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In order to explain experimentally observed magnetophotoluminescence line shapes, theoretical mod-
els of interband recombination in the case of k conservation as well as in case of violation of that selec-
tion rule have been developed for narrow-gap IV-VI semiconductors. The combined density of states
and the individual densities of states of the conduction and the valence bands, respectively, as well as the
occupation probabilities of these levels are taken into account. Modifications of the band structure due
to many-particle effects (free carriers due to doping of the samples and photoexcited electrons and holes)
are also included in the theoretical calculations of the luminescence line shapes. The spectral intensity
distribution of the recombination radiation can be explained as spontaneous and stimulated emission of a
homogeneous nonequilibrium electron-hole plasma. From least-squares fits to the experimentally ob-
served photoluminescence line shapes, averaged plasma parameters can be deduced. Without an exter-
nal magnetic field the unrenormalized single-particle band gap, its modifications due to exchange and
correlation energy terms, the quasi-Fermi levels, and the effective temperature of the photoexcited car-
riers can be obtained. In addition, in the case of an external magnetic field one can determine the Dingle
temperature and estimate the magnetic-field dependence of the renormalization of the band gap, if the
band structure of the investigated material is known. Measurements of the photoluminescence have
been performed at a lattice temperature of 7, =1.7 K in a magnetic-field range of B=0-7 T for a
variety of IV-VI narrow-gap semiconductors. In the present paper we discuss the results obtained using
Pb,_,Eu, Se epitaxial films with Eu contents x of approximately 4%. The agreement between experi-
mentally observed and calculated line shapes is excellent. However, due to the large number of plasma
parameters entering the model, it seems difficult to determine the band structure of a semiconductor only
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using photoluminescence data.

I. INTRODUCTION

Photoluminescence is one of the most important exper-
imental methods for the investigation of semiconductor
materials. Of particular interest are IV-VI narrow-gap
semiconductors,! "> due to their possible application as
laser diodes operating in the midinfrared.

Interpretation of photoluminescence data requires a
detailed understanding of the line shapes, including the
effects of many-particle interactions (exchange and corre-
lation energy terms), carrier heating by the exciting light,
possible violation of momentum conservation, and onset
of stimulated emission. Particularly with the sample held
in a magnetic field, neither the peak nor the low-energy
side of the luminescence line yields an exact value for the
single-particle band gap.

In wide-gap semiconductors many theoretical as well
as experimental papers deal with the above-mentioned
effects.5"!2 In IV-VI compounds like PbTe, PbSe, or
Pb,_,Eu,Se, up to now the modifications of the band
structure by exchange and correlation effects have been
neglected using the argument of small effective masses
and high dielectric constants of these materials.

The aim of the present paper is to demonstrate that
even in IV-VI’s many-particle effects have to be taken
into account, and that band parameters deduced under
the above-mentioned approximations from photolumines-
cence spectra are much less exact than data obtained by
other methods like interband magnetotransmission, far-
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infrared absorption, or coherent anti-Stokes Raman
scattering.

In Sec. II a short review of band-structure calculations
for diamagnetic and semimagnetic IV-VI compounds is
given. Section III describes many-particle effects, with
special emphasis on the case of a many-valley semicon-
ductor with ellipsoidal surfaces of constant energy. The
calculation of photoluminescence line shapes under con-
sideration of spontaneous as well as stimulated emission
is performed in Sec. IV. In Sec. V experimental results
are reported and discussed. Section VI gives a short sum-
mary.

II. ENERGY-BAND STRUCTURE AND DENSITIES
OF STATES OF (DILUTED MAGNETIC) LEAD
CHALCOGENIDES

In order to model the band structure of lead chal-
cogenides and their semimagnetic alloys, several charac-
teristics of these semiconductors have to be taken into ac-
count. The band extrema occur at the L points of the
Brillouin zone, which results in nonspherical surfaces of
constant energy and a many-valley structure of both
valence and conduction bands. Furthermore the energy
dispersion relations of these semiconductors are strongly
nonparabolic due to the narrow direct energy gaps.
However, in case of free-carrier concentrations smaller
than about 5X 10! cm ™3, the effects of nonparabolicity
and the deviation of the surfaces of constant energy from
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ellipsoids of revolution can be neglected approximate-
ly.11% In the single-particle picture the anisotropic ener-
gy dispersion relation of the conduction band is written
as

# | k2+Kkr k2
CB(} )— CB v z
e (k)=e~"(0)+ 2my B + B | (1)
where m, denotes the free-electron mass, and m P and

m® are the transverse and longitudinal effective masses

of the conduction band (in units of m;). From the corre-
sponding volume V. ,(¢“P(k)) of the Fermi ellipsoid, the
density of states of the conduction band including spin
degeneracy can be deduced:
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where V stands for the crystal volume, v=4 is
the number of equivalent valleys, and momS$®
=my((mFB)?mSB)!/3  denotes the density-of-states
effective mass of the conduction band. For the holes the
formula analogous to Eq. (2) applies, the valence-band
effective masses being defined as positive quantities for
reasons quoted in Sec. III:
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In the case of external magnetic fields the method for cal-
culating the Landau levels of both the lowest conduction
and the highest valence band of semimagnetic lead chal-
cogenides is reviewed by Bauer, Pascher, and Zawadski.'®
The treatment is based on the k-p model of Mitchell and
Wallis.'® In Ref. 15 the Hamiltonians, which have to be
diagonalized in order to obtain the Landau-level energies
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where I'. () denotes the usual Lorentzian broadening
4
function:
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Assuming 7, , =7, , =7, the average collision time 7, is
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TABLE I. Angle ® between the main ellipsoidal axis and
magnetic-field direction B, and the number of ellipsoids Z(®) in
Faraday and Voigt geometries, respectively (surface normal of
the epitaxial films grown on BaF, is parallel to the [111] direc-
tion).

