PHYSICAL REVIEW B VOLUME 57, NUMBER 15 15 APRIL 1998-|

Theory of luminescence spectra fromé-doping structures: Application to GaAs
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A general procedure for calculating luminescence spectra #etoping structures of semiconductors is
developed. The electron and hole states are self-consistently calculated within the eight-band Kane model.
Explicit results are obtained fqr-type 5-doping wells and superlattices in GaAs. For a prototype superlattice
(SL) it is demonstrated how the luminescence spectra-dbping 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 consefdingct) and nonconservingndirec) transitions are
considered. Luminescence spectra are calculated for a serigpgyple 5-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 confinemenfS0163-18208)05104-2

I. INTRODUCTION their radiative recombination with the confined electrons.
But even then no clear evidence of a Q2D electron emission
& doping in GaAs and other materials is now widely usedhas been obtained. An explanation for the different PL spec-
in semiconductor basic research and device applicatiéAs. tra from n-type andp-type 5-doping structures has been
unique feature of this particular type of doping is that it givesgiven in Ref. 23. In both types of structures the radiative
rise to qualitatively different localized carrier states as com+ecombination probability is proportional to the overlap inte-
pared to those in homogeneously doped semiconductorgrals between majority and minority carrier envelope func-
Provided the sheet dopant concentration is high enough, th&ns. The potential region, which represents a well for the
common localized impurity states within the fundamentalmajority carriers, is seen as a barrier from the point of view
gap disappear, and instead confined states occur having eof the minority carriers. The latter must tunnel through this
ergies within the former bulk bands® This happens be- region in order to overlap with the majority carriers being
cause an ionized dopant layer creates a one-dimensionkcalized there. This causes the overlap integrals to be
qguantum well perpendicular to the layer in which the re-smaller if the barriers for the minority carriers are higher.
leased carriers are confined. Within the layer, the carriers aréxactly this is what happens for-type structures. Because
free to move, thus the confined levels are widened into subthe electrons are not as well localized at the ionized dopant
bands. As there are no empty states in the gap, the majorigheet as the heavy holes are, they screen the Coulomb poten-
carriers must populate the lowest subband states and formtil of this sheet less effectively than the holes do. Thus, the
two-dimensional carrier gas. electron wells ofn-type structures come out several times
The above model of the electronic structure dtloped  deeper than the hole wells fprtype structures. This reduces
semiconductors has been confirmed by photoluminescendbe PL intensities of the former structures with respect to the
(PL) measurements in GaA&Refs. 12,17-21and Si?? In  latter, owing to well depth dependence of the overlap
PL, the photoexcited minority carriers radiatively recombineintegrals®®
with the quasi-two-dimensiondlQ2D) majority carriers of Because of the difficulties of observing PL peaks originat-
the §-doping wells. Since the minority carriers are in ex-ing from the confined majority carrier gas af-type
tended states and have energies close to the respective buikdoping structures, PL measurements&doping systems
band bottoms, their radiative recombination should result irhave almost exclusively been devoted gdaype structures
luminescence peaks below the gap, each peak correspondindnere the PL signals from the confined majority carrier gas
to a certain majority carrier subband. Experimentally, suchare strong enough to be detected even without confining the
Q2D emission peaks have been observep-tgpe 6-doping  minority carriers between barriers. The experimental line
structures in GaAsRefs. 12,18—21and Si??> Surprisingly, shapes of the Q2D emission bands may be understood by
the PL spectra fronm-type 5-doping structures in GaAs are means of similar tunneling arguments as the ones used
qualitatively different from those fqgo-type structures in this above, employing in addition the different tunneling prob-
material. In then-type case, a relatively strong emission is abilities for heavy and light holes into the hole barriers and
observed above the gapwhile the Q2D emission band be- the energy dependence of this tunneling. However, no quan-
low the gap is rather weak or even not observable at all. Taitative theory of PL spectra from-type 6-doping structures
make it visible, then-type wells were placed close to the has been developed so far. In fact, such a theory faces seri-
surface or to aAl,Ga)As barriert’ confining the minority  ous difficulties, such as the following.
holes in this way and enhancing the oscillator strength of (i) The majority carriers are confined in th&doping
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well, while the minority carriers are in extended states. Tominiband structures, envelope wave functions, oscillator
obtain the probabilities of radiative transitions, the states oftrengths, and occupation numbers of the SL. In Sec. IV, we
both types of carriers are required. They may be calculategrovide PL spectra for large period SL's of various sheet
simultaneously and on the same level of sophistication if théloping concentrations and doping spreads, and compare
Kane model is used for setting up the effective mass equdhem with experimental PL spectra taken under the same
tions. This is not possible if separate models are employe@onditions. The comparison shows good agreement for indi-
for the two types of carriers, i.e., the Luttinger-Kohn model€ct transitions while direct transitions may be ruled out. To
for holes and a one-band model for electréfig® In the  account for the experimentally observed strong temperature
latter treatment, one first self-consistently solves the effectivé®pendence of the PL spectra, photoinduced minority carrier
mass equation for the majority carriers; the self-consisteny/€lls are assumed.
potential coming out of these calculations is used as external
potential in the effective mass equation for the minority car- Il. METHOD
riers, which then is solved without any self-consistency re-
quirement. Using the Kane model, the two steps are done in
one. Of course, the results are identical if #hep interaction We considers-doping systems specified as follows. The
between conduction and valence bands may be neglected. tioping layers are taken to be parallel to 1@©1) plane of
GaAs, this interaction affects the electron and light holeGaAs, in accordance with the experimental work we are re-
states at higher energfésut, in our case, its neglect does ferring to. The layers are repeated periodically, thus an infi-
not appreciably change the results. The main reason why weite SL of 5-doping layers is considered rather than an iso-
prefer the Kane model is that the calculations within thislated layer. The latter is obtained by taking the limit of large
model are conceptionally simpler and also applicable to maSL periodd. The periodic repetition of layers allows us to
terials with significantk- p interaction between conduction retain the Bloch character of the eigenstates. If we assume an
and valence bands. infinite extension of the SL in all directions, as we will do,
(i) To solve the multiband effective mass equation, theperiodic boundary conditions may be applied. With an even
periodic repetition of the>-doping layers, i.e., the consider- number of Ga-As bilayers per SL unit cell, the corresponding
ation of s-doping superlatticegSL'’s) instead of single periodicity region may be taken as tetragonal prism with side
o-doping layers, combined with the representation of thdength G,d parallel to the[001] SL axis (which simulta-
multiband effective mass equation in a plane-wave basisyeously forms the axis of our Cartesian coordinate sysjem
forms the most general and accurate procedtteand we andGy(a/+/2) in the two perpendicular directiofig10] and

