoluminesce
~PL! measurements in GaAs~Refs. 12,17–21! and Si.22 In
PL, the photoexcited minority carriers radiatively recombi
with the quasi-two-dimensional~Q2D! majority carriers of
the d-doping wells. Since the minority carriers are in e
tended states and have energies close to the respective
band bottoms, their radiative recombination should resul
luminescence peaks below the gap, each peak correspon
to a certain majority carrier subband. Experimentally, su
Q2D emission peaks have been observed inp-typed-doping
structures in GaAs~Refs. 12,18–21! and Si.22 Surprisingly,
the PL spectra fromn-type d-doping structures in GaAs ar
qualitatively different from those forp-type structures in this
material. In then-type case, a relatively strong emission
observed above the gap,17 while the Q2D emission band be
low the gap is rather weak or even not observable at all.
make it visible, then-type wells were placed close to th
surface or to a~Al,Ga!As barrier,17 confining the minority
holes in this way and enhancing the oscillator strength
570163-1829/98/57~15!/9168~11!/$15.00
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their radiative recombination with the confined electron
But even then no clear evidence of a Q2D electron emiss
has been obtained. An explanation for the different PL sp
tra from n-type andp-type d-doping structures has bee
given in Ref. 23. In both types of structures the radiat
recombination probability is proportional to the overlap int
grals between majority and minority carrier envelope fun
tions. The potential region, which represents a well for
majority carriers, is seen as a barrier from the point of vi
of the minority carriers. The latter must tunnel through th
region in order to overlap with the majority carriers bein
localized there. This causes the overlap integrals to
smaller if the barriers for the minority carriers are highe
Exactly this is what happens forn-type structures. Becaus
the electrons are not as well localized at the ionized dop
sheet as the heavy holes are, they screen the Coulomb p
tial of this sheet less effectively than the holes do. Thus,
electron wells ofn-type structures come out several tim
deeper than the hole wells forp-type structures. This reduce
the PL intensities of the former structures with respect to
latter, owing to well depth dependence of the overl
integrals.23

Because of the difficulties of observing PL peaks origin
ing from the confined majority carrier gas ofn-type
d-doping structures, PL measurements ond-doping systems
have almost exclusively been devoted top-type structures
where the PL signals from the confined majority carrier g
are strong enough to be detected even without confining
minority carriers between barriers. The experimental l
shapes of the Q2D emission bands may be understood
means of similar tunneling arguments as the ones u
above, employing in addition the different tunneling pro
abilities for heavy and light holes into the hole barriers a
the energy dependence of this tunneling. However, no qu
titative theory of PL spectra fromp-typed-doping structures
has been developed so far. In fact, such a theory faces
ous difficulties, such as the following.

~i! The majority carriers are confined in thed-doping
9168 © 1998 The American Physical Society
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well, while the minority carriers are in extended states.
obtain the probabilities of radiative transitions, the states
both types of carriers are required. They may be calcula
simultaneously and on the same level of sophistication if
Kane model is used for setting up the effective mass eq
tions. This is not possible if separate models are emplo
for the two types of carriers, i.e., the Luttinger-Kohn mod
for holes and a one-band model for electrons.24–26 In the
latter treatment, one first self-consistently solves the effec
mass equation for the majority carriers; the self-consis
potential coming out of these calculations is used as exte
potential in the effective mass equation for the minority c
riers, which then is solved without any self-consistency
quirement. Using the Kane model, the two steps are don
one. Of course, the results are identical if thek•p interaction
between conduction and valence bands may be neglecte
GaAs, this interaction affects the electron and light h
states at higher energies27 but, in our case, its neglect doe
not appreciably change the results. The main reason why
prefer the Kane model is that the calculations within t
model are conceptionally simpler and also applicable to m
terials with significantk•p interaction between conductio
and valence bands.

~ii ! To solve the multiband effective mass equation,
periodic repetition of thed-doping layers, i.e., the conside
ation of d-doping superlattices~SL’s! instead of single
d-doping layers, combined with the representation of
multiband effective mass equation in a plane-wave ba
forms the most general and accurate procedure,14,15 and we
also apply it here. However, to approximate the exten
states of isolatedd-doping layers~which most of the experi-
mental results refer to! sufficiently well, the supercells mus
be rather large, resulting in a rather large plane-wave b
set.

~iii ! As the majority carriers form a degenerate gas, e
iteration of the self-consistent calculations of carrier sta
must be performed at all point of a sufficiently fine net of t
occupied part of the first SL Brillouin zone~BZ! as in a bulk
metal, rather than in special points of the first BZ only as
a bulk semiconductor.

~iv! For the typical doping concentrations, the hole gas
p-type d-doping structures forms a strongly localized a
dense gas. Exchange-correlation effects have been de
strated to be quite essential in such circumstances.13,15,16

However, the multicomponent nature of the hole gas ma
it impossible to apply the density-functional theory in
standard form; the exchange-correlation potential must
taken as a nondiagonal rather than diagonal matrix with
spect to the Bloch basis at the BZ center.

~v! Wave-vector conservation may nota priori be as-
sumed for the radiative recombination processes ind-doping
structures. On the contrary, short-range potential fluctuat
of the randomly distributed doping atoms make the occ
rence of wave-vector nonconserving optical transitions v
likely. Thus, both direct and indirect transitions are to
treated.

In the present paper, we solve the above problems
calculate PL spectra for a variety ofp-type d-doping struc-
tures. In Sec. II, we describe the calculation method. In S
III we demonstrate how the PL spectrum of a prototype
develops from the self-consistent potential, subband
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miniband structures, envelope wave functions, oscilla
strengths, and occupation numbers of the SL. In Sec. IV,
provide PL spectra for large period SL’s of various she
doping concentrations and doping spreads, and com
them with experimental PL spectra taken under the sa
conditions. The comparison shows good agreement for in
rect transitions while direct transitions may be ruled out.
account for the experimentally observed strong tempera
dependence of the PL spectra, photoinduced minority car
wells are assumed.