Geometry Angle Number Z(®)
Faraday 0° 1
BJ|[111] 70.53° 3
Voigt 35.26° 2
B||[110] 90.00° 2

eFB(D,nfB, mEB) and )B(®,n,B,mYB), are given explic-
itly. In the parabolic approximation the corresponding
energy dispersion relations are

ECB((D, kBCB, nEB’ mSCB)
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where nf 8’V and m®/VB denote Landau quantum num-
bers and magnetic spin quantum numbers, k§2/VE are the
components of the electrons and holes’ quasimomentum
in the direction of B, and m,?B/" B(®d) are the effective
masses (in units of mg) of conduction and valence bands
along the magnetic field. ® denotes the angle between
the magnetic-field direction and the respective valley axis;
see Table 1.

The densities of states, corresponding to Egs. (4) and
(5), are

1
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(7

connected to the Dingle temperature in the following
17
way:

#i
= 9)
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where kjp is Boltzmann’s constant.

Taking 7, to be independent of the energy &, approxi-
mation (8) causes the carrier densities to tend to infinity,
due to the long tail of the densities of states for energies
below the bottom of the lowest magnetic subband.'®
Therefore the cutoff energies
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according to Gotze and Hajdu'® are used in order to cal-
culate the electron and hole densities which enter the ex-
change and correlation energy terms.

III. MANY-PARTICLE EFFECTS

The high excitation intensities often used in photo-
luminescence experiments result in concentrations of
photoexcited carriers of the order 10'® to 10'® cm™.
Furthermore lead chalcogenides are characterized by
hole or electron concentrations of the order 10'7 cm™3
due to defects. Therefore many-particle effects have to be
taken into account for a theoretical description of the ex-
perimentally observed spectral line shapes and line posi-
tions of the recombination radiation. The main effect of
many-particle interactions on photoluminescence line
shapes calculated in the single-particle picture is the scal-
ing with an enhancement factor because of matrix ele-
ment renormalizations.®?° The wavelength dependence of
this factor, however, can be neglected over the spectral
range of a photoluminescence line. Furthermore the
small renormalizations of effective masses and mass an-
isotropies?! are not taken into account in the following
treatment. The main effect of many-particle interactions
is the reduction of the single-particle band gap
ag—ECB(O) €'8(0) due to exchange and correlation en-
ergy terms, which results in a redshift of the position of a
photoluminescence line.

Without external magnetic field, the Hartree-Fock en-
ergy Eyp=Ey, .+ Eyen . Of interacting electrons in the
conduction band of a many-valley semiconductor with el-
lipsoids of revolution as surfaces of constant energy can
be obtained exactly. The calculation for T=0 has been
carried out by Combescot and Nozieres.?? In the case of
quadratic dispersion laws [see, e.g., Eq. (1)], the averaged
kinetic energy per particle E,;, ,/N (N being the number
of electrons) does not depend on the shape of the Fermi
surface but only on the appropriate quasi-Fermi level of
the conduction band ef®=#’k2, /2m,m $®:

Ekin,e =l2f dk ﬁ2k2
N n Ve 27)} 2momSB
_ _ 3 #Bwn/v)*3
== & (12)
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where n =N /V denotes the density of free electrons.

The averaged exchange energy per electron can be ob-
tained from the following 1ntegratlon over the ellipsoidal
Fermi volume ¥V, (v, ), with y, =mB/mB:
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where @(y,) accounts for the anisotropy:
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In usual numerical units, the Hartree-Fock energy per
particle is then given by

Eyre _ [2.2099  0.9163 (o
N |22, gnPTe
s, e

s,e

ER eﬂ‘ Egm d denotes the effective rydberg and
Y3 /(4mn )/ (aos /mSB) is the average interparticle
spacmg in units of the effective Bohr radius.

Because of the direct energy gaps of IV-VI compounds,
the lifetime of the photoexcited electrons and holes is
comparatively small and therefore the effective tempera-
ture T.; of the carrier subsystem differs substantially
from the lattice temperature 7, of the sample. Thus the
limit T=0 K is not a good approximation in that case,
even with lattice temperatures 7; below 2 K. Conse-
quently, the electron density n and the integrals occur-
ring in the kinetic [Eq. (12)] and exchange energies [Eq.
(13)] have to be calculated numerically. Thereby the elec-
tronic density of states of the conduction band g<B(e)
and the Fermi distribution function of the electrons in
the conduction band feCB(s, T.z), including the quasi-
Fermi Level u%(T¢) for T =T 4, have to be used.

