PHYSICAL REVIEW B VOLUME 53, NUMBER 19 15 MAY 1996-I

Femtosecond study of exciton tunneling iNZn,Cd)Se/ZnSe asymmetric double quantum wells
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We have studied, both experimentally and theoretically, exciton tunnelind2n,&£dSe/ZnSe asymmetric
double quantum-well structure. The large exciton binding energy of these structures allows us to elucidate the
role of the electron-hole interaction. Subsequent to resonant femtosecond pulse excitation, we obgdrve fast
p9 exciton tunneling out of the narrow well, although LO-phonon scattering is forbidden for holes in a
single-particle picture. Our theoretical analysis shows, however, that tunneling of the exciton as a whole entity
with the emission of only one LO phonon is very slow. Instead, the exciton tunnels via an indirect state in a
two-step process whose efficiency is dramatically enhanced by Coulomb eff&@163-18206)09219-3

Carrier tunneling in semiconductor heterostructures is above discussed IlI-V ADQW's: fast electron but slow
topic of current research interest because of its fundamentaicoustic-phonon-assisted hole tunneling. In contrast to this
and applied aspects? Previous research concentrated €xpectation, we observed that both particles escape from the

mostly on(Ga,A)As/GaAs and(Ga,InAs/(Al,In)As asym- NW with a time constant of 1 ps.
metric double quantum well§ADQW'S), because these '€ (Zn,CdSe/ZznSe ADQW sample was grown by
structures were available with the required quality. In a typi-Mo/ecular-beam epitaxy on(@01) undoped GaAs substrate

: ; —— with a 1-um ZnSe buffer layer. It comprises five periods of
cal 1lI-V ADQW, electrons tunnel rapidly via longitudinal ADQW's separated by 850-A ZnSe barriers wide enough to
optical (LO) phonon emission since the energy Separatiorbnsure that each ADQW structure is decoupled from the oth-
between the lowest electron subbands in the wide (WeW) ers. A single ADQW consists of Za,Cch 1sSe narrow(13
and narrow wellNW) is larger than the LO-phonon enerdy. Ay and wide(25 A) wells separated by a 42-A ZnSe barrier
Hole tunneling is normally sIo@vbe_cause the separation be- (see inset of Fig. )l Phase-locked epitaxy was employed to
tween the heavy-hole subbands is usually smaller than LOschjeve high interface quality and reproducibility of each
phonon energy and the wave functions are more localized iReriod. For transmission experiments, the GaAs substrate
the respective wells due to the larger hole mass. It has beegnhd a part of the buffer layer were removed by chemical
pointed ouf that Coulomb interaction does not play a signifi- etching and the residual structure was mounted on a glass
cant role in the tunneling process. Thus, in IlI-V ADQW's plate. Steady-state PL and PL excitati®LE) measure-
electrons and holes tunnel independently rather than as exci- 16
tons due to the relatively small exciton binding energy in
these heterostructures.

Exciton binding energies of wide-gap 11-VI semiconduc-
tors are almost an order of magnitude larger compared to
those of typical IlI-V materials. Thus, they are ideal candi-
dates to study the influence of excitonic effects on the tun-
neling process. In addition, 1I-VI compounds are more ionic
so that the Frblich electron-phonon interaction is markedly
enhanced. Previous studie$' on carrier tunneling in 11-VI ;
ADQW's utilized CdTe-based structures and time-resolved 047
photoluminescencé¢PL) with 10-ps time resolution. Here,
we report an investigation of exciton tunneling in a
(Zn,CdSe/ZznSe ADQW structure. The use of nonlinear ab- O T o oes 270 272 27a 276 278
sorption to monitor the tunneling transients enabled us to Energy (V)
improve the time resolution up to the femtosecond timeé rG, 1. photoluminescenddashediand photoluminescence ex-
scale. ZnSe-based QW's exhibit exciton binding energies agiation (solid) spectra of theZn,CdSe/znSe ADQW.W and N
large as 40 meV which is comparable with the LO-phonon  refer to wide and narrow wells, respectively, adh, and Ih refer
energy (w o=31.7 meV for ZnSg and the electron and to electron, heavy hole, and light hole, respectively. The inset
hole subband separations. We have designed and fabricatedtows the sample design and energy levels of the uncorrelated par-
structure anticipated to behave completely analogously to thecles.
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TABLE |. Calculated energy levels of single carriers and exci- 015
tons for the 13/42/2%Zn,CdZe/ZnSe ADQW.
Confinement Binding energy Exciton energy .
Quantum state energy(meV) (meV) (eV) *g o010
=
=
W, 85 £
Ne 132 £
Wiy 30 < oos |
Nyy 52
(We,Wyy) 29 2.673 I
(Ne:Npw) 27 2.744 WJ
(Ne Wiy 11 2.738 e AN D
(We,Nup) 11 2.713 0 2 4 6 8

