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Formation and phase relaxation of negatively charged excitons in ZnSe single quantum wells
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We investigate the formation, interaction, and dephasing of negatively charged ex(itons) in

ZnSelZn gMgg.1Se single quantum wells by polarization, intensity, and temperature dependent spectrally re-
solved transient four-wave mixing. The trion transition shows a binding energy of 2.8 meV and is discrimi-
nated from the biexciton by its polarization dependence. The coherent dynamics of the four-wave mixing
response is in fair agreement with calculations based on extended optical Bloch equations. Temperature
dependent measurements exhibit a significant enhancement of the exciton dephasing below 40 K due to the
presence of trions and incoherent electrons which are optically excited from the GaAs substrate and captured
by the quantum well[S0163-18209)11347-X]

The existence of trions which are negatively or positivelyconfiguration. A frequency-doubled, mode-locked Ti-
charged excitons was discussed by Lampaready in 1958.  sapphire laser was used as excitation source, producing 100
According to calculations of Munschyhe binding energy of  fs pulses[full width at half maximum(FWHM) irradiance
the second electron in a negatively charged exciton reached 22 meV spectral width at a repetition rate of 82 MHz. The
values of 1 meV in bulk ZnSe. In the two-dimensio2D)  focus diameter of the pulses at thee?/intensity on the
limit an increase of the binding energy by a factor of 10 issample was 10Qum. The polarizations of the two incident
expected making ZnSe quantum wellQW’s) appropriate  pulses with the directionk; andk, and the mutual delay
systems to study these quasiparticles. Extensive investigéime 7 have been adjusted to cocircular(,c") as well as
tions have already been reported on the formation and thénear with relative angles of 0°1) and 90°(T—). The first
behavior of negatively charged excitons by applying externa(second symbol in the parentheses indicates the polarization
magnetié¢® or electric fieldé using various 11-VI and 1lI-vV  of the k; (k) pulse, respectively. The FWM signal in the
QW structures. The electrons which bind to photoexcitedeflected %k,—k; direction was time-integrated and spec-
electron-hole pairs were provided by doptheelectrical trally resolved by a combination of a spectrometer and an
injection®® or tunneling’ Recently, the recombination of tri- optical multichannel analyzer. The sample was kept in a he-
ons in GaAs QW'’s was investigated by time-resolved phodlium cryostat permitting temperature-dependent measure-
toluminescencé¢PL) experiment§.There are, however, less ments. If not otherwise mentioned, the experiments were car-
investigations on the interaction and dephasing of trions irried out at a temperature df=15K.
single QW’s using coherent spectroscopic methods. The spectrally resolved FWM signals of sample C at a

In this paper we report on polarization, intensity, and tem-delay timer=0 ps for various excitation intensities and col-
perature dependent, spectrally resolved four-wave-mixindinear polarized field$1) is shown in Fig. 18). The center
(FWM) experiments on undoped ZnSefZnMg,Se single frequency of the excitation pulse was set to 2.812 eV, in
QW's (SQW'’s) showing that the trion formation is due to order to avoid continuum contributions but resonantly excite
electrons which are photoexcited from the GaAs substratéhe 11 1s heavy-hole excitoiX. Besides the FWNMK signal,
into the QW. The measurements further demonstrate a sigx low energy peakT) appears, that is attributed to a nega-
nificant enhancement of the exciton dephasing rate due to th&vely charged exciton transition by the following consider-
presence of QW electrons and trions. ations.

The investigated samples were pseudomorphically grown The energetic distance of theline to the X resonance
on (001 oriented GaAs by molecular beam epitaxy. Theamounts to 2.8 meV. This value is too small to fit with bind-
samples consist of a 10 nm wide ZnSe SQW sandwicheihg energies of donor bound excitons which have been de-
between two ZpgMgg ;Se barriers, with varying layers be- termined by photoluminescencelg=(6+1) meV in simi-
tween the QW and GaAs substrate. Sample A has a 20 niar ZnSe/Zr_,Mg,Se structure$? Furthermore theT line
thick ZnSe buffer layer on the GaAs and 30 nm thick barri-FWM peak intensity shows a nonlinear increase even for
ers. Sample B differs from sample A by the missing bufferhigh pulse intensities of 3.5 MW/cinwhereas saturation
layer and sample C from B by the reduced,dvg,,;Se effects of the FWM signal would be expected in case of
barrier thickness of 20 nm. A detailed description of theimpurity bound exciton transition. Therefore these exciton
growth process and the sample characterization by opticalomplexes are dismissed as origin of thdine which is
and structure methods is given elsewhére. further supported by a comparison of the FWM spectra of