The averaged exchange energy per particle E,, .y .. /N
only includes the Coulomb interaction between electrons
in the same spin state. Further interaction energy terms
of a many-particle system, going beyond the Hartree-
Fock approximation, are defined as the correlation ener-
gy.2* The averaged correlation energy per electron in the
conduction band of an anisotropic many-valley semicon-
ductor can easily be estimated over the whole range of
the density parameter 7, , using Wigner’s numerical inter-
polation formula®*

Py )=7! 6(1—7,)

oy, —1)| . (1)
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Furthermore, in the high-density range r; , <<1, the fol-
lowing simple generalization of the expression given by
Gell-Mann and Brueckner,? is a good approximation:

COrT, €€

=[0.06221In(r, ,v'/*)—0.096]EE; .  (17)
Just as in Eq. (16), the temperature dependence is includ-
ed implicitly by n(T.;). Compared to the exchange ener-
gy term [Eq. (13)], the correlation energy calculated by ei-
ther of these formulas is small in the density range of in-
terest.

For the interacting holes in the valence band, the
relevant energy terms can be calculated in analogy to
Egs. (12)-(17).

In Pb,__Eu,Se there is a considerable number of free
holes due to doping. They contribute to the exchange
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and correlation energy of the valence band. As a conse-
quence, the Hartree-Fock energy of Pb,_,Eu,Se does
not show a pronounced minimum in the whole range of
the electron hole pair density (see Fig. 1). Thus a homo-
geneous electron-hole plasma without any phase separa-
tion is expected to be observable in photoluminescence
experiments at all excitation intensities.

As mentioned above, the exchange and correlation en-
ergy terms result in a renormalization of the single-
particle band gap represented by the carrier-density-
dependent  electron-hole-plasma  shift  Aegyp(e, ).
Neglecting electron-hole correlations, the EHP shift in
the case of a spatially homogeneous electron-hole plasma
is given by®

Eexch,ee(er )+Ecorr,ee(5r )
N
Eexch,hh(er )+ Ecorr,hh ( €, )
P .

AGEHP( €, )=

(18)

In order to obtain symmetry in signs for the exchange
and correlation energy terms of both electrons and holes,
the valence-band effective masses have been defined to be
positive quantities, as mentioned in Sec. II.

In the case of experimentally caused spatial inhomo-
geneities of the carrier plasma in a direct-gap semicon-
ductor, which are not to be mixed up with the phase sep-
aration of the plasma observed in indirect-gap semicon-
ductors (—electron-hole droplets EHD), the following
expression® !2 has to be added to the sum of exchange and
correlation energy terms on the right-hand side of Eq.
(18):
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FIG. 1. Different many-particle energy terms as a function of
electron-hole pair density, calculated using the high-frequency
dielectric constant ¢, ,; background doping p=1.3X 10" cm 3.
Curve a: Averaged kinetic energy per electron. Curve b: Aver-
aged exchange energy per electron. Curve c: Averaged kinetic
energy per hole. Curve d: Averaged exchange energy per hole.
Curve e: Sum of Hartree-Fock energies of conduction and
valence bands [sum of contributions (a)-(d)]. Inset: curve e with
changed scales.
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For strongly polar semiconductors like the lead salts, the
electron (hole)—LO-phonon coupling has to be considered
in addition to the exchange and correlation energy terms
in order to calculate the ground-state energy of an in-
teracting electron-hole plasma. The corresponding pola-
ron shift’ Aep, +Aep ), also results in a reduction of the
band gap with respect to the single-particle picture:

Aep, tAep,=—a, @y, Joo—ap@ly, oo - (20)

wyo denotes the frequency of the longitudinal-optical
phonon, and a, and a, are the polar coupling constants
for electrons and holes, respectively:

V' momSVB 2w . (21)

The relative contributions of the EHP shift and of the po-
laron shift to the total self-energy, which has to be added
to the energy dispersion relations valid in the single-
particle picture, depends on the carrier densities as well
as whether the static or the high-frequency dielectric con-
stant enters the exchange and correlation energy terms.”
In the limit of very small electron and hole densities
(r,e >>1,r;, > 1, which means plasma frequency wp is
much smaller than LO-phonon frequency wyg); the self-
energy shift is approximately given by the sum of the
EHP shift (calculated with the static limit of the back-
ground dielectric constant) and of the polaron shift (g,

approximation”?®):
limo(AEg)=A€EHP(€,,0)+A€P,E+AEP,h . (22)
n,p—

In the limit of very high carrier densities

(rs,, <<1,r;, <<1) the EHP shift dominates the polaron
shift (w; o <<wp) and the former can be calculated by us-
ing the high-frequency dielectric constant (¢, ,, approxi-
mation”2*)

n‘Liin’m (AEg )= AEEHP(Er, © ) . (23)
In contrast to the €, , approximation, the €, ., approxi-
mation results in a pronounced increase of the energy-gap
renormalization with plasma density, as shown in Fig. 2.

In the intermediate density range, the calculation of
the ground-state energy of an interacting electron-hole
plasma in polar semiconductors, and therefore the calcu-
lation of the self-energy terms, is much more difficult;
e.g., see Refs. 7, 25, 26, and 27.