II. METHOD

A. System specification

We considerd-doping systems specified as follows. Th
doping layers are taken to be parallel to the~001! plane of
GaAs, in accordance with the experimental work we are
ferring to. The layers are repeated periodically, thus an i
nite SL of d-doping layers is considered rather than an is
lated layer. The latter is obtained by taking the limit of lar
SL periodd. The periodic repetition of layers allows us t
retain the Bloch character of the eigenstates. If we assum
infinite extension of the SL in all directions, as we will d
periodic boundary conditions may be applied. With an ev
number of Ga-As bilayers per SL unit cell, the correspond
periodicity region may be taken as tetragonal prism with s
length Gzd parallel to the@001# SL axis ~which simulta-
neously forms thez axis of our Cartesian coordinate system!,
andGi(a/A2) in the two perpendicular directions@110# and

@11̄0#; hereGz andGi are large integers, anda is the host
lattice constant.

The one-particle HamiltonianH of the interacting hole
gas of the SL may be written as

H5H01V~x!, ~1!

whereH0 means the one-particle Hamiltonian of the unp
turbed bulk crystal andV(x) the perturbation potential in
duced by thep-typed doping. For the latter potential one ha

V~x!5VA~x!1VH~x!1VXC~x!, ~2!

whereVA(x) is the potential of the ionized acceptor shee
VH(x) the Hartree potential, andVXC(x) the exchange-
correlation potential of the interacting hole gas. The h
eigenstatescl(x,s) and eigenenergiesEl of the SL are de-
termined by the one-particle Schro¨dinger equation

@H01V~x!#cl~x,s!5Elcl~x,s!. ~3!

To solve this equation, we use effective mass theory.

B. Effective mass theory ford-doping superlattices

1. Eight-band effective mass equation

Within the eight-band Kane version of effective ma
theory, the SL eigenfunctionscl(x,s) are expanded with
respect to Bloch states (xsu jmjk) of first orderk•pW pertur-
bation theory25,26 of the G72G82G6 valence-conduction
band complex of the host crystal. The twoG7 spin-orbit split
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states are identified byj 5 1
2, m1/256 1

2, the fourG8 heavy-
and light-hole band states byj 5 3

2, m3/256 3
2 ,6 1

2, and the
two G6 conduction-band states byj 5c, mc56 1

2. The ex-
pansion reads

cl~x,s!5(
jmj

F jmj

l ~k!~xsu jmjk!, ~4!

whereF jmj

l (k)[( jmjkucl) are the components ofcl(x,s)

with respect to the approximate Bloch states (xsu jmjk),
n

-

t
er
known as envelope functions. They obey the effective m
equations

(
j 8mj8k8

@dkk8~ jmjkuH0u j 8mj8k!

1~ jmjkuVu j 8mj8k8!#F j 8m
j8

l
~k8!5elF jmj

l ~k!. ~5!

The 838 matrix (jmjkuH0u j 8mj8k) is given by the
expression25,26
~6!
itly

n-

dic-

-

ss
Here, A is the electron effective mass parameter,D is the
spin-orbit splitting energy, andEg the energy gap betwee
conduction and valence bands atG. The following abbrevia-
tions are used in expression~6!:

P65P~kx6 iky!, Pz5Pkz , ~7!

Q52
\2

2m0
@~ ḡ11 ḡ2!~kx

21ky
2!1~ ḡ122ḡ2!kz

2#, ~8!

T52
\2

2m0
@~ ḡ12 ḡ2!~kx

21ky
2!1~ ḡ112ḡ2!kz

2#, ~9!

S5 i
\2

2m0
2A3ḡ3~kx2 iky!kz , ~10!

R52
\2

2m0
A3@ ḡ2~kx

22ky
2!22i ḡ3kxkz#, ~11!

whereP52 i (\/m0)(cupxux) denotes the Kane matrix ele
ment withm0 being the electron mass, andḡ1 , ḡ2 , ḡ3 are the
modified Luttinger parameters.27,28 The latter only accoun
for the k•p interaction with remote bands because the int
 -

action between conduction and valence bands is explic
taken into account in the 838 Kane Hamiltonian. In terms
of the genuine Luttinger parametersg1 ,g2 ,g3, the ḡ1,
ḡ2 , ḡ3 are expressed as28

ḡ15g12
1

3

Ep

Eg
, ḡ25g22

1

6

Ep

Eg
, ḡ35g32

1

6

Ep

Eg
,

~12!

with Ep5(2m0 /\2)P2 as Kane energy. Because of the i
dependence of the potentialV(x) of the position vector com-
ponent parallel to the layers and because of the SL perio
ity of V(z), the envelope functionF jmj

l (x) may be written as

the product of a plane wave with wave vectorqi parallel to
the layers, and az-dependent Bloch function of the SL de
fined by a quasi-wave-vectorqz of the first SL BZ and a
certain SL band indexn. Thus, settingl5nq, q5(qi ,qz),
the envelope functionsF jmj

nq (x) in k space read as

F jmj

nq ~k!5dkq1Kez
F jmj

nq ~K !, ~13!

whereK means a vector of the reciprocal SL, andez a unit
vector in thez direction. The Fourier coefficientsF jmj

nq (K) of

the SL Bloch function are determined by the effective ma
equation~5!, which results in
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(
j 8mj8

(
K8

@dKK8~ jmjq1KezuH0u j 8mj8q1K8ez!1~ jmjq

1KezuVu j 8mj8q1K8ez!#F j 8m
j8

nq
~K8!5EnqF jmj

nq ~K !.