The four-wave-mixing experiments were performed insamples A, B, and C. Figure(d shows the FWM spectra
backscattering geometry using a two-beam self-diffractiomormalized to the excitoX signal at zero delay time excited
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FIG. 1. (a) Normalized FWM spectra at a delay time=0 ps of E
sample C §=20nm) excited resonantly at the heavy holeh11 '_»
exciton transitionX at various excitation intensiti€iabeled. TheT L . .
line indicates the trion transitiorfb) Normalized FWM spectra at 2.805 2.810 2.815
7=0ps of sample A ¢=50nm), B @=30nm), and C (¢ energy [eV]

=20nm) at an excitation intensity of 3.5 MW/ém

FIG. 2. FWM spectra from sample AlE& 50 nm) for cocircular
at an intensity of 3.5 MW/cf With decreasing distanc#  (o*,0"), colinear (11), and cross-linear1—) polarized laser
between GaAs substrate and ZnSe single QWTtliee in-  pulses recorded at a delay time of —0.2 ps. The excitation in-
creases compared to thésignal which is in contrast to an tensity is 0.1 MW/cr.
impurity bound exciton signal since the amount of impurities
decreases with decreasing total thickness of the quantum The delay-time dynamics of the spectrally resolved FWM
well structure. From these observations théine is attrib-  for (o*,0") polarized fields is given in Fig. (3 at the
uted to the formation of negatively charged excitons wherespectral positions of the excitofitransition ¢ wy), the trion
the incoherent electrons are provided by optically excitedT transition ¢ wt), and at frequenciesw=* 6 with a detun-
GaAs valence band electrons. The excess energy of opticalljg §=0.8 meV. The FWM traces show pronounced beats at
excited electrons in the GaAs substrate amounts to about 1tBe trion resonance and &kw;* & with a time periodTp
eV, much more than conduction band offset of about 0.12 e\=1.5 ps corresponding to the observed trion binding energy
at low temperaturé® A fraction of photoexcited electrons of Er=2.8 meV. Furthermore, a phase shift of the beats over
thus can escape from the GaAs into the ZnSe QW, wherghe trion resonance for positive and negative delay times is
they accumulate until an equilibrium concentration isobserved.
reached due to the buildup of a reverse electric field by the To evaluate these results more quantitatively, we modeled
charge density. These excess electrons in the QW lead to thke FWM response by optical Bloch equatid@BE) of two
formation of trions. The trion FWM signal increases with independent homogeneously broadened two level systems
decreasing distancé due to an increasing equilibrium con- (as type Il in Ref. 15 An analysis of the interaction-induced
centration of excess electrons. processes and its relative importance to the FWM signal has

The identification of theT line is further strengthened by shown that the EID contribution dominates the FWM signal
polarization dependent FWM measurements which clearly

distinguish the trion response from the formation of biexci- a) b

tons(BIF) with comparable binding energiésAccording to )

the Pauli exclusion principle bound biexcitons are only

formed by excitons of opposite spin. Therefore the biexciton

induced FWM signal can be suppressed by using circular hoy
polarized light. The FWM spectra of sample A at a negative

delay time of r=~—0.2ps k, before k;) for cocircular heo+8
(o*,0™"), colinear(17), and cross-lineaft—) polarized la-

ser pulses at an intensity of 0.1 MW/€rare displayed in

Fig. 2. The intensity of th& line is comparable for¢™*,o ™) he,
and (1) polarized fields, excluding a biexcitonic origin of /

the T transition. Instead, a second signal, denote As is L Ry
observed, which vanishes in the-{,o") configuration. In 2901234 29071353 a !
the cross linea(T—) configuration the intensity of th€ line delay [ps] delay [ps]
is strongly decreased together with the signal of Xheso-
nance due to the lack of excitation induced dephasing giG, 3. (a) FWM traces for ¢*,0*) polarized fields at the
(EID).** The XX signal is not affected, as expected for aheavy-hole 1 X resonancef(wy), the trionT transition ¢iw-),
biexciton induced signal. Th¥X signal is thus attributed to  and at the frequencidsw;* 0.8 meV. (b) Calculated FWM spectra

BIF, and a biexciton binding energy dyx=5.5meV is  atthe same spectral positions based on an OBE including EID using
deduced. Egs.(1) and(2).

FWM-signal [normalized]
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in cocircular @*,o") and colinear(77) configuration while  taken to depend only on the spatial modulation of the exciton
local field effects(LFE) play a subordinate rof. The OBE  densityny of created 1h excitons. The total density of cre-
are thus extended to encompass EID, but not LFE. The inated negatively charged excitong plus remaining incoher-
dependent two-level systems are thenldxciton state(X  ent QW electronsn, keeps constantt+ng,=n" in the
transition with its initially occupied ground state, and the FWM process. Therefore, assuming similar electron-exciton
trion singlet state(T transition with its initially occupied and trion-exciton scattering rates, the spatial modulation of
ground state of the incoherent QW electron. The resonande trion and incoherent electron density does not contribute
energieswyty and dephasing rategy ) given by Qy to EID. The third-order response can be solved analytically
=wxm—iyxm are determined from the obtained FWM in the perturbative regime, and the calculated Fourier trans-
spectra and tracé&ig. 2 and Fig. 88)]. The dephasing rates formed third-order polarization for infinitely short cocircular
Yxm= yX(T)(nx=0)+a(’)nX used in the EID process were (o",0") polarized excitation pulses for positive delay reads