also apply it here. However, to approximate the extendetﬁlﬁ]; hereG, and G are large integers, analis the host
states of isolated-doping layergwhich most of the experi- |aitice constant.

mental results refer 1o§uﬁipiently well, the supercells must . The one-particle Hamiltoniai of the interacting hole
be rather large, resulting in a rather large plane-wave bas&as of the SL may be written as

set.

_ (iii_) As the majority ca_rriers form a c_iegenerate gas, each H=Hgy+V(x) )
iteration of the self-consistent calculations of carrier states '

must pe performed at. all point pf a.sufficiently fin.e net of thewhereHo means the one-particle Hamiltonian of the unper-
occupied part of the first SL Brillouin zor®Z) as in a bulk t,rheqd pbulk crystal and/(x) the perturbation potential in-

metal, rather than in special points of the first BZ only as inyceq by thep-type & doping. For the latter potential one has
a bulk semiconductor.

(iv) For the typical doping concentrations, the hole gas of _ i I
p-type S-doping structures forms a strongly localized and V(x)=Va(X) +Vy(X) +Vxc(X), (2

dense gas. Exchange-correlation effects have been deem%hereVA(x) is the potential of the ionized acceptor sheets,
strated to be quite essential in such circumstahtes V,(x) the Hartree potential, antVx(x) the exchange-
However, the multicomponent nature of the hole gas makegqrelation potential of the interacting hole gas. The hole
it impossible to apply the density-functional theory in its eigenstates), (x,s) and eigenenergies, of the SL are de-
standard form; the exchange-correlation potential must bg, mined by the one-particle Scldiager equation

taken as a nondiagonal rather than diagonal matrix with re-
spect to the Bloch basis at the BZ center.

(v) Wave-vector conservation may nat priori be as-
sumed for the radiative recombination processes-ttoping 14 gqjve this equation, we use effective mass theory
structures. On the contrary, short-range potential fluctuations ' '
of the randomly distributed doping atoms make the occur-
rence of wave-vector nonconserving optical transitions very ~ B. Effective mass theory for 5-doping superlattices
likely. Thus, both direct and indirect transitions are to be
treated. o ) ] _

In the present paper, we solve the above problems and Within the elg'ht-band Kane version of effective mass
calculate PL spectra for a variety pftype 5-doping struc-  theory, the SL eigenfunctiong, (x,s) are expanded with
tures. In Sec. I, we describe the calculation method. In Segespect to Bloch states<$|jmjk) of first orderk- 7 pertur-

Il we demonstrate how the PL spectrum of a prototype SlLbation theory®?® of the I';—T'g—T'¢ valence-conduction
develops from the self-consistent potential, subband antland complex of the host crystal. The tWe spin-orbit split

A. System specification

[Ho+V(X) ] (x,5) =E\h(X,9). ()

1. Eight-band effective mass equation
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states are identified by= 3, m,,= =3, the fourI'g heavy-
and light-hole band states by=3, my,==*3,+3, and the

two I'g conduction-band states by=c, m,==*3. The ex-
pansion reads
I (x,8)= 2F=<muwmk (4)

whereF (k) (jm; k|4,//x) are the components af, (X,s)
with respect to the approximate Bloch stateesl(m k),
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known as envelope functions. They obey the effective mass
equations

> [Su(imkIHolj m’k)

j ’ mj’ k/
©)

is given by the

+(imk| V] j ’mj'k’)]Fj“,m,(k’)=eAF?mj(k)-

The 8x8 matnx (mjk|Holj'm/k)
expressiofr-2®

(3m;k|Holj'm}k) =

Here, A is the electron effective mass paramet#rjs the
spin-orbit splitting energy, an&y the energy gap between
conduction and valence bandslatThe following abbrevia-
tions are used in expressig6):

P.=P(ksxiky), P,=Pk;, (7)
2 JEN— JE— JE—
Q=-S5 [T R+ +(n-2wk], ®
o
nz S —
T=—5—[(n= G+ +(n+29%)k), (9
2mg Y
ﬁ2
S=igme2 V375K Ky Ky, (10)
h? — —
R= = o VBn(ki— k) ~2ingkid], (A1)
where P=—i(%/mo)(c|py|x) denotes the Kane matrix ele-

ment withmg being the electron mass, aryg v, ¥ are the
modified Luttinger parametefé?® The latter only account