Whereas, in the above case B =0, the Hartree-Fock en-
ergy can be obtained exactly even under consideration of
the band-structure characteristics of the lead chal-
cogenides, in the case of external magnetic fields a quanti-
tative treatment of many-body effects to our knowledge is
only possible, if one assumes an idealized band structure.
Corresponding calculations in the limit of high magnetic
fields and in the limit of high densities of an equilibrium



50 INTERPRETATION OF MAGNETOPHOTOLUMINESCENCE. .. 16 935
1.0 ¢ IV. PHOTOLUMINESCENCE
0.0 E LINE SHAPES OF IV-VI COMPOUNDS
_;8 d Due to very high dielectric constants and to the small
% -30E effective masses of both electrons and holes, contributions
E 40k of excitons and shallow impurities to the photolumines-
5 -5.0¢ : cence spectra of (semimagnetic) lead chalcogenides are
E —-6.0F T-0k E not expected, particularly for relatively high carrier tem-
Z  T0L  py=1.3x10"em” E peratures and densities.
—8.0F E In the case of an ideally perfect crystal, only k-
—9.0F 3 conserving direct interband transitions are allowed. If it
—10.0 ¢ ---- oo T 02) is possible to transfer momentum to crystal imperfections
-1 100“ TTI0% 10° 107 10® under negligible change in energy, additional band-to-

ELECTRON HOLE PAIR DENSITY (cm™)

FIG. 2. Comparison of band-gap renormalization as a func-
tion of electron-hole pair density; background doping
p=13X%X10" ecm™3. (a) ¢, , approximation. (b2) €,, approxi-
mation (including polaron shift). (bl) Sum of exchange and
correlation energy terms calculated using the static dielectric
constant €.

electron-hole plasma result in power-law dependencies of
the exchange energy on the magnetic-field strength:
IEexch ee/N+Eexch hh/PI Bl/s and IEexch,ee/N
+E e un /P| < B2, respectively.25?

nX#iw)?

drs,im(ﬁw)=——ﬂ'7c‘2ﬁ—3

alfio),

— [T ) —p"™(Tg)]

band transitions can take place under violation of that
conservation law.

For k-conserving interband transitions, the calculation
of the microscopic spontaneous emission rate dr,, (fio)
and of the microscopic net stimulated emission rate
dry;m(fiw) starts from the absorption constant a(fiw),
which is dependent on the quantum energy #iw of the
emitted recombination radiation:

alfiw) = dr g, (i) = dr . (i) . (24)

spon

The relationships between the quantities in Eq. (24) are
given, according to Lasher and Stern,*® by

argpon(fio)=dry;, (fiw) {l—exp T
B~ eff

where n, denotes the index of refraction, and c is the vac-
uum speed of light.

The absorption constant a(#iw) for B =0 is given in the
spherical and parabolic approximation as

red)3/2
a(fio) c ———|P|?y/ fio — (e, +Ae,)

x[f!"(e,,(k))—ff“(e,,(k))] , @7

momi*? standing for the reduced density-of-states

effective mass. The matrix element P connecting the
states |a ) of the valence and |b) of the conduction band
is cons1dered to be k independent. The difference

VB— £CB of the Fermi distribution functions takes into
account T 70 (— Burstein-Moss shift) and reﬂccts the
inclusion of stimulated downward transitions: fY2— f<B
=(1—fEB)fYB— f£8(1— £ Y®). Within the framework “of
the above-mentioned approximations, the energies €,(k)
and g,(k) of levels |a) and |b) can be obtained as (tak-
ing zero of energy at the renormalized valence-band edge)

red

ea(k)=—t=(e, +Ae,— i) , (28)

25)
l , (26)
[
mid
eb(k)=—"-ﬁg[eg+Aeg+(m,}’B/me)ﬁw] , (29)
d

with g,(k)—e,(k)=#fiw. It should be noted that
dryim(fio) and therefore dr,,,(fiw) is also compatible
with the use of a Slater determinant for the wave function
of the many-particle system under consideration; see Ref.
31.

Beyond the spherical approximation, a more sophisti-
cated treatment of the anisotropy of the surfaces of con-
stant energy,’? taking into account ellipsoids of revolu-
tion when calculating the absorption constant, results
in the additional energy-dependent factor (#iw+eg,
+Ag,)*/%. Its variation with wavelength, however, can
be neglected over the range of a photoluminescence line,
and therefore the consideration of anisotropy beyond the
use of the density-of-state effective masses in Egs.
(27)-(29) does not affect the spectral line shape. The ab-
sorption constant of an anisotropic many-valley semicon-
ductor exposed to an external magnetic field can be ob-
tained as an extension of the expression given by Roth,
Lax, and Zwerdling, taking into account T .40:
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B 1
(fiw) « @)V mED)|Py(d)|2 [ | ——— |[fYB(e,)— f B(e, )] . (30)
? % n,ﬁw o(®) allged | Via—#0 | feey)]

transitions

The degeneracy of the different parts of the Fermi surface
is lifted for B0 (see Table I), and therefore the effective

masses mSB/VB(®) along the magnetic field as well as the
transition matrix element P, (®), depend on ®:3%13
mgBVB(@)=mBVBcos (®)+m B VBsinX(®),  (31)

|Pg(®)]2=P2V/ cos’d+(P, /P)"*sin’® . (32)

On the right-hand side of Eq. (30) the summation over all
pairs of Landau levels, connected with one another by the
interband selection rules* given in Table II, occurs.

