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Storage of electrons and holes in self-assembled InAs quantum dots
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We report spectroscopic measurements of charge-tunable quantum dots. The samples contain
vertically aligned double dots which we can fill with electrons from a back contact. We show how
we can also accumulate holes in the dots by illuminating the samples with below band gap radiation
when a large negative bias is applied. We argue that this is possible through a large disparity in the
electron and hole tunneling times. Interband spectroscopy reveals a strong reduction in the
quantization energy for the dots in the second layer. ©1999 American Institute of Physics.
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Self-assembled quantum dots have already rece
much attention for possible applications in laser diod
However, it might also be possible to use the large confi
ment potentials of self-assembled quantum dots to s
charge and therefore to function as memory devices.
have already shown how an ensemble of dots can be loa
controllably with electrons.1 This is achieved by embeddin
the dots in a field-effect structure, so that the dots’ cha
can be set simply by an external voltage. In fact, the dots
sufficiently homogeneous that Coulomb blockade can be
served on a large ensemble of dots.2,3 Two groups4,5 have
recently created metastable populations of carriers in In
quantum dots by positioning the dots close to a tw
dimensional electron gas and by illuminating. The existe
of the carriers was inferred indirectly by monitoring th
transport properties of the two-dimensional electron gas.
report here how we can store holes in a double quantum
structure, verifying their existence by spectroscopy meas
ments on the dots themselves.

It is known that dots grown in separate but close
spaced layers~,20 nm! are vertically correlated.6,7 We have
embedded a double dot sequence in a field-effect struc
and find that we can accumulate holes in the dots in
second layer by applying a negative bias and illuminat
with near infrared radiation. Both the present structure a
the structure used in Ref. 4 can be considered as prim
optical memory devices. A light pulse creates spatially loc
ized positive charge. At a later time, a light pulse can
reemitted by injecting electrons which recombine with t
stored holes. This emission has not yet been demonstr
experimentally, however.

The InAs dots were grown on GaAs in the Strans
Krastanov mode, with dot densities in the range 109– 1010

cm22.8 Two dot layers were grown, separated by 20 nm
GaAs, such that the reflection high energy electron diffr
tion ~RHEED! patterns were as similar as possible. Tra
mission electron microscopy~TEM! characterization has
verified that the dots in the second layer are vertica

a!Electronic mail: richard.warburton@physik.uni-muenchen.de
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aligned with dots in the first. The double dot structure
embedded between a back contact (n1 GaAs! and a gate on
the sample surface.9 Electrons are able to tunnel from th
back contact into the dots, but a GaAs/AlAs superlattice
tween the dots and the gate prohibits transport to the surf
The first dot layer is 250 Å away from the back contact, a
the distance between back contact and surface is 1750 Å
sketch of the structure is shown in the inset to Fig. 1.
large and negative gate voltages, the dots in both layers
unoccupied. On applying more positive voltages, the dots
the first layer load with electrons, and at higher voltages s
the dots in the second layer also load. We can monitor
by measuring the capacitance between back contact and
as shown in Fig. 1 for the sample at 4.2 K. We obse
Coulomb blockade for tunneling into the first state of t
dots in the first layer~the s1 state! around21 V, then a
broad feature corresponding to tunneling into the exci
state of the same dots~the p1 state!. The dots can store a
total of six electrons each and so for the present structure

FIG. 1. The inset illustrates the band profile of the device; the main fig
shows capacitance against gate voltage for the double dot sample, both
and without illumination, taken at 4.2 K. The illumination was broadba
for photon energies,1.4 eV with a total power of;mW. The icons show
the occupation states at two voltages with illumination.
9 © 1999 American Institute of Physics
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dots in the first layer load almost completely before the d
in the second layer start to fill. At;20.1 V, Coulomb
blockade for tunneling into the first state of the dots in t
second layer~the s2 state! can be just resolved.

In order to investigate the effects of light on the samp
we positioned an optical fiber above the gate~1.5 mm diam-
eter! on the sample surface. We focused the broadband
put of a Fourier transform spectrometer with halogen la
source into the fiber. A room temperature GaAs filter w
placed in the beam so that the light impinging on the sam
has an energy well below the low temperature GaAs b
gap. Electron-hole pairs are then excited both in the dots
in the wetting layers. It should be understood that the li
represents an extremely small perturbation as the total po
arriving at the sample is only;mW from which only a small
fraction is absorbed.

Figure 1 also contains the capacitance trace with illu
nation of the entire gate area. It can be seen that the p
corresponding to tunneling of electrons into the first dot la
are shifted to lower voltages. Our interpretation is that
dots in the second layer are occupied by holes. The pres
of this positive charge allows electron tunneling into the d
in the first layer to occur at a more negative voltage. Fr
the shift in voltage we can estimate how many holes we h
on average per dot. We estimate the Coulomb interac
between an electron in a dot in the first layer and a hole
dot in the second layer by assuming point charges separ
by 20 nm, including the effects of the image charges in
back contact. The gate voltage is converted into an ene
simply with the lever arm.2,3 We find 2.160.2 holes per dot.
At higher gate voltage, the light has no significant influen
on the capacitance. The voltage at which the two curve
Fig. 1 come together is exactly the voltage at which the d
in the second layer begin to fill with electrons. The explan
tion is that the electrons tunnel into the dots in the sec
layer and compensate the holes, so removing the influenc
the light.

