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Charged excitons in ZnSe-based quantum wells
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We report on magneto-optical studies of Zn&a/Mg)(S,Se quantum wells witm-type andp-type modu-
lation doping. Negatively and positively charged excitons related to the heavy-hole exciton states are found and
identified by their polarization properties. Negatively charged excitons formed with light-hole exciton states
are observed. Their binding energy is about 20% less than that related to the heavy-hole exciton. The exciton
and trion parametergadiative and nonradiative dampingae determined.S0163-18289)50136-7

The existence of charged exciton complexg®ons) in states in(Zn,CdSe/ZnSe QW's only° Very recently the
semiconductors has been predicted by Lampert in 1968. growth of high-quality lattice-matched Zn$2&h,Mg)(S,Se
analogy with charged hydrogen ions Hand H,* the nega- QW'’s allowed the observation of exciton lines with an inho-
tively charged excitonX ™), consisting of two electrons and mogeneous broadening smaller than 1 m&¥In this paper
one hole, and the positively charged excitofi"j, formed  we report on magneto-optical studies of negatively and posi-
by two holes and one electron, have been suggested. Howively charged excitons in ZnS&h,Mg)(S,S¢ QW'’s. Trion
ever, the first clear experimental proof of the existence oftates related to both heavy-hole and light-hole excitons were
negatively charged excitons has been given only quite refound and analyzed.
cently in 1993. Khenget al. reported the observation &~ ZnSelZr gMgp 110 1858 g2 Single QW(SQW) structures
states in CdTe-based quantum wellW) structures with a  were grown by MBE on(100 GaAs substrates. A special
two-dimensional electron ga@DEG) of low density? The  deposition of Zn by atomic-layer epitaxy was used for the
calculation of the binding energy of theé” complex gave for ~ growth start of a 200-A zZnSe buffer layer on GaAs. ZnSe
bulk material a rather small valu@bout 5% of exciton SQW'’s were located between ggMg, 1151858 g2 barriers
Rydberg energy which prevented its experimental observa- of 1000- and 500-A thickness. A total band-gap discontinuity
tion in three-dimensional3D) systems. However, a reduc- of 200 meV between the QW and the barrier materials is
tion of the dimensionality to two dimensions strongly en-distributed about equally between the conduction- and
hances the trion stability and increases its binding energy upalence-band edges. Here we report results for three struc-
to 20—-45 % of the Rydberg energy. In recent years negatures. The first one is nominally undoped with a residual
tively charged excitons have been studied intensively irelectron concentration af,<10cm 2 in the 80-A SQW.
CdTe- and GaAs-based QWP4.The observation of posi- This low value is possible because of the weatype back-
tively charged excitons has also been reported for thesground conductivity of the barriers. The second structure
structures® with an 80-A SQW has an electron concentratiomg# 9

