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In this work, we present a carrier escape study from InAs/GaAs self assembled QD’s
by the use of photocurrent measurements. As a function of the applied field, we de-
tect a shift of the exciton ground state transition due to the quantum-confined Stark
shift. From the measured Stark shift S = 4.3 meV we deduce a exciton dipole mo-
ment of p = (4.3 £ 0.2)x102° Cm. The tunneling time, which is directly related to the
observed photocurrent linewidth due to T ~ h/(2I), changes by a factor of five in the
photocurrent regime. The measured linewidth dependency on the electric field is
modeled by a simple 1D WKB approximation for the tunneling process, which shows
that the energetic position of the wetting layer is important for the measured tunneling
time out of the dot.

Introduction

Since the first proposal of quantum dots in 1982 [1] a great deal of research has been
dedicated to the study of the optical and electrical properties of QD’s. The improved
understanding of the excellent properties of this quantum system made it already pos-
sible to implement QD’s in devices like lasers [2], [3], MIR photodetectors [4], single-
photon turnstile devices [5], [6] or single-electron turnstile devices [7]. In previous work
[71, [8] a decay of the coherent excitation was observed due to competing mechanisms
like carrier-carrier scattering, Coulomb scattering, phonon scattering and tunneling es-
cape.

In this contribution we investigate the influence of these scattering processes on the
scattering rate of the observed exciton ground state transition. In our experiments we
resonantly excite the exciton interband ground state transition of single InAs/GaAs self-
assembled QD’s embedded in an n-i-Schottky photodiode. QD’s provided with both
electric contacts and optical access allow us to vary independently the electric field
while measuring the electrical or optical response of a single QD. Complementary to
the photoluminescence (PL), the collected photocurrent (PC) provides information
about the absorption spectrum and the tunneling escape times of single QD’s.

Experimental
Sample and Experimental Setup

The sample investigated was grown using molecular beam epitaxy on semi-insulating
GaAs (100). Nominally, 1.55 ML of InAs are deposited at 500 °C on i-GaAs 40 nm
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above an n-doped GaAs layer (10" cm™) which forms the bottom contact. During the
growth of the QD’s the rotation of the wafer has been stopped to produce an InAs
deposition gradient across the wafer, resulting in a variation of the corresponding InAs
QD density. Atomic force microscopy (AFM) studies of a similar sample with uncapped
dots could determine the density gradient from ~500 ym™ to zero. The growth of the
self-assembled QDs is followed by 80 nm j-GaAs, a 40 nm thick Aly3Gag7As barrier,
and a 10 nm i-GaAs cap layer. After the growth the sample was processed by photo-
lithographic methods into photodiodes. Ohmic contacts were established to the doped
n* region and semitransparent Ti-Schottky contacts were deposited on the top surface
to achieve a homogeneous electric field in the region of the investigated QD’s. The
Schottky contact was in addition covered with an opaque Au mask where 2 ym™ aper-
tures were opened to allow optical access to the QDs. The results reported in the pre-
sent work were obtained from a region of the wafer where the QD density | < 1 um™.

The PL and the PC measurements were performed at 4.2 K using the 760 nm line of a
cw Ti:Sapphire laser for PL spectroscopy and a tunable Ti:Sapphire laser to resonantly
excite the QD energy levels for PC spectroscopy. The sample was placed in a low drift
Oxford LHe flow cryostat. The PL and PC excitation paths as well as the PL detection
path lead through a confocal laser scanning microscope (LSM) with a lateral and axial
resolution below 500 nm. The PL signal is filtered by an 850 nm long pass filter and
dispersed in a 0.5 m spectrometer, which allows a spectral resolution better than
50 peV with a liquid nitrogen cooled CCD detector. The PC signal is detected by a sen-
sitive photodiode amplifier which is capable to bias the photodiode and standard lock-in
technique. The spectral resolution of the PC measurements determined by the laser
linewidth is =30 peV.

Measurements

The band structure under negative bias condition is shown schematically in Fig. 1.
Changing the bias voltage from positive to negative voltage reduces the tunneling bar-
rier thickness in the direction of the applied field and therefore the tunneling time T, of
the photoexcited carriers out of the dot. When 1, becomes equal or even smaller than
the radiative lifetime of the exciton 1. ~ 1 ns one changes from the PL measurement
regime to the PC measurement regime.

Fig. 1: Schematic band diagram of the investigated Schottky photodiode under nega-
tive bias voltage Vg
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Figures 2 (a) and (b) show PL and PC spectra at the same aperture of the shadow
mask under different bias conditions. In both cases sharp single peaks are observed
attributed to single QD emission (PL) and absorption (PC). The PC line in Fig. 2 (b) is
measured at higher electric field than the PL line in Fig. 2 (a) and is therefore shifted to
a lower energy due to the QCSE. Under the measurement conditions shown in the in-
set of Fig. 2 (b) the observed PC peak magnitude is 2.5 pA. This current corresponds
to a generation rate of 10’ e-h pairs per second. The fact that no biexciton lines are
observed, which have typically about 3 meV binding energies, leads to the conclusion
that the used excitation power was low enough that occupation of the QD with more
than one exciton can be excluded. The FWHM of the PL line corresponds (according to
1~h/(2l")) to an exciton lifetime 1 of about 6 ps which is approx. three orders of magni-
tude smaller than the radiative lifetime of 1 ns mentioned above. This effective lifetime
is given by 1" =1, + 17+ 1.7, where T, is the recombination time, T; is the tunneling time
and 1. describes Coulomb scattering by free carries (due to the nonresonant excita-
tion for PL), defects, impurities, and alloy fluctuations. The PC linewidth is limited to
~100 peV for low electric fields where also PL can be measured. Due to these findings
we claim that the FWHM of the measured PC and PL lines is limited due to the Cou-
lomb interactions mentioned above. The PC signal can be observed in the electric field
range of 30 kV/cm to 80 kV/cm.
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Fig. 2: Photoluminescence (a) and photocurrent (b) spectrum of a single QD. The en-
ergetic shift is due to the Stark shift and bias-controlled charging of the QD at
low electric fields where the QD ground state level is shifted below the Fermi
level [9].

Conclusion

In this contribution we report on field-dependent photocurrent measurements of the
excitonic interband transitions of single InAs/GaAs self-assembled QD’s. The applica-
tion of an external electric field allows controlling the transition energy due to the
QCSE. The measured Stark shift S = 4.3 meV/V of the exciton transition can be used
for the realization of a single QD spectrometer. From the measured Stark shift we ob-
tain a dipole moment p = (4.3 + 0.2)x10% Cm. The decrease of the PC linewidth for
low electric fields is limited to a value of ' ~ 100 peV, which is attributed to Coulomb
interaction of the exciton with carriers surrounding the QD.
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