Further evidence of the increase in energy spacing in the dot
channel is the decrease in valley current (I,) when more electrons
are charged into the floating gate, as shown in Fig. 4, where the
valley positions are indicated for three different charge densities
on the floating dot gate. Since I, < exp(-AE/2kT), the reduction in
the valley current implies the increase in energy level separation.
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current with charging of floating gate
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In this case, incremental charging was performed by applying a
series of voltage pulses of 13V to the control gate. The increase in
energy level separation was estimated to be 1.5 and 2.3meV after
each incremental charging. Both observations indicate that charg-
ing of the floating gate can enhance the charge confinement in the
Si dot. This process is also reversible: after the electrons were
removed from the floating gate, the transistor’s I-V characteristics
returned to its original behaviour before charging,

Such an effect can be attributed to the Coulomb interaction
between the electrons in the floating gate and those in the Si chan-
nel dot. Before the floating gate is charged, the electrons in the
channel dot can distribute throughout the vertical direction of the
thin silicon film, owing to volume inversion formed near the
threshold [7]. However, when the negative charges are stored in
the floating gate, because of the Coulomb repulsion, the channel
electrons are depleted away from the interface between the silicon
channel and the tunnel oxide. That is, the electron distribution in
the channel dot was compressed, leading to a smaller effective
quantum dot. In this case, the Coulomb charging energy increases
as a result of the effective size reduction of the quantum dot.

In conclusion, we have demonstrated a quantum dot transistor
with a polysilicon dot floating gate stacked on top of an Si dot
channel. By charging the floating dot, not only can the threshold
voltage of the transistor be shifted, but also the conductance oscil-
lations in the quantum dot channel can be greatly enhanced. Such
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an enhancement is attributed to the reduction of the effective
quantum dot size, which leads to an increase in energy level sepa-
ration.
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Surface recombination related frequency
Ic_lli;!I)_ersion of current gain in AlGaAs/GaAs
3

B. Thn, J. Lee, T.M. Roh, Y.S. Kim and B. Kim

The dispersion effect of current  gain related to surface
recombination in AlGaAs/GaAs HBTs has been studied. For an
HBT with an emitter area of 3 X 20um? the surface
recombination current-to-total base current ratio is ~ 0.47 at <
100MHz, and the ratio is decreased to zero at frequencies
between 100MHz and 3GHz, clearly indicating that the current
gain is dispersive.

Introduction. AlGaAs/GaAs heterojunction bipolar transistors
(HBTSs) are applicable for high speed digital and microwave cir-
cuits. In order to obtain the required high f; and f,.., emitter size
reduction is essential. As the emitter size decreases, surface recom-
bination at the emitter periphery increases and current gain also
decreases. Many studies have attempted to characterise the base
surface recombination current effect [1, 2]. However, few reports
are available on the frequency-dependence of this current compo-
nent. In fact, the frequency dispersion of output resistance (R,)
and transconductance (g,,) of GaAs MESFETs have been investi-
gated by many authors, and these phenomena are explained by
surface-states [3, 4]. In this work, we report that HBTs also have
current gain dispersion which is related to surface recombination.

Device structures and measurements: The MOCVD-grown epi-layer
structure has a 700A thick, 30% Al mole fraction emitter layer
and 1000A thick carbon-doped base layer. The emitter, base, and
collector dopant concentrations are 2 x 107, 2 x 10, and 2 X
105cm, respectively. Several different sized HBTs are fabricated
by a conventional MESA-type self-aligned base metal HBT proc-
ess without adopting any surface passivation. Devices with four
different emitter sizes were measured; 4 x 30, 4 x 10, 3 x 30, and 3

14th May 1998 Vol. 34 No. 10 1031



x 20pum?, respectively. All the measured devices were close together
on the same wafer. The perimeter-to-area ratio (p/A) was 0.57,
0.7, 0.73, and 0.77um", respectively. The RF characteristics of the
HBTs were measured with a Tektronix 370 programmable curve
tracer and HP 8510B network analyser in the frequency range
from 45MHz to 18 GHz.
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Fig. 1 Current gain against operational frequency of fabricated HBTs
with various emitter sizes
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Fig. 2 Current gain against perimeter-to-area ratio (p/A) for four dif-
ferent size HBTs at different frequencies
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Results and discussion: Fig. 1 shows the current gains of different
emitter size HBTs at the same collector current density. It shows
that the values of /;, are different at low frequencies but tended to
the same value at high frequencies. If the measurement frequency
is higher than the characteristic frequency (f,) of the surface-states,
the surface-state occupancy will be unable to follow the signal [3].
Therefore, the surface recombination current component will van-
ish and /s become identical. The frequency dependent surface
recombination current component can be extracted from the rela-
tionship between the current gain and perimeter-to-area (p/A)
ratio expressed as eqns. 1 and 2.