~14!

2. Coulomb potential

Within effective mass theory, the Coulomb partVA(z)
1VH(z) of the total perturbation potentialV(z) has vanish-
ing off-diagonal elements (jmjKuVA1VHu j 8mj8K8) with re-
spect tojmj , j 8mj8 , hence

~ jmjKuVA1VHu j 8mj8K8!5d j j 8dmjmj8
~KuVA1VHuK8!,

~15!

where (KuVA1VHuK8)[(K2K8uVA1VH) denotes the Fou
rier coefficients ofVA(z)1VH(z). The latter are determine
by Poisson’s equation,

~KuVA1VHuK8!52
4pe2

e

1

uK2K8u2
~Kup2NAuK8!.

~16!

Here e denotes the static dielectric constant of bulk GaA
andp(z) is the hole concentration averaged with respect t
primitive unit cell. One has

p~z!5
1

V(
nq

(
KK8

(
jmj

ei ~K2K8!zF jmj

nq* ~K8!F jmj

nq ~K !

3F12
1

e@Enq2EF#/kT11
G , ~17!

whereEF is the Fermi energy of the confined hole gas. T
distribution ofNA of the ionized dopant atoms along the S
axis is approximated by a sum of Gaussians,

NA~z!5Ns (
n52`

`
1

A2ps
e2~z2nd!2/2s2

, ~18!

whereNs means the sheet doping concentration of a dop
layer, ands2 is the variance of the Gaussian distribution.
determines the full widthDz at half-maximum of the Gauss
ian by means of the relationDz52A2 ln2s52.355s.

3. Exchange-correlation potential

The exchange-correlation potential matr
( jmjkKuVXCu j 8mj8kK8) has off-diagonal elements both wit
respect tojmj , j 8mj8 , andK,K8. Neglecting any exchange
correlation-induced couplings between the three groups
carriers involved, i.e., electrons, heavy and light holes,
spin-orbit-split holes, the (838) exchange-correlation ma
trix decomposes into (232) blocks for electrons and spin
orbit-split holes, and a (434) block for heavy and light
holes. Forp-type d-doping SL’s in GaAs, the densities o
electrons and spin-orbit-split holes are negligibly sma
Thus, only the (434) block of the exchange-correlation po
tential matrix is nonzero. In local-density approximation, t
elements of this matrix may be expressed in terms of
,
a

e

g

of
d

.

e

local exchange-correlation potentialsVXC
hh (z) andVXC

lh (z) of
heavy and light holes, respectively, as has been demonst
in Refs. 15,16. To obtainVXC

hh (z) andVXC
lh (z), the parameter-

ized expressions derived by Hedin and Lundquist29 in the
case of a homogeneous electron gas are adopted for the
mogeneous gas of heavy and light holes. The exchange
teraction is taken into account only between holes of
same type, while correlation is considered also betw
heavy and light holes.

In solving the effective mass equation~14!, both the Cou-
lomb potential and the exchange-correlation potential
treated self-consistently.

C. Luminescence spectrum

1. General expression

The emission of light from ap-typed-doping SL is due to
spontaneous radiative recombination processes between
tically excited nonequilibrium electrons and equilibriu
holes. Both electrons and holes are in Bloch-type SL eig
statesnq. All states are twofold degenerate because of tim
reversal symmetry combined with spatial-inversion symm
try. We account for the degeneracy by settingn5ns, where
n51,2,3. . . , labels the different minibands, ands is a
‘‘spin quantum number’’ with the two values↑ and↓, dis-
tinguishing the two Bloch states of a given band. To sepa
between Bloch statesnsq for electrons and holes, we add a
index e8 for electrons, hh8 for heavy holes and lh8 for light
holes, i.e., we writeneseqe , nhhshhqhh, n lhs lhqlh . Spin-
orbit-split hole states are not needed for the calculation
luminescence spectra since these are not populated. As
ing direct optical transitions, withqe5qth[q, t5h,l , the
luminescence intensityI (v) of the SL may be written as30

I ~v!5
2\v3

c

e2

m0c2(q
(
ne

(
t5 l ,h

(
nth

f nenth
~q!Nneq

3@12Nnthq#S 1

p D
3

gnenth

@Ene
~q!2Enth

~q!2\v#21gnenth

2
~19!

Here,Nneq and @12Nnthq# denote the electron and hole o

cupation probabilities, respectively,gnenthq is the lifetime

broadening energy, andf nenth
(q) the oscillator strength of an

electron-hole transition, given by the relation

f nenth
~q!5

2

m0
(

ses th

u~nesequpxunths thq!u2

Ene
~q!2Enth

~q!
. ~20!

2. Oscillator strengths

Using expressions~4! and ~13! for the SL eigenstates
(sxunq), the momentum matrix element
(nesequpxunths thq) entering the oscillator strength~20! may
be written as
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~nesequpxunqhsqhq!

5G3(
K

(
jmj

(
j 8mj8

F
j 8m

j8

neseq*
~K !F jmj

nths thq
~K !~ j 8mj8upxu jmj !,

~21!

with G35GzGi
2 . In evaluating expression~21! we may use

the fact that, in the case of GaAs, the conduction band
only weakly coupled to any valence band, and the t
heavy- and light-hole bands do only weakly interact with t
spin-orbit-split band. Thus we have approximately

F
~3/2!m3/2

neseq
~K !5F

~1/2!m1/2

neseq
~K !50, ~22!

Fcmc

nths thq
~K !5F

~1/2!m1/2

nths thq
~K !50, t5 l ,h. ~23!

