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Binding energy of charged excitons in ZnSe-based quantum wells
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Excitons and charged excitor{¢rions) are investigated in ZnSe-based quantum well structures with
(Zn,Be,MgSe and(Zn,Mg)(S,Se barriers by means of magneto-optical spectroscopy. Binding energies of
negatively ) and positively K*) charged excitons are measured as functions of quantum well width, and
free carrier density and in external magnetic fields up to 47 T. The binding enery ahows a strong
increase from 1.4 to 8.9 meV with decreasing quantum well width from 190 to 29 A. The binding energies of
X* are about 25% smaller than tie binding energy in the same structures. The magnetic field behavior of
X~ and X* binding energies differ qualitatively. With growing magnetic field strength, increases its
binding energy by 35—150%, while f&t* it decreases by 25%. Zeeman spin splittings and oscillator strengths
of excitons and trions are measured and discussed.
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[. INTRODUCTION I1I-V materials, e.g., exciton binding energiésxciton Ryd-
berg in GaAs, CdTe, and ZnSe are 4.2, 10, and 20 meV,
Charged excitongor triong are exciton complexes con- respectively. Among these materials ZnSe has the strongest
sisting of three particles. Two electrons and one hole form &oulombic interaction. However, after the first report of an
negatively charged excitod ™. Two holes and one electron X~ observation in ZpsCdy;Se/ZnSe QW's in 1994 de-
can be organized in a positively charged excioh. Trion  tailed investigations started from 1998 only, when the high-
complexes in bulk semiconductors, i.e., in three dimensiongjuality ZnSe-based structures with binary quantum well lay-
are fragile, but become stable in low-dimensional systemsers were fabricate®:'° At present rather detailed
That is why the theoretical prediction of Lampert from 1858 experimental information on trions in ZnSe QW'’s is avail-
was followed by a confident experimental observation of tri-able: (i) negatively and positively charged excitons were
ons only in 1993 for the quasi-two-dimensional electronicdocumented; (ii) trions were reported for the light-hole
system in CdTéCd,ZnTe quantum wellsqQW’s).> Since  excitons>2 (iii) singlet and triplet trion states were studied in
then, positively and negatively charged excitons have beehigh magnetic field$!'?(iv) the spin structure of trions and
studied experimentally in IlI-V heterostructures based orspin-dependent formation process of trions were
GaAs and in II-VI quantum well structures based on CdTejnvestigated* (v) recombination dynamics in magnetic
(Cd,Mn)Te, ZnSe, andZn,Mn)Se (see, e.g., Refs. 3—6 and fields* and coherent dynamics of triofisvere studied; and
references therejin (vi) the oscillator strength of trion resonances was examined
1-VI semiconductors are very suitable for the trion stud- for different electron densities and in magnetic fieltighe-
ies due to their strong Coulombic interaction compared withoretical results for this material system are limited to a cal-
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Type A Finally, in Sec. V results of a modification of the singlet trion

state in high magnetic fields and with increasing carrier den-
Zn,,Be,, Mg, Se Zn,,Be, Mg, ,Se sity are presented.
| In this paper we deal with positivelyX(*) and negatively

| Znse (X~) charged excitons. We will label them in this way when
S0k the difference in the charge structure of trions is important.

E 1000 A The term trion(T) will be used as a general definition for

B2 both positively and negatively charged excitons.
E
B Il. EXPERIMENT

I | Quantum well structuresZnSe-based quantum well het-

S erostructures with a binary material of QW were grown by

molecular-beam epitaxy ofL00-oriented GaAs substrates.
Studied structures contain single quantum wells, with thick-
ness varying from 29 to 190 A. Schemes for the structure
Type B designs are presented in Fig. 1. Different barrier materials

Zn Mg S Se were used, namely(Zn,Be,M@Se, (Zn,Mg)(_S,Se), and

0897C0.11701877082  ZnSe g |aver (Zn,Be)Se, as shown in Table I. To each barrier material the
Lﬁ type of a structuréA, B, C or D) has been assigned. Param-
E, ST eters of the barrier materials were chosen with an aim to

make them lattice-matched to GaAs substrates, which allows
growing QW'’s of a very high structural quality.
[ Most of the structures used in this study were nominally
undopedtypes A, C, and D The background carrier density
FIG. 1. Schematics of the studied structures. Type A is ajin them was tuned by an additional above-barrier illumina-
ZnSe/Zp gBey 0gMgo.105€ single QW surrounded by an additional tion. The range of tuning depends on the QW width, which
Zno71B& 1 Mgo g5 barrier.  Type B is a ZnSel gllows in the widest QW variation of electron density from
Zno g9V190 11501658 82 Single QW with modulation doping. 5x10° to 10" cm~2. Details of the illumination technique
will be presented in Sec. IV B. Two structures of type B were
culation of the trion binding energy versus well witftand ~ modulation-doped in the barrier layers. In the sample zq1038
its variation in high magnetic field$. Agreement with ex- free electrons in the QW were provided bytype doping
periment was rather qualitative—one of the reasons for thisvith a 30-A-thick, Cl-doped layefdonor concentration of
is the uncertainty in the parameters used for the calculation&x 10'” cm™3) separated from the QW by a 100-A-thick
In this paper we present a detailed study of trion bindingspacer. The sample zq1113 was$ype doped with nitrogen
energies in ZnSe-based structures as a function of quantufrf plasma cell at a power of 350 W and a background pres-
well width and applied magnetic field. Parameters of excitorsure of 5 10~ © Torr). In this sample, symmetric doping was
and trion states were determined by means of magnetachieved by uniform doping of barriers excluding 30-A-thick
optical experiments, calculated on the basis of the variationadpacer layers. The concentration of the two-dimensional hole
approach, and evaluated from the best fit of the experimentaglas (2DHG) in the QW of this sample is about,~3
dependencies. The paper is organized as follows: Section Kk 10'° cm 2 and was insensitive to additional illumination.
details the structures, while exciton parametéreasured Strain effect on the band gagnSe quantum well layers
and calculatedare discussed in Sec. lll. In Sec. IV results onin the studied structures experience compressive strain due to
the binding energies of trions are collected and discussec small difference in lattice constants of ZnSe and GaAs.

TABLE |. Parameters of the barrier materials in ZnSe-based QW's with a type-l band alignment at

T=1.6 K.
Barrier AE, AEc/AEy
Type band gap, to ZnSe to ZnSe
Material Eo(eV) (meV)

Zng gBey 0dMgp.105€ A 3.06 240 78122
“inner barriers” (B1)
Zny.71B€y 11MQgg 185€ A 3.21 390 78/22
“outer barriers” (B2)
Zng 9By oS D 2.89 70 78/22
Zng gdMdo 11501658 82 B 3.02 200 50/50
ZNg 9sMJg 0550 095991 C 2.92 100 50/50
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TABLE II. Parameters of ZnSe and ZnSe-based QW’s with  Parameters of barrier alloysExciton energy of the bar-
type-I band alignment. rier materials E2) has been evaluated directly from the ex-
citon resonance in reflectivity spectrum measuredTat

"L.JnStra'.ned" band gagE, * 2.820 eV =1.6 K. Taking for the exciton binding energy 20 meV
Dielectric canstant * 9.0 (which is the value known for Zn$eave estimate the band
Elastic stiffness constan®s gap of'the bgrrigEg; this value is given in Table l. Th.e band
Cu 8.26x 101 N/cm 2 gap discontinuity to ZnSeAE,) is also included in the
Coo 4.98< 10° N/om 2 table. In the model calculations performed in Sec. Il we will
Deformation potentia? use value_s from Tab_le | that are received from experiment.
a _4.95 eV To assign a certain composition of components in ternary

and quaternary barrier materials the following considerations

b —-1.2 eV
) e have been used. All structures were grown very closely
Elastic straine 0.26% . .
Band gap corrections due to strdin lattice-matched to _GaAs s_l_Jbstrz_ites, as conf_lrmed by x-ray
H hole band\ E > meV measurements. This condition gives us a ratio for the com-
_e‘;"{]’ |oeb agA hh me position of different components in the quaternary alloys.
Light-hole bandAE,, 16 mev For Zn,_,Mg,S,Se _, lattice-matched alloys the results of
Electron effective mass, © 0.15m, Refs. 27 and 28 have been used, which allow us to assign the
Heavy-hole effective mass barrier with AE;=200 meV to Zggd\go.155.185& g2 and
along growth directiomn?,, | 0.8m, the one WithAEy=100 meV to Zig MJo.05%.055& 91
We give here more details for parameters we use for
aReference 24. Zm_,,BeMg,Se alloy parametrization, as literature data
bReference 18. are rather limited and give large scattering. The band gap
Ce=[ay(ZnSe)-ay(GaAs)|/ay(GaAs). variation in ternary alloy Zp Mg, Se taken from Ref. 29,
dcalculation according to Ref. 19.
®Reference 25. Eq(Zni_yMg,Se=E4(ZnSe + 1.3 +0.4%(y—1), (1)

