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Electron and hole storage in self-assembled InAs quantum dots
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Abstract

We present results on optically induced storage of electrons or holes in self-assembled InAs quantum dots (QDs). The
measurements demonstrate that, following resonant photo-excitation of the QDs, excitons can be ionised selectively leaving
either electrons or holes stored. The stored charge is sensed via resistivity changes in a remote 2D carrier system. The induced
photo-effect is persistent over time scales of > 8 h at a temperature of 145 K. A series of resonances are observed in the
spectral characteristics of the photo-effect. The charging probability was derived from the analysis of the temporal behavior
of this charge storage effect. © 2000 Elsevier Science B.V. All rights reserved.
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Self-assembled quantum dots (QDs) are particu-
larly attractive since they appear to be defect free, have
high areal densities and good optical quality [1,2].
However, large ensembles usually exhibit a strongly
broadened absorption line shape which is associated
with size fluctuations. Such uniformity fluctuations
are undesirable for most device applications, but Muto
et al. have suggested that these fluctuations may be
advantageous for wavelength domain data storage [3].
In the case of QDs, information can be recorded as a
small number of electrons or holes being stored within
the deep confinement potential of the QDs. First efforts
in this direction have been made [4] with data retention
times up to ~0.5 ms reported at room temperature.
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Recently, several groups have investigated the effects
of a self-assembled InAs QD layer on the lateral
transport of a 2D electron gas in MODFET-type
structures [5-8]. It was demonstrated that such de-
vices are highly photo-sensitive, allowing for possible
applications as QD optical memory elements com-
bining in principle both ultra-dense storage capacities
(~1 Thit cmfz) [2] and very low switching energies.

In this paper, we report on spectrally resolved opti-
cal charging experiments performed on self-assembled
InAs QDs storing either electrons or holes.

Our optically gated MODFET structures have
the following layer sequence (described here for a
p-channel device for hole storage): An n-type sub-
strate and back contact followed by an undoped
240 nm GaAs spacer, an InAs QD layer deposited
at 530°C and an AlAs/AlGaAs barrier. A GalnAs
QW channel was then grown followed by a AlGaAs
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Fig. 1. Schematic operation principle of the storage device in the
case of hole storage: (a) NIR illumination leads to charge storage
in the InAs QDs; (b) The stored charge persists and depletes the
2D channel; (c) A reset pulse erases the stored charge in the QDs.

barrier containing two p-doping layers and a p-doped
GaAs cap layer. A reference sample without QD layer
was also fabricated. The wafers were processed into
a Hall bar geometry with separate ohmic contacts
established to the 2D channel and the back contact.

The n-channel device (for electron storage) is al-
most similar with p and n doping exchanged [6].

In Fig. 1, the fundamental operating principles of
such a device is illustrated schematically. It shows the
band diagram of a hole storage structure (the principles
for electron storage are analogous).

By illuminating the sample with monochromatic
near-infra-red (NIR) light, a subset of QDs is selec-
tively excited (Fig. 1a). After excitation, the electrons
(holes for the electron storage structure) are removed
by the vertical electric field in the p—i—n junction, the
holes (electrons) remain stored as a consequence of
the AlGaAs barrier. The stored charge in the QD layer
acts as gate-charge on the 2D channel, thus modifying
the surface conductivity [5] (Fig. 1b). The magnitude
of the resulting resistance change reflects the stored
charge density. The saturation level of the channel re-

sistance is expected to reflect all QDs which can be
addressed by light of the selected optical excitation
energy. All holes (electrons) stored may be removed
by injecting electrons (holes) into the QD layer from
the back contact (device reset) (Fig. 1c¢). The device
then returns to its natural state, ready to perform fur-
ther illumination-storage-reset cycles.

In order to investigate optically induced charge stor-
age effects, the samples were illuminated with NIR
light at a temperature of 7 = 145 K. An increase of
the channel resistance is observed after switching on
the illumination (see Fig. 2a), saturating at a level de-
noted R;. When the illumination is switched off, the
resistance slightly recovers to R, (Fig. 2a). The resid-
ual photo-effect, AR = R, — Ry, is persistent for >8 h
at T =145 K and it can be observed up to ~200 K.
This temperature dependence is caused by thermionic
emission of stored charges out of the QDs which be-
comes more probable with increasing temperature.

The effect of exciting different dots within the en-
semble was investigated for the hole storage struc-
ture by changing the excitation energy (£ ) for each
illumination-recovery-reset cycle.

A clear onset of the photo-resistance is observ-
able at the ground state PL peak (Fig. 2b, full line).
Towards higher energies resonant structures in the
photo-resistance (Fig. 2b, circles) are observed. These
structures are slightly shifted to higher energies as
compared to the ground and excited states of the PL
spectrum, respectively. The reference sample grown
without dots shows no charging effect in the excitation
energy range 0.96 <E <1.18 eV (Fig. 2b, squares).

Performing this experiment without resetting the
sample after illumination at each excitation energy Ecx
results in accumulative charging. The corresponding
curve (Fig. 2b, triangles) does not reflect the reso-
nances of the selective charging curve but it shows
a slight step like behavior coinciding with the reso-
nances observed when resetting the sample. The in-
crease in resistance is larger because more charge is
stored in total. Due to this accumulative excitation in
a wider energy range all dots are addressed. In the en-
ergy regime of the excited states accumulative charg-
ing results in about twice the resistance chance as
compared to selective charging (with reset).