The only momentum matrix elements that occur as factor
nonvanishing wave-function components are those of

form (cmcupxu
3
2 m3/2). Using the expansion of the Bloc

functions u 3
2 m3/2) at G with respect to the basis function

ux)u↑),ux)u↓),uy)u↑), . . . ,uz)u↓),26 these elements may b
expressed in terms of the Kane matrix elementP5
2 i (\/m0)(cupxux) as follows:

~c 1
2 upxu

3
2

3
2 !5

1

A2
P, ~c 1

2 ūpxu
3
2

1
2 !̄5

i

A2
P, ~24!

~c 1
2 upxu

3
2

1
2 !̄5

1

A6
P, ~c 1

2 ūpxu
3
2

1
2 !5

i

A6
P, ~25!

~c 1
2 upxu

3
2

1
2 !5~c 1

2 ūpxu
3
2

1
2 !̄50, ~26!

~c 1
2 upxu

3
2

3
2 !̄5~c 1

2 ūpxu
3
2

3
2 !50. ~27!

Not all of the elements (nesequpxunths thq) are independent
one has

u~ne↑qupxunth↑q!u25u~ne↓qupxunth↓q!u2, t5 l ,h ~28!

u~ne↓qupxunth↑q!u25u~ne↑qupxunth↓q!u2, t5 l ,h. ~29!

For the independent elements one obtains

u~ne↑qupxunth↑q!u25G3
P2

2 U(K F
c
1
2

ne↑q* ~K !S F3
2

3
2

nth↑q
~K !

1
1

A3
F

3
2

1
2

¯

nth↑q
~K !D U2

, ~30!

u~ne↓qupxunth↑q!u25G3
P2

2 U(K F
c
1
2

¯

ne↓q*
~K !S F

3
2

3
2

¯

nth↑q
~K !

1
1

A3
F3

2
1
2

nth↑q
~K !D U2

. ~31!

Using these results, the oscillator strengthf nenth
(q) of an

electron-to-hole transition may be expressed as
is
o

at
e

f nenth
~q!5

4

m0@Ene
~q!2Enth

~q!#
@ u~ne↑qupxunth↑q!u2

1u~ne↓qupxunth↑q!u2#. ~32!

3. Indirect transitions

The ionized impurity potentialVA of d-doping structures
exhibits fluctuations on the atomic length scale. These m
result in indirect optical transitions. The luminescence inte
sity of such transitions may formally be obtained from e
pressions~19! and~20! for direct transitions by replacing th
electronq vector byqe and the holeq vector byqth . This
results in

I ~v!5
2\v3

c

e2

m0c2 (
qeqe

(
ne

(
t5 l ,h

(
nth

f nenth
~qe ,qh!Nneqe

3@12Nnthqth
#S 1

p D
3

gnenth

@Ene
~qe!2Enth

~qth!2\v#21gnenth

2
, ~33!

f nenth
~qe ,qth!5

2

m0
(

ses th

u~neseqeupxunths thqth!u2

Ene
~qe!2Enth

~qth!
.

~34!

In evaluating the oscillator strengthf nenth
(qe ,qth), a wave-

vector-conserving factordqeqth
occurs. We replace this facto

by unity, accounting for scattering from short-range poten
fluctuations in this way.

In the section that follows, we apply the above formalis
to a special SL and demonstrate how its PL spectrum evo
from the various quantities determining it: the self-consist
potential, the subband and miniband structures, the enve
functions, oscillator strengths, and occupation numbers.

III. FORMATION OF THE PL SPECTRUM
FOR A PROTOTYPE P-TYPE d-DOPING SL

The special SL considered here has a sheet doping
centrationNs5831012 cm22, a doping spreadDz523.5 Å,
and a SL periodd5500 Å. The parameters of the Kan
model for GaAs are taken as follows:31 me50.0665 g1
56.790,g251.924,g352.780,Ep529.12 eV. The energy
gap Eg(0) at T50 K is 1.519 eV, and its temperature d
pendence Eg(T) is taken from the relation
Eg(T)5Eg(0)15.40531024T2/(2041T).32

A. Self-consistent potential

As shown in Fig. 1, the self-consistent potential differs f
the three types of particles involved, being the electro
heavy holes, and light holes. The difference is due to
exchange-correlation part of the potential. For electrons
spin-orbit-split holes, this potential part vanishes because
densities of these particles are negligibly small in thep-type



g
fo
de
e-

Th
el
nc

r
w

fo
n

own

o
he

the

ion.
one
by
of

han
-

nds
ni-

to

of
e
-

en-
PL

ugh

ns
and

-

h1,
lec-

the

an
n

ri-

and

57 9173THEORY OF LUMINESCENCE SPECTRA FROMd- . . .
d-doping SL under consideration. For holes, the exchan
correlation potential is essentially nonzero; its difference
heavy and light holes is due to the different masses and
sities of these particles~a detailed analysis of exchang
correlation effects in p-type d-doping SL’s is given
elsewhere15,16!.

B. Envelope functions

While the holes see the potential region of ad-doping
layer as a well, it is seen as a barrier by the electrons.
regionbetweenthe layers forms a barrier for holes and a w
for electrons. For both types of carriers, the envelope fu
tions are Bloch functions (zune/thqz) perpendicular to the
layers and plane waves exp@iqi•xi# parallel to the layers. The
probability distributionsu(zune/thqz50)u2, taken at the cente
G of the first SL BZ, are depicted in Fig. 2. For holes belo
the barriers, they are essentially nonzero within the~hole!
well regions, while they decay exponentially into the~hole!
barriers between the layers. The probability distributions
electrons are large between the layers, and decay expo
tially into the well regions.