EqtAk? 0 iP, \JEP. ftP. 0 /i, TP
0 EqtAk* o - /ip, &fth. —P. 2P, /iR

—~P_ 0 Q S R 0 35 —i#/2R

ViR —fir. s+ T 0 R -5@-D #/is o
_ 6

~/sPy —fTP. R 0 T -5 438 -5Z@-D
0 -P, 0 R -5 Q@ -w2R -5

~if1P. =fIP. — 8" HQ-T) 4/35 2R YQ+D)-A 0

VEPe —/IP. WRR —i 35T HQ-T) &5 0 ¥Q+D)-A

action between conduction and valence bands is explicitly
taken into account in the 88 Kane Hamiltonian. In terms

of the genuine Luttinger parameterg;,y»,ys, the ",
¥, 73 are expressed &s

15
3 E,

15
6 E,

1E,
6E,

(12
with E,=(2m,/#%?)P? as Kane energy. Because of the in-
dependence of the potenth(x) of the position vector com-
ponent parallel to the layers and because of the SL periodic-
ity of V(z), the envelope functloﬁ (x) may be written as
the product of a plane wave W|th Wave vectprparallel to
the layers, and a-dependent Bloch function of the SL de-
fined by a quasi-wave-vectay, of the first SL BZ and a
certain SL band index. Thus setting, = »q, 9=(0,d,),
the envelope funct|0n§ (x) in k space read as

(k) 5kq+KeZ Jq (K)

whereK means a vector of the reciprocal SL, agda unit
vector in thez direction. The Fourier coe1‘ficient75”q (K) of

the SL Bloch function are determined by the effect|ve mass

V3

Y2

Nn=vi— =Y2— =V~

(13

for thek- p interaction with remote bands because the interequation(5), which results in
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local exchange-correlation potential§x(z) andVY.(z) of

E KE [ Sk (im;q+KeHolj miq+K'e,) +(jm;q heavy and light holes, respectively, as has been demonstrated
Iy in Refs. 15,16. To obtaili(z) andV¥.(z), the parameter-
+Kez|v|j,mj,q"_K,ez)]Fjvrqmj/(K,):quFjan]j(K)' ized expressions derived by Hedin and Lundddigt the

case of a homogeneous electron gas are adopted for the ho-
(14) mogeneous gas of heavy and light holes. The exchange in-
teraction is taken into account only between holes of the
2. Coulomb potential same type, while correlation is considered also between
- . heavy and light holes.

Within effective mass the_ory, the C_oulomb pat}\(_z) Inéolving%he effective mass equati¢h), both the Cou-
+Vi(2) of the total perturbation potentiad(z) has vanish- 5 hotential and the exchange-correlation potential are
ing off-diagonal elementsj(;K|Va+Vy|j'm/K’) with re-  aaiag self-consistently.
spect tojm;,j'm; , hence

(imK[Va+Vy|j' mK") = 5jj/5mjmjr(K|VA+VH|K’), C. Luminescence spectrum
(15 1. General expression

where K|V,+Vy|K')=(K=K’|Va+Vy) denotes the Fou-  The emission of light from @-type 8-doping SL is due to

rier coefficients oV a(2) +Vy(2). The latter are determined spontaneous radiative recombination processes between op-

by Poisson’s equation, tically excited nonequilibrium electrons and equilibrium
holes. Both electrons and holes are in Bloch-type SL eigen-
statesvq. All states are twofold degenerate because of time-
reversal symmetry combined with spatial-inversion symme-

(16 try. We account for the degeneracy by settingno, where

o ) n=1,2,3..., labels the different minibands, and is a

Here e denotes the static dielectric constant of bulk GaAs,uSpin quantum number” with the two values and |, dis-

andp(2) is the hole concentration averaged with respect to ginguishing the two Bloch states of a given band. To separate

2

(KIVa+ VK= — 278
A H € |K_K!|2

(Klp—=Na|K").

primitive unit cell. One has between Bloch statasoq for electrons and holes, we add an
1 index e’ for electrons, hhfor heavy holes and Ihfor light
p(Z)=—2 E 2 ei(K*K')ZFjﬁf(K’)FJ?’n‘l‘(K) holes, i.e., we Writeveoole, VhnOhtdnh: YihOindin- Spin-
Qg kv Tm; ! ! orbit-split hole states are not needed for the calculation of
luminescence spectra since these are not populated. Assum-
w|1- 1 (17) ing direct optical transitions, witlg.=q,=q, t=h,l, the
elEvqEel/kT L 1 [’ luminescence intensity( w) of the SL may be written &8

whereEg is the Fermi energy of the confined hole gas. The .
distribution ofN, of the ionized dopant atoms along the SL 2hw” e
axis is approximated by a sum of Gaussians, Hw)= c 2 2 ;h nzm Frgnen () Nngg

1

Na(z)=Ng >,

e—(Z—nd)z/ZUZ' 18 < o -
. o (18 [1-Nnql| =

whereNg means the sheet doping concentration of a doping
layer, ando? is the variance of the Gaussian distribution. It >
determines the full widtiA z at half-maximum of the Gauss- [En (@) —En, (@) —@]™+ vy
ian by means of the relatiohz=221n20=2.355.

ynenth

(19

Here,N, 4 and[1- Nnmq] denote the electron and hole oc-
cupation probabilities, respectively, » q is the lifetime
~The gxcr}ange-correlatiqn potential matrix proadening energy, arf . (q) the oscillator strength of an
(JkaK|V?<C|J 'm;kK") has off-diagonal elements both with g|acron-hole transition, given by the relation

respect tgm;, j'm;, andK,K’. Neglecting any exchange-

correlation-induced couplings between the three groups of 5

carriers involved, i.e., electrons, heavy and light holes, and £ (@)= i |(NeT Q| PxINthTih Q)| (20)
spin-orbit-split holes, the (8 8) exchange-correlation ma- nengn' 4 Mo o'ooy, Ene(q)—Enth(q)
trix decomposes into (22) blocks for electrons and spin-
orbit-split holes, and a (44) block for heavy and light
holes. Forp-type é-doping SL's in GaAs, the densities of
electrons and spin-orbit-split holes are negligibly small. Using expressiong4) and (13) for the SL eigenstates
Thus, only the (4 4) block of the exchange-correlation po- (sx|vq), the momentum matrix elements
tential matrix is nonzero. In local-density approximation, the(n.o.q|py Ninond) entering the oscillator strengt@0) may
elements of this matrix may be expressed in terms of thée written as