We have used transmission spectroscopy to confirm
the valence bands states in the dots in the second layer a
occupied with holes at large negativeVg . Plotted in Fig. 2
are the transmission spectra at various gate voltages. In
case we have taken a reference spectrum at a large and
tive voltage when the dots are fully occupied and all the
transitions are blocked through the Pauli principle.10 If the
valence bands states of the dots in the second layer a
occupied each with two holes then one would expect t
transitions from this state are prohibited. This is exactly w
we observe. The lowest energy feature in Fig. 2 correspo
to a transition between a holes state and an electrons state
~labeled ass2s) yet it disappears at20.4 V when only the
dots in the first layer are fully occupied. It represents the
fore a transition in the first dot layer,s12s1, i.e., there is no
contribution from the transition in the second layer,s22s2.
Furthermore, the integrated intensity is proportional to
dot density;10 the density we infer from the absorption a
say,21.3 V is 0.831010 cm22 which is approximately the
density of the first dot layer, 1.231010 cm22 which we de-
duce from the capacitance curve in Fig. 1. Both these fa
imply that thes22s2 transition is prohibited forVg,20.2
V. Interestingly, aroundVg520.21 V a new absorption fea
s
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ture appears. This is thes22s2 transition, allowed in a smal
range of gate voltage. We have argued that forVg,20.2 V
the s22s2 transition is blocked by the holes. ForVg.0 V,
the s2 states are filled with electrons which also block t
transition. However, in between the dots are filled with
average one electron and so the transition is partially
lowed. It is at present unclear why thes22s2 ~and also the
p22p2) absorption is considerably weaker than thes12s1

absorption.
At large and negativeVg single layer dot samples grow

under identical conditions show very wea
photoluminescence.11 The electron-hole pairs are ionized b
the electric field before recombination can take place. T
mechanism is important for electrons in the double dot la
samples measured here. The tunneling time for the holes
of the dots, however, can be expected to be much la
because the effective mass is a factor of;5 larger. This large
lifetime enables us to accumulate holes despite the tiny
sorption of the sample~see Fig. 2! and the weak light source
In principle, holes could also accumulate in a sample wit
single dot layer, but this does not occur with our sam
parameters. This may be because of a sufficiently large o
lap of the hole wave function with the back contact wa
functions, enabling the holes to recombine with electrons
the back contact. In fact, we have recently performed sim
experiments on InAs/InP dots where single layer samples
illustrate the effects associated with hole accumulation.12

According to this picture, holes accumulate and a ste
state is reached where the generation rate of holes is equ
the tunneling rate. To estimate the tunneling rate, we in
grate the relative transmission at21.3 V weighted with the
intensity distribution from our source to give a very roug
estimate of the tunneling time of;1 s. Consistent with this
is an estimation of the tunneling time from the Wentze
Kramers–Brillouin~WKB! approximation. For realistic hole
barrier heights of 0.15–0.2 eV we obtain tunneling tim
between 1 ms and 100 s~taking the effective mass to b
0.34mo). This illustrates the enormous sensitivity of the tu

FIG. 2. Transmission against photon energy at gate voltages21.3, 20.95,
20.63,20.21,20.10, and 0.11 V and at 4.2 K. The curves are offset fro
1 for clarity.
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neling time on the barrier height, and it is clearly necess
to measure the tunneling time directly.

At Vg;0.1 V, the first layer dots are fully occupied wit
electrons so that all interband absorption from the first la
is blocked, whereas the dots in the second layer are o
partially occupied. This enables us to pick out thep22p2

transition~see Fig. 2!, which appears at a lower energy tha
p12p1. The photoluminescence spectrum of Fig. 3 show
split p2p transition, supporting this assignment.13 The sepa-
ration between thep2p ands2s energies is essentially th
sum of the electron and hole confinement energies. The e
tron confinement energies have been measured separ
with far infrared spectroscopy;9 using these values we ca
construct the band diagram as shown in Fig. 4. The vert
quantization energies are approximately the same for the
layers, yet the lateral quantization energies are significa
smaller in the second dot layer. Assuming that the In co
position is similar for the two layers, the implication is th
the dots in the second layer are significantly larger in
plane than those in the first. Microscopy measureme
would appear to support this statement.6

In conclusion, we report a series of experiments
charge-tunable, vertically coherent InAs quantum dots.
can load the dots with electrons by applying a voltage
tween a back contact and gate electrode. We show how

FIG. 3. Photoluminescence, excited with;8 W cm22 of 514 nm laser ra-
diation, showing thes2s and p2p transitions from the first and from the
second dot layers. The sample was at 4.2 K. For comparison, the pho
minescence of a single layer sample is also shown~dotted line!.
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can also accumulate a steady state population of hole
large and negative bias with below band gap illuminati
despite the dots’ very small absorption coefficient. Interba
spectroscopy shows how the quantization energy in the
ond layer of dots is smaller than in the first layer.
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FIG. 4. A band diagram for the double dot structure deduced from
transmission experiments.