FIG. 1. Self-consistent potentials for electrons, heavy holes,
light holes of ap-type d-doping SL. Sheet doping concentratio
Ns5831012 cm22, doping speadDz523,5 Å, and SL periodd
5500 Å.

FIG. 2. Probability distributions of electrons and holes for va
ous subband levels at the first SL BZ center for the samep-type
d-doping SL as in Fig. 1.
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C. Band structure

The miniband and subband structures of the SL are sh
in Fig. 3 for holes~lower part! and for electrons~upper part!.
The dispersionEnths th

(ki ,0) of the hole subbands parallel t
the layers exhibits the typical anticrossing behavior. T
miniband dispersionEnths th

(0i ,kz) for holes is rather small,
because of the large barrier width. Two hole subbands,
lowest for heavy holes~hh1! and the lowest for light holes
~lh1!, are partially occupied in the case under considerat

To understand the electron band structure in Fig. 3,
has to realize that the width of the electron wells is given
the SL period, which here is much larger than the width
the hole wells. Thus, the electron minibandsEnese

(0i ,kz) of
the SL are much wider and the minigaps much smaller t
those of holes. For isolatedd-doping layers, i.e., for SL pe
riods tending to infinity, the width (2p/d) of the first SL BZ
shrinks to zero and, simultaneously, the electron miniba
transform into a continuous energy spectrum without mi
gaps. To approximate an isolatedd well by a SL of such
wells, the minigaps of the latter should be small compared
the lifetime broadening energiesgnenth

of the transitions in-
volved, which typically are several meV. For the period
500 Å shown in Fig. 3 this condition is not yet fulfilled, on
has to go up tod52000 Å to avoid artificial electron con
finement effects.

D. Oscillator strengths

Knowing the electron and hole band structures and eig
functions, one is able to calculate the direct and indirect
spectraI (v) by means of expressions~19! and~33!, respec-
tively. The eigenfunctions enter these expressions thro
the oscillator strengthf nenth

(k) of a radiative electron-hole
recombination process defined in Eqs.~20! and ~34!. The
oscillator strength is shown in Fig. 4 for direct transitio
from electron states to the two lowest heavy-hole states
the two lowest light-hole states at the first SL BZ centerG.
Actually, f ne1th

(0), t5h,l , is plotted against the electron en

ergy Ene
(0) of the various minibandsne at G.

For transitions to the heavy-hole ground state h
f ne1hh

(0) steeply increases between the first and second e
tron miniband reaching a maximum at the latter. From

d FIG. 3. Subband and miniband dispersions of electrons
holes for the samep-type d-doping SL as in Fig. 1.
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second miniband on,f ne1hh
(0) decreases continuously. Th

behavior reflects the variation of the spatial overlap of
electron and hole envelope functions: for low electron en
gies, the electron wave function decays rapidly into the h
wells, and the overlap is small. With growing energy, t
electron penetration into the hole well increases, and
overlap becomes larger. If the energy of the electron gro
further, its wave function oscillates more rapidly and t
integrand of the overlap integral is averaged out more ef
tively.

For transitions to the light-hole ground state lh1, the
cillator strengthf ne1lh

(0) exhibits qualitatively the same be
havior as in the heavy-hole case. For the lowest elec
miniband, f ne1lh

(0) has almost the same value asf ne1hh
(0).

This is remarkable since the squares of the momentum
trix elements between conduction- and valence-band b
states, entering the oscillator strength of Eq.~20!, is three
times larger for heavy holes than for light holes. In a SL,
oscillator strengths of light holes are enhanced because
latter penetrate deeper into the barriers than heavy holes
the second electron miniband, the oscillator strength of lig
hole transitions is half of that for heavy-hole transition
With increasing electron miniband number, the light ho
rapidly lose intensity with respect to the heavy holes. This
due to the above-discussed partial averaging out of the i
grand of the overlap integral, which is more effective for t
moderately localized light-hole wave functions than for t
strongly localized heavy-hole wave functions~see Fig. 2!.

The oscillator strengths for transitions to the first excit
heavy-hole state hh2 exhibits qualitatively the same ene
dependence as that for transitions to the heavy-hole gro
state. The absolute values are larger for the hh2 transit
than for the hh1 transitions, reflecting the enhanced pene
tion of the hh2 state into the barrier. The same statem
hold for transitions to the first excited light-hole state lh2
comparison with transitions to the light-hole ground st
lh1.

E. Occupation numbers

To calculate PL spectraI (v) according to expression
~19! and~33!, the electron and hole occupation numbersNnek

FIG. 4. Oscillator strengths for optical transitions from electr
states to the heavy- and light-hole ground states at the first SL
center, plotted against the electron energy. The samep-type
d-doping SL is considered as in Fig. 1.
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and @12Nnthk# are needed. Considering low excitation de
sities, the photoexcited electrons may be assumed to be c
pletely thermalized and their occupation numbers to be gi
by the Boltzmann distribution function,

Nnek5e@EFn2Ene
~k!#/kT. ~35!

The quasi-Fermi energyEFn entering here is numerically
calculated by normalizing the Boltzmann distribution. T
hole occupation numbers@12Nnthk# are governed by the
Fermi distribution function,

@12Nnqhk#5
1

e@~EF2Enqh
~k!#/kT11

. ~36!