Time Delay ( ps)
FIG. 2. Spectrally integraded, time-resolved differential trans-

) _mission change of the NW heavy-hole exciton resonance at differ-
ments were performed with a tunable dye laser. The timegnt carrier densities of, from bottom to topxa0', 6x 101°, and

resolved setup was based on a Kerr lens mode-lockedx 10 cm2.
Ti:sapphire laser which provided a 100-MHz train of 120-fs
pulses tunable between 780 and 920 nm. Its output was di- Time-resolved pump-probe data at various excitation lev-
vided into pump and probe beams which were frequencyls are displayed in Fig. 2. The rise of the probe transmission
doubled in 2-mm LiBO; crystals. The duration of the blue corresponds to the generation of excitons in the NW by the
pulses increased to 300 fs because of group velocity migsump pulse. A striking feature in these data is the fast and
match in the nonlinear crystals. Pump and probe with speccomplete recovery of the transmission change even at rela-
tral width of 2 nm were tuned to the NW heavy-hole excitontively high excitation densities. In time-resolved PL, the sig-
(455 nm at 77 K and chopped at different frequencies. Thenal reflects the product of the electron and hole densities
transmitted probe was measured using lock-in detection ai.n,, . Its decay is thus dominated by the shorter living elec-
the sum frequency. tron. Conversely, time-resolved pump-probe measurements
PL (dashedland PLE(solid) spectra of the ADQW struc- provide access to both carrier lifetimes since the absorption
ture are shown in Fig. 1. The single PL band originates fronthange is related tang+ ny,). Therefore, in conjunction with
the WW heavy-hole exciton recombination. The very smallthe PLE datasee Fig. 1, the complete absorption recovery
bound-exciton contribution indicated by a low-energy shoul-proves unambiguously that both electrons and holes tunnel
der demonstrates the excellent sample quality. No PL wagery rapidly from the NW to the WW. A fit of the absorption
observed from the NW because, as will be shown by theransients assuming a monoexponential decay yields a time
pump-probe results, the tunneling-controlled lifetime ofconstant of 1 ps with only a very slight change when the
these excitons is very short. The PLE spectrum exhibitgxcitation level is increased. The exciton lifetime measured
heavy- and light-hol§HH and LH exciton features from py time-resolved PL for a single QW with the same design as
both the NW and WW. These features also dominate in théhe NW is in the 100-ps range and thus has no influence on
linear absorption of the sample. The detection energy fothe tunneling dynamics.
PLE in Fig. 1 is slightly below the maximum of the WW PL  The theory of phonon-assisted tunneling of individual
band. Thus, the occurrence of the HH and LH absorptiorelectrons and holes in the absence of Coulomb interaction is
resonances of the NW in the PLE spectrum directly demonwell elaborated®! Based on formulas derived in Ref. 14,
strates that the excitons tunnel out of the NW and indeegve estimate for the present ADQW a tunneling time of some
appear in the WW where they eventually recombine. Thel00 ps for the heavy holes via elastic scattering with longi-
PLE spectrum was recordeti®K to enable a direct extrac- tudinal acoustic phonons. The contradiction with the experi-
tion of the relevant energy separations, but apart from amnental findings is evident. In what follows, we present a
overall energy shift no essential change is found up to 77 Ktheoretical analysis of exciton tunneling in ADQW's. The
Table | summarizes calculated single-particle and exciton erHamiltonian describing the coupling of excitons and
ergies derived from a comparison of the PLE data and nuphonons is a linear combinatidf®
merical calculations described in more detail below. Here,
we merely note that our initial assumption about the different Hx-ph=He-pr(re) —He-pr(rn), @
tunneling mechanisms for electrons and holes is quantita- . . : . :
tively co%firmed. The separation between the Iowes(:;1 single‘-"’hereHe'Ph_IS the Frdnllc_h interaction potential. The exciton
electron levels in the NW and WWE(N.) —E(W,)=47 wave function is taken in the form

meV] is appreciably larger than the LO-phonon energy of o _ KR )W
hw o=30.2 meV for the present Cd fraction, whereas the x(Tern) = eXHIKRx)Wx(Fefn), @
opposite relation holds for the heavy hglE(Ny) — E(W,) W (o Tr) = el Ze) U (21) b(Ze 120 1),

