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Modulation of the luminescence spectra of InAs self-assembled quantum dots by resonant
tunneling through a quantum well
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We investigate carrier dynamics in optically excited-n GaAs(AlGa)As resonant tunneling diodes that
incorporate a single layer of InAs quantum dots in the center of the GaAs quantutt@Qwéll VVoltage-tunable
resonant changes in the dot luminescence are observed and are discussed in terms of the tunneling of carriers
into the resonant states of the QW and of the capture of carriers from the QW into the dots.

Since the first experiments on resonant tunnelitigere  cated on the top of the mesa to permit optical access to the
has been great interest in the physics of this phenomenon asdmple for PL spectroscopy and measurements of the
its potential application to high-speed electronics andcurrent-voltagel (V), characteristics under illumination. The
optoelectronic§. The rapid advance in nanofabrication and optical excitation was provided by the 633-nm line of a
growth of semiconductors has led to the development of newje-Ne laser.

designs for resonant tunneling diod€éRTD's), including Figure 1 shows thé(V) characteristics of the devices in
structures that incorporate self-assembled quantum dof§nyard bias(negatively biased substratand without illu-

(QD's). These are nanometer-sized clusters, which formyination. They differ substantially from each other: in the

spontaneously in strained semiconductor heterostruc%urescontrol samplgc) two resonancesl ande2, are observed

rsrﬁlcﬁgt s);%e{l'mﬁgltsl;;m‘ég[élzgvﬁeoi'tgirsg]?grgog;iimcorresponding to electrons tunneling through the first two
9 . ' quasibound states of the QW; in contrast, in sampld$

quantum wel(QW) surrounded by twéAlGa)As barriers>® ) .
Tunneling spectroscopy has been used to study transpo"flpd qd2, the low b|as.reso.nance 1S not observed and the
through the zero-dimensional electronic states of &tmnd second resonant peak is shifted to higher voltages. As a pre-

to realize QD-based memory devices. liminary to interpreting these data, we first modeled thg reso-
In this paper, we investigate carrier dynamics in a serie§@nt states of this type of structure. We solved the Schro
of optically-excited n-i-n GaAs(AlGa)As double barrier dinger equguon in the effective-mass approximation for a
RTD’s in which a layer of InAs QD's is embedded in the GaAs well incorporating a two-dimensional InAs layee.,
center of the GaAs QW. We show that the photolumines0 QD’s) with thickness in the range 1-2 ML. The effect of
cence(PL) emission of the dots depends strongly on biasthe InAs layer is to lower the energy of the first QW resonant
being affected by the capture into the dots of both electronstate €1) below the GaAs conduction-band edge. In con-
and photocreated holes, which enter the QW by tunnelingrast, higher-energy resonant states are less strongly per-
processes. This effect, which relies upon the very short timéurbed, particularly the odd-parity states, l&2, which have
for carrier capture into the dots compared to the dwell timenodes near the center of the wellhis simple model ne-
of tunneling carriers into the well, provides a sensitive meanglects the real morphology of the InAs layer, which consists
of probing the tunneling dynamics of minority holes into the of dots and a two-dimensional InAs laygwetting layer
Qw. (WL)] beneath them. The effects of the QD morphology can
Our samples were grown by molecular-beam epitaxybe represented as local minima in the WL potential profile,
Structuresqdl andqd2 consist of two 8.3-nm Al,Ga,As  producing a distribution of discrete and localized QD states
barriers and a 12-nm GaAs QW in the undoped intriigic  below the continuum states of the WL. The effect of the
active region of am-i-n structure. A layer of InAs dots was InAs layer is to lowerel below the GaAs band edge, thus
grown in the center of the well by depositing 1(8ample making this state unavailable for resonant tunneling of elec-
gdl) or 2.3 (sampleqd2) monolayers(ML) of InAs. Un-  trons from the GaAs emitter layer. This is consistent with the
doped GaAs spacer layers of width 50 nm separate thebserved suppression of te& resonance ih(V) in samples
Al, Gay ¢As barriers from % 10t-cm 3 n-doped GaAs lay- qdl andqd?2.
ers of width 50 nm. Finally, ¥ 10'®cm™3 n-doped GaAs The modification of the resonant states by the InAs layer
layers of width 0.3um were used to form contacts. For com- also induces a redistribution of the electron charge in the
parison purposes, a control samggamplec) was grown device and leads to major changes in the electrostatic poten-
with the same sequence of layers but with no InAs layer. Théial profile. Due to the presence of the dots, at zero bias
samples were processed into circular mesa structures of déquilibrium is established by some electrons diffusing from
ameter 100um. A ring-shaped electrical contact was fabri- the doped GaAs layers and filling the QD states. The result-
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o be captured by the dots and then recombine radiatively. Car-
FIG. 1. I(V) characteristics at 10 K for samplesdl .(L rier capture into QD’s proceeds within times~ 1 pS,13

=18ML), qd2 (L=2.3ML), andc (no InAs layey. For clarity,  \,ch ghorter that the characteristic dwell times) (of elec-

the curves corresponding to the different samples are dISp|aceﬁlonS and holes that tunnel resonantly into the well, but com-

along the vertical axisel ande2 indicate the first and the second parable to, or even longer than the semiclassical t,ransit time

resonant current peaks in samplérhe insets show sketches of the f . h h th W and barri “rDue t

RTD potential profile at zero bias for the control sampland a (T.t) 0 carrle.rst roug e Q. ana barrier reg ue to .

