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|. Abstract

In this two-year project, we study a field
effect transistor (FET) with self-assembled
guantum dots (QDs) at room temperature. The
frequency-dependent capacitance-voltage (C-V)
characteristics of the device show a
charging-discharging time of 10° second for the
ground states of QDs. The AC source-drain
conductivity of the FET device correlates with
the electron occupation at the ground state of
QDs. Our result reveals that the charge
accumulation in InAs QDs modulates the
conductivity of the 2D channel underneath.

[1. Background Introduction

In the past two decades, self-assembled
guantum dots (QDs) draw increasing attention of
researchers because of their interesting properties
and potential applications on nano-photonics,
nano-electronics and quantum information
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processing. Although optical methods are mostly
used to study the novel features of QDs [1,2],
electrical characterization like current-voltage
(I-V) and capacitance-voltage (C-V)
measurements has the importance on their own.
One of the main reasons is that the coulomb
interaction between carriers in nano-scaled QDs
plays a key role in QDs’ behavior [3]. However,
it is difficult to optically probe the QDs in the
states with only electrons or holes. In the past
decade, studies on QDs using C-V measurements
have made considerable progress and uncovered
many specia features[4-13]. In these reports, the
parameters of QDs or their related defects, such
as concentration, energy levels and capture
cross-sections were determined with static or
transient C-V. Very recently, an interesting
behavior called negative-differential-capacitance
(NDC) was observed a low [5] and room
temperatures [7-9]. The NDC is caused by the
fast charging-discharging process in the confined
states of QDs and actualy is a zero-dimensional
effect. The charging-discharging time is in the
order of 10° s at room temperature so it is
possible to make memory devices using the
self-assembled InNAs QDs [8,13].

To redize QDs memory devices, a
straightforward way is to integrate the QDs with
the field effect transistors (FET). By placing the
QDs near to 2-D electron gases (2DEG), the
charge states of QDs can be read out by
monitoring the conductance of the 2-D channdl.
The gate of FET above the QDs and 2DEG can
be used to electrically control the charge states of
QDs (write-in). Previous papers show pretty
good memory function, such as long storage time
and fast write-in/read-out time, but mostly at
cryo-temperature [14-16]. QDs memory devices
operating at room temperature have also been
reported but the charged levels may be related to
the defects around QDs rather than the QDs
themselves [17-18], which would be an issue in



practical applications. Very recently, Marquardt
and his co-workers used a similar structure to
probe the many-particle spin states in QDs at
helium temperature [19], which shows the great
potential of the QDs-2DEG system for quantum
information processing. In this letter, the
GaAs-based FET with InAs QDs layer close to
the 2-D channdl is studied. We found that the
charges in the QDs states are responsible for the
dynamic behavior of the conductance of 2-D
channel. It is worth noting that all measurements
are carried out at room temperature so the
structure paves the way to the QDs-based
memory devices.

[11. Sample Design and Device Preparation

The samples were grown  on
semi-insulating (100) GaAs substrate by a
solid-source molecular beam epitaxy system. The
sample (RN0632) Is an inverted
modulation-doped FET with a QDs layer 20-nm
above the 2DEG. The detailed structure consists
of ~ 200-nm GaAs buffer, 300-nm Al 33Ga067AS,
40-nm Si-dpoed Alg33GassAs (0" = 2x10%
cm®), 10-nm Alg33Gaoe7AS spacer, 20-nm GaAs,
InAs QDs layer and 80-nm GaAs on the surface
(see Fig. 18). A comparison sample (RN0633)
without the QDs layer was also grown. The
growth condition of QDs has been reported
elsewhere [8]. The ground state transition energy
of QDs obtained with low-temperature
(room-temperature) photoluminescence (PL) is
about 1.17 eV (1.02 eV). The low-temperature
PL of two samplesis shown in Fig.1b. Note that
the 1.17 eV signal coming from QDs is not seen
in the comparison sample without QDs, as
expected. The area density of QDs is about
8x10™ cm™ from the atomic force microscopy
measurement on a separate sample. A standard
FET process including mesa etch (etch depth ~
110 nm), source and drain ohmic contacts
(35-nm Ni / 70-nm Ge / 200-nm Au annedled at
395 °C for 35 s in forming gas) and Schottky
metal gate (20-nm Ti / 100-nm Au), was then
carried out to fabricate the devices. The FET gate
width is 100 um. To make the subsequent
capacitance measurement easy and comparable,
the devices with the gate length of 16 um are
investigated.
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Fig.1. The epitaxy structure (a) and PL spectra (b)
of the samples and the schematic band
diagram at zero gate bias.

