for Ni and Pd. As mentioned above, the Au-MILC annealing tem-
perature has been set higher than the Au-Si eutectic temperature
and results in a liquid phase which will enhance the diffusion of Si
atoms and results in longer MILC lengths. However, the eutectic
temperatures of Ni and Pd are 964 and 782°C which are higher
than the annealing temperatures in the MILC process and no lig-
uid phase will be found. Therefore, for a given time, the MILC
length is short. The MILC rates obtained for Au inducement were
decreased from 15.9unvh to 12.3um/h with extended annealing
treatment from 10 to 40h. This phenomenon has been reported
due to the continuous rearrangement of the atoms in the a-Si dur-
ing the long annealing treatment [5], thus slowing the MILC rate.
Compared with Ni and Pd, Au shows more characteristics that are
preferable for low temperature poly-Si TFT fabrication, especially
the large reduction in thermal budget due to the increased MILC
rate. These are the key points for the development of the low cost
ICs on conventional glass substrates.
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Fig. 2 Dependence of MILC length and rate on annealing treatment
time

Flow rate of H, is set at 60sccm and annealing temperature is 400°C

Au .{‘ poly-Si  __ » I < a-Si:H

€ dondritic growth
of Si crystallities

Fig. 3 SEM photograph of lateral crystallisation of a-Si:H films
induced by Au

a-Si:H films were deposited with H, flow rate of 60sccm and then
annealed at 400°C for 30h

The quality of the Au-MILC film was examined by SEM analy-
sis, as shown in Fig. 3. The a-Si:H film was deposited on an oxi-
dised c-Si substrate with an H, flow rate of 60 sccm and then
annealed at 400°C for 30h. From the Figure, we can see that the
MILC film has been crystallised homogeneously. In addition, the
dendritic growth of Si crystallites by Si atom diffusion is clearly
observed at the boundary of the poly-Si/a-Si thin film.

Conclusion: By annealing at 400°C, a-SiH film realised by
Au inducement shows a very high crystallisation rate (15.1 —
15.9um/h) and MILC lengths longer than 159um can be obtained
for a times > 10h. The preferable characteristics are attributed to
the lower Au-Si eutectic temperature forming a liquid phase for Si
atom diffusion. Based on the work in this Letter, MILC by Au
inducement has been shown to be a suitable technology for the
low temperature fabrication of poly-Si TFTs on glass substrate for
low cost IC applications.
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Demonstration of efficient p-type doping in
Al,Ga,_,N/GaN superlattice structures

1.D. Goepfert, E.F. Schubert, A. Osinsky and
P.E. Norris

Enhanced acceptor activation, reduced acceptor binding energy
and enhanced conductivity are demonstrated in Al.Ga, N/GaN
doped superlattice structures. An acceptor activation energy of
58meV is demonstrated in an Aly,GaggN/GaN superlattice
structure with a period of 200A. This value is significantly lower
than the 200meV activation energy measured in bulk GaN. The
dependence of activation energy on the Al content of the
superlattice is consistent with that predicted by the theoretical
model. The demonstration of improved p-type doping
characteristics in GaN is expected to enable the realisation of
electronic and optoelectronic devices with improved properties.

The GaN material family exhibits a large acceptor binding energy
which has been determined to be 200 + 50meV [1 — 3]. The large
acceptor binding energy is in reasonable agreement with the
hydrogenic model for effective-mass-like acceptors in GaN, which
predicts an activation energy of 130meV. The large acceptor bind-
ing energy leads to a very low activation of acceptors in GaN,
and, consequently, to low p-type conductivity in devices such as
LEDs, lasers, and bipolar transistors. Much research is devoted to
the search for a shallow acceptor in GaN but no shallow acceptor
has yet been found [4, 5].
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It has been proposed that superlattice doping can reduce the
acceptor activation energy and lead to a higher activation of
acceptors in Al,Ga, ,N/GaN doped superlattice structures [6]. The
concept of doped superlattice structures is illustrated in Fig. 1.
The bandgap of a one-dimensional Al,Ga, ,N/GaN superlattice
structure varies periodically along one spatial dimension, as shown
in Fig. 1. The superlattice is doped with a constant doping concen-
tration N,. If the acceptor energy level follows the valence band
edge, acceptors residing in the Al-rich regions of the superlattice
are likely to become ionised by tunnelling rather than by thermal
activation. As a consequence, the fraction of ionised acceptors is
much higher in doped superlattice structures as compared to
homogeneous GaN.
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Fig. 1 Schematic diagrams of superlattice structure and concentrations