In a simple model, the magnitude of the selec-
tive charging curve should be caused only by a
small subset of QDs matching the excitation en-
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Fig. 2. (a) Typical illumination-recovery-reset cycle for a structure
containing QDs (top) and reference structure (bottom). (b) Spec-
tral dependence of photo-resistance measurement for V,n = 0.5 V
performed on the hole storage structure. The full line shows the
PL spectrum.

ergy, hence resulting in a small effect. The amount
of charging observed in the experiment therefore
indicates that additional dots can be charged by
thermal feeding processes or phonon assisted ab-
sorption. Thermally assisted escape of stored charge
from QDs to the wetting layer leads to thermal
feeding of neighboring QDs. The escaped charge
moves in the wetting layer and can be stored again
in another QD probably with a lower ground state
energy. Processes involving LO phonon assisted
charging can address further sub-sets of QDs increas-
ing the number of charged QDs for selective ex-
citation.
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Fig. 3. Spectrally resolved resistance measurements of electron
and hole storage samples. The magnitude of the resistance changes
depends on the initial channel resistance and can be varied by
reverse bias on the samples. The full line shows the PL spectrum
of the electron storage sample.

Selective charging performed on electron storage
structures also shows resonances in the photo-resistance
(see Fig. 3, squares). PL measurements (full line)
on the electron storage structure reveal a QD ground
state emission at Ep=1025+5 meV (FWHM
~30 + 5 meV), and excited state emission (E, E») at
60 + 5 and 120 &+ 5 meV above the ground state emis-
sion. The spectral dependence of the photo-resistance
effect (AR/Ry) shows resonances (A4y and A;) with
a separation of 75 £ 5 meV. These resonances are
shifted from Ey by 33 &5 meV and 115 + 10 meV
for Ay and A4, respectively. This indicates that they
do not simply correspond to the direct excitation of
ground and excited QD states. However, the energy
shift between Ej and 4y (33 £ 5 meV) is very close
to the LO phonon energy (hwro) expected for InAs
QDs in GaAs [9]. The participation of inelastic pro-
cesses in optical QD excitation has been demonstrated
on both large ensembles [1,9] and single dots [10],
with a number of vibrational modes with energies
ranging from ~27 to 37 meV. Previously, we already
have tentatively suggested the participation of inelas-
tic processes over the long time scales involved [6].
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Fig. 4. Dependence of the rate of resistance change in the 2D
channel on the incident optical power density.

Comparing the photo-resistance curves for hole
storage (Fig. 3, circles) and electron storage (Fig. 3,
squares), the resonances are both shifted toward
higher energies with respect to the ground and ex-
cited states of the PL spectrum, respectively. There is
a larger shift observed in the electron storage sample.

These resonances clearly indicate that the QDs have
an enhanced capacity for charge storage at Ay, 4;, 4>
and By, B;,B, (Fig. 3), reflected in the amount of
charge stored but observable also in the charging rate.
The speed at which the QDs are charged peaks also
at these spectral positions. The phonon-assisted pro-
cesses involved at these resonances are very effective
for charging the InAs QDs.

The temporal dependence of the charge storage ef-
fect was investigated by changing the incident power
density (P.x) of the optical excitation. The charg-
ing rate as determined from the initial slope of the
resistance changes increases with increasing power
whereas the saturation level of the channel resistance
remains independent of P. This indicates that a fixed
number of QDs is charged, finally. Fig. 4 shows the
charging rate of the hole (squares) and electron stor-
age sample (circles). The dependence of the charging
rate on the incident power density is approximately
linear. A simple model was applied in order to un-
derstand these observations qualitatively. The density
of uncharged QDs (V) addressed by the optical ex-

citation decreases with time while illuminated. This
reflects the bleaching of the absorption in the charged
QDs. Assuming that the QDs are non-interacting, N
decreases exponentially in time according to

Peo
NO:NQDeXp<_E CNQDt) (1)
€xX

with Ngp being the total density of QDs addressed by
the optical excitation and o the mean QD absorption
strength reflecting the probability of charging a QD.
Photo-generated electrons (holes for electron storage)
escape faster out of the QDs than they recombine ra-
diatively, leaving one charge stored. The density of
charged QDs (Ny) is then N, = Ngp — Ny. These
charged QDs reduce the carrier density of the 2D
channel (nyp) by nyp = "(2)D — fN, , where f is an
electrostatic leverage factor and nJ, is the channel
density before illumination. Approximately one hole
in the 2D channel is depleted for each stored hole in
the QD layer (f = (1 —d/d,)~" with d; being the
separation of the QD layer and d; of the back contact
from the 2D channel).

The change in conductivity of the 2D channel (Ag)
can now be written

do dnop ou
= — . 2
TR <“+”an2D) )

Providing the mobility of the 2D channel is not
strongly perturbed by the charged QD layer this
equation can be rewritten (using Eq. (1)) as

do _ —o (ef_u) P.y exp (_—ocPex t)
dr nw noNgp

~—aflp, 3)

nw

The approximation is valid for small times (z<
NwNgp/oPey ) after the onset of illumination. It pre-
dicts a linear dependence of da/d¢ on P as observed
in Fig. 4 for electron and hole storage.

For the electron storage structure we obtain o =
3.5 x 1073, For the hole storage structure we find
within the errorbars the same. Previously published
results of absorption measurements of quantum dots
[11] are comparable to this value.

In conclusion, we have demonstrated devices capa-
ble of hole or electron storage in InAs QDs resembling
a quantum dot “optically gated” FET. Resonant opti-
cal excitation of the QDs results in photo-resistance
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resonances shifted to larger energies with respect to
the PL energy. The excitation power dependence en-
ables us to estimate the optical absorption strength for
electrons and holes.
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