Because of uncertainty in heavy-hole effective mass given in the Il with | . by diff For th
literature(values are in the range 0.6-}..@or determination of the agrees well with results given by difierent groups. For the

heavy-hole effective mass we take Luttinger parametgs band gap variation of Zn BeSe alloys we utilize the re-
=245, y,=0.61, which were determined in Ref. 26 from two- sults of Ref. 30, where the full range of contents from ZnSe

photon magnetoabsorption measurements. to BeSe has been studied. The band gap of BeSe at room
temperature was determined as 5.55 eV and the respective

This results in an increase of the band gap, which is differenp@nd gap variation for the alloy has been fitted by the fol-
for the heavy-hole and light-hole statéer details see, e.g., OWing equation:

Refs. 18 and 1P The calculated values of the band gap _

increase give 2 meV for the heavy-hole states and 16 mev  Eo(ZM-xB&SO=Ey(ZnSe +2.8%+1.1x(x~1). (2)

for the light-hole statesrequired parameters of the elastic pqor the relatively small values of cation substitutiony(
stiffness constant€,;, Cy, and deformation potentias b ¢ 2) it is reasonable to construct the band gap variation of

are given in Table )L , the quaternary alloy Zn ,_,Be,Mg,Se as a linear combina-
Band offsets(Zn,Be,MgSe or(Zn,Mg)(S,Se barrier ma- tion of Egs.(1) and (2):

terials differ by their band gap discontinuity to the ZnSe

quantum wellAE, and its distribution between the conduc- Eq(Zn;__,BeMg, S =E4(ZnSe +2.8+ 1.1x(x—1)

tion and valence band\E-/AE, (where AE-+AE,

=AE,). The band gap discontinuity between the gap of +1.3%+0.4%(y—-1). ()
ZnSe Ey(ZnSe)=2.82 eV (at T=1.6 K) and the barrier _ _ _

gap is distributed between conduction and valence bands in Lattice matching of the quaternary alloy to the lattice con-
proportion AE:/AE,=78/22 for ZnSeZn,Be,MgSe stant of GaAsay(GaAs)=5.653 A atT=300 K gives us a
heterointerfacé® For the ZnSeZn,Mg)(S,Se heterosystem, relationship forx andy ingredients of the alloy. Based on the
different values can be found in the literature varying fromlattice constants for the binary alloy5.6676 A for ZnSe,
50/50(Refs. 21 and 2pto 10/90(Ref. 23. We chose a 50/50 5.1520 A for BeSe, and 5.904 A for Mg$Ref. 24] and
ratio for our calculation of the structure parameters. We bethe Vegard law," the following dependencies for the lattice
lieve that very similar values for trion binding energies mea-constants of ternary alloygiving in A) can be derivedfor
sured in the both types of studied structuf@sbe shown in  T=300 K):

Fig. 16 justify a considerable confinement for electrons and,

respectively, confirm our choice &E./AEy. In Sec. IlI ag(Zn;-,BeSe =5.6676-0.51, (4)
we will use, for consideration of exciton parameters, pub-
lished experimental data for ZnSe-based QW'’s with other ap(Zm —yMg,Se)=5.6676t+0.236y. (5)

barrier materials, namelyZn,BeSe and(Zn,Mg)(S,Se of
lower content. Parameters for the barrier materials are col- Lattice matching to GaAs corresponds to the ternary alloy
lected in Table I. Zny 97B€y 0po5€ and quaternary alloys satisfying a condition
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y=2.186<—0.062. (6) along the structure growth axig @xis) provides us with the

o ] ] natural basis in the growth direction. We expand the wave
Combining Eqgs(3) and(6), one can arrive at the following f,nction of the exciton in a series

condition for the energy gap of the lattice-matched quater-
nary alloy:
W(p2Ze20)=2 A jnéi(Z(Zn)nlp),  (8)
Eg(znl—x—yBengyse)
_ 2 _ &(ze) and (i(z,) are the sets of solutions of the one-
=E4(ZnS9+3.346¢C+3.6x-0.054. (7 dimensional(llD) Schralinger equation for electrons and
We derive the Be and Mg content in Zn_,Be,Mg,Se  holes in thez direction. The choice of the radial basig(p)
from experimental values of the enegy gap and with use oWill be discussed below.
Egs.(7) and(6). Respective data are given in Table I. Equation(8) represents the basis set for calculation of the
Experimental method®hotoluminescenc@L), PL exci-  exciton binding energy by diagonalization of the respective
tation, reflectivity (R), and spin-flip Raman scattering matrix. In the case of strong confinemefe., when the
(SFRS spectroscopies were exploited for experimental studyCoulomb interaction is significantly less than the separation
of trion parameters. Optical spectra were detected at a lowetween quantum confined stgtese can neglect the ex-
temperatureT=1.6 K. Different cw lasers were used for cited single-particle states and the exciton problem reduces
photoexcitation, e.g., uv lines of an Ar-ion laser, a He-Cdto a 1D radial equation with the Coulomb potential weighted
laser, and a dye laséBtylben 3. A halogen lamp was used over the ground states of the electron and fifdei,j=1 in
in reflectivity experiments. External magnetic fields were ap-Eq. (8)].
plied along the structure growth axiSaraday geometjydc However, in the case of shalloyor wide) QW'’s, where
magnetic fields up to 7.5 T were generated by a supercorenergy separation between levels of quantum confinement is
ducting solenoid and pulsed magnetic fields up to 47 T weremall, such a reduction of the basis in the growth direction is
used. In the case of dc field experiments direct optical acces®t possible, and to calculate the spectrum of magneto-
to the sample was available through windows. For pulse@xcitons a numerical diagonalization scheme was &%ad.
field experiments fiber optics were used. In both cases circuhough the solutions of the 1D radial equation are far from
lar polarization degree of emitted/reflected light was anathe real exciton wave functions they form an orthonormal-
lyzed. A complete set of field-dependent PL spectra was colized basis that can also be used in B). Such choice of the
lected during each magnetic field pulder details see Ref. radial expansion basig,(p) allows evaluation of exciton
32). Experiments in a capacitor-driven 50-T midpulse mag-parameters for a wide range of magnetic fields including the
net (~400-ms decaywere performed at the National High zero field limit, and provides better results for shallow QW'’s

Magnetic Field Laboratoryl.os Alamos, U.S. than the simple one-dimensional calculations. We present
here the main line of this approach.
. PROPERTIES OF CONFINED EXCITONS In the parabolic approximation, the QW electron-hole

(e-h) Hamiltonian in the magnetic fielB=(0,0B) takes the
In the studies of trions, similar to excitons, the Rydbergform

energy of the exciton in bulk semiconductor is often chosen
as a characteristic energy to parametrize the problem. In the H=Hq, +Hp,+HoptUep=Ho+Ugp. (9)
case of quantum confined heterostructures it is also instruc-
tive to compare the binding energies of trion states with thdiere
binding energies of confined excitons. We will follow this
tradition in our investigations of charged excitons in ZnSe-
based QW'’s. Published information on the properties of ex- Hjz=— oM 972
citons (e.qg., effective mass, binding energyfactor, and ra- o
diative and nonradiative damping®tc) in ZnSe-based V;=AE. (AE,) is the band-offset potential in conduction
QW’s with binary well material is rather limited. Therefore, (Va|ence band, andné and mﬁ are effective masses a|0ng
we forestall the results on trions in this section where thehe growth direction of the electron and the heavy hole, re-
ei(c(ijt?n parar?etlers (fjor the Ztnse'lt?asled QW's W”tl be S\;aNSpectively. We will not account for weak anisotropy of elec-
ated from optical and magneto-optical experiments and fro ; i i —mXY
variational caleulations. ”‘Eior:e.effectwe mass in QW structures, i.e., také=mj
The HamiltoniarH , 5 describes the two-dimension@D)
A. Theoretical model for magnetoexcitons motion of a free electron-hole pair in the magnetic field,

In this section we will briefly describe the calculations of . )
exciton levels in the quantum wells in the presence of a . e . €
magnetic field directed along the growth axis. All the calcu- H2E’:2_me ~ihVpet CAe| + mey( —1AV - EAh) :
lations of exciton states presented in this paper where made n (11)
within a parabolic approximation, i.e., the admixture of the
light-hole states and all effects of nonparabolicity are newhere A,—=%Bp,— is the vector potential in the symmetric
glected. The quantization of the electron and hole stategauge,p.r are the in-plane coordinates of electrgmle),

2 (92

+Vj(Zj), j:e,h. (10)

2
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TABLE Ill. Effective masses and parameters of Zeeman splitting for excitons and free carriers in ZnSe-based QW'’s. Values for effective
masses are given imy. All experimental data, excepfy’, were measured in the Faraday configuration.

