parameter analyser, connected to the HBTs via a vacuum compat-
ible biaxial feedthrough, and controlled by software by ICS.

6

0 1 2 3 4 5 6
Voe v

Fig. 2 Phototransistor I-V curves from npn AIGaN/GaN HBT

0 L L L

Results and discussion: Fig. 2 shows a family of I-V curves from a
transistor under investigation. One can see from this Figure that
the nA-range current of electron beam, injected in the base, can
control the pA-range collector current, while the collector-emitter
voltage varies from 0 to 6 V. The I-V curves in Fig. 2 correspond
to the common emitter testing configuration.

The amplification coefficient B of the phototransistor can be
calculated, as explained in [2 - 4], according to

b= S W
Alp

where Al is the difference between currents (collector-emitter)
through the structure at different values of I Al is the difference
between beam currents; G is the generation factor, which is the
electron-hole pair generation rate per unit volume. G was obtained
based on the ionisation energy, consumed per electron-hole pair,
as a function of the bandgap energy [5]. Since it takes ~10eV for
electron-hole pair generation in GaN, we concluded that the value
of G is ~3000 at 30kV acceleration voltage. Determining the value
of Algc at 5V (the curves corresponding to I of 1 and 5nA were
used), and inserting the value of G into eqn. 1, we obtained p =
2.5 for an HBT under investigation. This value is in good agree-
ment with  values measured using three-terminal conventional
measurements [1]. This is a strong argument in favour of the valid-
ity of the phototransistor measurements.

Conclusions: Phototransistor measurements were carried out in
AlGaN/GaN HBTs in situ in a scanning electron microscope.
SEM electron beam current was used in these measurements as an
analogue of base current. The measurements are in good agree-
ment with the three-terminal counterpart. This indicates that the
phototransistor technique may be used as an express method to
monitor amplification without fabricating an ohmic contact to the
p-type base of an AlGaN/GaN HBT.
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pnp Si resonant interband tunnel diode with
symmetrical NDR

N. Jin, P.R. Berger, S.L. Rommel, P.E. Thompson and
K.D. Hobart

A Si-based resonant interband tunnel diode (RITD) is presented
with a prp configuration so that an integrated RITD can be easily
used to form a latch. The I-V characteristics of this pup RITD
show symmetrical negative differential resistance (NDR) regions
in both forward and reverse bias. The top diode shows a peak-to-
valley current ratio (PVCR) of 1.63 with peak current density (J,)
of 1.5kA/cm?, while the bottom diode shows a PVCR of 1.51 with
J, of 2.0kA/cm?.

Introduction: Since the development of Si-based resonant inter-
band tunnelling diodes (RITD) [1] that can potentially be inte-
grated with CMOS transistors for highly functional tunnel diode-
transistor circuits [2], numerous experimental attempts have been
made to improve RITD performance [3, 4]. A latch can be formed
by two serially-connected Esaki tunnel diodes [5] or by two back-
to-back resonant tunnelling diodes (RTD) [6]. A concern for any
monolithic interband tunnel diode technology with all devices ori-
ented in the same direction, including existing Si-based RITD
based on n-on-p or p-on-n configurations, is the difficulty to create
a latch with back-to-back interband tunnel diodes that employ a
single p-n junction. This is because, unlike an RTD that exhibits
symmetrical I-V characteristics, an RITD is an interband tunnel
diode and therefore exhibits negative differential resistance (NDR)
only under one bias condition and a short circuit in the reverse.
Therefore, two interband tunnel diode NDR regions would not
intersect without cumbersome interconnect wiring. This could be
solved by integrating both n-on-p and p-on-rn RITDs into the same
CMOS circuit, or by building a hybrid tunnel diode that exhibits
symmetrical I-V characteristics. III-V-based RITDs using a sym-
metric pnp configuration have reported two NDR regions [7] but,
to our knowledge, symmetrical NDR has not been reported in Si-
based interband tunnelling diodes. This Letter presents the first
working pnp Si-based RITD by using a growth technique to mimic
the performance of an RTD, so that it exhibits NDR in both for-
ward and reverse bias.