a Schematic band diagram of Al,Ga,_N/GaN doped superlattice
structure

b Schematic illustration of free hole concentration (p), ionised accep-
tor concentration (N, ), and acceptor concentration (N,)

@) P

x = 10% and 20% Al content) have an intentional doping concen-
tration of N, = 10®cm. Comparison of the carrier concentration
for the two samples reveals that the sample with the higher Al
content has the higher carrier concentration throughout the entire
temperature range. The band modulation increases with the Al
content so that a higher carrier concentration is expected for that
sample, in agreement with the theoretical model.

It is found that the acceptor binding energy in doped superlat-
tice structures is reduced as compared to that of bulk GaN. The
acceptor binding energy is deduced from the temperature depend-
ence of the carrier concentration using the equation

p oc e~ Fa/(KT)
where E, is the acceptor activation energy and kT is the thermal
energy. Activation energies of 70 and 58meV are obtained for
superlattices with 10 and 20% Al content, respectively. A linear
least-square fit to the experimental data is used in the temperature
range 200 to 400K. The dependence of the acceptor binding
energy on the Al content of the superlattice is consistent with that
predicted by the theoretical model [6] and is also consistent with
more detailed calculations [7]. The data shown in Fig. 2 also
reveal a 200meV acceptor binding energy for a homogeneous p-
type GaN.
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Fig. 2 Free hole concentration against reciprocal temperature for
AlAl Ga, N/GaN doped superlattices with x = 10 and 20% aluminium
content as well as carrier concentration in p-type bulk GaN sample

(i) E, = 58meV (AlyGaggN/GaN)
(i1) E, = 7T0meV (Al ¢GayoN/GaN)
(iii) E, = 200meV (p-type GaN)

In this Letter, we present experimental evidence of enhanced
acceptor activation, reduced acceptor binding energy, and
enhanced conductivity in Al Ga,  N/GaN doped superlattice struc-
tures. The MBE-grown superlattices have 20 periods of GaN
(IOOA) and AlL,Ga,_N (IOOK;). The interfaces are not intentionally
graded. Samples with two different aluminium contents, namely x
= 10 and 20%, are investigated. Good Ohmic characteristics are
obtained with 850A thick unannealed Ni contacts deposited on
square-shaped 2.5 X 2.5mm van der Pauw samples used for Hall-
effect measurements.

The carrier concentration against reciprocal temperature of the
doped superlattice samples is shown in Fig. 2. Both samples (with

1110

Fig. 3 Conductivity against temperature for Al.Ga, N/GaN doped
superlattices with x = 10 and 20% aluminium content and p-type bulk
GaN sample

V¥ p-type Alg,0GaggN/GaN superlattice
A p-type Al,GagN/GaN superlattice
@ p-type GaN

The conductivity of the Al,Ga, N/GaN superlattices against
temperature is shown in Fig. 3. The hole mobility of both super-
lattices at room temperature is 1.1-1.2cm%Vs. The hole mobility
has a weak temperature dependence. Inspection of Fig. 3 clearly
reveals that the conductivity of the superlattice sample with the
superlattice with 20% Al content is clearly higher than for the
10% Al content superlattice. We note that this is the opposite
trend to that observed in bulk AL Ga,_ N [8, 9]. Thus the results
reported here will not only be beneficial to GaN, but also to the
AlLGa, N material system where high p-type conductivity is
important as well.