RTD containing dots in the case of nonchardgledand charged dots this fast carrier capture, the_ plas dependence of the th lumi-

(a. nescence is thus very sensitive to the resonant tunneling pro-

cess through the QW resonant states.

. ] ] ) ~As shown in Fig. 3 for samplgd2, we observe an overall

ing negative charge in the QW produces depletion layers ifhcrease of current under illumination. This arises from the

the region beyond theAIGa)As barriers. The insets of Fig. 1 additional contribution to the current of the photocreated

show schematically the RTD potential profile at zero bias fotholes. The photocurrent increases rapidly at low voltages

the control sampl¢inset(c)] and a RTD containing dots in  (<0.2 V), showing a resonant feature-af.15 V, it saturates

the case of non chargdéhset (b)], and charged dotSnset  as a function of between 0.2 and 0.4 V, and then follows
(@]. We can estimate the areal density of electrons trapped in

the dots from capacitance-voltage measurememtis:zero
bias it is comparable to the QD densit{gp~ 10" cm™?)
measured by atomic force microscopy on uncapped samples
grown under similar conditions to samplgdl andqd2. A
significant voltage~100 mV) is then required to reach the
flat-band condition on the electron emitter side and to form
the electron accumulation layer, from which electrons can
tunnel into the QW. This shifts the voltage position of #&
current peak in samplagdl andqd2 with respect to sample

c (see Fig. L

We now consider the effect of optical excitation on the
I (V) characteristics and the associated bias-dependent PL of
the devices. We show that devices incorporating dots exhibit
PL spectra, which differ considerably from those reported in
the extensive literature on conventional RT®"$?

Figure 2 illustrates the dynamics of carriers when the de-
vice is excited with above-band gap laser light. Electrons are _
electrically injected from the negatively biased GaAs emitter a—— P E— L

. . . 0.0 0.4 0.8 12
layer into the well. At the same time, light creates photocar- v (V)
riers (electron-hole paipsthroughout the sample. The photo-
electrons are swept by the depletion field into the positive |G, 3. Comparison between the voltage dependence of the cur-
contact(electron collector, whereas the holes move towards renti with and without illumination, and of the dot PL intensByp,
the electron emitter and form an accumulation layer adjacerfor sampleqd2. The arrows indicate resonances’ h”,h”) in
to the right-hand barrier. During resonant transmission 086,,. The diode is excited with above-band-gap laser 688 nm
electrons and holes through the well, some of the carriers caat a power density oP =20 W/cnf.
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when the depletion region extends into the heavily doped
SA\ (2x 10 cm™3) GaAs regions {~50nm). Here the deple-
oL tion width increases very slowly with bias, thus resulting in
the saturation of current fov=0.2V. We believe that the
T h" presence of the resonanbé in I (V) reflects resonant tun-
V4 neling of the photocreated holes from the hole accumulation
=y 0 layer into the well. At théh’ resonance the holes can tunnel
0.0 0.2 quickly into the well. This reduces the number of holes ad-
V) jacent to the right-hand barrier. The resulting decrease in
hole screening increases the depletion layer width and,
’J\L through arelectrostatic feedbac&ffect increases the rate of
06V hole photogeneration. At higher bias, the depletion layer
thickness is almost constant, so the resonant feedback effect
0zv is absent. This accounts for the absence of additional reso-

. x0.02 nances in (V).
x /\\ V=0V According to the carrier dynamics depicted in Fig. 2, we