Experiment: Given the fact that the NDR regions appear in the
opposite bias direction for p-on-n and n-on-p RITDs, it is natural
to design a pnp or npn RITD by combining p-on-n and n-on-p
RITD back-to-back so that the I-V characteristics of the pnp
RITD will exhibit NDR in both forward and reverse bias. How-
ever, this must be done in such a way that the performance of
each is not seriously sacrificed. Segregation of dopants is of pri-
mary concern [8]. Fig. 1 shows schematic diagrams of n-on-p and
p-on-n structures used in previous studies [3, 9]. The p-on-n struc-
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ture is designed to control the Sb segregation, because Sb incorpo-
rated into the intrinsic tunnelling spacer would result in
unintentional doping, and hence a lower peak-to-valley current
ratio (PVCR). The previous study [9] on Si-based p-on-n RITDs
with this structure showed that by setting .1 as 5nm and L2 as
3nm, a PVCR of 1.7 with J, of 2.6kA/em? could be obtained.
Depositing the Sb 8-doping plane and a Si spacer of thickness L1,
equal to Snm, at 320°C minimised the segregation, and ensured
that a large percentage of dopants incorporate into the lattice. The
growth was then stopped and the substrate temperature was
altered for the growth of the next layer. Rather than dropping the
substrate temperature to suppress Sb segregation further, the sub-
strate temperature was elevated to promote segregation of the
remaining Sb, while concurrently minimising Sb incorporation
into the tunnel barrier. A second Si spacer of thickness L2, equal
to 3nm, is then grown at elevated temperature before the next 8-
doping spike is inserted. The effective tunnelling spacer, as meas-
ured by secondary ion mass spectroscopy (SIMS) and confirmed
by I-V measurements, is not 8 nm, but 6 nm. Additionally, we have
found that optimisation of the post-growth rapid thermal anneal-
ing (RTA) conditions (575°C, 1 mm) on p-on-n 5nm/3nm RITD
increased the PVCR to 2.1 with J, of 1.1 kA/em?. These perform-
ance parameters are comparable to the best performance of an »-
on-p RITD with 6nm undoped Si spacer [3]. Fig. 2 shows the
comparison of the I-V characteristics of these p-on-n and n-on-p
RITDs. Note the NDR regions appear inverted to each other as
expected.

a 30 nmn* Si

X 70 nm undoped Si
Sb 8-doping plane

L nm undoped Si
20 nm undoped Si buffer
p* Si (100) Substrate

T, =320°C
B §-doping plane grown

b 50 nm p* Si

20 nm undoped Si

B §-doping plane

L2 nm undoped Si Torowtn = 550°C

Tgrowtn = 320°C

L1 nm undoped Si

Sb 5-doping plan
ping plane 20 nm undoped Si buffer

n* Si (100) Substrate [z9071]

Fig. 1 Schematic diagram of n-on-p and p-on-n RITD structures

a n-on-p RITD

Best performance achieved when L = 6 nm

b p-on-n RITD

Best performance achieved when L1 = 5nm, L2 = 3nm
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Fig. 2 Comparison of I-V characteristics of n-on-p RITD and p-on-n
RITD

a n-on-p RITD
b p-on-n RITD

Based on these results, the pnp structure shown in Fig. 3 was
designed by combining the p-on-n (5nm/3nm) RITD structure
and the n-on-p (6 nm) structure to obtain the highest PVCR while
maintaining the symmetry of the I-V characteristics. Epitaxial
growth was achieved with a specially designed molecular beam
epitaxy (MBE) growth system using elemental Si in an electron-
beam source. The structures were grown on 75mm B-doped (p =
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0.015-0.04 Q-cm) Si (100) wafers. After the growth of a Si buffer
at 650°C, the substrate temperature was lowered. The first B 6-
doping plane was deposited while the substrate was cooling from
450 to 320°C. The 6 nm Si spacer, the Sb 8-doping plane, and the
5nm Si spacer were grown at 320°C. The Si flux was then termi-
nated while the substrate temperature was elevated to 550°C for
the remainder of the sample growth, including the deposition of
the second B 8-doping plane. Prior to device fabrication, portions
of the wafers were annealed using a forming gas ambient in an
AG Associates HeatPulse 610 RTA furnace at various tempera-
tures for 1 min. Ti/Au dots with 18 um diameters were patterned
on the surface of the wafers via a standard contact lithography. A
buffered oxide etch was used prior to metallisation. Using the Ti/
Au dots as a self-aligned mask, CF,/O, plasma etching was per-
formed to get the diode mesa. Finally, a Ti/Au backside contact
was thermally evaporated on all of the samples.

50 nm pt Si
20 nm undoped Si

B 8-doping plane

3 nm undoped Si Tgrowth = 550°C

Tgrth =320°C

5 nm undoped Si

Sb &-doping plane 6 nm undoped Si

20 nm undoped Si buffer
p* Si(100) Substrate

B 8-doping plane

Fig. 3 Schematic diagram of pnp RITD structure developed for symmet-
rical NDR regions
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Fig. 4 I-V characteristic of pnp RITD clearly showing NDR present in
both forward and reverse bias directions

Results: Fig. 4 shows the I-V characteristics of a pup RITD after
a 600°C, 1min RTA. The optimum anneal temperature for the
pnp RITD is a compromise between the optimum anneal tempera-
tures for the individual p-on-n and n-on-p RITD. Note that when
a forward bias is applied, the device nearer the surface (the top
diode) will be under forward bias, and when a reverse bias is
applied with respect to the layers, the device nearer the substrate
(the bottom diode) will be under forward bias. As expected, NDR
is clearly present in the forward and reverse directions with a
PVCR of 1.63 for the top diode and 1.51 for the bottom diode. A
symmetric I-V characteristic is clearly present as the current den-
sity of the bottom diode (1.5kA/cm?) is about the same as that of
the top diode (2.0 kA/cm?).