3. Exchange-correlation potential

2. Oscillator strengths
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(neUeQ| px| nthqhQ)

=G > > F”ef’eq (KO (K (5 mi [y jmy),

K ijlm

(21)
with G3=G G‘ In evaluating expressio(21) we may use

the fact that, in the case of GaAs, the conduction band is
only weakly coupled to any valence band, and the two
heavy- and light-hole bands do only weakly interact with the

spin-orbit-split band. Thus we have approximately

oed n Ted o
F &m0 =F ({aim,,(K) =0, (22
Foomod(k)=F{ied (K)=0, t=,h. (23

The only momentum matrix elements that occur as factors at
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Fgng, (A) = (q)][l(nequpxlanq)l

Mol En (@) —En,,

+](nel alp«nenTa)|?1- (32

3. Indirect transitions

The ionized impurity potential/, of §-doping structures
exhibits fluctuations on the atomic length scale. These may
result in indirect optical transitions. The luminescence inten-
sity of such transitions may formally be obtained from ex-
pressiong19) and(20) for direct transitions by replacing the
electronq vector byq. and the holey vector byq;,. This
results in

2hw €
2 2 2 2 fnenm(qeiQh)Nneqe

MEC” dede Ne t=1h ny,

l(w)=

nonvanishing wave-function components are those of the

form (cmg|py3mg,). Using the expansion of the Bloch

functions |3m5,,) at I' with respect to the basis functions
12)[1),25 these elements may be

)DL I, -

expressed in terms of the Kane matrix elemdpt
—i(A/mg)(c|py/x) as follows:

1 N I
(c3px E%):E (C%|px|§%)=TP, (24
(cHlpiD= =P, (cHpdih=—=P. (29
2 X 22 \/g 1 2 Xl22 \/g 1
(C%|px|%%):(0%|px|%%): (26)
(czlpd33)=(czIpd33)= (27)
Not all of the elementsr{.o.q| p«|Niwond) are independent;
one has
|(neTalpynin T @) [?=1(nelalpudnenla)|?, t=1,h (28
|(nelalpynin T @) [?=1(netalpulninla)[?, t=1,h. (29

For the independent elements one obtains

1 T
eq* (thh q(K)
22

I(nequpxlthq)|2=G3

1  ™nld 2
+ﬁF§%— (K) (30
Neld* nw1a
|<neiqlpxlntth)|2:G3 E Fr (K)<F33_ (K)
22
2
1 npig
—F K 31
+\/§ 31 ( )) (31)

Using these results, the oscillator strengu@nm(q) of an
electron-to-hole transition may be expressed as

1
X[1- N”thqth]( ;)

Ynanip
« N
[Ene(qe) - Enth(QIh) —fhol*+ y”e”th
(.0 )= 2 2 |(neo'eqe| px|nthUtthh)|2
n eNths 1€ th mo 0e0th Ene(qe) - Enth(qth)
(34

In evaluating the oscillator strengmenth(qe,qth), a wave-
vector-conserving factaﬁqeqm occurs. We replace this factor

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

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

Ill. FORMATION OF THE PL SPECTRUM
FOR A PROTOTYPE P-TYPE 6-DOPING SL

The special SL considered here has a sheet doping con-
centrationNg=8x 10*2 cm™2, a doping spreadz=23.5 A,
and a SL periodd=500 A. The parameters of the Kane
model for GaAs are taken as follows:m,=0.0665 v,
=6.790, y,=1.924, y3=2.780,E,=29.12 eV. The energy
gapEgy(0) atT=0 K is 1.519 eV and its temperature de-
pendence E4(T) is taken from the relation

Ey(T)= Eg(0)+5405>< 107 4T%/(204+T) .32

A. Self-consistent potential

As shown in Fig. 1, the self-consistent potential differs for
the three types of particles involved, being the electrons,
heavy holes, and light holes. The difference is due to the
exchange-correlation part of the potential. For electrons and
spin-orbit-split holes, this potential part vanishes because the
densities of these particles are negligibly small in phype
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FIG. 1. Self-consistent potentials for electrons, heavy holes, and FIG. 3. Subband and min_iband dispers!ons of electrons and
light holes of ap-type §-doping SL. Sheet doping concentration holes for the same-type &-doping SL as in Fig. 1.
N,=8x10" cm 2, doping spead\z=23,5 A, and SL periodi
= A C. Band structure

500 A.

) ) ) The miniband and subband structures of the SL are shown
d-doping SL under consideration. For holes, the exchangen Fig. 3 for holes(lower par} and for electrongupper part
correlation potentlal is essentially nonzero; its difference forrpe dispersior, . (K;,0) of the hole subbands parallel to
h_?_avy afn?hllght hoI?_sllségus tf 'tlh?j d|ffer|en_t ma;sseshand de@ﬁe layers exhibits the typical anticrossing behavior. The
sities ot these particie ctaled analysis of exchange- ,ininang dispersiorEnthgm(OH ,k,) for holes is rather small,

correlatlon,leffects inp-type o-doping SL's s given because of the large barrier width. Two hole subbands, the
elsewher&19,. _
lowest for heavy holeshhl) and the lowest for light holes

(Ih1), are partially occupied in the case under consideration.