F. PL spectra

PL spectra of the SL under consideration are shown
Fig. 5, once calculated for direct transitions and once
indirect transitions. The temperature is taken to beT56 K in
both cases, and the lifetime broadening energy is set t
meV. The spectrum for direct transitions shows two pea
below the gap. These are clearly due to electron transition
confined hole states close toG, the low-energy peak corre
sponding to the hh1 band, and the high-energy peak to
lh1 band, which are the only SL bands partially occupied
holes in the present case~see Fig. 3!. The light-hole peak is
stronger than the heavy-hole peak. A look at the oscilla
strengths in Fig. 4 reveals the reason for this uncomm
behavior: the average electron energykT, counted from the
lowest band bottom, is as small as 0.5 meV atT56 K. For
such small electron energies, the oscillator strengths for t
sitions to heavy and light holes are almost equal. The sp
ting between the two PL peaks is 30 meV, which is 5 m
larger than the energy separation between the lowest he
and light-hole bands atG ~see Fig. 3!.

The PL spectrum for indirect transitions in Fig. 5 look
qualitatively different. The heavy- and light-hole peaks
the direct spectrum are absent, and instead a broad asym
ric peak occurs with a shoulder on its low-energy side,
roughly the position of the lh1 peak of the direct spectru

Z
FIG. 5. Calculated PL spectra for thep-type d-doping SL of

Fig. 1. Lifetime broadening energy 5 meV. A measured spectr
taken in Ref. 8 from the same SL is shown for comparison.
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The peak is due to indirect recombination processes of e
trons close toG with hh1 and lh1 holes having any wav
vector below the Fermi surface. The low-energy shoulde
seen because the wave-vector dispersion of the lh1 ban
rather flat~see Fig. 3!. In Fig. 5 we also show an experimen
tal spectrum for a sample of sheet doping concentratio
31012 cm22 and a temperature of 6 K~the doping spread o
the sample was not measured!. This spectrum in Fig. 5 ha
been taken from a series of experimental spectra reporte
Ref. 18 for different excitation powers. We show the sp
trum with the lowest excitation power~3 mW/cm2), which
should be the closest one to our calculations, which ass
low excitation densities. Comparing the experimental a
theoretical spectra one notices that the calculated spec
for indirect transitions fits much better than the spectrum
direct transitions. This remains true if one enlarges the d
ing spread and/or the lifetime broadening parametergnenth

in
the calculations. Thus, we conclude that the dominating
diative recombination processes in the measured sample
indirect rather than direct transitions.

IV. PL SPECTRA FOR VARIOUS P-TYPE
d-DOPING SL’S AND COMPARISON

WITH EXPERIMENT

Below, we present calculated PL spectra ofp-type
d-doping structures for which experimental PL spectra
available for comparison. We also discuss the tempera
dependence of the overall PL intensity which, in experime
has been found to be extraordinary strong in certain circu
stances. From various reasons, the agreement between t
and experiment cannot be expected to be complete. For
ample, the experimental doping spreadDz ~provided it is
measured at all! has considerable uncertainties, while it
known that the hole band-structure sensitively depends
Dz.12,13,15The calculated potential well may differ somewh
from the experimental one because of the Fermi-level p
ning at the surface and because of a homogeneous b
ground doping of the sample. The parameters entering
PL spectra, like the energy gapEg or the lifetime broadening
energy, change with excitation power and temperatureT.
TheT dependence ofEg is well known for GaAs,32 and may
easily be included in the calculations. Other dependen
are only poorly known for the systems under considerat
and can only qualitatively be discussed. We concentrate
the effects that the confined hole structure has on the
spectra. These are rigorously treated in our calculations.

A. Variation of sheet doping concentration

The samples considered in this subsection are clos
those shown in Fig. 4 of Ref. 12. In the measurements,12 a
singled layer was embedded between two Ga67Al33As bar-
riers in a distance of 300 Å on each side. The sheet dop
concentrations and doping spreads were varied:Ns53
31012, Dz565 Å for sample 2,Ns5831012, Dz572 Å for
sample 3,Ns5331013, Dz5125 Å for sample 4. In the
calculations, the barriers are simulated byd wells, using
SL’s of periodd5600 Å. The following hole levels are oc
cupied: hh1 and lh1 for sample 2, hh1, lh1, and hh2
sample 3, and hh1, lh1, hh2, hh3, lh2, lh3, and hh4
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sample 4. The large number of occupied bands of sample
due to the heavy doping combined with the wide dopi
spread.

Again, the calculated spectra for direct transitions cons
erably differ from the experimental ones. The indirect sp
tra are shown in Fig. 6, left-hand side. For sample 2, one
a single peak caused by transitions to hh1 and lh1 holes.
sample 3, one observes one peak having a shoulder o
high-energy side. The peak is again due to the hh1 and
holes, while the shoulder results from the hh2 holes. The
former structures exist also in sample 4. In addition, a n
strong peak develops at higher energies. It is due to hh3,
lh3, and hh4 holes. The weak structure on the low-ene
side of the spectrum is caused by transitions to hh1 hole
the vicinity ofG, which give rise to notable emission becau
of their relatively large density of states.

The experimental spectra of the three samples12 taken at
T56 K, are shown on the right-hand side of Fig. 6. T
Fermi-level enhancement seen in the measured spectra i
reproduced in our calculations because the excitonlike ma
body effects at the Fermi level33 were not included. More-
over, the main peaks of the three experimental spectra ap
at almost the same energy, while the main peaks of the
culated spectra shift towards higher energies with rising d
ing concentrations. We attribute this difference to the shri
age of the energy gap for samples with heavier dopi
Employing this interpretation, we estimate a gap shrinka
of 50 meV betweenNs5331012 and Ns5331013. This
value compares well with the experimental gap shrinka
reported in Refs. 34 and 35 forp-type bulk GaAs. Correcting
the calculated spectra of Fig. 6 for the Fermi-level enhan
ment and the gap shrinkage, they compare fairly well w
the experimental spectra in this figure. The fact that the lo
energy peak of sample 4 is more pronounced in the exp
mental spectrum than in the theoretical one could be du
the simulation of the Ga0.67Al0.33As barriers byd-doping
wells in our calculations. This renders the confinement l
effective and diminishes the low-energy peaks.

