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Trion formation in narrow GaAs quantum well structures
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We study the optical and electrical propertiemdafn GaAs/AlAs double-barrier resonant tunneling diodes.
Under illumination, new resonances appear in the current-voltage curves due to tunneling of photoexcited
holes. By tuning the bias and the intensity of illumination, we can control independently the number of
electrons and holes tunneling into the quantum well. This allows us to create charge conditions in the well that
favor the formation of either positively charged, neutral, or negatively charged excitons. Our measured value
of the binding energy of the second electron in the negative trion is significantly larger than that of the second
hole in the positive trion.
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Many-particle systems are characterized by complexitthan of X*. In narrow QW's, this effect could therefore per-
and self-organization arising from simple physical laws. Forturb the expected value &, andE,, when the degree of
instance, the long-range Coulomb interaction between eleuantum confinement is increaseth self-assembled quan-
trical charges is responsible for the bound states of matter. ltum dots, which can be regarded as an extreme limit of in-
atomic and semiconductor physics, the simplest case is &rface roughness, the difference between Xieand X~
bound pair formed by two opposite charges, of which thebinding energies is of particular significance and intetést.
hydrogen atom and the exciton are representative examples. This paper examines the formation and binding energies
The role of particle mass on the formation of the boundof charged excitons in a narrow GaAs QW structure in which
complex becomes more relevant when a third charge ithe relative concentrations of electrons and holes can be ad-
added. For hydrogen ions, the binding energy of ks  justed in a controlled way. This is achieved by using a
2.8 eV, whereas for Hit is 0.75 eV. Hence, the electronic double-barrier resonant tunneling dioRTD) in which the
affinity is significantly larger for the heavier charge than for GaAs QW is embedded between thin AlAs barriers. Under
the lighter oné. an applied bias, electrons can tunnel into the QW from

In a semiconductor, the electronic affinity of the third car-n-doped GaAs layers placed on either side of the barriers. By
rier involved in the formation of charged excito(m-called illuminating the device with above-band-gap light under
trions) is expected to show a similar behawvicrPositively  bias, the photogenerated holes can also tunnel into the well
charged (X*=2 holes+1 electron and negatively charged (see Fig. 1, insetBy varying the biasy, and the intensity of
trions (X =2 electrons+1 hole form when excitons are illumination, we can control the number of electrons and
present in an environment with excess holes or electrond)oles tunneling through the barriers. Thus, we can precisely
respectively. They were initially investigated theoretichffy ~tune the charge state of the QW from hole-rich through
and later observed in semiconductor quantum WeW) charge-neutral to electron-rich conditions. This allows us to
structure$—® The binding energy of the second electron,

Epe Or second holef,, is a few meV, and increases with 100

F  Emiter DBRTD Collector

the quantum confinemehtlowever, theory and experiments &
have provided conflicting evidence about the relative magni- 1

tudes ofE,, and E,;, in QW’'s81! The measured binding 1k

energies forX* and X~ are rather similal® In some cases, i_EE g 13 W'

5.2 mW/em
2.6 mW/cm
1.1 mW/em
0.3 mW/cm
0.1 mW/em

Epp is about 10% larger thah,,° in other cases smallét. 0.1
This disagrees with theoretical predictiérisat suggest that i

Ep,, should be about 30% larger th&p in GaAs QWs due
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>

to the heavier hole effective mass. 0.001 L 0 mwem’
Recent theoretical wotk!*has considered other possible GO0 oS o0 Gi6 620
mechanisms involved in the binding energy of the third car- V)

rier. They suggest that the disorder due to well-width fluc-

tuations may lead to a significant increase of the trion bind- F|G. 1. 1(V) characteristics at 4.2 K in forward bias under illu-
ing energy in narrow QW’s where interface defects becomenination by a 760-nm laser line for different powers between 0
relevant. The different electron and hole localization at thgbottom and 13 mW/crf (top). Inset: The schematic band diagram
defect site is responsible for the distinct increase ofXhe showing how the photocreated electron-hole pairs drift in opposite
and X* binding energies, which is larger in the caseXof  directions under an applied electric field.
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create, in the same QW, different environments that favor the
formation of positive, neutral, and negatively charged exci-
tons, respectively. In this way, we can compare the values of
Ep andE, j, in the samestructure without resorting to mak-
ing difficult comparisons between spectra of different
modulation-doped samples, in which there can be unintended
small differences in the well width.