To understand the electron band structure in Fig. 3, one

While the holes see the potential region ofsadoping  has to realize that the width of the electron wells is given by
layer as a well, it is seen as a barrier by the electrons. Théhe SL period, which here is much larger than the width of
regionbetweerthe layers forms a barrier for holes and a well the hole wells. Thus, the electron minibartds , (0y,k;) of
for electrons. For both types of carriers, the envelope functhe SL are much wider and the minigaps much smaller than
tions are Bloch functionsz{nend,) perpendicular to the  those of holes. For isolatestdoping layers, i.e., for SL pe-
layers and plane waves i - x|] parallel to the layers. The rjods tending to infinity, the width (2/d) of the first SL BZ
probability distributions(z|nena,=0)|?, taken at the center shrinks to zero and, simultaneously, the electron minibands
I' of the first SL BZ, are depicted in Fig. 2. For holes below transform into a continuous energy spectrum without mini-
the barr.iers, they are essentia”y nonze.ro W|th|n ‘thale) gaps. To approximate an isolatédwell by a SL of such
well regions, while they decay exponentially into tff®le)  ells, the minigaps of the latter should be small compared to
barriers between the layers. The probability distributions fothe Jifetime broadening energies, , of the transitions in-
ef\lectr_ons are large b_etween the layers, and decay EXponevnélved, which typically are severialthmev. For the period of
tially into the well regions. 500 A shown in Fig. 3 this condition is not yet fulfilled, one
has to go up ta=2000 A to avoid artificial electron con-
8 x 10™ cm? finement effects.

B. Envelope functions

D. Oscillator strengths

Knowing the electron and hole band structures and eigen-
functions, one is able to calculate the direct and indirect PL
spectral (w) by means of expressiori$9) and(33), respec-
tively. The eigenfunctions enter these expressions through
the oscillator strengtﬁnenth(k) of a radiative electron-hole

recombination process defined in EqR0) and (34). The
oscillator strength is shown in Fig. 4 for direct transitions
from electron states to the two lowest heavy-hole states and
the two lowest light-hole states at the first SL BZ cerifer
Actually, fnelth(o)’ t=h,l, is plotted against the electron en-

ergy Ene(O) of the various minibands, atI".
FIG. 2. Probability distributions of electrons and holes for vari- For transitions to the heavy-hole ground state hhi,

ous subband levels at the first SL BZ center for the santgpe fnelhh(O) steeply increases between the first and second elec-
5-doping SL as in Fig. 1. tron miniband reaching a maximum at the latter. From the

Probability
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FIG. 4. Oscillator strengths for optical transitions from electron Energy (meV)
states to the heavy- and light-hole ground states at the first SL BZ
center, plotted against the electron energy. The samigpe
S-doping SL is considered as in Fig. 1.

FIG. 5. Calculated PL spectra for thetype 5-doping SL of
Fig. 1. Lifetime broadening energy 5 meV. A measured spectrum
taken in Ref. 8 from the same SL is shown for comparison.

second miniband on‘,nelhh(O) decreases continuously. This

behavior reflects the variation of the spatial overlap of the?"d[1~Nn, ] are needed. Considering low excitation den-
electron and hole envelope functions: for low electron enersities, the photoexcited electrons may be assumed to be com-
gies, the electron wave function decays rapidly into the hold@letely thermalized and their occupation numbers to be given
wells, and the overlap is small. With growing energy, theby the Boltzmann distribution function,
electron penetration into the hole well increases, and the _

N :e[EFn En (K)1/KT (35)
overlap becomes larger. If the energy of the electron grows Nk ¢ '
further, its wave function oscillates more rapidly and the|pq quasi-Fermi energfe,

integrand of the overlap integral is averaged out more effeca, . 1ated by normalizing the Boltzmann distribution. The

tively. hole occupation numbersl—N are governed by the
For transitions to the light-hole ground state Ih1, the os- P sl ”thk] g y

cillator strengthfnellh(O) exhibits qualitatively the same be- Fermi distribution function,

havior as in the heavy-hole case. For the lowest electron 1
miniband,fnellh(O) has almost the same value qusélhh(O).

This is remarkable since the squares of the momentum ma-
trix elements between conduction- and valence-band bulk
states, entering the oscillator strength of E20), is three F. PL spectra

times larger for heavy holes than for light holes. Ina SL, the p|_ spectra of the SL under consideration are shown in
oscillator strengths of light holes are enhanced because thgg_ 5, once calculated for direct transitions and once for
latter penetrate deeper into the barriers than heavy holes. FR{jirect transitions. The temperature is taken taTbe6 K in
the second electron miniband, the oscillator strength of lighty, o+p, cases, and the lifetime broadening energy is set to 5
hole transitions is half of that for heavy-hole transitions. ey The spectrum for direct transitions shows two peaks
With increasing electron miniband number, the light holesyg|q\, the gap. These are clearly due to electron transitions to
rapidly lose intensity with respect to the heavy holes. This is;gnfined hole states close Ty the low-energy peak corre-
due to the above-discussed partial averaging out of the intes‘ponding to the hhl band, and the high-energy peak to the
grand of the overlap integral, which is more effective for the|,,1 band, which are the only SL bands partially occupied by
moderately localized light-hole wave functions than for they,qe5 in the present cageee Fig. 3 The light-hole peak is
strongly localized heavy-hole wave functiof®e Fig. 2 gyronger than the heavy-hole peak. A look at the oscillator
The oscillator strengths for transitions to the first exc'tedstrengths in Fig. 4 reveals the reason for this uncommon
heavy-hole state hh2 exhibits qualitatively the same energy  navior: the average electron enetgl, counted from the
dependence as that for transitions to the heavy-hole gr_o_quwest band bottom. is as small as 0.5 meVIat6 K. For
state. The absolute vg!ues are Iar_ger for the hh2 transitiong, . small electron energies, the oscillator strengths for tran-
than for the hh1 transitions, reflecting the enhanced penetr;iions to heavy and light holes are almost equal. The split-
tion of the hh2 state into the barrier. The same statementﬁng between the two PL peaks is 30 meV, which is 5 meV
hold for transitions to the first excited light-hole state 1h2 in larger than the energy separation between' the lowest heavy-
comparison with transitions to the light-hole ground state, light-hole bands &t (see Fig. 3
Ih1. The PL spectrum for indirect transitions in Fig. 5 looks
qualitatively different. The heavy- and light-hole peaks of
the direct spectrum are absent, and instead a broad asymmet-
To calculate PL spectré(w) according to expressions ric peak occurs with a shoulder on its low-energy side, at
(19) and(33), the electron and hole occupation numh‘&@ roughly the position of the Ih1l peak of the direct spectrum.