The corresponding energy differences, appearing in the
argument of the Lorentzian broadening function I‘Ta

(with 7,=7,/2) include the many-body renormalization
of the band gap:

fit=¢, +Ae, +EP -}, (33)

where £7® and £}® denote the energies of the Landau lev-
els relative to their respective renormalized band edges.
The energies €,(kp) and €,(kp) of levels |a ) and |b ) can
be calculated in the parabolic approximation concerning
kg [see Egs. (4) and (5)] as follows:

méed red
g,(kp)= TP+ — 5 (g, +Ac, +EP—fiw) | (34)
m CB €L
mpg mB
red ;,ed
gplkp)=—5 (g, +Ag, +E[°)+ —h — (& ), (35)
B

in analogy to Egs. (28) and (29) in the case of vanishing
magnetic field.

The combined density of states is the fundamental
quantity for the theoretical description of k-conserving
interband transitions. The individual densities of states
of both conduction and valence bands become important
in the case of band-to-band transitions without conserv-
ing the electrons quasimomentum. When calculating the
microscopic emission rates in the latter case, all occupied
electron and hole states have to be integrated, fulfilling
energy conservation:*°

A7 on (i) < > [ gB(e
X[1—fYB(e' —#iw)]de’ , (36)

g VB(e' —#iw) £ B(e’)

TABLE II. Interband selection rules in the case of an exter-
nally applied magnetic field.

Geometry Polarization of light Selection rules
Faraday o” (right circular) An; =0;Am;=—1
K|BJ|[111] ~ (left circular) An; =0;Am;=+1
Voigt E|B (linear) An, =0;Am =

K1B;B||[ 110] ElB (linear) An; =0;Am,==*1

[
dr gim (i) = Fie> [ g B(e")g V(' — i)

X[fB(e")— fVB(e' —Hw))de' . (37

Again, the interband matrix elements and the index of re-
fraction are assumed to be energy independent over the
wavelength range of interest. For B=0 as well as B¥0
the densities of states, which are to be inserted into Egs.
(36) and (37), are given according to Eqgs. (2) and (3) and
(4) and (5), respectively. Note, however, that interactions
between carriers in different valleys usually are not taken
into account, and therefore in the case B#0 the summa-
tion over @ in the densities of states (4) and (5) is dropped
and the microscopic rates according to Egs. (36) and (37)
have to be calculated separately for each kind of valley.

With the help of the microscopic emission functions

spon(iico) and drg;,(#iw) given above, the macroscopic
emission rates Iy, (fiw) and I, (fiw), ie., the photo-
luminescence line shapes, can be obtained. Spontaneous
emission is a linear optical process, and therefore the cor-
responding spectral line shapes observed in experiment
are directly proportional to the microscopic emission
rates:

Lo (Fiw2) < dr o0 (i00) . (38)

In contrast, when stimulated emission is the dominating
recombination process, e.g., at higher excitation intensi-
ties I.,., the photoluminescence line shapes caused by
super-radiance can be calculated within the model of a
one-dimensional optical amplifier:*®

Drspon'Fi2) (I... #iw)L o(fiw)]—1
oC —
d"stim(ﬁw) {exp[g e off ] } ’

Istim(ﬁw)

(39)

where saturation effects have been neglected. L 4(fiw)
denotes an effective length over which the amplification
of the spontaneous emission takes place, and g(/, ,%io)
is the net optical gain per unit length, which is propor-
tional to the microscopic stimulated net emission rate
dr gim (fiw):

g(‘[exc’ﬁw):C(Iexc)drstim(ﬁ(D) . (40)

C(I,,.) goes to zero as I, goes to zero, and therefore in
this limit the spectral intensity distribution of the super-
radiance [;, (fiw) reduces to Iy, (fiw).

The theoretical photoluminescence line shapes corre-
sponding to the cases of purely spontaneous and purely
stimulated emission are shown in Fig. 3 for B=0. Using
the same set of plasma parameters, interband transitions
taking place under violation of the k-selection rule (bro-
ken lines in Fig. 3) result in a shift of the recombination
radiation maximum toward shorter wavelengths with
respect to luminescence lines arising from k-conserving
band-to-band transitions (full lines in Fig. 3).



rate, corresponding to individual Landau levels. Sharp
peaks disappear with the increasing importance of
carrier-carrier and carrier-defect scattering [see Fig. 4(a)].
For interband transitions violating the kg-selection rule,
these extrema are smeared out at even smaller values of
7, However, with the increasing importance of stimulat-
ed emission, the spectra (macroscopic emission rates) are
expected to show sharper peaks again [see Fig. 4(b)],
thereby amplifying the interband transition between Lan-
dau levels with the highest microscopic emission rate
dominantly [see Eq. (39)].