=22 meV] and hole tunneling is thus possible only via

acoustic phonon emission. However, as we will demonstratevherefiK is the exciton momentunRy and p=p,— p,, are

in the remainder of this paper, the true picture is entirelythe in-plane center-of-mass and relative coordinate, respec-
different as a result of the electron-hole Coulomb interactiontively, and z,, is the electron or hole coordinate in the
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Now we discuss the general structure of the exciton tun-
neling rate. In an ADQW, one has direct and indirect exciton
states. For direct states, the electron and hole are located in
the same QW[ Wy yad(Ze) ¥en(zn), A=B=N,W]. The
e n(2) are single particle eigenfunctions of the total ADQW
structure sofdzynen(z) Ywen(z)=0. Using this orthogo-
nality relationship it is easy to see that the tunneling rate
between direct excitons via LO-phonon emission is equal to
zero when the Coulomb correlation along the growth direc-
tion is ignored, that is, whew(z.,z,,p) = ¢(p). This fre-
quently used ansatz covers the leading contribution from the
Coulomb interaction as long as the excitons are truly quasi
two dimensional. Therefore, tunneling between direct exci-
ton states with the emission of only one LO phonon is nor-
mally not efficient. This is a consequence of charge neutral-
ity of the exciton.

In contrast, tunneling between direct and indirect states
(electron and hole in different well$\#B) is very rapid.
This process corresponds to separate electron or hole tunnel-
ing. However, the Coulomb interaction causes a profound
0.1 o w am renormalization of the energy spectrum so that transitions

. . 0 forbidden in the single-particle scheme become allowed. To
Barrier Width (A) demonstrate this quantitatively we have calculated exciton

FIG. 3. Calculated LO-phonon-assisted tunneling times for elecenergles and tunneling rates using a variational procedure
trons (solid) and excitongdashed and dottediersus barrier width based on the ansafA?

for a 13-AL,/25-A ADQW structure. The dot marks the experi-

10

Tunneling Time (ps)

(NeNpp) = (W Nyyp)

2 2
mental value for the present ADQW. Vpt+Z
P © ¢<ze,zh,p>=C<z,R)exr{— G
growth direction. The wave functiong.(z) and ¢,(z) are 7
the solutions of the single-particle Schinger equations for C(Z,R)= ex;{—} (6)
the ADQW potential without Coulomb interaction and were ' Rv2m(1+2Z/R) R

calculated by the transfer matrix metht/dThe electron-hole
correlation is condensed ig(ze,z,,p). After integration
over the exciton final-state momentum, Fermi’s golden rule
yields for Frdilich coupling the following expression for the
tunneling rate:

=|z,—z;|), with the single parameteR. By varying R,
the binding energies of the two direct and two indirect rel-
Cevant exciton states, further denoted By, (By), were cal-
culated. The parameter set usedelectron mass
m.=0.16m,, Luttinger parameterg,=4.3, y,=1.3, con-
1 Me?w,f 1 2m V(Q, q)|2 duction and valence band offset§.=163 meV andV,
T 2mh? \e. &g €0 f def dq g2+ Q7 ® =70 meV, respectivelyg,=9, £.,,=6.3) is consistent with
previously published data and yields reasonably good agree-
with ment between computed and experimental values of the total
HH exciton energies for both the NW and WW. Table |
V(Q'Q):f dzpf dzef dz, W% i[explianQp+igze) shows that the following LO-phonon-assisted transitions are
’ energetically allowed: (i) direct exciton tunneling
_ i i (Ne,Npyn) — (We ,Wyy), (i) direct to indirect exciton tun-
OX 1 aeQptiazn) W s @ neling (Ne,Nyy) — (We,Nyy), and(iii) indirect to direct ex-
between the exciton statdlsy ; and Wy ; of energy separa- citon tunneling  We,Np) — (We, W) or (N, W)
tion AE. Here,2Q=7(K;—K;) is the momentum change, —(We,Wy). In marked contrast to the single-particle

the electron charge;, (e..) the static(dynamig dielectric ~ scheme, LO-phonon-assisted tunneling is now allowed for
constant,M = mg+my,, the exciton translational massi,, heavy holes. The critical role of the Coulomb interaction is

