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Negatively charged excitons in coupled double quantum wells
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We study magneto-optical spectra of neutral and negatively charged exckonsirf remotely doped
double quantum wells with coupled conduction bands. We observe photoluminescence due to the recombina-
tion of X~ leaving an excess electron in the adjacent quantum (@), which anticrosses the single-QW
X~ line with applied gate bias. We see also the inter-QW comprising an electron in either well.
[S0163-182607)01703-1

The semiconductor analogs of the negative hydrogen ioraddition to their occupation densities.
the negatively charged excitorX(),*~® and donor center We studied a series of GaAs/Aba;_,As double QW's,
(D7), provide ideal systems for studying electron-electrongrown by molecular beam epitaxy @@00)-oriented, semi-
interactions. Recent experiments have also demonstrated tiesulating GaAs substrates. The growth sequence for each
existence of the positively charged excito'().2° Interest  was 1 um GaAs, 1um Alg3Gag¢As, 0.5 um GaAg25
in these three particle bound complexes has been rekindlel)/Al 5 3Gay sAS(25 A) superlattice, GaAs back QW,
by the large increase in their binding energy caused by conAl , ;Ga, sAs barrier, GaAs front QW, 600 A undoped
finement in a quantum wellQW). The binding energy is Al 3{GagsAs spacer, 2000 A AJ;Ga;cAs Si doped
further increased by the application of a magnetic field, lead¢10'’ cm~3), and 170 A GaAs cap. For sample 1 the dimen-
ing to the stabilization of the excite@riplet) state of X~ sions of the(back QWo/barrier/front QW layers were(300
which has a symmetric spin wave function upon interchangd\/25 A/200 A); for sample 2250 A/25 A/200 A; sample 3
of the electrons®® We present here the first reportXf in (200 A/25 A/200 A; and sample 4200 A/25 A/300 A.
double QW structures, in which the electron wave functionsSample 5 was a single-QW control structure incorporating
in neighboring wells are sufficiently close to interact. Wejust a 300 A QW. The samples display exciton linewidths of
demonstrate behavior in the spectra due to the coupling diypically 0.3 meV. The wafers were processed into mesas,
the excesslectrons in the two QW'’s. with Ohmic contacts to the QW layers, a semitransparent

PhotoluminescencéPL) spectroscopy has been used toNiCr Schottky gate on the top surface and an additional con-
study interwell coupling of neutral excitonsX) in both tact to the back of the substrate. Although each showed
double QW’s(Ref. 11 and superlattice¥’ In these studies qualitatively similar behavior, we present spectra taken for
spatially indirect recombination is observed between an elecsample 1, for which their was no spectral overlap of the
tron and a hole in adjacent QW'’s, the energy of which can beontributions of the back and front QW's.
varied by an electric field applied normal to the layers. Atthe Figure Xa) shows the band profiles of sample 1. Since
applied electric field where the energy of the indirécis  only the upper A} 3Gag gAS barrier layer is intentionally
close to that of the direct, involving an electron and hole in doped, the majority of the excesS’s are in the front QW
the same QW, the two exciton wave functions hybridize.under unbiased conditions. The back QW does, however,
This produces an anticrossing of the exciton energies as @ntain a smale™ density by virtue of its smaller confine-
function of applied electric field, along with a sharing of the ment energy than the front QW. This layer structure is thus
transition intensity. ideal for studyingX™ in the back QW, whose observation