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Band-gap renormalization without magnetic field

In order to study the dependence of the band-gap re-
normalization on the carrier densities quantitatively, pho-
toluminescence measurements were performed without
external magnetic field at T,=1.7 K on p-type
Pb,_,Eu,Se (x =0.041, epitaxial film on BaF, grown by
molecular-beam epitaxy*®*7) at different excitation inten-
sities. The spectra shown in Fig. 5 were taken in back-
scattering geometry with the sample tilted by about 30°
from the normal incidence position. Thus a change of
photoluminescence line shapes and line positions due to
resonator effects can be avoided. Photoluminescence was
excited by the radiation of a Q-switched Nd:YAG (yttri-
um aluminum garnet) laser, its intensity attenuated
enough to avoid damage of the sample surface (I,=1.3
GW/m? being the maximum pump intensity used in our
experiments). The fits (broken lines in Fig. 5) are calcu-
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shapes (B =3T) with kp conservation, parameters as in Fig. 3.
Curve a: 7,=0.5X10""?s. Cure b: 7,=1.0X107'2s. Curve c:
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amounts of stimulated emission, parameters as in Fig. 4(a),
curve a. Curve a: gL£=0.5. Curve b: gL £=1.0. Curve c:
gL.s=5.0. Curved: gL +=10.0.

lated using the theory of k-conserving interband transi-
tions. The following quantities were independently
varied when making line-shape fits to experimental spec-
tra: Teg, u(Teg), n¥®(Teg), €4, 8L ¢ and, for BFO0, 7,,.
In order to obtain good quantitative agreement between
experiment and theory, it has to be assumed that the
spectra are dominated by stimulated emission even at the
lowest excitation level with a background due to spon-
taneous emission, the relative strength of which increases
with decreasing excitation intensity. The theoretical line
shapes were obtained neglecting any additional tails (Ur-
bach tail, line broadening because of spatial energy gap
fluctuations, etc.) in the combined density of states. This
simplification does not affect the accuracy of a determina-
tion of the parameters characteristic of the electron hole
plasma, especially in the case of the spectra dominated by
stimulated emission. This is explained by the exponential
amplification of the microscopic emission rate in the case
of super-radiance [see Eq. (39)].

The corresponding net optical gain, resulting from the
line-shape analysis, taking L 4 to be the thickness of the
sample, is shown as a function of the normalized excita-
tion intensity I.,. /I, in Fig. 6. For pump intensities not
far below the threshold for sample damage the gain is ap-
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FIG. 5. Comparison of photoluminescence spectra with

different excitation intensities. (I,=1.3 GW/m?, backscatter-
ing geometry). Broken lines: calculated line shapes (see text;
parameters as plotted in Figs. 6-8).

proximately g, =1.3X10* cm ™!, which is the same or-
der of magnitude as observed in direct wide-gap semicon-
ductors.®

For B =0 the exchange energy terms in the Hartree-
Fock energy can be obtained exactly, even in the case of
the rather complicated energy-band-structure of the lead
salts. The renormalization of the band gap due to many
particle interactions of both electrons and holes was tak-
en into account according to Egs. (17), (18), (19), and (23).
The experimentally observed dependence of the band-gap
shift on the carrier densities (obtained from the effective
carrier temperature and the quasi-Fermi levels fitted to
the spectra) is in agreement with the €, ,, approximation.
In contrast, despite yielding a larger total self-energy
shift, the e,, approximation results in exchange and
correlation energy terms being too weakly dependent on
the electron-hole-plasma density and, therefore, in the
framework of this approximation one cannot explain the
change in the observed spectra resulting from a variation
of the excitation intensity.

Note that the reduced band gap ¢,+Ae, and the
quasi-Fermi levels u®(T.) and uY®(T.) cannot be
chosen as independent fit parameters, because the band-
gap renormalization Ae, and the quasi-Fermi levels are
related to each other by the carrier densities n and p.
Therefore the unrenormalized band gap Eg> which, or
course, has to stay constant for all the spectra taken at
different excitation intensities, and furthermore T,
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puB(T.g), and u¥B(T.5) were used as independent plasma
parameters.

The spectrum labeled 0.291, in Fig. 5 is characterized
by Lim (i) /L po, (fiw) =2 at #io=270.7 meV (A=4.58
um), which indicates that this measurement was taken
only slightly above the threshold of spontaneous to
stimulated emission. The most used absolute excitation
intensity I, was estimated by measuring the laser output
power and approximately determining the excited sample
area. The result is I,=1.3 GW/m?. This corresponds to
a pulse energy per unit area of about 20 J/m2 The
threshold of stimulated emission at 0.297,=0.38 GW/m’
obtained in this way is consistent with the value deter-
mined from the measurement of the integrated photo-
luminescence intensity as a function of the excitation in-
tensity (inset in Fig. 6). The line-shape fits to the photo-
luminescence spectra measured over the range
0.29<1../I,<1.0 directly yield the electron and hole
densities. They grow with increasing excitation intensity,
as shown in Fig. 7(a). Thereby the difference of the car-
rier densities of conduction and valence bands stays con-
stant and corresponds to a hole concentration of
Paop =(1.36£0.09) X 107 cm~? due to doping of the
x =0.041 Pb, __ Eu,Se sample. The fact that this value is
in excellent agreement with Hall data is an independent
check for the validity of the calculations. Because of the
increasing influence of exchange and correlation energy
terms, the renormalized band gap ¢, +Ag, is redshifted
with increasing excitation intensity [see Fig. 7(b)], while
the fits result in a single-particle band gap €, which is in-
dependent of the excitation level, as is expected:
g, =(274.3£0.2) meV.