entering here is numerically

[1=Np kl= JE T T (36)

E. Occupation numbers
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The peak is due to indirect recombination processes of elec-
trons close tol" with hhl and Ih1 holes having any wave
vector below the Fermi surface. The low-energy shoulder is
seen because the wave-vector dispersion of the Ihl band is
rather flat(see Fig. 3. In Fig. 5 we also show an experimen-
tal spectrum for a sample of sheet doping concentration 8
X 10" cm™2 and a temperature of 6 Khe doping spread of
the sample was not measuyedhis spectrum in Fig. 5 has
been taken from a series of experimental spectra reported in
Ref. 18 for different excitation powers. We show the spec- .
trum with the lowest excitation powéB mW/cnt), which 14 145 15 14 145 15
should be the closest one to our calculations, which assume Energy (eV)
low excitation densities. Comparing the experimental and :
theoretical spectra one notices that the calculated spectrugn dFICf" GS'L,Calf(;JE";%% El;] spectrﬁeft-i;anc_i sidg for p-type
for indirect transitions fits much better than the spectrum for._ oping SL's ofd= avmg's eet doping Conzcem,r?t'm
. .. - . : and doping spreadAz as follows: sample 2, 8102 cm 2, 6.5
direct transitions. This remains true if one enlarges the dop-

) he lifeti . ) nm; sample 3, 102 cm™?, 7.2 nm; sample 4, 810" cm?,
ing spread and/or the lifetime broadening paramﬂ@"m In 12.5 nm. Temperature 6 K, lifetime broadening energy 5 meV. On

the calculations. Thus, we conclude that the dominating rathe right-hand side, experimental spectra measured in Ref. 12 on the
diative recombination processes in the measured sample agame samples are shown for comparison.
indirect rather than direct transitions.

GaASBe/Al, ;Gag A
hv, = 3.00 6V
3 Wiem’ !

| T=6K
No. 4
|

Intensity (arb. units)

sample 4. The large number of occupied bands of sample 4 is
due to the heavy doping combined with the wide doping

IV. PL SPECTRA FOR VARIOUS P-TYPE spread.
6-DOPING SL'S AND COMPARISON Again, the calculated spectra for direct transitions consid-
WITH EXPERIMENT erably differ from the experimental ones. The indirect spec-

tra are shown in Fig. 6, left-hand side. For sample 2, one has
Below, we present calculated PL spectra pitype 3 single peak caused by transitions to hhi and Ih1 holes. For
d-doping structures for which experimental PL spectra ar&ample 3, one observes one peak having a shoulder on its
available for comparison. We also discuss the temperaturgigh-energy side. The peak is again due to the hh1 and Ihl
dependence of the overall PL intensity which, in experimentholes, while the shoulder results from the hh2 holes. The two
has been found to be extraordinary strong in certain circumformer structures exist also in sample 4. In addition, a new
stances. From various reasons, the agreement between thegtyong peak develops at higher energies. It is due to hh3, h2,
and experiment cannot be expected to be complete. For e¥a3, and hh4 holes. The weak structure on the low-energy
ample, the experimental doping spreAd (provided it is  side of the spectrum is caused by transitions to hh1 holes in
measured at adllhas considerable uncertainties, while it is the vicinity of I', which give rise to notable emission because
known that the hole band-structure sensitively depends off their relatively large density of states.
Az.121315The calculated potential well may differ somewhat  The experimental spectra of the three sanplésken at
from the experimental one because of the Fermi-level pinT =6 K, are shown on the right-hand side of Fig. 6. The
ning at the surface and because of a homogeneous backermi-level enhancement seen in the measured spectra is not
ground doping of the sample. The parameters entering theeproduced in ourcalculat_|ons because the excitonlike many-
PL spectra, like the energy gy or the lifetime broadening body effects. at the Fermi lev€lwere not included. More-
energy, change with excitation power and temperaflire OVer: the main peaks of the thre_e experlmgntal spectra appear
The T dependence &, is well known for GaA$? and may at almost the same energy, whlle the main pegks _of_ the cal-
easily be included in the calculations. Other dependenciegUated spectra shift towards higher energies with rising dop-
are only poorly known for the systems under consideratiod9 concentrations. We attribute this dlfference to .the shrl.nk—
and can only qualitatively be discussed. We concentrate ofig9e Of the energy gap for samples with heavier doping.
the effects that the confined hole structure has on the PEMPIOYying this interpretation, we estimate a gap shrinkage

_ 2 _ 3 H
spectra. These are rigorously treated in our calculations. ©f 50 meV betweerNs—_3><101 and_NS—3><101 . This
value compares well with the experimental gap shrinkage

o ) ) reported in Refs. 34 and 35 fprtype bulk GaAs. Correcting
A. Variation of sheet doping concentration the calculated spectra of Fig. 6 for the Fermi-level enhance-