The double QW structures studied here differ in that theyrequires a small excess density (~ 10° cm~?). The
are remotely doped so as to contain an excess of electroms density in the fron{200 A) QW can be varied by apply-
whose density can be varied by means of depleting Schottking a voltage ¥y;) between the front gate and the QW lay-
contacts. When the electroe () density in either QW is of ers. Similarly we bias\(,,) the substrate with respect to the
order~10'° cm~2, PL is observed due to recombination of QW layers in order to vary the back QW density predomi-
both neutral ¥K—photon and negatively charged nantly.
(X~ —photonte™) excitons. Our spectra display inter-QW  PL spectra taken on sample 1 with a fixed back gate bias
states ofX™, in addition to the previously observed anti- and different front gate biases are plotted in Fig) 2while
crossing ofX. However, more prominent is the coupling of Figs. 2b) and Zc) show the variation of the PL energies and
the final, single-particlee™ state of theX™ recombination. peak heights witlV¢,. The PL originating from the front 200
This resonance in thiinal state of the recombination is only A QW is qualitatively similar to that observed for the
possible forX™ and notX. We show how analysis of the PL single-QW structurdsample % and that reported previously
energies and intensities yields a direct measurement of thigy us in Refs. 2,13. Fovyy = 0.0 V, the PL from the 200 A
coupling energy of thee™ subbands in the two QW'’s, in QW consists of a broad band, reflecting the spread of occu-
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v density dependence to that of a single-QW and thereby pro-
IT(m'gre 2004 (:)TI X (b) (N_ia vides a reliable measure of its” density.
-ve) a00A P9 \\X- More interesting is the dependence of the PL of the back
) ‘IN“ QW on the front gate bias. The back gate bias has been fixed
) ) I in Fig. 2(a) to provide ane™ density for which bothX and
e~y =e, | X[ X, ! X~ can be observed for the 300 A QW. Notice in Figa)2
£ Xl X. that theX™ seconde™ binding energy, indicated by its spec-
e 1 tral separation from th& line, is apparently independent of
: \4 e ¢ : the e~ density in the front QW; the splitting i0.90
\ s N v +0.02 and (0.88+0.02 meV in the Vi; = 0.00 and
¢ e |le, €, —0.70 V spectra, for which the front QW™ densities are
Vig ! Vi, ~1.2 and~0.0x 10'* cm~2, respectively. Clearly then the
-ve +ve || e € X~ seconde” binding energy is quite insensitive to the

charge in the other QW.

FIG. 1. (a) Schematic of the valence and conduction band pro- There has been some debate in the literature as to whether

files of sample 1. An increasingly negative bias applied to the frontx_ is free in the QW plane 9r localized -by the po'FentiaI
(back gate raises the potentials at the fraback of the DQW  fluctuations caused by the ionized donors in the barfigfs.

structure. (b) Schematic of possible recombination channels forSince the spacer layers are relatively thick, and the doping
X~ in the back QW, according &~ —photonte™, as a function ~concentrations low, the effect of the donor ions is expected
of front gate bias, close to energetic resonance ofethdevels in  to be small in our samplesS.However, we can reduce the
neighboring wells(c) PossibleX™ PL, close to resonance of the amplitude of the fluctuations yet further by introducing a
inter- (X;) and intra-QW K;) excitons. large e~ density into the front QW which will screen the
donor potential in the plane of the back QW. The fact that we
piede” states and allowing the density of the 200 A QW to still observeX ~ in the back QW after adding a large electron
be estimatetf as 1.2< 10'* cm~2. A negative bias applied to density to the front QW, and indeed with negligible change
the front gate reduces the density in the front QW, producingn binding energy, suggests that the donor potential is cer-
the blueshift and narrowing of its PL band apparent in Figstainly not a prerequisite faX™ formation.X™ may exist as a
2(a) and 2b).** Around —0.40 V, the PL band narrows to a free species.
sharp peak, which is attributed to ti recombination in The PL spectra of the back QW do, however, show some
the 200 A QW and the neutral excitoiX) line appears to unusual behavior over the range of voltages whereethe
higher energy. Thus, the PL of the front QW shows a similarstates in adjacent wells are close to resonance. Notice that
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FIG. 2. (a) PL spectra recorded on sample 1 with the different front gate biases indicated, fixed back gate bias, and a sample temperature
of 2.0 K. Evolution of the PL peak energiéls) and intensitiegc) of the 300 A QW with front gate bias.
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FIG. 4. PL spectrdon log scalg recorded on sample 1 at dif-

FIG. 3. Front gate bia_s depende_nt PL spec_tra_ measured for thI‘%rent front gate biases, and a more negative back gate bias than in
300 A QW of sample 1 with an applied magnetic field of 8 T, fixed Fig. 2. For this back gate bias tfes density of the back QW is

back gate bias, and a sample temperature of 2.0 K. Notice thgmall but finite. Notice the weak peak due to the inter-QW
anticrossing of both the singleiX() and triplet (X;) states of transition. X
Xe