12 14 ' 16 can understand the behavior 8p(V) and Sy(V) qualita-
Energy (eV) tively by considering the two components of the hole cur-
_ rent, I,=Ilgppt1in. Herelgpy is the current associated
FIG. 4. PL spectra of samplgd2 at 10 K under different volt-  wjith those holes that tunnel into the QW resonant states and
ages. The bands QD and A originate from regomplnatlon of carrierg e captured into the dotk;}, corresponds to holes that pass
in the dots and near-band-edge recombination in the GaAs-dop&ough both tunnel barriers and recombine in the electron
layers, respectlv_ely. The emission present on thg low-energy side ¢k A ¢ emitter layer. The relative strengthslgf,, and |,
the QD band arises from carrier recombination in the GaAs-doped, ¢ jetermined by the relevant tunneling time and the capture
layers and does not depend on bias. The inset shows a comparisp. - into the dots. Using the device parameters, it is possible

between the bias dependence of the PL peak intensiigsand . . !
S, of the QD and A bands. The diode is excited with above-band-t 0 t('e StITate th.edse times I%n![y apprQXIrngt(t-:'Iy.thNevqrth eIefohthe
gap laser ligh{633 nnj at a power density oP =20 W/cn?. estimate provide a qualitative Insight Into the origin of the

resonant structure iBgop(V). When a hole tunnels through
nearly the same voltage dependence as the current measutbe two barriers nonresonantly, the time it spends in the QW
in dark conditions. Note that the resonarez observed in is short and is given approximately by the time for a single
Fig. 1 continues to be present, but is less well defined due ttransit of the hole across the wet,~w/v,~10" s, where
the contribution of the photocreated holes to the total current, is the hole transit velocity and is the well width. In
The PL spectra for samplgd2 are shown in Fig. 4 for contrast, when a hole tunnels resonantly into a bound state of
three different voltages. The PL spectra show bands QD anthe QW, its dwell timeryq is much longer and given by
A, which originate from recombination of carriers in the dots 7,/T~105-108s, whereT~10"'—10 ° is the transmis-
and near-band-edge recombination in the GaAs-doped laysion coefficient of the tunnel barriers estimated from the de-
ers, respectively. We do not observe any emission from theice parameter! The long dwell time corresponds to a
InAs wetting layer. However, this is not surprising. At low resonant increase in the probability density of the hole wave
temperature, carriers preferentially recombine from thefunction in the well. A carrier capture time of 1 pRef. 13
lowest-energy states available to them, namely, the Q[Zorresponds to a hole cross section for single dotrgf
levels!® The PL peak intensity of bands QlB4p) and A ~10 *2cn?, so that the probability of hole capture cross
(Sa) exhibits resonant changes with bias. In particufgjp ~ section on a single transit time is smatkopNgp<<0.1.
are S, are in antiphase with each othed,, shows peaks, Equivalently, the capture of a hole into the dot proceeds in a
indicated by arrows, at the voltage where minima appear itime 7.~ 10~ *?s,*3 which is shorter thamy and longer than
Sa (see the inset of Fig.)4 The bias dependence 8fpis 7. These estimates provide a qualitative understanding of
compared with thd (V) curve measured with and without the origin of the resonant structure Byp(V). Off reso-
illumination in Fig. 3. TheSyp(V) curve exhibits three clear nance, most of the holes make a single pass of the quantum
resonant featuresh(,h”,h”) as indicated by arrows. One of well without interacting with the QD’s, they pass through
these featuresh() is also observed as a peak in th@/)  both barriers and recombine with electrons in the electron
under illumination. emitter region. In contrast, on resonance the dwell time in
The behavior ofl, Sop, andS, can be explained as fol- the QW is sufficiently large for almost all of the resonant
lows. The photocurrent depends on the carrier generatioholes to be captured onto the dots, where they recombine
rate in the depletion regiohlt increases with the incident with the electrons on charged dots. This gives rise to a reso-
optical power and with the thickness of the depletion regiomantly enhance®qp(V) (see resonances, h”, andh” in
t, and it should be relatively insensitive to whether or not theFig. 3). This description is confirmed by the observation of
holes accumulated against the right-hand barrier are in resthe weak antiresonant structureSp (see the inset of Fig.)4
nance with the QW hole resonant states. The initial increas&his signal shows minima at tH€ andh” resonances, cor-
of photocurrent with bias is due to the increasing extent ofesponding to a reduced number of holes recombining in the
the depletion region, where the screening charge is mainlaAs emitter layer due to the efficient hole capture into the
due to the positive residual donors-10*cm™3) in the dots.
nominally undoped GaAs layers. This increase saturates The bias-dependent tunability of hole tunneling provides

QD

PL Intensity (arb. units)

PL Intensity (arb. units)
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a means of varying the carrier density in QD’s. This in turnchanges in the QD PL intensity are observed. This effect is
affects the linewidth and energy peak position of the QD Plexplained in terms of the tunneling of minority carriers into
band. The energy peak position of the QD band follows thgnhe Qw resonant states and subsequent carrier capture into
bias dependence @&qp showing a maximum change of 6 the dots. The bias-controlled changes of the QD lumines-
meV. This may indicate a build-up of electrons and holes incence are consistent with a fast carrier capture into the dots

the dots: as the number of carriers captured by the dot_s ignd can be used as a means of probing the tunneling and
creases, the lower-energy QD states are saturated and h'gh%'pture dynamics of minority carriers.

energy states start to be populated. Consistent with this state-
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