B. Temperature dependence of PL spectra

An interesting question which has not been addresse
far is the variation of the PL spectra with temperature. Fig

FIG. 6. Calculated PL spectra~left-hand side! for p-type
d-doping SL’s ofd5500 Å having sheet doping concentrationsNs

and doping spreadsDz as follows: sample 2, 331012 cm22, 6.5
nm; sample 3, 831012 cm22, 7.2 nm; sample 4, 331013 cm22,
12.5 nm. Temperature 6 K, lifetime broadening energy 5 meV.
the right-hand side, experimental spectra measured in Ref. 12 o
same samples are shown for comparison.
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7 shows calculated and measured PL spectra at various
peratures for a sample withNs5331013, Dz5125 Å, and
d5500 Å. The sample parameters are the same as thos
sample 4 in Fig. 6. Thus, seven hole bands are partially
cupied, being hh1, lh1, hh2, hh3, lh2, lh3, and hh4. T
spectra on the left-hand side of Fig. 7 have been calcula
assuming indirect transitions, and a lifetime broadening
ergy of 5 meV. The low-energy peak labeled as~a! shifts
down and loses intensity if the temperature increases. T
peak is due to transitions into the heavy- and light-h
ground-state levels hh1, lh1. The weak~unlabeled! structure
between peaksa and b seen in the two calculated low
temperature spectra results from hh2 transitions. The m
peak of the spectra labeled asb is due to hh3, lh2, lh3, and
hh4 holes. It moves up between 25 K and 40 K, and do
between 40 K and 100 K. A third peak labeled asc appears
at 75 K and moves down ifT rises up to 100 K. The down
shifts of the three peaksa, b, andc are due to the lowering
of the energy gap with rising temperature. Peakc stems
mainly from the recombination of electrons, which are th
mally excited at higher temperature. This may be underst
by means of Fig. 4, which shows that the oscillator streng
for hh1, lh1, and hh2 transitions increase with rising therm
energykT. To a minor part, the additional high-temperatu
peak is due to holes excited into bands above the Fe
level. Although far fewer holes are excited than electro
owing to the degeneracy of the hole gas, the contribution
the excited holes is notable because of their large oscill
strengths.

The experimental spectra shown on the right-hand sid
Fig. 7 are those from Fig. 8 of Ref. 12. The labeled peaksa,
b, andc of the calculated spectra are also seen in the m
sured spectra. They are more pronounced than in the ca
lated spectra, which again could be due to the simulation
the Ga67Al33As barriers byd-doping wells in our calcula-
tions. The temperature behavior of the experimental peak
close, although not equal, to that of the calculated peaks

In Fig. 7, the spectra are normalized with respect to th
largest peaks, respectively, i.e., no attention is paid to
actual intensities at various temperatures. This is done in
8. On the left-hand side of this figure we illustrate the te

FIG. 7. Temperature-dependent PL spectra for sample 4 of
6. The calculated spectra are shown on the left-hand side, an
experimental spectra of Ref. 12 are displayed on the right-h
side. The spectra are normalized with respect to their abso
maxima. Lifetime broadening energy is 5 meV in the calculatio
m-
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perature dependence of the indirect PL spectra of a SL w
Ns5831012, Dz523.5 Å, andd52000 Å. The large period
of the SL guarantees isolated hole wells and, what turns
to be more critical, practically unconfined electrons. For
sample under consideration, the hh1, lh1, and hh2 hole ba
are partially occupied. Each spectrum on the left-hand s
of Fig. 8 exhibits a structured emission band, caused by t
sitions to the three hole bands hh1, lh1, and hh2 at all w
vectors below the Fermi surface. The Q2D emission ba
grows and broadens towards higher energies if the temp
ture increases. The reason already has been discussed a
Rising the temperature, electrons are excited from state
lower energies to states at higher energies. Transitions f
high-energy electron states to the confined heavy- and li
hole states have larger oscillator strengths than transit
from low-energy states, thus the Q2D emission band ga
intensity and its center of gravity shifts to higher energies,
seen in the left-hand part of Fig. 8.

Experimentally, just the opposite behavior is observ
the Q2D hole emission band loses intensity if the tempe
ture rises. This may be seen in Fig. 9~a!, which shows the PL
spectra of an isolatedp-typed-doping well measured in Ref
19 at various temperatures under an excitation of 100 W/c2

~note that the energy scale is reversed, and the intensi
plotted on a logarithmic scale!. The peaks labeled asA are
due to the bound exciton recombination of bulk GaAs. T
recombination channel is not included in our calculatio
thus, no equivalent of peakA exists in the spectra of Fig. 8
On the low-energy side of peakA, the Q2D emission band
occurs in each experimental spectrum of Fig. 9~a!. The in-
tensity of the bound exciton peakA decreases by about tw
orders of magnitude if the temperature rises from 2 to 60

g.
the
d
te
.