Structure parameters Effective mass g factor

L, AE, Aphin M mih Ox ge’ Je nh
Sample Type (A) (meVv) (meV) <10T 40T SFRS SFRS CaR. <10T 40T
cb1175 A 29 240 24 1.21 1.17 1.13
cb1173 A 48 240 20 0.119 0.58 1.0 1.3 1.17 1.17 1.13 2.2 2.5
cb1041 A 67 240 18 0.112 0.44 0.4 0.9 1.13 1.5 2.0
cb1174 A 67 240 17 1.13 1.13 1.13
cb1198 A 95 240 13 1.11 1.11 1.12
cbh1172 A 190 240 11 0.107 0.37 0.4 0.4 1.11 1.11 1.12 1.5 1.5
zq1038 B 80 200 17 1.17 1.14 1.15
zql1113 B 105 200 16 0.109 0.40 0.5 0.7 1.14 1.6 1.8
zq703 C 45 100 19 0.115 0.50 0.4 0.8 1.22 1.6 2.0

8From our calculation.
PEvaluated asl,,=ge+ gy, Whereg, is corresponding?’ measured by SFRS or calculated in case if no experimental value is available.

p=pe—pn=(X,y). We neglect here the mass difference in The diagonalization of Hamiltoniafi3) provides us with

the well and barrier layers. The potential both the eigenvalues and eigenfunctions of the exciton states.

The dimension of the basis used depends on the relative

1 values of the quantization energy and the Coulomb interac-

S R (120 tion. The wider the QW and, consequently, the smaller the
pet(ze—1zp) vertical quantization, the larger the number ofunctions

is the Coulomb interaction between the electron and hole. taken into account. In our calculation we use all quantum

e2

Ueh(PvZe 1Zh): - ;

is the dielectric constant. confinement states in a real QW and ten radial basis func-
The matrix elements of the Hamiltonid®) in the basis tions. _The parameters required for the calcul_ations are the
(8) can be written in the following form QW width (L), baﬂd.Oﬁ:SGtSAEC., AE.V), effectlvg masses
of electron and hole in vertical directiom(,, mf), in-plane
H:i,'},n,:(Eie+ Ejh+ Eff)a”,5jj,5nn,+<ijn|ueh|i i'n’) reduced exciton massu{, and dielectric constants:). We
took AEc, AEy, mg, mf (namelymy,, for the heavy-hole
— 8 8;(nUggin’). (13 exciton, ande from the literature, angk andL, were ob-

tained experimentally. The primary parameters are given in
ables | and Il and the determined parameters are summa-
ized in Tables Illl and IV.

In the frame of this approach we have calculated exciton
energies for the studied QW structures versus QW width,
exciton binding energies, and modification of these param-
eters in external magnetic fields up to 50 T. Results of these
calculations are included in Figs. 4 and 5.

Here Ef and E]-h are quantum confined energies of electron
and hoIesEﬁ< are the eigenvalues of the radial exciton equa-
tion with the Coulomb potential averaged over the grounJ
electron and hole statds$1i(p). Here we have made use of
the fact that basis functiong,(p) are the eigenfunctions of
radial exciton Hamiltonian for th& =0 s exciton (with the
angular momentum projection of the relatigeh motion|,
=0) that reads as

H,¥n(p)=Entn(p),

B. Optical spectra of excitons

Figure 2 displays typical optical spectra for three

22 e?B2 ZnSelZr gBey odVdo 105€ single QW's, which cover the
H,=— 2—V§+ Sp?+U1i(p), (14)  whole range of the studied QW widths from 29 to 190 A.
M 8uc Photoluminescence and reflectivity spectra were measured in

the absence of external magnetic fields at a temperature of
1.6 K. Exciton resonances corresponding to the states formed
with heavy and light holesX,, and X,,, respectively are

where u=(1/m.+1/mY)~1 is the reduced exciton mass,
and

clearly visible in reflectivity spectra. Trion resonances
Uy’ (p)=J dZeJ dz,Uen(p:Ze,2n) §i(Ze) shifted to low energies from th¥,, energy are seen in 67-
and 190 A QWss. Their intensities in reflectivity spectra are
X &1(2e) &(zn) &5/ (zn), (15  proportional to the electron densiti¥5A low electron con-

centration and relatively large broadening make the trion
. iy 2 i'i’ resonance unresolvable for a 29-A QW. For all structures
(ijn]Uefi’j n") fd U () in(p) ¥ (p). (16) shown, PL spectra consist of two lines, where the low-energy
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TABLE IV. Energetic parameters of excitons and trions in ZnSe-based QW's=dt6 K.

Exciton parameters

Binding
Qw Exciton Eis—Eys energy Trion binding energy
width energy,Ex (meV) (meV) (meV)
Sample  Type (A) (eV) Calc®  Calc? Xnh Xin X
cb1175 A 29 2.8910 31.0 38.2 8.9
ch1173 A 48 2.8472 27.5 34.0 6.6
ch1048 A 64 2.8277 24.0 25.0 31.2 5.2
ch1041 A 67 2.8260 24.7 30.7 5.3 4.0
ch1174 A 67 2.8258 24.7 30.7 5.3
ch1198 A 95 2.8149 21.7 27.3 4.0
ch1172 A 190 2.8057 16.5 21.5 14
zq1038 B 80 2.8182 25.0 22.7 28.5 4.4 3.6 3.3
zq1113 B 105 2.8129 20.6 26.1 3.1
zq703 Cc 50 2.8260 22.5 22.7 28.6
ch571 D 50 2.8280 22.8 29.2 5.8 4.7

8rom our calculation.

line is due to the radiative recombination of negativelyof carriers in the conduction and valence bands causes the
charged excitonsX,,) and the high-energy line is due to high-energy shift of exciton transitions. It is accompanied by
recombination of neutral excitonsxX{y,). Details of their ~the broadening of exciton transitions due to QW width and
identification in ZnSe-based QW’s can be found in Ref. 5.barrier alloy fluctuations.

With decreasing QW width, an increase of confined energies The full width at a half maximum(FWHM) of exciton
and trion PL lines is plotted in Fig. 3. The exciton linewidth

for L,>67 A is smaller than 1.2 meV, which gives evidence

X’hhHXhh hse/(zﬁlzzi{%ij of the high structural and optical quality of the studied
-\/\.\/\\ samples. For this range of QW width the trion linewidth
t R o roughly coincides with the exciton linewidth. It is interesting
X, n=4x10"em that forL,<100 A, exciton PL lines are narrower than the
trion lines. The difference achieved 60% in a 29-A QW.
2, (a) Possible reasons for this will be discussed in Sec. V D.
22} ' L L L L
g X’hh‘ ‘Xhh ) Znsc/(znz%%f; o C. Excitons in high mag.net.ic fields
= w\/— Application of external magnetic fields allows the evalu-
A t { n =8x10%cm ation of important exciton parameters such as the in-plane
= Xy X, ‘ reduced effective mass and theg factor that characterizes
= the spin splitting of excitons due to the Zeeman effect. These
g o ‘ . . ‘ . (b) parameters are important for understanding and calculating
% |ZnSe/(ZaBeMg)se
R |29AQw 2 |X”‘ X, —A— Exciton
8}
) ) } ® —e— Trion
n=5x10"cm™ Xk ~
2 °r T=1.6K
0 T=1.6K J\/L (© § il A\.
2.80 2.82 2.84 2.86 2.88 2.90 2.92
Energy (eV) I K — %
FIG. 2. Reflectivity and photoluminescence spectra taken from % 50 100 150 200
ZnSelZn g Bey 0dMgg 105€ (type A) structures with different QW QW width (A)
widths of (a) 190 A, (b) 67 A, and(c) 29 A. Arrows indicate the
heavy-hole exciton X;,;,), the light-hole exciton X,;), and the FIG. 3. Full width at a half maximurtFWHM) of trion (circles
negatively charged excitonXf,;, andX,;,). Electron concentration and exciton(triangles PL lines as a function of QW width in
ne in QW is given in the figureT=1.6 K. ZnSelZn gBey 0dMgg 105€ structures. Lines are guides to the eye.
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ZnSe/(ZnBeMg)S
| e/(ZnBeMg)Se ~ \\ e ® 7nSe/(ZnBeMg)Se
o 484 > 288F A ZnSe/(ZnMg)(SSe)
S o 67A > liypeB" @ 7nSe/(ZnBe)Se
Eot| o 1904 2 e '
& Calculation g
2 =
g 4 2
5 =
] m
2
(a) o 0 50 100 150 200
% 10 20 30 40 50 g a0l ZnSe/(ZnBeMg)Se
Magnetic field (T) a2
T o4 . o6 g 2
TR ot fe
g 013f 2 g
= {05 @ 1s
g = 2
é 0.12} {oa % g 20r
8 2 g
T ottt {os o 2 b
g o10 - s s s 02 251
® o 50 100 150 200 = ) (b)
. o o 1 1 1 1
QW width (A) = 0 50 100 150 200
QW width (&)