Prior to the discussion of the measurement
results, we draw schematicaly the zero-bias
band diagram in figure 1c. The @y, Er, Eqo, Eo
represent the Schottky barrier height, the Fermi
energy, the ground state energy of QDs in
conduction band and the energy level of the
lowest states in 2-D channel, respectively. At
zero gate bias, the QDs ground states are lower
than the Fermi level but the 2-D state is not, due
to the higher energy level of 2-D states. The
electrons accumulated in QDs would make the
population of electrons in 2-D channel more
difficult. We would therefore expect a larger
threshold voltage of the FET with QDs.
Moreover, because the charging/discharging time
of 2-D states is much faster than that of QDs
states, one could measure the conductivity of
2-D channel to read out the charging states of
QDs. Alternatively, as we have done in this
experiment, we could sweep the gate voltage
with varying frequency and monitor the frequent
dependence of the 2-D channel conductivity.

V. Result and Discussion

We show the DC characteristics of the two
devices in Fig. 2, in which the source-drain
current (Isp) is plotted in linear and logarithmic
scales v.s. the gate voltage Vgs. The inset is the



photo image taken from the processed/measured
device with gate length of 16 um. The
measurement was done with the source-drain
voltage of 50 mV. Note that the Isp does not
enter the saturation region up to Vgs = 2.0 V due
to the long gate length of our devices. A
threshold voltage of 0.5 V of the FET device
without QDs was observed clearly. For the
device with QDs, the turn-on behavior at about
0.6-0.7 V is not that clear probably due to the
leakage current between the gate and QDs layer.
Its higher threshold voltage is caused by that the
glectron accumulation in QDs lowers the
electron population in 2-D channel as mentioned
above. Beyond the threshold voltage, we can see
the transconductance of the device with QDs is
lower than that without QDs due to the
additional scattering from the nearby QDs.
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Fig.2. The |-V characteristics of the FET devices
with and without QDs. Inset: the photo
image of the FET device with the gate length
of 16 um.

To understand the dynamical behavior of
QDs, we performed the frequency-dependent
C-V measurement with the two terminals of the
gate and the source. The measurement setup is
similar to that in our previous paper [8]. The
frequencies of small AC signal range from 200
to 20 kHz. In Fig.3, the C-V curves of both
samples with the positive gate voltages at
various testing frequencies are shown. A first
glance on both figures reveals that, the C-V
dependence on either the frequency or the gate
voltage is quite similar for the devices with and
without QDs. A rapid increase of capacitance is

observed around the threshold voltages of the
two devices (0.5 - 0.7 V), because of the
formation of 2DEG layer. Comparing with the
device without QDs, the capacitance of the
device with QDs rises more slowly due to its
higher channel resistance. The signals of both
devices decrease as the testing frequencies
increases, which is probably limited by the
parametric RC delay of our testing setup.
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Fig.3. The frequency-dependent C-V curves from
the FET device with (a) and without (b)
QDs under positive gate voltages.

Let us focus one the C-V curves a the
negative gate voltages in Fig. 4, in which there
are two signals (peaks around -1.2 V and 0 V)
varying with the testing frequency. These two
frequency-dependent signals were not observed
a al in the FET device without QDs, as shown
in the inset of Fig. 4. We suspect that the signal
aound -1.2 V comes from the
charging-discharging of the ground states in QDs
for the following reasons. First, considering the
distance ratio between gate/QDs (80 nm) and
QD</2DEG (20 nm) (4:1), the voltage difference



between QDs and 2DEG is about 0.24 V at Vgs
= -1.2 V. It is consistent with the value of
conduction band offset of QDs when we take the
PL ground state energy of 1.02 eV and the band
offset ratio AEcAE, as 64 (that is,
(1.42eV —1.02eV)x 0.6 =0.24eV ). The other
reason is that the freguency-dependent C-V
shows no any signal after this -1.2 V peak and
the ground state of QDs is the lowest state in the
structure. In addition, as the testing frequencies
increase from 200 Hz to 20 kHz, the capacitance
drops quickly, particularly around a few kHz. It
indicates that the charging-discharging timeisin
the order of 10" second, which is consistent with
our previous study [8]. On the other hand, the
signal around O V can sustain at high testing
frequency so it may be due to the higher confined
states or 2D states in QDs or caused by the
current through the Schottky barrier.
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Fig.4. The frequency-dependent C-V curves from
the FET device with QDs under negative
gate voltages. Inset: the C-V curves from the
device without QDs.