X~. The dashed lines are guides to the eye. F@&kis due to a
bound neutral exciton and is also observed in single-QW's at venpack QW'’s. The anticrossing for the 200 A QW is most
low e~ densities(Ref. 10. readily observed in spectr@ot shown taken for different

Vg and fixedVyy, for which it is qualitatively similar to that

three peaks can be observed in the band edge régibh8— in Fi for th A OW f ; f
1.5205 eV of the 300 A QW for—0.42=V,;=—046 V. v @ 0> @) and 2b) for the 300 A QW as a function o

fg -
The dependence of the two lower energy peaks/gnand When a magnetic field is applied normal to a single QW,

Vpg demonstrates that both require the presence of an excegs iherx - peak emerges below theline, due to an excited

€. T.h's’ along with the nature of the anticrossing behaV'Orstate where the spin wave function is symmetric upon inter-
described below, leads us to ascribe the two lower energ

v o o hation leavi | "%¥hange of the two electrons; the spin-triplet stafésin the
gﬁﬁef otfot)r(1e tr\/(\a/gogugzzqnsft?gg;%san excess electron '”present study of double QW'’s, the coupling of e states

Figure 2b) demonstrates the apparent anticrossing of th(lss manifested as an anticrossing of both the ground, singlet
: h : > = " Tstate K ) and excited, triplet stat at finite magnetic
two lower energy peaks ag is varied. The anticrossing is ¥s) P ) g

: 4 ; . : ) field. Figure 3 plots PL spectra taken at differery, and
unusual in that it occurs in thénal state, i.e., the single fixed Vy, Under an applied magnetic field of 8 T. The emitted

ﬁght is polarized ino~ polarization. Notice the anticrossing

of both X, andX; near—0.36 V, with similar gap energies

(Ef ~ (0.50=0.09 meV, respectively. Similar anticrossing
ehavior is observed inr™ polarization.

The intensities of the twoK™ peaks depend upon the
overlap of the initial and final states for each transition, as
well as the population oK™, and hence the density of excess
§ 's, in the back QW. For Vi=-0.44 V, thee, wave
function lies predominantly in the back QW and hence has

and the hole inX™ recombine according t&X™ —photont
e~ . Figure 1b) illustrates the anticrossing of the levels
which occurs when an increasingly negative bias is applie
to the front gate, thereby raising the potential on the left-
hand side of Fig. (a). At the gate biases where tbe levels
in the two QW'’s are close to resonance, the survivdngcan
be left in either of the two hybridized states after recombi-
nation, producing two possible recombination energies an
therefore twaX™ peaks in the PL spectra. We label these two ; - X >
peaksX; andX; according to whether the™ is left in the ~ arger overlap with the™ wave function thare, , produc-
first or second subband, themselves labeled in order of inNd the strond; PL peak for the back, 300 AQw. Close to
creasing energy. The minimum energy separation fitted téesonance, the amplitude in the back QWegf declines,
the two X~ peaks gives a direct measure of the couplingwhile that ofe; grows, leading to the transfer of transition
energy of the single™ states, 0f0.55-0.09 meV for this  strength to theX; peak seen in Fig. 2.
e~ density, close to the value expected from a self-consistent The excitonic intensities are also remarkably sensitive to
solution of the Poisson-Schiimger equation® intra-QW many-bodye -e~ interactions, through their de-
The hybridization of thee™ levels in the two QW'’s also pendence on the population & (and hencee™) in the
produces an anticrossing in tXe transition of the front 200 back QW. Notice the sharp maximum in the intensity of
A QW. Indeed twoX ™~ peaks from the 200 A QW can just be X; near—0.46 V in Fig. Zc) and the dip in the strength of
discerned in some of the spectra in Figa)2 Notice in Fig.  X. These features are apparent over a wide range of different
2(b) that, consistent with our assignments, the energy shift oback gate biases. They can be explained by an increase in the
the X™ transition withVy, has opposite sign for the front and e~ density of the back QW upon depletion of the front QW,
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due to the difference in the many-body exchange-correlation Figure 4 plots PL spectra taken with differevif; and a
potential in the two QW’$® In the random phase approxi- fixed Vg, for which thee™ density in the back QW is lower
mation, an exces® density (N) creates an exchange- than in Fig. 2 but still finite. Measurements taken at more
correlation potential which changes the conduction band en--ye Vg, for which the back QW is depleted, demonstrate
ergy by(for bulk) V. —N*°. Close to depletion of the front that the peak marked in Fig. 4 is due to the inter-QW
QW, there is a sharp reduction in the magnitude of itSheytral exciton(At these more-ve V,, the X, peak blue-
exchange-correlation potential, producing a larger drop in it$pitts  with increasingly —ve V;, and anticrosses the
e~ density than would occur without this many-body effect. intra-QWX.) The X, peak weakeng very rapidly with excess
Since the total exce®s™ density is determined by the device -