The trion binding energy can be enhanced not only by ax10°cm™2, it was achieved by modulation doping with a
reduction of the dimensionality but also by choosing anotheB0-A-thick, Cl doped layer(donor concentration of 5
material system. A promising material is ZnSe with an exci-x 10’ cm™3) separated from the QW by a 100-A-thick
ton binding energy of 20 meV, which is considerably largerspacer. The third sample with a 120-A SQW wasype
than that of GaAg4.2 me\j or CdTe(10 meV). The tech- doped with nitrogenRF plasma cell at a power of 350 W
nique of molecular-beam epitaxXyBE) is well developed and a background pressure ok30 ® Torr). In this speci-
for the growth of ZnSe-based QW structures due to the worlkmen, symmetric modulation doping was achieved by uni-
on blue-green emitting laser diodésiowever, most of the form doping of the barriers excluding 30-A-thick spacer lay-
structures grown so far contai@n,CdSe QW'’s and ZnSe ers. The concentration of the two-dimensional hole gas
barriers. In these structures the exciton resonances are brog@DHG) in the QW is aboun,~3x 10*°cm 2. Photolumi-
ened significantly due to alloy fluctuations, which makesnescence&PL) and reflectivity spectra were measured at 1.6
high-resolution optical spectroscopy of exciton and trionK and in magnetic fields up to 7.5 T applied perpendicular to
states very difficult. We are aware of one publicationXon  the QW plangFaraday geometiyCircularly polarized light
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FIG. 2. Scheme of the optical transitions in ZnSe-based QW'’s
FIG. 1. Photoluminescence and reflectivity spectra of 80-Afor the creation of charged excitons in the cases of completely po-
ZnSelZn gMdo.1:550.185& 82 QW's With different electron concen-  |arized 2DEG(shown by closed circlésand 2DHG (open circley
tration in the QW's: (8) n=<10' cm™? excitonic parameters induced by external magnetic fields. Optically active circular polar-
To(Xnp) =210 ueV andl'(Xn) =0.38 meVi(b) ne=9Xx10'cm™  jzed transitions are shown by arrows. The thick arrows represent the
Lo(Xp) =180 peV, T'(Xp) =0.7 meV, I'y(X,) =67 neV, and  transitions in which the trion formation is allowed.
I'(Xpp» =0.6 meV.
state$ are detectable. The binding energy of tKe state
was analyzed by using achromatic quarter-wave plates. THéefined as the energy difference between and X is 5.0
signal was dispersed by a 1-m spectrometer and detected ByeV. It amounts to 17% of the exciton binding energy in the
a charge-coupled device. QW, the value of which 30 meV was determined from the
In Fig. 1 the spectra obtained from nominally undopedfan chart of the magnetoexcitdf. .
andn-type QW’s are compared. A single strong resonance is The strong polarization of th&™~ absorption in magnetic
observed in the reflectivity spectrum at an energy of 2.8194ields is a fingerprint of the trion that allows to distinguish
eV for the undoped Qw, which Corresponds to thestate Clearly trion resonances from excitonic Oﬁe'BhiS is due to
of the heavy-hole excitofdetailed identification of the opti- the singlet spin structure of the trion ground state, i.e., the
cal resonances by means of magneto-optics in fields up to 28pins of the two electrons involved in th€" complex are
T was reported in Ref. 12A procedure described in Ref. 13 oriented antiparallel. As a result, when a 2DEG is totally
was used to fit the reflectivity spectra and to deduce th@olarized by a magnetic field th&~ state can be excited
excitonic parameters like radiative dampilig, which cor-  optically only for one circular polarizatiomamely,o ™ po-
responds to the exciton oscillator strength, and the nonradlarization in ZnSe-based QW’s with a positive electrgn
ative dampingl’ to which inhomogeneous broadening andfactor go=+1.14 (Ref. 14-16]. A scheme of the optical
exciton scattering mechanisms contribute. The parameteigansitions responsible for th¢™ excitation in strong mag-
determined are listed in the caption of Fig. 1. For the un-netic fields is presented in Fig. 2. Spin-split states of the
doped structurdsee Fig. 1a)] one can recognize a weak bottom of the conduction band and the top of the valence
feature 4.8 meV below the exciton resonance, i.e., at an efpand are shown(The light-hole states in the studied QW'’s
ergy where the bound exciton state is expected. Contrary tare split off to higher energies due to quantum-confinement
the reflectivity spectrum, in the PL spectrum the bound exand strain effects Arrows indicate optical transitions, when
citon (X7) line is stronger than the excitonic oti¥). The the absorbing light removes an electron from the valence
reason is that the strength of exciton or trion resonances igand into the conduction band and forms an exciton. Exciton
reflectivity are determined by the respective density of stategjeneration in a quantum well containing 2D electrons results
but the PL intensity is contributed additionally by a statein the direct excitation ofX™. Heavily and lightly drawn
occupation factor. At low temperatures the residual electrongrrows mark the allowed and forbidden transitions for the
and photogenerated excitons are thermalized into the sangcitation ofX™ in its ground(single state, when the 2DEG
locations corresponding to minima of the potential fluctua-is polarized, i.e., all 2D electrons occupy the spin sub-
tions in the QW. As a result the probability of the for-  level of the lowest Landau level.
mation increases, which is visualized in turn by strong inten- At 7.5 T the X, transition in the reflectivity spectra is
sity of X~ luminescence in respect to the exciton one. totally polarized(see Fig. 3. Its oscillator strength becomes
With the increase of the electron concentration of aboutwo times stronger ir0~ polarization, in comparison with
9x10*%m ?the X~ line becomes dominant in PL spectrum the zero field value, and vanishes fef polarization keep-
[see Fig. 1)]. But really drastic changes are observed in theing the integral oscillator strengtd g (Xp) + o (Xip)
reflectivity spectra, where a strong resonance with an oscil=135ueV constant. The degree of polarization of the trion
lator strength of 379 I o(X) =67 neV] of the excitonic  transition calculated aB.=(I'g —I'y)/(I'g +T'y) is shown
one[I'o(Xpw =180ueV] is visible at an energy of 2.813 eV. in the inset of Fig. 3 by circles. The equilibrium polarization
This observation allows unambiguously to assign this resoef a nondegenerate 2DEG, calculated with the Boltzmann
nance to the negatively charged exciton state. We stress hedéstribution, g.=+1.14 andT=1.6 K, is traced by a solid
that in reflectivity spectra only real resonances contributindine. Experimental points coincide well with the line at fields
to the dielectric functiorfwith a sufficiently large density of above 3.7 T, which evidences that the temperature of the