Another independent check of the results of line-shape
fitting is provided by transmission magnetrospectroscopy
performed at T; =1.7 K with very low radiation powers.
Extrapolation of the measured transition energies be-
tween Landau levels yielded an energy gap of 273.4 meV.
This value is about 0.9 meV smaller than ¢, the

~ 14 F T T T T v T ; _
Ig 1.3 — Pb, ,EuSe i % -
o 1.2 | x=0.041 i
X 11 [ BT i ]
=10 - }
Z F
G o8 f & h
w i z ]
> 07 i
= L
Q 06 1 %1 03 05 07 08 11 1
HJ. 0.5 B NORMALIZED EXCITATION INTENSITY I A, _|
rr O S S S —

0.2 0.4 0.6 0.8 1.0

NORMALIZED EXCITATION INTENSITY I_ /I,

FIG. 6. Effective net optical gain as a function of excitation
intensity, for the spectra given in Fig. 5. Inset: integrated pho-
toluminescence intensity as a function of excitation intensity.
The onset of stimulated emission at about 0.3I is clearly seen.
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difference being due to the band-gap renormalization by
doping using py,, =(1.36+0.09) X 10'7 cm 3, Eq. (18) re-
sults in Ag,=—1.3 meV, in fairly good agreement with
the observed difference. Comparison of this value with
Fig. 1 additionally demonstrates that the €, , approxima-
tion (including the polaron shift) cannot apply for our
system since it yields Ae, = —10 meV instead of about 1
meV as observed. The renormalized band gap plotted
versus the excitation intensity in Fig. 7(b) nearly corre-
sponds to the low-energy tail of the luminescence lines
(see Fig. 5). If one assumes this to be the single-particle
fundamental gap, the error is about 5 meV even at the
lowest excitation intensity where spectra with acceptable
signal-to-noise ratio are obtainable.

Spatial inhomogeneities in the electron-hole plasma

Calculating the carrier-density dependent part of the
self-energy by considering the exchange and correlation
energy terms only according to Eq. (18), but not taking
into account the additional energy terms given in Eq.
(19), the fit to the photoluminescence lines results in a
smaller unrenormalized band gap than observed by mag-
netotransmission. If electron-hole correlations are as-
sumed to result in small corrections to the exchange ener-
gy terms,’ just as are known for electron-electron and
hole-hole correlations [see Egs. (16) and (17)], then the
above-mentioned underestimation of Ae, has to be taken
as a hint of spatial inhomogeneities in the electron-hole
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plasma because of spatially inhomogeneous excitation.
The large Fermi pressures which accompany such an ex-
perimental situation may cause an expansion of the
electron-hole plasma, and therefore be responsible for the
observed saturation of the plasma density and of the cor-
responding band-gap renormalization at high excitation
intensities [see Figs. 7(a) and 7(b)].*°

However, these spatial inhomogeneities of an electron-
hole plasma (EHP) in direct-band-gap semiconductors
are not to be mixed up with the phase separation and the
corresponding formation of electron-hole droplets
[election-hole liquid (EHL)] known to occur in indirect-
band-gap semiconductors. The Hartree-Fock energy
plotted in Fig. 1 shows a shallow minimum with a depth
of about 0.14 meV=1.6 K at an electron density of
ny=1X10" (inset in Fig. 1). However, due to the very
small lifetimes of photoexcited carriers in direct-band-
gap semiconductors, due to the usual high doping carrier
concentrations of IV-VI compounds and due to the ex-
perimental conditions applied when performing the pho-
toluminescence measurements (7; =1.7 K; densities of
the photoexcited carriers in the range of ~10'° to ~10'8
cm~3), an equilibrium situation according to the
minimum shown in the inset of Fig. 1 will never be ob-
servable in IV-VI semiconductors.

Whereas in the case of an EHL one expects the sum
gg +Ag, +uB(Tq)+ |uB(Tq)l, and the sum of the
quasi-Fermi levels pB(Tg)+ |uYB®(T4)| also, to remain
constant if the excitation intensity I,  is increased,***
the growth of these quantities as it results from our pho-
toluminescence spectra is characteristic of an electron-
hole plasma in the absence of any phase separation [see
Fig. 8(a)].

Also, the observed increase of the effective carrier tem-
perature with the increasing sum of electron and hole
densities, as shown in Fig. 8(b), is understood in terms of
an expanding plasma. In contrast, the density of an EHL
should slightly decrease with increasing effective tempera-
ture. 340

B. Photoluminescence in external magnetic fields

A possible influence of an external magnetic field on
many-particle interactions has been investigated by
measuring the photoluminescence of another p-type
Pb,_,Eu,Se sample (x =0.039), which was selected be-
cause its band structure in a magnetic field has been very
carefully determined by CARS (coherent anti-Stokes Ra-
man scattering) and transmission magnetospectroscopy.
The corresponding photoluminescence measurements
were performed at 7; =1.7 K in Faraday geometry. A
quite high but constant excitation intensity /... was used
to make band-gap renormalization effects as large as pos-
sible. Because of the anisotropy of the energy bands the
sample surface must be aligned carefully perpendicular to
the magnetic-field direction. The aperture of the magnet
then enforced a perpendicular incidence of the exciting
laser beam and detection of the photoluminescence light.
In this case a forward geometry was preferred. Typical
spectra are shown in Fig. 9. The observed magnetic-field
dependence of the recombination radiation maximum is
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not in agreement with the wavelength shift of the lowest
interband transition between Landau levels, Oy —Ovp
(®=170.53°). Particularly for high magnetic field this
should be the dominating transition. This contradiction
clearly demonstrates the need for the theoretical models
developed in Secs. III and IV of this paper. Furthermore,
the decrease of the half-widths of the photoluminescence
lines with increasing magnetic field can only be explained
if a line-shape analysis is used for the interpretation of
the experimental data.