FIG. 4. (a) Exciton energys magnetic field strength for differ-
ent type A QW's: 190 A(diamonds, 67 A (squareys and 48 A
(circles. The center of gravity of the exciton spin doublet in PL
spectra is taken for the exciton enerdy=1.6 K. Lines show re-
sults of model calculationgb) Reduced mass of excitop (left
axig) and in-plane heavy-hole magsy, (right axis vs QW width.
Symbols are experimental data. The solid line is an interpolation o
data points by the hyperbolic functign=(0.103+0.7L,[A])m,.
The dashed line is a result of calculation alomgf}=um,/(mg

K. fective massm,=0.15m; to be independent of the well
width (this is valid as confinement energies in the studied
the spin and energy structure of trions and excitons. Experistructures are small and do not exceed 60 meV, and one
ments were performed in pulsed magnetic fields to 47 Tshould not expect a strong contribution of nonparabolicity in
Application of high magnetic fields was required to induce athe conduction band to the electron effective mage in-
sufficient energy shift of Strongly bound excitons in Znse-p|ane values for the heavy_ho|e effective maﬁ are de-
based QW's. Photoluminescence spectra were measured {&mined by means of the relationshig= ume/(me— u).
two circular polarizations corresponding to two spin states ofrhese values are displayed in Figlb¥ by open squares
optically active excitons. The evolution of PL spectra with /. ; Xy P
increasing magnetic fields is discussed in detail in Refs. é:;gmhtoa;%?{o anae 1;%?;8?,&:]0&2%3::Ci;egszless-,&s Igwc?r?igy

and 12. Resu!ts on the_spin splitting of excitons will be Pr€tact should be accounted for in model calculations of trion
sented and discussed in Sec. lll E. Here we concentrate Qlﬂnding energies versus QW widtb.g., Ref. 17

the energy shift of exciton with increasing magnetic fields.
To avoid spin splittings the center of gravity of the exci-
ton spin doublet was evaluated and plotted as a function of
magnetic field strength in Fig.(d for QW'’s of different QW width dependencies for exciton energy and exci-
widths. A characteristic diamagnetic shift of excitons is seerton binding energyEx were calculated by means of the
for all samples. The exciton shift increases in wider QW’s,model described in Sec. Ill A. Structure parameters used for
which coincides with decreasing binding energy of excitonsthe calculations are in Tables I, Il, and Ill. Results of these
Solid lines in Fig. 4a) show the best fit of experimental calculations are displayed in Fig. 5.
data in the frame of the model described in Sec. Ill A. Pa- In Fig. 5a) calculated exciton energies for different types
rameters used for the calculations were taken from Tables df structures(which differ by barrier heights and band off-
and Il. The exciton reduced magsis the only free param- set$ are plotted by lines. We use these dependencies and
eter in the fit. Determined values @gf are included in Table experimental values of the exciton energies to determine QW
[l and also plotted in Fig. @) versuslL,. The reduced mass width in the studied structures. Experimental data are shown
increases for thinner QW's with functional dependence thaby symbols and included in Table IV. Nominal values of the
can be interpolated ag=(0.103+0.7L,[A])m, [see the QW width evaluated from the technological parameters co-
solid line in Fig. 4b)]. Taking the value of the electron ef- incide with high accuracy to the calculated values.

FIG. 5. (a) Lines are exciton energies calculated for different
types of structures as a function of QW width. Symbols represent
experimental data. The nomin@le., technologicalvalues of QW
width were slightly corrected to put experimental points at calcu-
Eued dependenciegh) The calculated exciton binding energys1

nd X stateg as a function of QW width for type A

ZnSe/Znr gBey o dVigg 105€ structures.

D. Confined excitons
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Ox=0nn—ge- Values ofg factors depend on the band struc-

ture parameters. They can be calculated with high accuracy heavy hole

In Fig. 5(b) binding energies of 4 and X exciton states S 3[ znse/zaBemgse o®
are plotted as a function af, for ZnSe/Zn g Bey ggMgg 105€ g oA .o'
structures. One can see that in ZnSe QW’s, the exciton bind- o b o a”
. X /e - . b= o 67A .. gd
ing e_nergyEB (i.e., the.bmdlng energy qf thes]st:?\te) has its E 2 & 1904 o® Lo
maximum for QW's withL,~20 A. This value is 40 meV, a ..' oo~
i.e., about twice as large as the bulk exciton Rydberg con- §= o 07
stant R=20 meV. This value indicates that in the ZnSe 2R 0’ oo™ ’,’
QW's, the exciton is quasi-two-dimensional, as its binding § PORR 44

. . . . = Qm’.’. *
energy is considerably smaller than the binding energy in 2D g WEQ“ (a)
limit, 4R=80 meV. 0 = n %
Magnetlc field (T)
E. Zeeman splitting of excitons and free carriers T o (ZMg)SSe) barier (b)

The spin splitting of the exciton states is composed of the 8 \ (ZaeMgSe barier
splitting of conduction and valence bands, which are charac- ¢ 12} ° “\ &
terized by the electrongg) and hole ¢, or g,, for the \é{_ﬂ:‘— ==

. . . 11F v

heavy-hole or light-hole subbandgyromagnetic ratiosq . . . .
values. Following Ref. 34 we define the excitanfactor as o0l 0\c ZnSe/(ZnBeMg)Se

for the conduction band. Modeling of trgefactors for the % eloctron

valence band is more complicated due to the mixing of g ol D T Y
heavy-hole and light-hole bands, whose splittings depend on &

the structure parametefstrain, quantum confinement, dif- a0 i\(

ferences in band parameters of the barrier and QW matgerials o5t exciton %
(see, e.g., Ref. 35Detailed investigations of electranfac- (©)
tors in (Zn,Mg)Se and ZrS,Se¢ alloys® and ZnSe/ 00 = 00 e 200
(Zn,Mg)(S,Se@ QW structures’ have been performed by QW width (&)

means of spin-flip Raman scattering spectroscopy. It was

shown that with a properly chosen set of band parameters, FIG. 6. (a) Zeeman splitting of exciton as a function of magnetic
the five-band model calculations, which account for the off-field for different QW widths: 190 Adiamonds, 67 A (square}
diagonal spin-orbit coupling term@O model in Ref. 3§ and 48 A(circles. (b) Electrong factorsgZ for QW’s with type A
give a very good agreement for the band gap dependence @fircles and solid lineand type B(squares and dashed ljniearri-

de in ZnSe-based ternary alloys. Tlyg values for the qua- ers: lines are calculation and symbols are experimental data mea-
ternary alloy(Zn,Mg)(S,Se are also in a reasonable agree-sured by spin-flip Raman scattering in the Faraday geomelrg
ment with model estimation$:*” Estimation for the barrier factors in ZnSe/ZggBey 0dMgo 105 QW's. Exciton values for the
materials in our structures gives gs=+1.32 and+1.38  low-field limit (B<10 T) are shown by stars. Solid circles present
for Zng ¢dMdo 050,058 91 and Zry eV do 1:50.1655@ 82, re- the electr.org.factor g%. The .heavy-h.oleg factor gvaluated agnn
spectively. These values exceed the electyéactor in ZnSe = 9e* 9x is given by open circles. Lines are guides to the eye.
ge=+1.12(see Ref. 36 and references thejein i )

A well width dependence of the electrog factor in  factors. Its value is relatively sr_n{;(lhsual!y less than 10% of
ZNnSe/Zn gdMdg 155 2SS0 QWS (which are practically 0e) and is controlled by the spllttmg of light-hole and hea_vy—
identical to our samples with ZRMdo 1151658 g barriers hole states due to strain an_d confmemen? effects. Experimen-
and AE,~200 meV) has been investigated in Ref. 37.tal values ofg; andg,’ obtained by spin-flip Raman scatter-
Comparlson with the model calculations allows the authordnd for the type A and B ZnSe QW's confirm the small value
to conclude that in contrast to the alloys the three-bandor g anisotropy(see Table IIJ.
model is sufficient to calculatg factors in QW structures.  The electrorg factor for the type A QW's was measured
Two additional factors should be accounted for in QW’s.by SFRS at the University of Bath. Details of experimental
First, there is difference in the band parameters in the wellechnique are published in Refs. 37 and 36. Experiments
and barrier materials. In ZnSe-base QW’s with relatively lowwere performed in the Faraday and Voigt geometries to mea-
barriers with band gaps in the region of 2.8—3.1 eV, the mairsuregg andgg’ components of the electrapfactor, respec-
contribution comes from the difference in the spin-orbit split-tively. Their values are included in Table Ill, argf are
ting Ay. However, the change of, is rather small in the shown by solid circles in Figs.(6) and Gc). Experimental
case of the group Il element to be substituted, but is large iflata for an 80 A ZnSe/ZrMgg 11501556 52 QW were
the group VI element is altered. In other words, one can omitaken from Ref. 13shown by square in Fig.(6)].
the variation ofA 4 for the structures wittizn,Be,MgTe bar- Using the results of Ref. 37 we calculated average values
riers, but it should be accounted for in the case offor g in the structures of type A and type B. For the type A
(Zn,Mg)(S,Se barriers. The second consideration specific tostructures with(Zn,Be,MgSe barriers we use Eg7) from
the QW structures is due to the anisotropy of the electron Ref. 37:
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_ .ZnSe 4vEpAo g X X
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Here gZ"s°=+1.12 is the electrorg factor in ZnSe,y :