FIG. 8. In part~a!, calculated PL spectra are shown at vario
temperatures for ap-type d-doping SL with Ns5831012 cm22,
Dz523.5 Å, d52000 Å. Lifetime broadening energy 5 meV. Th
spectra are not normalized. In part~b!, indirect PL spectra are
shown for the same SL, but assuming a photoinduced net ch
densitypphoto5231011 cm22 of the hole well. The potential well of
the latter structure is shown in part~c!. It clearly reveals the photo-
induced well for electrons.
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This decrease is mainly due to nonradiative recombina
processes that are more likely to occur at higher temp
tures. The Q2D emission band would also diminish by t
orders of magnitude if there were no other reasons for
decrease. Actually, the hole band decreases by more
four orders of magnitude in the temperature range under c
sideration. Thus, one is left with a net decrease of the exp
mental hole emission band by two orders of magnitude, co
pared with the half order of magnitudeincrease of the
calculated band shown in Fig. 8. Such a strong decreas
the Q2D emission band with rising temperature has also b
observed in ap-type d-doping well in Si.22 To explain this
behavior at least qualitatively, the authors of Ref. 22
sumed a photoinduced minority carrier well introduced
Ref. 36 in a similar context. Such a well occurs if photoe
cited holes are captured by thep-type d-doping well; then
the well is positively charged and attracts electrons. T
electrons are confined close to the well, and the oscilla
strengths of their transitions to confined hole states
strongly enhanced. If the temperature increases, the elec
are excited into unconfined states, which exhibit lower os
lator strengths; thus, the intensity of the Q2D emission b
decreases.

To check this idea quantitatively, we have simulated
photoexcited holes by increasing the hole concentration
the well beyond that of the ionized acceptors. The cha
neutrality of the sample assumed in our calculations cre
the photoexcited electrons automatically. In Fig. 8~c!, we
depict the electrostatic potential profile for thep-type
d-doping structure shown in Fig. 8~a!, i.e., with Ns58
31012 cm22, Dz523.5 Å, and d52000 Å, assuming a
photoinduced carrier sheet density ofpphoto5231011 cm22

~this value puts an upper limit36!. The unnormalized PL spec
tra of the doping structure of Fig. 8~c! are depicted in Fig.
8~b! for the same temperatures as in Fig. 8~a!. As expected, a
temperature increase now leads to a strong decrease o
Q2D hole emission band. At a fixed temperature, the
intensities are five times larger than in Fig. 8~a! without the
photoinduced well.

FIG. 9. Temperature-dependent PL spectra~unnormalized! of an
isolatedp-type d-doping well with Ns53.931012 cm22. Part ~a!
shows the experimental spectra of the well taken in Ref. 19. Par~b!
displays the calculated spectra of the well, assuming indirect t
sitions and a doping spread ofDz570 Å. Lifetime broadening en-
ergy is 5 meV. The bound exciton peak labeled asA in the experi-
mental spectra of part~a! is not shown in the calculated spectra
part ~b!.
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Assuming the same photoinduced net charge sheet de
as above, indirect PL spectra have been calculated also
the isolatedp-type d-doping well whose experimental P
spectra19 are shown in Fig. 9~b!. The parameters of the
sample used in the calculations areNs53.931012 cm22,
Dz575 Å, andd52000 Å. If bound exciton peaksA are
added to the calculated spectra of Fig. 9~b!, they look quite
similar to the experimental spectra of Fig. 9~a!. This indi-
cates that the photo-induced electron well in fact is resp
sible for the observed strong temperature decrease of
Q2D emission band inp-type d-doping wells.

V. CONCLUSIONS

The above analysis has demonstrated that for a theore
understanding of the experimental PL spectra fromp-type
d-doping structures in GaAs the following findings are e
sential.

~i! Optical transitions between the confined hole and
tended electron states ofp-type d-doping structures are
rather indirect than direct in momentum spapce, due to
short range fluctuations of the impurity potential. Direct tra
sitions result in PL spectra that are much richer of structu
and much sharper than the PL spectra observed experim
tally. Nevertheless, the calculated indirect spectra exh
well-resolved peaks that compare well with the experimen
ones. In many cases, a given PL peak cannot be attribute
one single occupied hole band but arises from two or m
such bands.

~ii ! The Q2D emission bands sensitively depend on
extended electron states. The latter are not only affected
the potential in thed-doping region, as the hole states do, b
also by the potential in the surrounding region. There,
potential depends on the sample structure as, for example
the presence or absence of embedding electron barrier
for the SL’s under consideration, on the distance betw
neighboringd-doping regions. Even if these regions are n
seen by the confined holes, they may be essential for
extended electrons. For example, a SL of period 500 Å r
resents a series of isolated wells for holes, but it does
resemble the single barrier case for electrons. To achieve
latter, the period must be 2000 Å or larger.

~iii ! If no electron confinement effects are include
theory predicts an increase of the Q2D emission band w
rising temperature. In experiment, a strong decrease is
served. This discrepancy can be solved by assuming an e
tron confinement in photoinduced minority carrier wel
Then the Q2D band is enhanced considerably, provided
temperature is low and the electrons populate confined sta
At higher temperatures, electrons are excited to less-w
localized states, and the Q2D band decreases.

The above findings suggest further experimental stud
to be done on the PL spectra and other optical propertie
p- andn-type d-doping samples in GaAs. The observed e
hancement of the Q2D emission band by a photoindu
minority carrier well could be even more important fo
n-typed-doping samples than forp-type samples, as no Q2D
electron emission band has been observed thus far. U
high excitation power, the optical enhancement effect co
make this band observable. For comparison with theo
more precise experimental data on the hole level energie

n-
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p-type d-doping wells are highly desirable. Unfortunatel
the indirect transitions that broaden the individual PL pe
carrying this information, are caused by thed doping itself;
one cannot expect sharper peaks from PL measuremen
improving the sample quality, as this may be done in
case of heterostructure quantum wells. PL excitation and
lectively excited P as well as photoreflectance could parti
help to overcome this problem. One may also speculate a
whether infrared spectroscopy could be useful in this c
text. Infrared absorption measurements have been perfor
on p-type d-doped Si samples37–39 and n-type d-doped
s,
e,
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GaAs samples40 but, to our best knowledge, no infrare
spectroscopy data are available forp-type d-doped GaAs.
Such measurements also could reveal whetherp-type
d-doped GaAs samples are suitable for infrared detector
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