The spectra shown in Fig. 9 can be perfectly fitted to
theoretical line shapes in the case of purely stimulated
emission (due to high excitation levels) calculated from
k-conserving (kp conserving, respectively) interband
transitions.

Thereby it turns out that the respective maximum of
the recombination radiation is not caused by that inter-
band transition with the lowest quantum energy fio being
allowed according to the selection rules given in Table II.
In contrast, one has to consider explicitly the combined
density of states and the occupation probabilities of the
levels of both bands in order to relate the observed maxi-
ma of the luminescence intensity to the corresponding
Landau levels of the conduction and valence bands (see
Fig. 4).

The photoluminescence spectra shown in Fig. 9 obvi-
ously shift toward shorter wavelength with increasing
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FIG. 9. Photoluminescence spectra at different magnetic
fields. Broken lines: calculated line shapes (see text; parameters
as plotted in Figs. 10 and 11, respectively).

magnetic field. However, the observed blueshift is small-
er than expected according to the well-known energy
band structure of the sample. Thus the value of the re-
normalized band gap at zero magnetic field g, +Aeg,,
which is the energy reference for the calculation of the
Landau fans and which occurs in the expression of the
absorption constant [Eq. (30)] and therefore also in the
corresponding one of the macroscopic emission rate, has
to be lowered with increasing magnetic-field strength.
Thus there must be a magnetic-field dependence of the
band-gap renormalization, that means a redshift of
€, +Ag, as a function of B, as shown in Fig. 10(a). The
full line is calculated after Ref. 28, and demonstrates that
the proportionality of the exchange energies to B!/? is
very well fulfilled in our experimental situation.
Generally, one expects an increase of the electron and
hole densities to accompany an increase of exchange and
correlation energy terms. Therefore, by means of the ob-
tained values for the fit parameters T.;, pCB(B,T.q),
uVB(B,T.z), and g, the carrier densities were calculated
under consideration of the cutoff energies Egs. (10) and
(11). As a result, at constant excitation intensity (with
fio; >>€,) the plasma density increases with increasing
magnetic-field strength [see Fig. 10(b)]. The difference of
electron and hole densities, however, stays constant
and corresponds to a hole concentration of py,,
=(1.48+0.09)X 107 cm™3 due to doping. The line-
shape fits result in comparatively high values for the net
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optical gain g, even at small magnetic-field strengths B.
In addition, the increase of g as well as the corresponding
increase of the plasma density n +p with increasing B is
strongly nonlinear. Therefore, an influence of resonator
and saturation effects on the photoluminescence spectra
measured for very high magnetic fields cannot be exclud-
ed. In fact, the spectra for B = 5T could not be fitted sa-
tisfactory by the model described in the theoretical sec-
tions, neglecting resonator and saturation effects. As
pointed out above, for B0 resonator effects from exper-
imental reasons could not be avoided by tilting the sam-
ple with respect to the direction of propagation of the ra-
diation, as was possible for B =0.

As discussed above by means of the line-shape analysis
of the B=0 photoluminescence spectra, the increase of
the effective carrier temperature Tz with increasing
magnetic-field strength B, and accordingly with increas-
ing plasma density n +p as shown in Figs. 11(a) and
11(b), clearly indicates the experimental observation of a
homogeneous electron-hole plasma without formation
of droplets in the direct-band-gap semiconductor
Pb,_,Eu,Se.

VI. CONCLUSIONS

The photoluminescence spectra of narrow-gap IV-VI
epitaxial films can be described in most cases by a line-
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shape model which is based on k-conserving interband
transitions. Only in a few samples (probably with high
impurity concentrations) and with special experimental
situations (low excitation, high magnetic fields) the model
which assumes violation of the k-selection rule allows
better fits to the experimental data.

All the observed spectra were due to a superposition of
stimulated and spontaneous emission. Even at the lowest
excitation level, where an acceptable signal-to-noise ratio
was achieved, the amount of stimulated emission was
considerable.

Despite the high dielectric constants of the IV-VI com-
pounds, many-particle effects have to be taken into ac-
count. The observed band-gap renormalization at B=0
is in agreement with the ¢, , approximation, which
neglects the polaron shift of the band gap and calculates
exchange and correlation energy terms using the high-
frequency dielectric constant. In an external magnetic
field 1t};e band-gap renormalization increases proportional
toB'/"°.

Keeping the excitation intensity constant, the density
of photoexcited carriers as well as their effective tempera-
ture increases with magnetic field.

All these results were obtained using samples with very
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well-known energy-band structures.

It turned out that the description of the electron-hole
plasma and the fact that pure spontaneous emission could
not be observed needs a high number of plasma parame-
ters. Thus it seems difficult to determine band parame-
ters like one-particle energy gaps or effective masses from
photoluminescence experiments without additional infor-
mation.
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