We investigate the current-voltage characteristi¢y),
and the photoluminescen¢eL) of an-i-n GaAs/AlAs reso-
nant tunneling diode under laser illumination over a wide
range of bias. The device was grown by molecular beam
epitaxy at 550 °C on a semi-insulatifig00) GaAs substrate.
It has a symmetric layer sequence, incorporating two 6-nm
AlAs barriers and a 9-nm GaAs QW in the undoped intrinsic
region. Undoped GaAs spacer layers of 20 nm separate the
barriers fromn-type doped contact layers with Si doping
graded from 2 10 (51 nm thick through 2< 10 (80 nm)
to 2 10 cm™ (100 nny. Optical lithography and wet etch-
ing were used to process circular mesas of diameter 100,
200, and 40Qum with a metal-free window at the top to

PL Intensity (arb.units)
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FIG. 2. PL spectra at 4.2 K at different forward biases under

provide optical access for PL measurements. illumination by a 760-nm laser line with power=2.6 mwW/&m
Under bias, a two-dimensional electron accumula-Spectra are displaced vertically for clarity.

tion layer(EAL) forms in the GaAs spacer layer on the nega-

tively biased (electron emitter side of the device(see  spectively, in analogy to the assignment of hole resonances
inset of Fig. 3. At low temperatures, the electron gas in the pejow E; observed inp-i-n tunneling diode3 Assuming a
EAL is degenerate, as confirmed by the Shubnikov—-de Haasimijlar escape rate for electrons and holes from the QW, the
like oscillations observed in the tunnel current when a magratio of electron/hole charge is approximately given by
netic field is applied perpendicular to the electron sheet. Q./Qn=14/1},. Therefore, comparing th&V) curves in dark
Figure 1 shows typicall(V) curves atT=4.2K for a  conditions and under illumination, we estimate that the hole
400-um-diam device under different levels of laser light il- gensity into the QW is an order of magnitude larger than the
lumination (760-nm ling. In dark conditions, the device glectron density at biagg, for the highest illumination con-

shows a peak in(V) at V=+0.185V, corresponding to (ditions.

resonant tunneling of conduction electrons from the EAL  With increasing bias beyond the threshold of Exereso-

into the lowest energy subbaig of the QW. At the onset of nance, electron tunneling is more efficient and electrons pro-
the E; resonance(V~=+0.070 V), the electron charge gressively become the majority carriers in the QW. In this
buildup of the QW increases and is a maximum at the resoway, hole-rich and electron-rich conditions occur on Be
nant peak position. Th&V) curves are symmetric in forward andE, resonances, respectively. When electrons and photo-
and reverse bias. Under illumination, two new resonahtes, created holes injected from EAL and HAL enter the QW,
R, and R,, appear inl(V) at bias voltaged/g;= +0.065V  they recombine leading to PL emission. The bias-dependent
and Vg,=~ +0.100 V, significantly below the peak of thg  tunability of the QW charging allows us to control the rela-
resonance. They appear only for photon energies larger thaive populations of the neutral and charged excitons as is
the GaAs band gap and their amplitudes depend strongly oclearly revealed in the optical response of the QW.

the illumination intensity, as shown in Fig. 1.