To investigate the effect of charged QDs on
the 2-D channel, we setup a separate system to
measure the frequency-dependent conductivity of
the 2-D channel (see the inset of Fig. 5). The 2-D
channel between source and drain is serialy
connected with a resistor of 50 ohms and they
together are biased with a DC voltage source (Vp
= 0.1 V). The gate voltage is provided with the
other DC voltage source added a small AC
testing signal (50 mV) whose frequency can be
continuously adjusted. The modulated 2-D

channel conductivity is amplified with the
frequency selective amplifier. Before the
measurement, the sdlective amplifier is
calibrated by switching to calibrated mode with
definite amplification factor. The output signa
of the selective amplifier is taken by the
oscilloscope or the analog-digital converter in
the computer. In Fig. 5, the measured AC
conductivities, named as transmission coefficient
here, at 1 kHz to 150 kHz under various gate
voltages are plotted. A broad distribution of the
transmission coefficient with a maximum around
Vgs = -1.2 V is clearly observed. Comparing
with the frequency-dependent C-V resultsin Fig.
4, we find that the peak of transmission
coefficient located at the nearly same bias point
for the charging-discharging of QDs’ ground
states. More importantly, the frequency
dependence of the C-V and the transmission
coefficient is aso similar, which indicates that
the 2-D channel conductivity is related to the
charging state of QDs. That is, the accumulated
electrons at QDs’ ground states affect the 2-D
channel conductivity.
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Fig.5 The transmission coefficient of the FET
devices with QDs under various gate
voltages. Inset: the schematic setup for the
transmission coefficient measur ement.

Let us discuss the effect revealed in Fig. 5
in more detail. The frequency dependence of 2D
channel conductivity is somehow different from
those obtained with the C-V measurement shown
in Fig. 4. Specifically, the capacitance signa in
Fig. 4 amost vanishes when the testing



frequency reaches at 20 kHz but the transmission
coefficient survives even at 150 kHz. One

possible cause is that the setup in the inset of Fig.

5 is much more sensitive than the C-V
measurement as the signa is amplified by the
FET first. The other reason may be that ther
testing conditions are dightly different. When
the C-V measurement is carried out, the electric
current may pass through either the source
contact or the Schottky gate. However, for the
transmission coefficient, only the electric current
go through the source contact to be measured. In
other words, the accumulated/released charges
could not be seen directly with the transmission
coefficient measurement. The
charging/discharging process tends to be slower
so the C-V signa dies out a high testing
frequencies. This also provides an alternative
viewpoint at the effect shown in Fig. 5. The
frequency dependence of the transmission
coefficient may be caused by the electrons
tunneling from the QDs to the 2D channel. At
Vgs ~ -1.2 V, there is no electron population in
the 2D channel but the ground state of QDs is
about to be occupied. The small modulation of
gate voltage can induce the electron tunneling
between the QDs and the lowest states of 2D
channel so the channel conductivity is modulated
at the same frequency. In addition, different
from the C-V curves in Fig. 4, the peak of the
transmission coefficient shifts to more negative
bias when the testing frequency is higher. We
believe that it is caused by the coulomb blockade
effect in the QDs. That is, if there is already one
electron occupying the ground state of QDs, the
second electron has to overcome the potential
barrier added by the coulomb repulsion of the
existing electron. Because the average
occupation number in QDs becomes smaller as
the gate voltage is more negative, the energy
level of ground state in QDs shifts to lower
energy, as well as the peak of the transmission
coefficient.

V. Conclusion
We presented the C-V and I-V results of a

FET device with an InAs QDs layer in this report.

The AC conductivity of the 2-D electron gases
formed by a modulation doped GaAgAlGaAs

hetero-structure with the nearby QDs layer has
been measured. Comparing with the
frequency-dependent C-V data, the charge
accumulation in InAs QDs modulates the 2-D
channel conductivity. Our results show that the
FET-QDs structure can be a promising candidate
for memory devices working a room
temperature.
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