capacitance and the applied voltages, this has the effect (gf density in the back QW, explaining why it is only ob-

increasing the density in the back QWy around 18° erved at the.m(_)s{—ve Vig I F!g. 4. We suppose this is
) . o < . . because the lifetime of a hole in the 300 A QW decreases
cm™ < for this structurg This increase ire” density raises

the population oX™ in the back QW, while lowering that of rapidly with increasinge™ density? thereby quenching the

X correspondingly. This produces the sharp strengthening dPUCh ;Iower indirect recomblnatlo_n._ ) L
the X; transition, whose optical matrix element dominates Notice the weak peak, markex, in Fig. 4, which lies
over that ofX, at this bias, as well as the weaker maximumaround 4.2 meV to a lower energy thaf and which also
in the X, intensity and the large dip in strength Xf blueshifts with mcreasmglyive Vfg.' Th|s feature, which is
So far we have discussed only coupling of the firal, ~©NlY observed for a smak~ density in the back QW, is
state of theX~ recombinationX~ — photon+e . In Fig. 2  2Scfibed to recombination of the inter-QW", leaving an
the twoX "~ transitions of the 300 A QW are from the same © In the back QWldashed line in Fig. (©)]. This is sug-
initial (intra-QW) excitonic state, consisting essentially of 9ested by the fact that thé, peak shifts to higher energy
two electrons and one hole in the back QW. One could als&vith increasingly—ve Vi, i.e., the opposite behavior to that
envisage arinter-QW X~ consisting of one electron and discussed previouslyFig. 2), indicating that the inter-QW
hole in one QW and the secord in the other QW. This coupling is in the initial[Fig. 1(c)], rather than fina[Fig.
will couple to the intra-QWX ™ as a function of gate bias, as 1(b)] state of the recombination. Also consistent with the
shown schematically in Fig.(&). The resonance of th&~ X, assignment is its relatively large splitting fraxdy of 4.2
states is shifted to less-ve Vi, (or, alternatively, more meV. One expects a large binding for the “second”,
—ve Vyg from that of thee™ states, because the secondsince it is placed in the same QW as the hole and the oppo-
e~ binding energy of the intra-QWX ™ is larger than that of ~site one to the “first”’e™ in X,.
the inter-QWX™. In conclusion, the PL spectra & in double QW’s show
Notice in Fig. 1c) that the inter-QWX™~ can relax to an anticrossing due to mixing of excess states of the two
either of thee™ subbands producing two possible transitions.QW's. In a magnetic field both singlet and triplet states of
We do not observe the inter-QW~ transition leaving the X~ undergo this splitting. The minimum splitting of the PL
excesse” in the other QW to the hole. This is because thelines gives a direct measure of the coupling energy of the
binding energy of the excess in the front QW to the € ’s. On the other hand, the excitonic intensities are very
exciton in the back QW will be small and the transition is sensitive toe™ transfer between the QW’s due to their dif-
therefore not resolved from the neutral exciton of the bacKering exchange-correlation potentials. Away from reso-
QW. We do, however, see the inter-QW PL leaving an nance, theX™ second electron binding energy is not effected
excese~ in the same QW as the hdldashed in Fig. (c)], by alargee™ density in the other well, demonstrating that it
as discussed below. Although one could expect the latter tig insensitive to the donor localization potential. The
be the weaker of the two inter-QW™ transitions, its obser- inter-QW X_, comprising ane™ in either well, is also ob-

vation is aided by the fact that it is shifted froxn served at the lowest excess densities.
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