2
PO (w,7>0)xO(7)Nuy expiQf r)expior) +iNo

1
(o=09 PEIME +0(7)N' ulexpior)

2
X M%exp(imT)mﬂl\lo'ﬂiexma;f)

For negative delay the third-order polarization is given by

@

1

1 1
PO (w,7<0)*i®(— 1)N2ouy exp2iQyr) —————5 +i0(— 7)NN' o’ uiu? expliQxr)expiQrr) ——=—. (2)
(0—=Qx) (w—Q7)

In the equation® is the Heaviside function. The oscillator ishes and the exciton linewidth begins to increase due to the
strengthsu% and % were determined from the experimental onset of exciton-LO-phonon scattenﬁ@?l’he observed re-
FWM data tO,u,)Z(:l and ,u$=0.5 where the densities of Sults are interpreted in the following. The scattering between
excitonsN and trionsN’ were assumed to be equal for sim- incoherent electrons, negatively charged excitons, and neu-
plicity. The EID parametersy=No= 7.1y andor=No"’ tral excitons is reflected in the significantly enhanced homo-
=27><. were taken from theX FWM in';en)s(ity rati; between JENEOUS linewidth of the exciton FWM signal Bt 15 K.Y

) . With rising temperature, the equilibrium excess carrier con-
(TT,) and (1) cor?ﬂguratmn(.g)The cglculated FWM trgces centration decreases due to thermal activation over the bar-
which are proportional tdP*)(w,7)|* are plotted in Fig.

L« . “rier which has a conduction band offset of about 25 nieV.
3(b) at the spectral positions corresponding to the traces ifrherefore the exciton dephasing is reduced. At temperatures

Fig. 3@). Besides the slight modulation at the exci®ran-  ahoveT=50K the excess carrier concentration is so low that
sition, indicating a weak EID due to the trion/electron den-5 trion FWM signal is no longer observable.

sity which has been neglected, the calculations based on this
simple model show fair agreement to the experimental dat: 35|
and reproduce the phase shifts of the beat. '
The existence of QW electrons and trions not only affects%' 3.0l e exciton
the coherent dynamics and FWM signal intensity but alsog
leads to a decrease of the exciton decay time as a consi_, 2 5| oo
quence of exciton-electron scattering. The exciton and triorg % ° 2.50°
homogeneous linewidths, given dy=2%4/T,, are thus a 8 2.0} ° S 505
probe for the excess electron concentration. With increasin(@ 0% 0 ° g o
distanced between single QW and GaAs substrate, the line-€ 1.5} ™ — 2.00 o
widths are decreasin@nset of Fig. 4, in agreement with the g . ° = ° o
intensity of the trion signal in Fig. (b). With increasing 2 1.0} ®eee®’ 1.75 *
temperature the intensity of thE line diminishes and van- 20 30 40 50
ishes at abouT=50K. This behavior is mirrored in the 0.5 502060 80 100 distance d [nm]
development of the homogeneous linewidth of Xeeso-
nance and thd transition as demonstrated in Fig. 4. At temperature [K]
= 15K the homogeneous linewidth of the exciton transition £ 4 Homogeneous linewidth of theresonance and triofi
has a value of’=1.84meV. With increasing temperature gansition as a function of the lattice temperatirebtained from
this value decreases by a factor of 2 until a minimunTat sample C. The excitation intensity was 3.5 MWfcnThe inset
=55K is reached. The temperature dependence of the trioshows the homogeneous linewidths of tXeand T line at T
homogeneous linewidth shows a similar behavior but starts-15K of samples A, B, and C as a function of the distadce
at a value ofl'=2.54 meV. AboveT=50K theT line van-  between ZnSe single QW and GaAs substrate.

. o trion

T=15K

Wi
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In conclusion, we have identified the formation of trions ing from the modulated exciton density. The exciton homo-
in ZnSe/zn_,Mg,Se single quantum wells by means of geneous linewidth is dominated at 15 K by exciton-electron
intensity-dependent spectrally-resolved degenerate FWM ofcattering. With rising temperature the excess electron den-
samples with varying distance between the ZnSe single Sity is reduced due to thermal activation and a decrease of
OW and GaAs substrate. The observed trion transifida f[he trion peak intensity and exciton homogeneous linewidth
clearly distinguished from the biexciton induced FWM sig- is observed.

nal XX by its polarization dependency. A trion binding en-  We thank H. Preis and W. Gebhardt for providing the
ergy of 2.8 meV is found. The coherent dynamics of thezn, JMg, ;Se/ZnSe single QW structures. The experimental
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