The samples considered in this subsection are close t&ent and the gap shrinkage, they compare fairly well with
those shown in Fig. 4 of Ref. 12. In the measureménts, the experimental spectra in this figure. The fact that the low-
single 5 layer was embedded between twog@d;As bar-  energy peak of sample 4 is more pronounced in the experi-
riers in a distance of 300 A on each side. The sheet dopingental spectrum than in the theoretical one could be due to
concentrations and doping spreads were varitg=3  the simulation of the GgAlg3As barriers by s-doping
X 10*, Az=65 A for sample 2N,=8x10'% Az=72 Afor ~ Wells in our calculations. This renders the confinement less
sample 3,N,=3x10'3 Az=125 A for sample 4. In the effective and diminishes the low-energy peaks.
calculations, the barriers are simulated Bywells, using
SL'’s of periodd=600 A. The following hole levels are oc-
cupied: hhl and Ihl for sample 2, hhl, |hl, and hh2 for An interesting question which has not been addressed so
sample 3, and hhl, Ih1, hh2, hh3, 1h2, |h3, and hh4 forfar is the variation of the PL spectra with temperature. Figure

B. Temperature dependence of PL spectra
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FIG. 7. Temperature-dependent PL spectra for sample 4 of Fig.
6. The calculated spectra are shown on the left-hand side, and the
experimental spectra of Ref. 12 are displayed on the right-hand
side. The spectra are normalized with respect to their absolute -60
maxima. Lifetime broadening energy is 5 meV in the calculations.

Energy (meV)

-400 -200 0 200 400

z(A)

7 shows calculated and measured PL spectra at various tem- )
FIG. 8. In part(a), calculated PL spectra are shown at various
2

peratures for a sample witN,=3x 10" Az=125 A, and ’ . , 0
_ peratures for g@-type 5-doping SL with N;=8x 102 cm2,
gar‘r?ol?a 'ilr-]”;? Saém'ilj'lt?uga;?ar\]/qee:]erri)lzrﬁatzcejsszge :rsti;T|OS§C§£n: 23.5 A,d=2000 A. Lifetime broadening energy 5 meV. The
P 9. ©. ! p y spectra are not normalized. In pdtt), indirect PL spectra are

cupied, being hhil, Ihl, hh2, hh3, |2, 1h3, and hh4. Theﬂmwn for the same SL, but assuming a photoinduced net charge

spectre_l on th_e Ieft-hanc_i _S'de of Fig. 7 h_ave been Ca!culate ensityPpnote= 2 X 10 cm™2 of the hole well. The potential well of
assuming indirect transitions, and a lifetime broaden_mg €Nfhe latter structure is shown in pdd). It clearly reveals the photo-
ergy of 5 meV. The low-energy peak labeled @ shifts  ;,quced well for electrons.

down and loses intensity if the temperature increases. This

peak is due to transitions into the heavy- and light-holeperature dependence of the indirect PL spectra of a SL with
ground-state levels hhi, Ih1. The we@klabeled structure N =8x10'2, Az=23.5 A, andd=2000 A. The large period
between peakss and b seen in the two calculated low- of the SL guarantees isolated hole wells and, what turns out
temperature spectra results from hh2 transitions. The maito be more critical, practically unconfined electrons. For the
peak of the spectra labeled bss due to hh3, Ih2, In3, and sample under consideration, the hh1, Ih1, and hh2 hole bands
hh4 holes. It moves up between 25 K and 40 K, and dowrare partially occupied. Each spectrum on the left-hand side
between 40 K and 100 K. A third peak labeledcaappears of Fig. 8 exhibits a structured emission band, caused by tran-
at 75 K and moves down if rises up to 100 K. The down sitions to the three hole bands hhl, Ihl, and hh2 at all wave
shifts of the three peaka, b, andc are due to the lowering vectors below the Fermi surface. The Q2D emission band
of the energy gap with rising temperature. Peaalstems grows and broadens towards higher energies if the tempera-
mainly from the recombination of electrons, which are ther-ture increases. The reason already has been discussed above:
mally excited at higher temperature. This may be understoo®ising the temperature, electrons are excited from states at
by means of Fig. 4, which shows that the oscillator strengthsower energies to states at higher energies. Transitions from
for hhl, Ih1, and hh2 transitions increase with rising thermahigh-energy electron states to the confined heavy- and light-
energykT. To a minor part, the additional high-temperature hole states have larger oscillator strengths than transitions
peak is due to holes excited into bands above the Fernfrom low-energy states, thus the Q2D emission band gains
level. Although far fewer holes are excited than electrondntensity and its center of gravity shifts to higher energies, as
owing to the degeneracy of the hole gas, the contribution ofeen in the left-hand part of Fig. 8.

the excited holes is notable because of their large oscillator Experimentally, just the opposite behavior is observed,
strengths. the Q2D hole emission band loses intensity if the tempera-

The experimental spectra shown on the right-hand side diure rises. This may be seen in FigaP which shows the PL
Fig. 7 are those from Fig. 8 of Ref. 12. The labeled pemks spectra of an isolatep-type 5-doping well measured in Ref.

b, andc of the calculated spectra are also seen in the meak9 at various temperatures under an excitation of 100 \&/cm
sured spectra. They are more pronounced than in the calc(rote that the energy scale is reversed, and the intensity is
lated spectra, which again could be due to the simulation oplotted on a logarithmic scaleThe peaks labeled & are

the Ga,Al33As barriers bys-doping wells in our calcula- due to the bound exciton recombination of bulk GaAs. This
tions. The temperature behavior of the experimental peaks i®combination channel is not included in our calculations,
close, although not equal, to that of the calculated peaks. thus, no equivalent of peak exists in the spectra of Fig. 8.

In Fig. 7, the spectra are normalized with respect to theilOn the low-energy side of peak, the Q2D emission band
largest peaks, respectively, i.e., no attention is paid to theccurs in each experimental spectrum of Figg)9The in-
actual intensities at various temperatures. This is done in Figensity of the bound exciton peak decreases by about two
8. On the left-hand side of this figure we illustrate the tem-orders of magnitude if the temperature rises from 2 to 60 K.
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s VEV) Assuming the same photoinduced net charge sheet density
UL AL I B R as above, indirect PL spectra have been calculated also for
: the isolatedp-type &-doping well whose experimental PL
spectrd® are shown in Fig. ®). The parameters of the
sample used in the calculations ag=3.9x10' cm 2,
Az=75 A, andd=2000 A. If bound exciton peaké are
added to the calculated spectra of Fi¢h)9they look quite
similar to the experimental spectra of Figia@ This indi-
cates that the photo-induced electron well in fact is respon-
sible for the observed strong temperature decrease of the

Q2D emission band ip-type 5-doping wells.