RAPID COMMUNICATIONS

PRB 60 CHARGED EXCITONS IN ZnSe-BASED QUANTUM WELLS R8487

T y T T T T T T T T T T T T T

c B=75T

. 2
2 0l 2 4 6B 2
2 Qe ' 3
> P, o S
,_‘% ° (%4
&) 05 g€:+l . 14

Xhh I
ao0p vl
0 R R T T TS | 0 L 1 |
2.81 2.82 2.83 2.84 2.81 2.82 2.83
Energy (eV) Energy (eV)

FIG. 3. Reflectiviy  specra of an 80-A  FIG. 4. The reflectivity spectra of a 120-A
ZnSe/Zn gdMdo.1150,1856.82 QW (exciton line in the barrier at 2.99  znSe/Zn gMgo 115 1658 .82 QW With np~3x 10°cm~2 measured

eV) with ne=9x 10'°cm™? detected in different polarizations at a at magnetic fields of 0 and 7.5 T. The line of the positively charged
magnetic field of 7.5 T. Strongly polarized resonances of negativelexciton (X)) is strongly polarized in magnetic fields. The inset
charged excitons related to the heavy-holgf and the light-hole  shows the polarization degree of thg, line: circles are experimen-

(Xin) excitons are marked by arrows. The inset shows the polarizag| points and the line represents the calculation based on the Bolt-
tion degree of theXy, line: circles are experimental points and the zmann distribution withy,,= +1.62 atT=1.6 K.
line represents the calculation based on the Boltzmann distribution

with ge=+1.14 atT=1.6 K. associated with a heavy-hole exciton and a light-hole exciton