For a given illumination powefe.g., 2.6 mW/crf), the

To understand the effect of illumination we refer to the PL spectra are very sensitive to the carrier charge buildup of
band profiles of the device shown in inset of Fig. 1. In for-the QW, which can be tuned with the applied bias. No PL
ward bias, corresponding to the top GaAs layer biased signal from the QW was detected at zero or low applied bias.
positive, photocreated electrons in the GaAs depletion regioAs shown in Fig. 2, the threshold for detecting PL emission
beyond the right-hand barrier are swept into the doped colfrom the QW is atvV~ +0.090 V, corresponding to the low
lector region, but photocreated holes drift towards the collechias edge of the resonanBg. On this resonance, the photo-
tor barrier where they form a hole accumulation layercreated holes are efficiently injected into the QW and ther-
(HAL). This process has been discussed previously in thenalize intoHH,; where they can recombine with the small
context of PL of RTD's” The space charge of the HAL number of electrons that start to tunnel into the QW in this
modifies the electrostatic profile in the device and accountbias range. This recombination in the QW has an excitonic
for the observed shift to lower bias of the threshold and peakature as revealed by the diamagnetic shift of the PL spectra
of the E; resonance. The line shapesRyfandR, are similar  under the magnetic fiekf. The number of emission lines and
in both bias directions but their amplitudes are smaller intheir relative intensities are sensitive to the charge state of
reverse bias because of optical absorption effects. We ascrilbee QW. Thus, betweew=+0.090 V and +0.120 V, in the
theR; andR, resonances to hole tunneling through the heavyvicinity of Vg, where holes are majority carriers in the QW,
hole and light hole state QW subban@$H,; andLH;) re-  we can resolve two PL peaks at 1.5603 and 1.5618 eV. We
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FIG. 3. lllumination power dependence of the PL spectra under

illumination by a 760-nm laser line fov=+0.095 V at 4.2 K. FIG. 4. Bias dependence of PL intensities of lines
(1.5618 meV, X* (1.5603 meV, andX™ (1.5597 meV under illu-