=Ex+E3—E4(ZnSe), Ep=23.4 eV is the squared mo- nd S l

mentum matrix element in ZnS4,,=0.42 eV in ZnSeEyx & :

is exciton energy measured experimentdtige Table IV. 28 a2 : 12

The results are shown in Fig(l§ by a solid line. One can L5 ap—

see that the, value is rather weakly dependent on the QW = 2 —

width for the whole studied range from 29 to 190 A. FIG. 7. Scheme of the optical transitions in ZnSe-based QW's

A more elaborate approach, accounting for the differency, the creation of charged excitons in the cases of completely po-
in Ag for QW and barriers layers, was applied for the calcu-jarized 2DEG(solid circleg and 2DHG(open circle induced by
lation of electron g factors in the type B QW’s with external magnetic fields. Optically active circular-polarized transi-
(Zn,Mg)(S,Se barriers. It is described by E@8) from Ref.  tions are shown by arrows. The thick arrows represent the transi-
37 and we do not detail it here. In this cagg is more tions in which the trion formation is allowed.
sensitive to the QW width fok,<100 A [see dashed line in
Fig. 6(b)]. IV. CHARGED EXCITONS

Hole g factors are strongly anisotropite.g., in-plane
component ofy,,~0), and their values are determined in a
complicated manner on the splitting of heavy-hole and light- Charged exciton states in optical spectra can be identified
hole statesA,, (see, e.g., Ref. 35We are not aware of by their specific polarization properties in external magnetic
any simple calculation approach to this problem and willfields. Analysis of the circular polarization degree of photo-
limit ourselves by experimental dependencies. Note that theuminescence is rather complicated. In addition to the spin
bulk relationg,,= 39, is no longer valid in QW’s. polarization of the free carriers, the spin-dependent trion for-

Exciton Zeeman splittings in QW’s of different thickness mation and spin relaxation of trions are involv€diowever,
in Fig. 6(a) show reasonably good linear dependence orpolarization properties of the trion states in reflectivity, ab-
magnetic fields aB<10 T and some deviation from a linear sorption, or transmission spectra allow us to distinguish tri-
behavior at high fields. It is well known that the nonlinearity ons from excitons and positively and negatively charged ex-
of the excitong factor is caused by the nonlinearity of its citons from each other. Here we present in short principles of
hole componenyy,;,, that in turn is due to the admixing of the identification, and further details can be found in Refs. 5
light-hole states in high magnetic fields. Electron Zeemarand 16.
splittings, as a rule, shows a linear dependence over a wide The polarization degree of the trion resonance in reflec-
range of magnetic fields, and this is true for ZnSe-basedvity spectra mirrors the polarization of free carriers in
QW's*" To quantify the nonlinear spin splitting values we Qw's, which is caused by thermal distribution of the carriers
include in Table Ill two values for the excitorgf) and  among the Zeeman sublevels. This is due to the singlet spin
heavy-holeg factors estimated from linear interpolation of structure of the trion ground state, i.e., spins of two carriers
data points at low magnetic field8( 10 T) and evaluated with the same chargdglectrons inX~ and holes inX ") in
from the exciton spin splitting é8=40 T. the trion complex are oriented antiparallel. A triplet trion

Exciton and carrieg factors for different QW's are col- state with parallel orientation of these spins is unbound at
lected in Table Ill and displayed in Fig(®. In the figure the  zero magnetic field and becomes bound in high fields tnly.
data are given for ZnSe/gpBe; 0dMgo 105¢ QW's. Exciton  When free carriers are fully polarized by magnetic field the
values for the low-field limit B<10 T) are shown by stars. trions can be excited optically only for one circular polariza-
In 190- and 67-A QW'’s they are equal 0.4 andgy tion. In case of negatively charged excitons in ZnSe QW'’s
increases to+1.0 in a 48-A QW. Solid circles trace the with a positive electrory factor it is o~ polarization.
electrong factor gz, which is weakly dependent on the well A scheme of the optical transitions responsible for trion
width. The heavy-holg factor evaluated ag,,=g.+Jx iS  excitation in strong magnetic fields is presented in Fig. 7.
given by open circles. Its dependence on the QW width reSpin-split states at the bottom of the conduction band and the
flects thegy behavior. top of the valence band are shown. Arrows indicate optical

Now we have all parameters necessary for analysis of theansitions where the absorbed light promotes an electron
spin and energy structure of the trion states reported in thifom the valence band to the conduction band and forms an
paper. Some further information on the exciton propertieexciton. Exciton generation in the presence of free carriers
including radiative and nonradiative damping and coherentesults in trion formation. Thick and thin arrows mark the
and recombination dynamics of excitons and trions in ZnSeallowed and forbidden transitions for the trion excitation in
based QW’s can be found in Refs. 14-16. We turn now tdts ground state, when the carriers are fully polarized. It is
the main part of the paper, where the properties of chargediear from the scheme th&t™ related to the heavy-hole and
excitons are investigated. light-hole excitons will appear in opposite polarizations.

A. Identification of negatively and positively charged excitons
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Energy (eV)
FIG. 8. Reflectivity spectra taken from a 67-A
ZNnSelZR s Bey 0dMdo 15€ QW detected in different circular polar- X*'t \ 80A QW
izations at a magnetic field of 4 T. Strongly polarized resonances of v ZnSe/(ZnMg)(SSe)
negatively charged excitons related to the heavy-h¥jg) and the . L . L L e
light-hole (X,,) excitons are labeled by arrows. The electron con- 2.80 2.81 2.82 2.83 2.84
centration in QW is,=8x10 cm 2, T=1.6 K. Energy (eV)
Also X~ andX* in ZnSe QW’s, where electron and hale FIG. 9. Tuning of electronhole) gas concentration by addi-
factors are positive, can be clearly distinguished by their optional above-barrier illumination. The figure presents reflectivity
posite polarizations. spectra of an 80-A ZnSe/ggdVgo 115501658 2 QW vsillumination

In Fig. 8 typical reflectivity spectra containing strongly intensity of Ar-ion laser(3.5 eV). The laser power is given in the
polarized resonances of negatively charged excitons assodigure.B=0 T, T=1.6 K.
ated with heavy-hole exciton(;) and light-hole excitons
(X;,) are given. Results are shown for a 67-
ZnSe/Zr gBey 0dVgg 105€ QW and a magnetic field of 4 T.

A We will show here that optical tuning is very effective for
the types A and B of ZnSe-based heterostructures investi-
: ) - _ ated in this paper. Let us start with the type B structure
In acgordance with the seleptm_m rule dlscu_sseq abef' gq1038, wher«g tEe 80-A QW is separated f};gm the surface
and XIE resonances appear in different polarlgatlons, T, by a 600-A Zn sMgo 1150 16558 5, barrier. Reflectivity spec-
and o resp+ec_:t|vely. Examples of the opposite polarizationyy measured under different illumination intensities are pre-
of X andX™ in ZnSe QW's can be found in Ref. 5 and in sented in Fig. 9. Laser light withw, =3.5 eV was used for
Fig. 10 in the next section, where a recharging effect of thejymination, and the high-energy part of the halogen lamp
QW by above-barrier illumination is discussed. spectrum was cut by a 420-nm edge filter. Without laser il-
lumination strong exciton resonanc¥g, and X;, dominate
the reflectivity spectrum shown by a dashed line. Only a
Optical tuning of a carrier density in QW's is a very reli- weakX™ resonance is detectable 3.3 meV from ¥4g reso-
able method that is widely exploited for trion studfe§-4°  nance to low energies. With increasing illumination power
Different structure designs have been suggested for this puthe X* resonance vanishes and a n&w resonance appears.
pose. The principle of the method is in the spatial separatioits energy distance from the exciton energy is 4.4 meV. We
of electron-hole pairs photogenerated by photons with enemote here that the same trick has been done in Ref. 4 for
gies exceeding the barrier band gap. Depending on the struGaAs-based QW's. It is elegant and very convincing, as it
ture design, one type of carrier is captured by the surfacallows measuring parameters ¥f and X~ resonances in
states, trapped centers in barriers, or an additional quantuthe same structure, thus avoiding technological and growth
well. The other type of carrier is collected into the quantumuncertainties.
well, where it is involved in trion formation. Free carrier  Identification of charged exciton resonances were based
concentration in the QW is tuned by the intensity of theon their polarization properties in external magnetic fields
above-barrier illumination. However, the dependence of thésee Fig. 10 We conclude from the data of Fig. 9 that with-
concentration on the illumination intensity can be very non-out illumination all donor electrons from the modulation-
linear with a pronounced saturation at higher intensities. Theloped layer are either captured by charged surface states or
optical method can be also used for a fine tuning of carrieremain on donors. In this condition the QW contains a very
densities in structures with modulation doping and/or undediluted hole gas withn,=1x10° cm™ 2. This value was
applied gated voltage. determined from the oscillator strength of thé transition,