1 AG + A
T Ade

1 AV Y P
_h}e+AchA (f<f) @

hfe at fixed frequency

where A, Ay, and Ai, are the changes in intrinsic base current,
base surface recombination current, and collector current, respec-
tively. A, and Aj, are the changes in base recombination current
density per unit emitter periphery and collector current density per
unit emitter area, respectively. 4, is the intrinsic current gain with-
out surface recombination. The values of /' and AjYAi, are
obtained from the intercept point and slope of a least-squares fit
of the A, against p/A data. Fig. 2 depicts this relationship at five
different frequencies. This Figure shows that as frequency
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Fig. 3 Total base current-to-base surface recombination current ratio
(AL/AL,) against frequency at various collector current densities
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increases, the slope reduces. At ~ 2.7GHz the slope is zero, indi-
cating that base surface recombination current is zero. Fig. 3
shows the surface recombination current component at various
frequencies. The surface recombination current component A’ is
~ 47% of total base current at < 100MHz and decreases as fre-
quency increases, finally vanishing at ~ 3GHz. Fig. 4 shows mter-
esting data in which 4, &', and k,* are compared. Here %, is the
current gain under the condition that the recombination responds
very fast. At low frequencies, /4, follows /,° because of the surface
recombination, but as frequency increases, the surface-states can-
not respond and the curve follows 4. The frequencies of the dis-
persion region in HBTs are much higher than those of GaAs
MESFETs (10Hz ~ 1MHz) [3, 4] in spite of the similar mecha-~
nism. The surface recombination velocity increases as the doping
density increases [5]. The base doping in HBTS is about two orders
of magnitude higher than the channel doping in GaAs MESFETs.
This means that the surface state lifetime of HBTS is a lot shorter
than that of MESFETs.
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Conclusions: In conclusion, we have studied the surface recombi-
nation related frequency dispersion of current gain in AlGaAs/
GaAs HBTs for the first time. Ai,/Ai, is ~ 47% at < 100MHz (4,
= 3 x 20um?), and the transition frequency is between 100MHz
and 3GHz. These results indicate that more exact large-signal
modelling including the dispersion effect is required for accurate
circuit simulation, especially for mobile communication systems
whose operation frequencies coincide.
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High voltage pulse tuning of strontium
titanate TM,,, disk resonator

0O.G. Vendik, A.N. Rogatchev and
L.T. Ter-Martirosyan

The microwave response of a parallel plate dielectric resonator,
made of bulk single crystal SrTiO; coated with thin YBa,Cu,0,_,
film, is investigated when a pulse voltage is applied. Pulses of
~1kV amplitude, and Ims leading and 3ys trailing fronts, were
used. No relaxation process in the material of the disk resonator
has been observed.

Introduction: The disk resonator made from single crystal SrTiO,
(STO), plated with YBa,Cu,0O,_, (YBCO) film electrodes [1] is of
interest for many applications because it can be used as a basis for
tunable resonators or filters [2, 3]. It was observed that under the
bias voltage the quality factor of the resonator decreases sharply,
and accordingly tan8 of STO was remarkably increased under the
bias voltage [1]. In this Letter we demonstrate the tunability of an
STO resonator under short, high voltage pulses and make an esti-
mation of the influence of the space charge in the STO on the tun-
ability and tand of the material. The goal of the experiment is to
investigate the special features of tunability of the STO resonator
by voltage pulses as compared with tunability under DC voltage.
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It is known that an imperfect ferroelectric crystal contains regions
with residual ferroelectric polarisation [4] and lattice defects form-
ing dip traps for charge carriers [5, 6]. Besides this, the charges
localised in depletion layers near electrodes or immediately
injected from the electrodes under a high electric field should be
taken into account [7]. The processes connected with the space
charge in the STO sample are characterised by a large spectrum of
different time constants in the range from a few ps to a few min
[5]. In order to distinguish the time relaxation processes in the disk
resonator, we used pulsed bias voltage with an amplitude near
1000 V and different durations of the pulse fronts.
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Fig. 1 Equivalent circuit of experimental setup

Resistance and capacitance in separating network are R, = 1.2 X 10
Q, C; = 100pF

Experimental setup: The base of the experimental setup was the
same as that described in [1] with some new network components
which were added to provide operation under high voltage pulses.
The equivalent circuit of the experimental setup is shown in Fig. 1.
The device under test was a single crystal STO disk of 10mm
diameter and 0.6mm thickness. YBCO film electrodes, 300nm
thick, were sputtered using laser ablation onto both sides of the
disk. The transition temperature of the YBCO films was 90-91K.
The experimental setup with the disk resonator was immersed in
liquid nitrogen. Measurements were carried out at 7= 78 + 0.5K.
For measurements of the microwave (MW) performance, the reso-
nator was included in the central conductor of a coaxial line. The
mode TM,,, was excited in the resonator. The diameter of the cen-
tral conductor of the line was d = 10mm, and the wave impedance
of the line was Z, = 15Q. A set of quarter-wavelength transform-
ers provides impedance matching for the coaxial line with a stand-
ard coaxial cable. The MW equipment was protected against high
voltage shock by short-circuited A/4 transmission line sections. The
high voltage pulses were formed by a thyristor circuit, which pro-
vides a leading front duration of ~1ms and a trailing front dura-
tion of ~3us. The DC capacitance of the disk resonator is 2300pF.
The DC current flowing through the STO disk under the DC volt-
age 1000V was < 0.1pA. The bias pulse voltage amplitude was
630V.

Theory: In order to describe the phenomenon investigated, a sim-
ple model has been developed. We assumed the resonant fre-
quency and the quality factor of the resonator to be described by
the following functions:

w(U) =woi/1+ (%)2

11 (1)
1+ 4 (5—0)\ }

where U, and A4 are parameters of the model.
The resonant frequency of the STO disk resonator is determined

by the field dependence of the STO dielectric constant. The model
used is in reasonable agreement with the rigorous model of the
dielectric response of the incipient ferroelectric [8]. The depend-
ence of Q-factor on voltage is in agreement with the dependence
of STO tand on the field in the case of loss contributed by a resid-
ual ferroelectric polarisation [9].

QU) =Q,
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