=mo/(y,+7,) the heavy-hole in-plane mass, and illustrated by the fact that heavy-hole tunneling occurs only
=m,,,/M. For optical excitation we may s&;=0 and the ~Wwhen the electron is in the WW.
energy conservation reads &§=Q?=2M(AE—#w o)/ Using the wave functior5), and integrating over the in-
52, plane variables, the matrix elemevi(Q,q) takes the form,

It is straightforward to recover the LO-phonon-assisted
tunneling rates for independent electrons and Hdfé$rom V(Q,q):j dzef dzh C(RI ,Z)C(R;,2)
(3) and (4) using an uncorrelated plane wave ansatz for the
in-plane function and single-particle energies. For complete- S (2N (2 7 z
ness, we have also calculated the time constant for electron Vei(2e) Vi (20) Yer(Ze) ¥n(2n)
tunneling(with the hole staying in the N\as a function of X[exp(iqze— th)gh‘3(1+ {n2)

the barrier widthL, (solid line in Fig. 3. It is markedly . 3
shorter than the experimentally observed tunneling time. —expiqzn—{eZ) L “(1+{eZ) ], (7)
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with  1/Rg=1/R;+1/R; and §§’h=(ae,hQ)2+(1/Reﬁ)2. In summary, we have studied free carrier versus exciton
When direct exciton states are considered for the initial ( tunneling in a ZnS¢Zn,CdSe ADQW structure. Unlike in

=Ng,Nyyy) and final f=W,,W,y) states, it is simple to IV semiconductors, tunneling of electrons and holes as
verify that V=0 for R;=R;. In the present ADQW, th&® uncorrelated particles cannot explain the complete recovery
parameters of these excitons are almost the sd®and 44 Of the NW absorption within 1 ps. We have derived a general

A, respectively so that the numerical calculation yields di- €xPression for the rate of LO-phonon-assisted tunneling be-
ween exciton states and computed exciton wave functions,

rect exciton tunneling times in the nanosecond range. We'™~= ) : :
inding energies, and the time constants for various tunnel-

arrive, thus, at the conclusion that direct exciton tunneling i ing processes. Though our approach is based on a simple
222S:)%ntlzga::io?/géhgtgfefrgyé tgir;git“nfngr?ﬁssstiz;'vgefansatz with only one variational parameter, and more elabo-
N . - L ate treatments are desired, we believe that it provides the
indirect exciton are very efficient. Tunneling times for theseCorrect order of magnitude of the tunneling times. We found,

trﬁnsmons are also _d_eplcted as funé:_nonngflln Fig. 3. Iin contrast to the common notion, that the exciton does not
There are two transitions corresponding to electron tunne funnel as a whole entity in a single event, though energeti-

ing, (Ne,Npp)—(We,Nur) and Ne, W) —(We,Wan)-  cally allowed. Tunneling rather takes place in a two-step
The first process is very fast since the energy separation bej,cess The strong Coulomb correlation in 11-VI semicon-

tween initial and final states Is almost equal to th_e LO-gyctors renormalizes the energy spectrum so that transitions
phonon energy and hence the momentum change is smag,y,iqqen in a single-carrier scheme become very efficient.
We find tunneling tlr_ne§(200—300 f$ even shorter than Tunneling of the hole can start from an indirect exciton state
those computed for individual electrons without COUIOmb(electron in the WW which is formed within 200 fs. In this

interaction. Thus, the absorption recovery in the pump-probg,, ‘the entire exciton is indeed transferred from the NW to
measurements  is  controlled by ~ the  transitiony,o'\wyy in 1 ps by the emission of two LO phonons. It will

(We,Npy) — (We,Wiypy) corresponding to hole transfer from e nteresting to study other designs of ZnSe-based ADQW's
NW to WW. The calculated tunneling time for the present; his regard.

ADQW is 1.2 ps(see Fig. 3, in excellent agreement with the
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