Conclusion: By careful control of the growth temperatures, we
were able to combine the p-on-n and n-on-p growth templates to
form a new Si-based tunnel diode structure. The Si pnp RITD fab-
rication process is compatible with the thermal budget of CMOS
transistors, making it suitable for integration to form tunnel diode
logic circuits.
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Algebraic differential decorrelation for
nonstationary source separation

Seungjin Choi and A. Cichocki

A differential correlation is introduced which is able to capture
the time-varying statistics of nonstationary signals and it is shown
that minimisation of differential cross-correlations between
observation signals can achieve nonstationary source separation.
For implementation, an algebraic method is employed, the joint
approximate diagonalisation, thercfore the resulting method is
referred to as Algebraic Differential DEcorrelation (ADDE). The
useful behaviour of the method is confirmed by computer
simulations.

Introduction: Source separation is a fundamental problem that is
encountered in many practical applications such as telecommuni-
cations, image/speech processing, and biomedical signal analysis
where multiple sensors are involved. In its simplest form, the m-
dimensional observation vector x(z) € R is assumed to be gener-
ated by

x(t) = As(t) 1)

where A € R™ is the unknown mixing matrix, s(z) is the n-dimen-
sional source vector (which is also unknown and n < m).

In this Letter, we consider the case where sources are nonsta-
tionary (especially second-order nonstationary in the sense that
their variances are time-varying) [1]. In such a case, it might be
useful to exploit the information on how fast the correlations
between signals are changing. To this end, we introduce a concept
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of differential correlation and present an Algebraic Differential
DEcorrelation (ADDE) method for nonstationary source separa-
tion. For simplicity we assume that sources have zero mean, but
this is not necessary for our algorithm.

Differential correlation: A differential statistic is defined by the
derivative of statistic with respect to time (or its discrete-time
counterpart is defined by the difference between statistics) and is
closcly related to the differential learning [2, 3]. We define the
time-delayed correlation matrix of the observation vector x(¢) by

R.(tr,7) = E{x(ts)x" (tx — 1)} (2)

In practice, the sample correlation matrix R, (1, 1) is computed
using the samples in the kth time-windowed data frame. Here we
use the notation R,(#, 1) for both ensemble correlation and sam-
ple correlation.

The differential correlation matrix is defined by

_ OR,(t,7)

e b} 3

SR (t,7) En (3)

or, its discrete-time counterpart is defined by
(SRm(tk,il,T):Rm(tk.T)—Rx(t[,T) (4)

The definition in eqn. 4 will be used hereafter.
One can easily see that the linear data model, eqn. 1, has the
following decomposition:

5Rm(tk, t,7) = A(;Rs(t;c, ti, T)AT for ty # & (5)

where dR(#, 1, T) is the differential correlation matrix of source
vector s(7) that is assumed to be a diagonal matrix. It follows from
eqn. 5 that the mixing matrix A can be estimated by solving a
generalised eigenvalue problem

0Rq(t2,t3,0)U = 0Ro(t1,12,0)UA (6)

where U and A correspond to the eigenvector and eigenvalue
matrices, respectively. In such a case, the mixing matrix is given by
A = UT. However, this is a valid solution only if all the diagonal
elements of A are distinct. To avoid this difficulty, we exploit mul-
tiple differential correlation matrices and apply the joint approxi-
mate diagonalisation method to estimate the mixing matrix. This
is described in the following Section.

Algorithm: ADDE: First we whiten the data x(¢) to obtain z(z) =
Qx(#) where Q is a whitening transformation. We then have

z(t) = QAs(t) = Bs(t) (M
where B € R is an orthogonal matrix, i.e. BB = I. The whit-
ened vector z(7) then satisfies

(st(ti‘tiJrl,T]’) = B(SRS(ti,tH.th)BT (8)

Note that it is not necessary to exploit two adjacent data frames
to compute the differential correlation matrix, but here we show
just one exemplary case.

We apply the joint approximate diagonalisation to estimate the
unitary mixing matrix B, as in JADE [4], SOBI [5], and SEONS
[6]. The algorithm ADDE is summarised below.

Algorithm outline: ADDE:

(i) Pre-whiten the observation data using whole data points so that
the whitened data z(r) = Qx(7) is a unitary mixture of sources
(where Q is a whitening transformation).

(ii) Divide the data {z(¢)} into K non-overlapping blocks and cal-
culate (K — 1)/ differential correlation matrices, SR.(t;, #;-1, T;) for i
=1,.,K-landj=1,..,J (g 1=j-1).

(iii) Find a unitary joint diagonaliser V of {R.(t;, .., T)} which
satisfies

VI6R. (ti,tip1, 75)V = Ay )
where {A;;} is a set of diagonal matrices.

(iv) The demixing matrix is given by W = V7Q.

Numerical example: In this simulation, we used one digitised voice
signal, one digitised music signal (both of which were sampled at
8kHz), and three Gaussian signals with no temporal correlations
but their variances being time-varying. The mixture vector x(z)
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