B. Optical tuning of carrier density in QW’s

165335-10



BINDING ENERGY OF CHARGED EXCITONS IN ZnSe . . PHYSICAL REVIEW B 65 165335

(a) With illumination e l
220 pW/em’
1

no filter

2 '
S Y :
= 1 1
é X Xy )
[
& . o s ! 4%10"cm’]
X | n=6x10"em” . .
BT X 80A QW > !
= i ZnSe/(ZnMg)(SSc) 2 )
0 . . . B = 2x10"°cm’
D
(b) x | Without illumination| % it
(a7
2
2
3
%5 1%, X
R~ X 0 2
nh=1><10 cm 80A QW
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2.80 2.81 2.82 2.83 2.84 B=0T ZHSC/(ZHBCMg)SC
Energy (CV) L 1 L 1 1 N 1 N
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FIG. 10. Reflectivity  spectra of an  80-A Energy (eV)

ZnSe/Zn gdMgg 1150.1858.50 QW: (a) With above-barrier illumina-
tion detected at different circular polarization at a magnetic field of  F|G. 12. Tuning of electron gas concentration by an additional
6 T. Arrows indicate negatively charged excitoi () and excitons  apove-barrier illumination. The figure presents reflectivity spectra
formed with heavy holes and light hole&) Without above-barrier  taken from a 190-A ZnSe/zRBey oMo 165€ QW as a function of
illumination at a magnetic field of 6 T. Arrows indicate positively apove-barrier illumination. The illumination is provided by a white-
charged excitonX ™) and excitons formed with heavy holes and |ight source together with long-pass optical filters having different
light holes.T=1.6 K. absorption edges. The values of the filter absorption edge are given
in the figure.B=0T,T=1.6 K.
which for low carrier densities is linearly proportional to the
carrier concentrationisee details in Refs. 16 and ¥#laser fields caused by carrier separation, when only part of the
illumination redistributes the carrier location in the structureelectrons are removed from the donors, can compensate for
by supplying the QW with electrons. An increase of the electhe energy difference between the electron level in the QW
tron density saturates ag=6x10'° cm~? (for detailed be-  and the barrier donor energy.
havior see Fig. 11 which is still much lower than the con- In the type A structure cb1172, a 190-A QW is separated
centration of donors in the modulation-doped laygy=3 from the surface by two barriers of different heights. Note
X 10" cm™2 evaluated from a technological calibration. We that this structure is nominally undoped. Instead of the laser
suggest that the reason is a relatively small conduction bange use for illumination the light of the halogen lamp selected
offset in this structure {Ec=100 meV). Internal electric by edge filters. Reflectivity spectra are shown in Fig. 12.
Only exciton transitions are visible in the spectrum measured
with a 420-nm filter, i.e., when photocarriers are excited only
in the ZnSe layer of the 190-A-thick QW. A thresholdlike
increase of the electron density in the QW starts when the
energy of illumination light exceeds the band gap of the
highest barrier(3.21 e\j, as clearly seen in Fig. 13. The
electron density in this structure is varied fronx 50° to 9

2,

10

Carrier concentration (10 ¢cm )

2r 80A QW X 10'° cm~2. n, was evaluated from the analysis of the po-
telectrons ZnSe/(ZnMg)(SSe) larization degree of the trion line. The procedure has been
0 suggested in Ref. 16 and detailed later in Ref. 41. It is based
4 1 holes on the fitting of the magnetic-field-induced polarization of
0 0 20 30 0 =0 trion resonance in the frame of the approach accounting for

the Fermi-Dirac statistics of the electron gas. Dashed lines in
Fig. 14 show examples of the fitting. The Fermi energy that
FIG. 11. Electronhole) concentration in the QW as a function is determined from the best fit of experimental data points is
of illumination intensity. Symbols are experimental détar details ~ directly linked to the electron density. From the thresholdlike
see Fig. 9, solid line is a guide to the ey@.=1.6 K. effect of the illumination on the electron density in the QW

Ilumination density (uW/cm®)
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FIG. 13. Electron concentration as a function of wavelength of ol vy
illuminating light. Symbols are experimental data from Fig. 12. 0 2 4 6 8 10 12
Arrows show band gaps of barrigigee Fig. 1 Solid line is a guide Electron concentration (1010 cm'z)

to the eye.

FIG. 15. Exciton-trion separation as a function of 2DEG density
shown in Fig. 14 we conclude that a recharging of surfacdor a 190-A ZnSe/ZggBe, 0dMds 105¢ QW (circles and an 80-A
states (namely a capture of photoholes by the surfaceZnSe/ZRp gdMgg 115016856882 QW (squares Lines are the sum of a
stateé?) is the main mechanism for the carrier separation thatrion binding energy in corresponding QW and the Fermi energy of
supplies the QW with free electrons. a 2DEG.T=1.6 K.

T N . . . .
C. Exciton-trion energy separation: Effect of the Fermi energy ~ value of Eg takes pla(?e with increasing carrier der_1$|ty. It
also has been shown in Ref. 43 that the trion linewidth and

~Now we turn our attention to the binding energy of the g qiton.trion separation energy are modified by increasing
trions Eg, defined as the energy required to dissociate aRemperature. The effect is due to the kinetic energy of the
isolated trion Into a neutral exciton and an electtfm X™)  packground electron befor@ften the trion formation(re-
or a hole(for X ). In the limit of a very diluted carrier gas, combination. At our experimental conditions &t=1.6 K,
Eg is given by the energy difference between the exciton anghe electron kinetic energy is about 0.1 meV: with this reser-
trion lines (i.e., energy separation between bound and unvation we will ignore in the following discussion the tem-
bound statesAXT= EX_ ET- A deviation from this “bare” perature contribution taXT-

In Fig. 15 we show the exciton-trion separatidp as a

ZnSe/(ZnBeMg)Se T=16K function of electron density, for two QW's. In the case of
10T 1904 Qw an 80-A ZnSe/ZpsMgo 1550 16585, QW (squarepthe elec-
tron concentration was varied by modulation doping. For a
o8k 190-A ZnSe/Zg s Bey 0dVgo 105¢ QW (circles the electron
© density was tuned via additional illuminatiofsee Sec.
a IV B). For both cases the exciton-trion energy separation in-
S 06} creases remarkably with the electron density. Solid lines in
5 Fig. 15 have a slope of the Fermi energy increasing with
g growing electron densitfEg=7%%n./m,. In ZnSe QW’s
g 04r R Boltzmann with me=0.15m, Eg[meV]=1.53x10 nJcm 2]. Com-
g I ,* / distribution paring solid lines and data points in the figure one can estab-
ook ;L ," 0 n=4x10"cm” lish that the concentration dependence of the exciton-trion
‘ o #' / % n=6x10"cm” energy separation is approximately given by the Fermi en-
O’_I A B 1n-9x10"cm™ ergy: Axr=Eg+Eg. This result has been also reported re-
o.og-—ﬂzf'i-;"‘ P cently for CdTe-based QW%

Such a behavior oA y1(n,) does not correspond to a real
increase of the trion binding energy and can be quantitatively

FIG. 14. Degree of circular polarization of a negatively chargedex,p,l"’“nf%d 'r_] terms O,f eXC|t9n'tr'0n repulsion due to t'helr
exciton vs magnetic field for different 2DEG densitiesid) in a mixing.™ This mixing is provided by mutual transformation

190-A ZnSe/zZg sBey Mg 15€ QW. Symbols correspond to ex- Of €xciton and trion states via exchange of an additional elec-
perimental data. The degree of circular polarization for the nondetron. A detailed investigation of mixed exciton-trion states

generate 2DEG witly factor g.= +1.12 is shown by a solid line. Will be puplished $|SeWhere- '
Dashed lines represent fittings for the degenerate 2DEG; the ob- To obtain theEg value we extrapolate experimental de-
tainedn, are given in the figureT=1.6 K. pendencied y1(n) to the limitn,.—0 (see Fig. 15 getting

Magnetic field (T)
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FIG. 16. (a) Trion binding energy as a function of QW width for
ZnSe/Z gBey odMdo.105€ (type A), ZnSelZiy gdMgp 11501856 62,
(type B and ZnSe/ZpoBe; oSe (type D) structures.T=1.6 K.
Solid symbols show data for negatively charged excitons forme
with heavy holes X;,;,), open symbols are for negatively charged
excitons formed with light holesX,), and crosses are for posi-
tively charged excitons formed with heavy holeé$™(). The solid
line is interpolation forX,,, values. The values of the trion binding
energy are also given in Table I\(b) Ratio of the X, binding

energy to the binding energy of quasi-two-dimensional exciton

taken from Fig. %). The theoretical value oEL/E§=0.12 for a
two-dimensional case is shown by a dashed (Refs. 46 and 47
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larger extension of the trion wave function and to the strong
effect of reduction of dimensionality on the trion
stability*34° Theoretical calculations show that trion states
are very weakly bound in three-dimensional systems, which
hinders their experimental observation in bulk semiconduc-
tors. Reduction of dimensionality from 3D to 2D is a crucial
factor for increasing trion stability, and the trion binding en-
ergy grows by a factor of 1tf We believe that the increase
of EE shown in Fig. 16a) is dominated by the localization of
carrier wave functions along the structure growth axis, i.e.,
by the increasingly two-dimensional character of the carrier
wave functions. Contribution of the in-plane localization of
trions is minor except perhaps for the very narrow 29-A QW.
This conclusion is based on comparing the exciton line-
widths (see Fig. 3 which gives us characteristic energies for
the in-plane exciton localization, with the trion binding en-
ergies. The exciton linewidth is weakly sensitive to the QW
width and is below 2 meV for the range 50—-190A. It in-
creases to 5.3 meV in the very narrow QW, but even in this
case it stays smaller than the trion binding energy of 8.9
meV.