identify them asX* and X, respectively. Within this bias mination by a 760-nm laser line for a fixed illumination power of
range, any increase of hole density would fa¥X6rforma- 13 mw/cn? at 4.2 K. The PL intensity dependence is compared
tion. Figure 3 shows the PL spectra for different illumination with the forward biad (V).
powers for a bia¥=+0.095 V. It is clear that thX* forma-
tion is favored when the hole density in the QW is enhancedvith the current peak of th&, resonance a¥=+0.100 V
at high illumination powers. Despite their relative intensity and falls off gradually with increasing bias, disappearing
changes in the PL spectrum over this bias range, the energyose to the threshold of the main resonant peaklue to the
positions of theX” and X PL lines do not change. When the increasing amount of electronic charge in the QW. The bias
bias is increased td/=+0.120V, which Corresponds to dependences of thé" and X~ PL peaks provide a clear Sig_
the minimum in current betweeR, andE;, only the neutral  npature of the changing carrier environment in the QW and is
exciton peak remains. A further small increase of biasconsistent with a model of trion formation involving a dy-
towards the peak oE; gives rise to another well-resolved namical equilibrium between trions, neutral excitons, and
emission line at lower energfl.5597 eV. With a further  free carriers, and the respective recombination tithdster-
increase in bias, the electron density in the QW increasesstingly, atV=+0.120 V and for the laser excitation condi-
and the new emission line becomes dominant for biasion shown in Fig. 2, the PL spectrum is dominated by Xhe
V>+0.130 V, whereas the neutral exciton PL quenches apL line, indicating that neutral-charge conditions prevail in
the approach of the peak of g resonance. The fact that the QW. This condition can be shifted slightly to lower bias
the new line is favored by electron charging of the QW iden-by increasing the laser intensity. Since the holes entering the
tifies it as arising fromX™ recombination. QW from the HAL arise mainly from photogeneration in the
Still higher bias leads to changes in the relative intensityGaAs collector layer, by varying the illumination power we
but the energy position of the PL lines remains identical.can enhance the formation ¥ as is confirmed by the PL
Note that for the whole range of bias up to the peak offpe spectra shown in Fig. 3.
resonance, the energy position of iéL line remains con- The PL spectra in Fig. 2 provide us with values of the the
stant, i.e., the quantum confined Stark effect is negligible, aginding energies ofX* and X~ in the same QW: E,,
expected in a 9-nm-thick QW at these modest applied elec=1.5 meV andE,,=2.1 meV. It is of particular interest that
tric fields° Epe IS ~40% larger tharE,, especially as a similar result
The evolution with bias of the PL spectrum froX"  has also been reported for trions in quantum wifeslarger
throughX to X~ emission is a clear signature of the electricalvalue of E, |, than E, is expected® in analogy with the
charging state into the QW. The resulting PL can therefore beelative binding energies of fiand H". On the other hand, a
used to monitor the tunneling of electrons and holes into therevious experimental study comparing trion binding ener-
QW as a function of bias. In Fig. 4, we compare the tunneljies in a wider 20-nm GaAs QW gave Epn=Ebe
current flowing through the device with the PL intensities=1,10 meV. These values are significantly smaller than those
of neutral exciton and trions as a function of bias for fixedwe have obtained in a 9-nm QW. In the caseX5f the
illumination power (13 mW/cn?). The evolution of these observed increase of 35% Bf, for our narrow QW can, in
PL lines is clearly correlated to the hole and electron tunnelprinciple, be explained by the reduction of the quantum well
ing. The X* PL intensity increases from a threshold width.” However, an increase of 90% fd, . is difficult to
at V=+0.090 V to a maximum at +0.100 V and then de-explain by considering confinement effects only.
creases, disappearingVat +0.120 V. Note that the peak of  Our results suggest that other mechanisms may cause the
the X" PL intensity coincides with that d®. Thus, we con-  large increase oE, . for a narrow QW, and compared with
clude thatR; in I (V) is associated with resonant tunneling of the E,, value. Recent calculations suggest that fluctuations
photogenerated holes into the QW. TKe line appears at in the well width produce disorder, which tends to increase
V>+0.120 V, and its PL intensity increases, to reach ahe binding energy of the third carri&r!® They predict a
maximum atV=+0.160 V, which coincides with the main larger increase of the trion binding energy compared to cal-
peak inl(V) due to electron tunneling into tHe, subband.  culations, which neglect disorder effeét3hus, when the
The maximum intensity of th& PL line also coincides effect of disorder is included the expected valueEgg in
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narrow GaAs QW'’s is a factor of 2 larger than for the caseing energy of the third carrier in trions, as recently
when confinement effects only are considefédlin addi-  predicted:?'3We demonstrate that a RTD is a useful system
tion, the influence of disorder is expected to be different forfor studying trion formation, since it is possible to precisely
X* and X" as is observed in quantum défsDue to its  tne the electron and hole densities in the QW by a combi-
smaller effective mass, the spatial extent of the electron wavgaion of voltage-controlled injection and optical excitation.
function in the interface defect is larger than that of theWe also identify the origin of a photoinduced resonant peak

hole’*3 This leads to a large, . thanE, ;. Since interface . . o :
roughness is particularly important in narrow QWs, disorder” (V). Finally, we suggest that further insights into the ef-

effects may become more significant than the quantum corf€Cct Of disorder on the positive and negative trion binding
finement effect as the QW width is decreased. This coulnergy could be gained by studying similar RTDs but with
explain our observation of a significantly larger valuesgf, ~ controlled amounts of interface disorder, e.g., by introducing

thanE,y, in a narrow GaAs QW. a small concentration of Al near the QW-barrier interfaces.
In conclusion, we find strong evidence for a larger bind-
ing energy forX™ than for X* in narrow QWs. Our experi- Support of the UK EPSRC and the European Access Pro-

ments indicate that interface defects may enhance the bin@"am(RITA-CT-2003-505474is gratefully acknowledged.
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