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I. Abstract

In this two-year project, the transport
properties of self-assembled quantum dots
(QDs) and their device applications will be
investigated. Unlike the conventional method
using optical excitation and detection to study
the QDs, capacitance and current measurements
provide the information to unipolar device
applications. With an inverted-HEMT structure,
the capture and escape dynamic of electrons
around QDs have been be studied. Based on our
previous observation and modeling of the
negative differential capacitance, we fabricated
memory devices using QDs as charge reservoir.
The memory state can be read out by measuring
the source-drain current because the charging
state of QDs determines the conductance of the
2D channel underneath. We grew the samples
with the designed structure using molecular
beam epitaxy method and then prepared the
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photo mask with various gate lengths. First
measurements showed that the basic
characteristics of FET were fine. Under certain
biases, we observed the frequency-dependent
behavior of capacitance as before. It
demonstrates that our first goal has been
achieved.
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In recent years, semiconductor quantum
structures have attracted much attention from
many excellent research groups, because of
their novel properties. One of the most
interesting objects is zero dimensional system
or so-caled quantum dot. Due to the
deltafunction-like density of states, zero
dimensional system is believed to hold unique
physical properties.  Many  theoretical
calculations showed that the zero-dimensional
system could be implemented to improve the
performance of existing semiconductor devices.
Many experiments confirmed their points. More
recently, many reports predicted that these
zero-dimensional (0-D) structures could even
have physical properties or functions which can
not be provided by conventional materials or
devices. Since the InAs/GaAs self-assembled
growth of quantum dots was developed in
1990s, we have a way to produce a 0-D system
based on semiconductor materials. Very
high-quality, nearly defect-free quantum dots
have been grown successfully in many groups
by usng MBE or MOCVD. Devices like
quantum-dots lasers or quantum-dot infrared
photodetectors (QDIP) were also demonstrated
and their performance were promising. To get
the most of these self-assembled quantum dots,
understandings on their physical properties are
essential.

Studies on the quantum states in these



zero-dimensional quantum  structures  are
extensive. One of the magor methods is optical
characterization like photoluminescence (PL),
photoreflectance(PR) and others. The optical
way is easy to carry out and important because of
their usefulness in optoelectronic device
application of quantum dots. When one studies
guantum dots with optical pumping, the quantum
dots are occupied with both electrons and holes.
The interaction between electrons and holes is
strong and their physical (or optical) properties
are also strongly influenced by the interaction, as
revealed in PL results of single quantum dot.
However, the physical properties of quantum
dots can be very different when they are
occupied with only electrons or holes. In the
devices using only one kind of carriers (or
unipolar devices), e.g., quantum dot infrared
photodetectors, these properties are important
information for device design and optimization.
To study the quantum dots occupying only with
electrons or holes, we have to turn to electrical
ways instead. Currently, there are two main
streams in this direction, current-voltage (I-V)
and capacitance-voltage (C-V) characterizations.
We shall implement both methods in this
two-year project.
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As stated in our proposal, we used an
inverted-HEMT structure to fabricate our devices,
as shown in figure 1.
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Fig. 1 The sample structure grown by MBE

The 2DEG channel is on the top interface of

AlGaAgGaAs with a 10nm undoped GaAs
spacer between the channel and the n-doped
AlGaAs carrier supply layer. The QDs layer is 20
nm above the 2DEG channel layer so its
charging state can effect the channel conductivity.
The samples with QDs (RN0632) and without
QDs (RN0633) have both been grown and
processed into standard FET devices with
various gate lengths, as shown in figure 2.

Fig.2 The OM images of finished devices.

To make sure the devices are working well,
a three terminal measurement has been
performed. The results can be seen in figure 3.

——U,=-0.100
——U,=-0075
——U,,=-0.050
——U,=-0025
=in
—— U= 0.000
50
o= 0.025
3 ——U_= 0050

o
—— U= 0075
0.0005 ~ )

—— U= 0.100

0.0020 ~

b
7

0.0015 4

0.0010 4 ——

0.0000 ~

-0.0005

T T T T T T T T T T T T T T T
-28-24-20-16-12 -08-04 00 04 08 12 16 2.0 24 28
Ussl v

Fig.3 Thel-V of the QD-FET devices.

It is clear that the device can be turned off
and on properly. The threshold voltage is
about 0.5 V. Because this measurement was
done with constant voltage/current, we can
expect that the QDs were fulfilled with electrons.
The QDs charged with electrons are repulsive to
the electron in 2D channel, which increases the
threshold voltage. In other words, we expect the
dynamic threshold voltage is less than —-0.5 V.
To see this, the C-V measurement was carried



out at room temperature in the frequency range
from 0.2 to 20 kHz. The capacitance-voltage
characteristics were obtained between source and
gate with asmall AC signal (20mV in amplitude)
over DC bias voltages. Figure 4 shows the
typical results.

uv
Fig.4 The measured C-V curves at various frequencies.

A careful look will see that the signa
around —1.0 ~ -1.5 V is dependent on the testing
frequency, which is the typical characteristics of
QDs observed in our previous paper. It is worth
noting that the frequency-dependent signal in
figure 4 is not observed in the sample without
QDs. A crucid measurement of the memory
device is the pulsed gate voltage read/write
operation. However, as our budget for
purchasing the pulsed current/voltage source has
to wait till the second year, we used an
aternative method to see the memory effect. The
measurement setup is illustrated schematically in
figure 5a. A DC bias accompanying with a small
AC signd is applied to the gate contact. The
source-drain current is amplified and input into
an oscilloscope and recorded.

The amplified source-drain current is
plotted against the gate voltage in figure 5b. It is
evident that the signal has peaks around -1
to —1.2 V for the testing frequencies from 1 to
150 kHz. As the frequency reduces, the peak
value goes higher. Because the lower frequency
gives more time to charge the QDs, the
conductivity of 2D channel has a significant
in-phase change. Therefore, we can see that the

charge of QDs do effect the 2D channel as we
expected.
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Fig. 5a The measurement setup for QDs memory effect.
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Fig. 5b The data measured with varioustesting
frequencies.

In the rest of this year and next year, we
shall test the memory effect in more detail and,
based on the first-year results, evaluate the
possibility of using the structure in infrared
photodetector. We shall also use sub-wavelength
grating structure to enhance the absorption in the
infrared regime.