A detailed comparison of the trion and exciton modifica-
tions with decreasing QW width is given in Fig. (b§, where
the ratio of the trion and the exciton binding enerdgig¢Ej
is presented. For the 190-A QW this rafig/Ex=0.065. It
increases linearly with decreasing QW width, achieving a
value of 0.235 in the 29-A QW. Theoretical calculations of
this ratio performed for the two-dimensional limit give a

YalueE]/EX~0.12, which is rather insensitive to the ratio of

electron and hole effective mas$84’ The experimental
value for the 29-A QW exceeds the theoretical limit by a
factor of 2. We explain this by the fact that our experimental
situation corresponds to the quasi-2D case rather than to
strictly 2D one. This is confirmed by the moderate increase
of the exciton binding energy, which is twice as large as the
bulk Rydberg energy in narrov QW’s and, respectively,
twice as small as the 2D limit of four Rydberg constants. A
dimensional transition for a Coulombic state in QW struc-

the “bare” binding energy of tI‘IOI‘ETB:. We performe_d th_'s tures is determined by a ratio of the Bohr radius of the states
procedure for all studied structures in order to receive mfor-t0 the QW width. Obviously, for trions with larger Bohr ra-
mation on binding energies of “isolated” trions that can be 5 this transition will occur in wider QW's than for exci-
directly compared with theoretical calculations. tons, whose wave function is more compact. Thus at a given
QW width, excitons and trions have different degrees of two-
dimensionality, which causes a larger measured value of
o _ S _ Eg/Ej compared with the calculated value for the 2D limit.
~ Binding energies of trion&g determined for the low car- "t i5 interesting to note that the strength of confinement
rier density regime are collected in Table IV and are dis-pgtentials in our structures plays a minor effect on the trion
played in Fig. 16a) as a function of QW width. Solid sym- inding energies. Data points in Fig.(@8for structures with
bols correspond &, open symbols show,,, , and crosses iferent materials withAE, value varied from 200 to 250
are used foiX,. meV follow the same dependence. Only a small deviation
We discuss first the data for the negatively charged excifrom this dependence was found for the type D structure
tons related to heavy-hole excitons. The line in Figals with AE;=70 meV. For very shallow 70 A ZnSe/r®,Se
an interpolation made foXy,, data points(solid symbols. QW's with AEg=25-35 meV a trion binding energy of
The trion binding energy increases strongly from 1.4 meV in2.7—-2.9 meV has been report€drhis is consistent with our
a 190-A QW up to 8.9 meV in a 29-A QW. The increase for data from Fig. 168 and evidences that decreasing the elec-
EE is 6.4 times while the exciton binding energy increasedron confinement leads to smaller binding energiesXtor
only twice [see Fig. B)]. The stronger sensitivity of the We are aware of only one paper where the binding ener-
trion binding energy to confinement conditions is due to thegies of X, were calculated for ZnSe-based QW’sThe

D. Binding energy of trions
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guantitative agreement was not satisfactory and the authors
suggested that the polaron effect, which in ZnSe QW'’s could
give an additional 1.3-2.6 meV contribution to the trion
binding energy, should be considered. For our structures we
found a relatively strong dependence of the exciton reduced
mass on the QW widtlisee Fig. 4b)]. We believe that in-
corporating this factor into calculations will increase their
reliability and coincidence with experiment. Esser has run
calculation for a 80-A QWzq1038 with our new param-
eters and obtained a value of 4.2 meV ¥y, which is in
good concordance with our experimental value of 4.4 meV
even without the introduction of the polaronic correct®dn.

Binding energies of trions based on the light-hole excitons
[open symbols in Fig. 18)] are 20-30% smaller than the o 10 20 30 a0 50
X*?_h bihding _ene_rgies. T_o the best of our knowledge no de- Magnetic field (T)
tailed investigation ofX;,, states has been reported so far.

Trions associated with light-hole excitons were observed in  FIG. 17. Exciton-trion separation as a function of magnetic field
PL excitation spectra of GaAs-based QWand in the re- for QWs of different width. X~ was measured in
flectivity spectra of monomolecular CdTe islartddn both ~ ZnSe/Zp gBeyogMgoc5e QW's: 190 A (diamonds, 67 A
cases the;,, binding energy was very close to that Xf;,. (sguare}s 48 A (.circles). Solid symbol§ correspond to the PL ex-
Numerical calculations performed for GaAs QW’s give, for Citeéd by laser with energy above barrier f’}“d open symbols are for
example, a 40% difference in favor of;, in a 100-A beIow-Ea_rner excitation. Arrogvs indicate “bare” trion blndlng, en-
GaAs/G3 gl 1sAs QW However, the model used in Ref. ‘frf’y'sxT_'sltg"i” for a 105-A ZnSe/4adMdo1:5.165%s2 QW'S

48 has not accounted for the modification of the in-planeSar T

effective mass in the valence band, which is essential for the
guantitative comparison with experimental results.

It is interesting that positively charged excitons show The singlet state is the ground state of a trion except at
binding energies reduced by about 25% compared with thewery high magnetic fields where the triplet state gains larger
negatively charged partners, e.g., in an 80-A QW of type Bbinding energy. Recently triplet states have attracted consid-
(zq1038, binding energies for negatively and positively erable attention in GaAs-based QW's*and in ZnSe-based
charged excitons are 4.4 and 3.3 meV, respectively. We arstructures? However, this topic is outside the scope of the
very confident of this result, as it has been measured in thpresent paper and we concentrate here on the properties of
same structurésee Figs. 9 and 1Qvhere the type of the free the singlet state.
carriers occupying the QW was reversed by the illumination.
Calculations performed for the 3D and 2D limits givean
binding energy larger than thé~ one?®*’ this result is ex-
plained qualitatively by the heavier effective mass of holes The energy distance between exciton and trion PL lines
compared to electrons. However, in the quasi-two-Axt is plotted in Fig. 17 versus magnetic field strength. In
dimensional case the situation can differ qualitatively. Recenerder to avoid uncertainties caused by spin splittings, data
calculations performed by Esser with parameters of the strudor the center of gravity of exciton and trion spin doublets
ture zq1038 give 4.2 and 4.0 meV binding energiesXor ~ are given. Our task is to study the binding energy of the
and X", respectively® The smaller binding energy of the “bare” trions that exhibit no contribution from the Fermi
positively charged exciton is explained by the “effective” energy. The regime of the very diluted carrier gas is fulfilled
hole-hole Coulomb repulsion to be stronger in this QW tharfor a 105-A QW withX ", whereAy atB=0 T equalsEg,
the electron-electron one. The calculations qualitatively re{see Table IV. Similar statements can be made for 48- and
produce experimental trends. Better quantitative agreeme®7-A QW's with X ™. Eg values for QW's withX™ are
for the X state is still desired. It is interesting to note that shown by arrows. Only in the case of the 190-A QW was the
the calculations performed in Ref. 43 for a 250-A-thick contribution of the Fermi energy thy considerable for the
GaAs QW give a reversed order of binding energiesXor  set of data measured in pulsed magnetic figklsown by
and X* (0.8 and 1.0 meV, respectivelyPossibly this is solid diamonds in Fig. 17 We have repeated measurements
caused by weaker Coulomb interactions in IlI-V materialsfor this structure in dc magnetic field<8 T, keeping the
compared with 1I-VI materials. Experimentally similar val- low density of a 2D electron ga@DEG). Results are given
ues for binding energies of~ andX™ of 1 meV are found by open diamonds. One can see that the difference between
in a 200-A-thick GaAs QW. the two data sets vanishes with increasing magnetic fields

Comprehensive theoretical consideration for the trionand disappears fd>7 T. That means that the contribution
binding energy data collected in Fig. (@& is still missing.  of Ex decreases with growing magnetic fields, which can be
We hope that these data and the set of exciton parameteexplained by an increase of the density of states of the Lan-
given in the paper will encourage such activity. dau levels. For the following discussion we consider the

A, (meV)

V. PROPERTIES OF SINGLET TRION STATES

A. Magnetic field dependence of binding energy
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EE(B) dependence for a 190-A QW consisting of open dia-

monds at low fields and of solid diamonds at high fields
(B>8 T).