2DEG in the QW equals a lattice temperature of 1.6 K. De-f‘:'ho.UId appear in the reflectivity_ spectrum in oppc_)site polar-
o S P - “izations. We indeed observe this experimentéliyrich can
viation from the Boltzmann distribution in low magnetic b by th lid line in Fia)3The X- t ition i
fields occurs for filling factors> 1. In this case Fermi-Dirac e seen by the solid line in Fig).3The X, transition is
statistics describe the polarization properties of the 2DEG(.)b$erVed at75Tasa c_IearIy resolvgd resonance .4'4 meV
We conclude from the inset of Fig. 3 that the conditien below the, energy of the light-hole exciton. The bmdmg en-
=1 is achieved at a magnetic field of 3.7 T. This, in turn, €79 0f Xy is about 20% smaller than that Xf,, Wf'Chf's
allows to determine the concentration of the 2DEG -2 MeV at 7.5 T. The radiative damping, (X,)
= yeB/hc=9x10"cm 2 (details of this optical method of =16u€eV of X, is about an order of magnitude less than
measuring carrier density in QW’s will be published else-that for the X, state. Such a large difference is somewhat
where. surprising as the radiative damping for the heavy-hole and
In magnetic fields the heavy-hole exciton resonantg)(  light-hole excitons differs only by a factor of about 2
in reflectivity spectra for the undoped QW’s shows a weaklI'o(Xnn) =180ueV andl'o(Xy,) =80ueV]. Further studies
diamagnetic shift and Zeeman splitting for the two spin com-are required to clarify this problem. To the best of our
ponents with an excitonig factor go,.= +0.38 in an 80-A- knowledge no detailed investigation &, states has been
thick QW. The amplitudes of the exciton reflectivity lines reported so far. Trions associated with light-hole excitons
detected in two circular polarizations are equal in the strucwere observed in PL excitation spectra of GAA§Ga)As
ture with n,<10cm 2 However, a considerable polariza- QW’s;*> and in the reflectivity spectra of monomolecular
tion with a sign opposite to the polarization of tXg, line ~ CdTe islands® In both cases th&;, binding energy was
shows up whem, approaches a value 0p910'°cm 2 (see  very close to that oK,,,. Numerical calculations, performed
Fig. 3. We believe that this polarization is caused by theby Stebeet al!® for GaAs QW’s do not account for the
effect of spin-dependent scattering of excitons with 2DEGmaodification of the in-plane effective mass in the valence
electrons(for details see Ref. 17 We would like to stress band and, therefore, are not suitable for quantitative com-
here that for magnetic fields up to 7.5 T the radiative dampparison with experimental data.
ing T'o(Xyp) is kept equal for both polarizationgg (X In Fig. 4 reflectivity spectra for a 120-A-thick SQW with
=Ty (Xn) =180ueV and that the exciton line shapes differ a low-density 2DHG withn,~3x 10'°cm™2 are shown. A
due to the nonradiative broadening, which is spin dependedine of the positively charged exciton with a binding energy
[T (Xp)=0.33meV and” " (X;,)=0.75meV at 7.5 T. of 3.1 meV is observed in the spectrum. Its identification is
Let us turn now to the light-hole exciton transition. It is based on the polarization properties of tkg, transition.
obvious from the level scheme in Fig. 2 thét transitions ~ Similar to theX,, the X, line is totally polarized in magnetic
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fields above 6 T. The signs of the polarization of ¥jg and  given byZw[1+my/(m+myy)], wherefw. is the elec-
X;h lines are opposite to each other, which is in accordancéron cyclotron energym,=0.16m,, and m,,=0.6m,. This
with the scheme of Fig. 2. The magnetic-field dependence ofombined process is based on the photogeneration of an ex-
the X;}, polarization degreésee circles in the inset of Fig) 4 citon and a simultaneous excitation of a 2D electron from the
coincides remarkably well with a calculation based on thezeroth to the upper Landau level. A shakélme related to
Boltzmann distribution and a heavy-holg factor g,, X, has been detected in the emission spectra of a structure
=+1.62. Thisg factor value was deduced from the mea-with n,=4x10°cm 2. It moves towards lower energies
sured valuegex= +0.48 andge= + 1.14;* by means of the  with increasing magnetic field with a slope of 0.7 meV/T,
equationgpn=gexc+ ge - which is very close to the electron cyclotron energy of 0.725
The value of theX}, binding energy of 3.1 meV is close meV/T.
to that for theX,, taken from the interpolation between the  To conclude, bright features in the optical spectra of
data points for the 80-A-thick QW5.0 meV) and the 200-  zZnSe-based QW's have been identified as charged excitons.
A-thick QW (2.2 me\V). This finding is in agreement with the  Small inhomogeneous broadening of excitonic transitions
results reported for QW structures based on GEASdTe?  and a strong Coulombic interactidfive times stronger than
and (Cd, MnTe?® The X* associated with the light-hole that in GaAs-based QWjsallow to obtain data of high qual-
exciton was not detectable in our structures most probably[y_ Consequently ZnSe-based heterostructures lend them-

due to the low hole concentrations. _ selves as model systems for studying exciton-electron inter-
Additionally to the negatively charged excitons the com-ction phenomena in semiconductors.

bined processes, which are typical for excitons interacting

with a low-dense 2DEG, were observed in the structures The authors are grateful to E. L. Ivchenko for useful dis-
studied. A combined exciton-cyclotron resonacéne  cussions. This work has been supported by the mutual grant
shows up in the reflectivity spectra in magnetic fields aboveof the Russian Foundation for Basic ReseafGrant No.

4 T. In the structure witm,=9x10°cm™? this line shifts 98-02-04089 and the Deutsche Forschungsgemeinshaft
linearly with a slope of 0.89 meV/T, which is in very good (Grants Nos. Os98/5 and 436Rus113/4a8 well as by the
agreement with the theoretical expectation for this valueDFG Sonderforschungsbereich 410.
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