Intensity (arb. units)

P SO TN W T W Y T S S L L
800 850 900 15 14
A (nm) hv (eV)

FIG. 9. Temperature-dependent PL spettrenormalizediof an V. CONCLUSIONS

) : o : _ . 5 . .
isolatedp-type &-doping well with Ns=3.9x 10" cm . Part (@) The above analysis has demonstrated that for a theoretical

shows the experimental spectra of the well taken in Ref. 19.(Bart . .
displays the calculated spectra of the well, assuming indirect trangnderstandlng of the experimental PL spectra frpftype

sitions and a doping spread Az=70 A. Lifetime broadening en- 6-doping structures in GaAs the following findings are es-

ergy is 5 meV. The bound exciton peak labeledAaim the experi- sential.

mental spectra of paf8) is not shown in the calculated spectra of (1) Optical transitions between the confined hole and ex-
part (b). tended electron states gf-type S-doping structures are

rather indirect than direct in momentum spapce, due to the

. ) ) . ... short range fluctuations of the impurity potential. Direct tran-
This decrease is mainly due to nonradiative recombinatiojsions result in PL spectra that are much richer of structures
processes that are more likely to occur at higher temperayng much sharper than the PL spectra observed experimen-
tures. The Q2D emission band would also diminish by twogg|ly. Nevertheless, the calculated indirect spectra exhibit
orders of magnitude if there were no other reasons for thyell-resolved peaks that compare well with the experimental
decrease. Actually, the hole band decreases by more thashes. In many cases, a given PL peak cannot be attributed to
four orders of magnitude in the temperature range under corbne single occupied hole band but arises from two or more
sideration. Thus, one is left with a net decrease of the expersuch bands.
mental hole emission band by two orders of magnitude, com- (ii) The Q2D emission bands sensitively depend on the
pared with the half order of magnitudiecrease of the  extended electron states. The latter are not only affected by
calculated band shown in Fig. 8. Such a strong decrease tiie potential in theS-doping region, as the hole states do, but
the Q2D emission band with rising temperature has also beeslso by the potential in the surrounding region. There, the
observed in g-type §-doping well in Si?? To explain this  potential depends on the sample structure as, for example, on
behavior at least qualitatively, the authors of Ref. 22 asthe presence or absence of embedding electron barriers or,
sumed a photoinduced minority carrier well introduced infor the SL’s under consideration, on the distance between
Ref. 36 in a similar context. Such a well occurs if photoex-neighborings-doping regions. Even if these regions are not
cited holes are captured by tipetype 5-doping well; then seen by the confined holes, they may be essential for the
the well is positively charged and attracts electrons. Thextended electrons. For example, a SL of period 500 A rep-
electrons are confined close to the well, and the oscillatoresents a series of isolated wells for holes, but it does not
strengths of their transitions to confined hole states areesemble the single barrier case for electrons. To achieve the
strongly enhanced. If the temperature increases, the electrotatter, the period must be 2000 A or larger.
are excited into unconfined states, which exhibit lower oscil- (iii) If no electron confinement effects are included,
lator strengths; thus, the intensity of the Q2D emission bandheory predicts an increase of the Q2D emission band with
decreases. rising temperature. In experiment, a strong decrease is ob-

To check this idea quantitatively, we have simulated theserved. This discrepancy can be solved by assuming an elec-
photoexcited holes by increasing the hole concentration ofron confinement in photoinduced minority carrier wells.
the well beyond that of the ionized acceptors. The chargdhen the Q2D band is enhanced considerably, provided the
neutrality of the sample assumed in our calculations createmperature is low and the electrons populate confined states.
the photoexcited electrons automatically. In Figc)8we At higher temperatures, electrons are excited to less-well-
depict the electrostatic potential profile for thetype localized states, and the Q2D band decreases.
S-doping structure shown in Fig.(®, i.e., with Ng=8 The above findings suggest further experimental studies
X102 cm 2, Az=23.5 A, andd=2000 A, assuming a to be done on the PL spectra and other optical properties of
photoinduced carrier sheet density @f;,= 2% 10 em™? p- andn-type 6-doping samples in GaAs. The observed en-
(this value puts an upper linif). The unnormalized PL spec- hancement of the Q2D emission band by a photoinduced
tra of the doping structure of Fig.(® are depicted in Fig. minority carrier well could be even more important for
8(b) for the same temperatures as in Fip)8As expected, a n-type 5-doping samples than f@-type samples, as no Q2D
temperature increase now leads to a strong decrease of théectron emission band has been observed thus far. Using
Q2D hole emission band. At a fixed temperature, the PLhigh excitation power, the optical enhancement effect could
intensities are five times larger than in FigaBwithout the = make this band observable. For comparison with theory,
photoinduced well. more precise experimental data on the hole level energies of
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p-type S-doping wells are highly desirable. Unfortunately, GaAs samplé® but, to our best knowledge, no infrared
the indirect transitions that broaden the individual PL peakspectroscopy data are available foitype 5-doped GaAs.
carrying this information, are caused by theloping itself,  Such measurements also could reveal whetpeiype

one cannot expect sharper peaks from PL measurements ydoped GaAs samples are suitable for infrared detectors.
improving the sample quality, as this may be done in the

case of heterostructure quantum wells. PL excitation and se-

lectively excited P as well as photoreflectance could partially
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