Binding energies oK™ in all studied QW'’s show a mono-
tonic increase with growing magnetic fields and a tendency
to saturation in high fieldB>25 T. The increase is stronger
in wider QW's with smallefEL, e.g., it amounts to 150% in
a 190-A QW and has only 35% in a 48-A QW. Being more
compact in narrow QW’s the singlet state becomes less sen-
sitive to compression by external magnetic fields. Qualita-
tively EE(B) dependencies foX™ from Fig. 17 are consis- I
tent with theoretical predictions for the singlet st&te3>° 0. e

The magnetic field dependence of the positively charged e
exciton differs drastically fronX~ behavior. Binding energy Magnetic field (T)

" e
of X” shows no dependence on magnetic fields Bor FIG. 18. Comparison of exciton and trion Zeeman splittings in

<6 T and decreases by 25% at higher fieldee stars in  znse/zp ;. Be, (Mdo.1Se QW's. Symbols are experimental points;
Fig. 17) In the field range 26—32 T the* Slnglet state line full curves are guidelines for the eye.

shows irregular behavior caused by its crossing with the trip-

let state. These results will be published elsewhere and here, Different spin splitting of excitons and trions has been
for clarity, we do not show data points for this field range.reported for a 200-A GaAs-based QW and related to a dif-
Principally different behavior oK~ and X" states in exter- ferent mixing of wave functions ixX~ than inX.* Also for

nal magnetic fields has been established first for GaAgnSe/zZi{S,S¢ QW’'s with a small confinement potential
QW's.* Our results confirm this for ZnSe-based QW's. We AE,=35 meV, different spin splittings of exciton and nega-
are not aware of theoretical attempts to mo¥el behavior  tively changed exciton have been foutfdVe suppose that

in magnetic fields. However, it is clear that the difference inthe small energy splitting between the heavy-hole and light-
magnetic field behavior oK™ and X~ binding energies is hole states in these structures allows mixing of these states in
due to the very different structure of wave functions of thesea trion that results in a modification of the haigfactor. In
complexes(see discussion in Ref. 47X~ is constructed of  our structures\,,_, was relatively large, 11-20 melgee
two light particles(electrong rotated around one heavy par- Table 1), which prevents the modification of the hotp
ticle (hole). This complex has one center and magnetic fieldfactor.

will localize the electron wave functions around the hole,

thus inducing an increase of the binding energy. In contrast C. Oscillator strength of trions

X* has two heavy patrticles, i.e. two centers, and one light . -

particle moving between two centers. In this case the shrink- 17eatment of resonances in reflectivity spectra allows ex-

ing of the electron wave function by magnetic fields hindersiraction of the oscillator strengfie., radiative dampin'o)

it from optimal adjustment for two centers, which results in Of trions and excitons. A detailed study of the trion oscillator

the decreasing binding energy of thé complex. strength in an 80-A ZnSe/gpdMdo.1:5.1656 52 QW can be
ing binding a9y Piex found in Ref. 16. It has been established experimentally that

'y increases linearly with electron concentratidhy
_ . ~ =CneI'y. The value ofC is a very useful parameter for

_ In the studied structures, the Zeeman splitting of the trionayzjuation of the electron density by the optical metfbd.
singlet state closely follows the behavior of the exciton Zee- |, Fig. 19T°J/T'% is plotted as a function af, for QW's
man splitting. Typical exa,mples _for _48-_ and 19(_)"& of different thickness. The electron concentration was evalu-
ZnSe/Zn gBey oMo 105€ QW's are given in Fig. 18. Devia- aieq from the polarization properties %f in external mag-
tions between exciton and trion splittings are inside the erropetic fields (see, e.g., Fig. 14 The value of the slop€
bar of spectral resolution of 0.1 meV. This result is explainedcreases for wider QW’s with smaller binding energies of
on the basis of a spin structure of trion and exciton stateSyions. This is illustrated in the inset of Fig. 19 whegeis
suggesting that the electron and hole wave functions in &),1eq as a function oy, Trions with the smallest binding

thlofn alrg th% san?e das dﬂlﬁse In-a dneltJt;aI e]:xtch{m, e'tg" | energy have the largest extension of wave function, which
els. and 58 Indeed the ground state of the nega VelY covers the largest number of unit cells and, respectively,

charged exciton exhibits a hole spin splitting as the two elecgives the largest] value. Results from the inset of Fig. 19
trons with antiparallel spin orientation are insensitive to ex- . . o TErTEe Y _ '
confirm this conclusion. It is worthwhile to note that that

te_rnal magnetic fl_el_ds. However, the Zeeman splitting of th.ethese results also allow determination of a carrier density in
trion optical transition must also reflect the Zeeman contri-

bution of the bare electron, which remains after trion recom—Znse'baS(_}d QW's of various widths.
bination. As a result, the Zeeman splittingXf is given by
Onh— Je, Which is identical to the exciton spin splitting. A
similar consideration holds for the positively charged exci- We discuss here the linewidth of exciton and trion lumi-

ton. nescence lines presented in Fig. 3. It was found that for

isL] © ¢ Exciton
| ® & Trion

e
o
— T

Spin Splitting (meV)

B. Spin splitting of trions

D. Trion linewidth
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1.0

=

has a strong temperature dependence afdd=# K the ad-
ditional broadening of the trion line is about 0.04 of the
exciton binding energy. Applying this estimation to our
QW's we get the contribution of the second mechanism of
0.8 meV for a 190-A QW and of 1.5 meV for a 29-A QW. In
the narrow QW, exciton and trion linewidths are 4 and 6.5
meV, respectively, i.e., they differ by 2.5 meV. From this we
suggest that both mechanisms have a comparable contribu-

) =)
[ ]
[ ]
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~

Slope C (10" cm’)
»

)
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Trion binding energy (meV)

0.4 tion to the broadening of the trion emission line. Further
- experiments including the careful analysis of the temperature
oL g;’:i dependencies of the trion linewidth are required to separate
02 95 &, type A the role of two mechanisms.
190 A, type A
80 A, type B
0. 5 2 . 8 0 VI. CONCLUSIONS

. 10 2.
Electron concentration (10™ ¢m ) Negatively and positively charged excitons in ZnSe-based

FIG. 19. Trion oscillator strength normalized on the exciton Q_WS were |nvestlgated n .structures_ W!th vanousiQW
one Fé vs electron density in different QW's. Lines show linear widths and free carrier densities. The b'”d'”g energy(of .
interpolation of experimental results. Slope of the dependé‘tﬂce shows a strong dependence on. the QW width, increasing
=Cn,I'X as a function of trion binding energy is given by the inset. ffom 1.4 to 8.9 meV as the well width decreases from 190 to
T=1.6 K. 29 A. This variation is 6.4 times while the neutral exciton

binding energy increases only twice. The binding energy of
QW's thinner than 100 A, the trion line is systematically X * is 25% smaller than that ok . This observation is in

broader than the exciton line. The difference in linewidthsqualitative agreement with model calculations and is ex-
increases up to 60% in a 29-A QW. At least two physicalplained by stronger “effective” Coulomb repulsion in case of
reasons for that can be suggestéd:The PL linewidth is  hole-hole interaction compared with electron-electron inter-
contributed by localization energies for carriers. In the casgction. Qualitatively different behavior fox~ and X* is

of excitons it is summed up from the electron and hole confound in external magnetic fieldX~ increases its binding
tributions, where the electron plays a dominant role. In theanergy depending on the QW width by 35—-150%, while in
case of trionS, two electrons and one hole partiCipate. (ngalicontrast)(Jr shows a decrease of its b|nd|ng energy by 25%,.
tatively it should result in larger broadening, but the quanti-a detailed set of exciton parameters for the studied structures
tative approach to this problem does not seems to be veng collected in the paper. We hope that this will encourage

trivial, because it will depend strongly on the choice of atheoretical efforts for a better understanding the energy and
model for localizing potential(ii) Another reason is related spin structure of trions.

to a certain freedom in the energy conservation law in case
of trion recombination. An electron, which is left after trion
recombination, can have a finite kinetic energy. The energy
of the emitted photon will be reduced by this amount. Re-
spectively, the trion line will exhibit additional broadening  We acknowledge stimulating discussions with A. B.
due to the electron kinetic energy. Dzyubenko and R. A. Suris. We are thankful to A. Esser for
The first mechanism has a strong dependence on the QW@lowing us to use in this paper his unpublished results on the
width—its contribution should increase proportionally with calculation of trion binding energies. The work was sup-
growing broadening of the exciton line. However, the char-ported in part by the Deutsche Forschungsgemeinschaft
acter of the well width dependence for the second mechahrough Sonderforschungbereich 410 and Grants No.
nism is not very obvious for us. 0s98/6, No. 436 RUS 113/557, and No. He-1939/16-1, as
The second mechanism has been studied theoretically angell as by grants of the Russian Foundation for Basic Re-
experimentally for GaAs-based QW*1t was shown that it search(Grants No. 00-02-04020 and No. 01-02-04010
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