In summary, we present experimental evidence that Al Ga, N/
GaN doped superlattice structures have enhanced acceptor activa-
tion, reduced acceptor binding energy, and enhanced conductivity
as compared to bulk GaN. Acceptor activation energies of 70 and
58meV are demonstrated in Al ;;GageN/GaN and Al ,0GaggN/
GaN doped superlattice structures, respectively. These values are
significantly lower than the 200 + 50meV activation energy meas-
ured in bulk GaN. The demonstration of a reduced ionisation
energy allows for enhanced conductivity and is expected to result
in improved GaN device characteristics.
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High room temperature peak-to-valley
current ratio in Si based Esaki diodes

R. Duschl, O.G. Schmidt, G. Reitemann, E. Kasper
and K. Eberl

Room temperature (RT) -V characteristics of epitaxially grown
Si/SiGe/Si p*/in* Esaki diodes are presented. The incorporation
of Ge within the intrinsic (i) zone gives rise to an increased peak
current density (j, = 3kA/cm?) and peak-to-valley current ratio
(PVCR) compared to pure Si structures (j, = 80A/cm?). A
detailed investigation and optimisation of post-growth annealing
has demonstrated a record PVCR of 42 for Si based Esaki
diodes.

Semiconductor tunnelling structures exhibiting negative differen-
tial resistance (NDR) have been studied intensively for many
years. This interest arises mainly from a possible application in
high frequency [1] and fast digital devices [2, 3]. Especially in the
field of digital circuits, tunnelling structures are a promising way
of increasing the performance, density and speed of semiconductor
devices [3]. For these devices a high peak current density and a
low valley current density are required. These two parameters and
the resulting peak-to-valley current ratio (PVCR) are therefore the
figures of interest. First measurements on Si Esaki diodes pro-
duced by a thermal diffusion process show promising properties
but are difficult to reproduce [4]. More control and flexibility is
achieved by the use of epitaxial growth methods such as molecular
beam epitaxy (MBE). However, owing to difficulties in growing
high quality Si layers with very high and abrupt doping profiles,
the RT PVCRs achieved so far are no better than ~2 [5, 6)].

In this Letter we report the RT /¥ characteristics of epitaxially
grown S/SiGe/Si interband tunnelling diodes. The samples were
fabricated by solid source MBE on Si;p* substrates. The doping
profiles and the structural quality of the highly doped Si layers
were carefully optimised. Low growth temperatures of 460°C for
Si:B and 370°C for Si:P were found to provide maximum dopant
incorporation with sharp profiles. The investigated structures, sug-

gested by Rommel et al. [6], consist of an Si p* (3 x 10¥cmr)
buffer layer, followed by a p-type 8-doping layer (5 x 10%cm?), a
Inm Si/4nm SiGe/1nm Si i-zone, an n-type d-doping layer (1 x
10“cm?) and an Si #* (5 % 10°cm?) cap layer. The 3 doping lay-
ers cause an enhanced degeneracy of the band structure at the
p* m junction (see inset of Fig. 1). Therefore, the depletion zone
which dominates the width of the tunnelling barrier is reduced,
and the tunnelling current increases. At small applied forward
voltages, electrons can tunnel from the occupied states in the con-
duction band (CB) at the n side to the empty states below the
valence band (VB) at the p side. At higher voltages no empty
states are available, and the current decreases theoretically to zero.
Owing to the thermal current and the excess current, which is a
leakage tunnelling current through defect states within the forbid-
den energy gap, the current increases at higher forward bias [5].
Therefore, a high PVCR can only be achieved by a high tunnelling
probability and a low excess current, which needs high crystal
quality. For the measurements, mesa diodes with an active area of
(50um)? were defined by standard contact lithography and lift-off
process. The samples were annealed after growth for 1min at
650°C in a forming gas atmosphere, to remove point defects
formed during the low temperature MBE growth.
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Fig. 1 RT I-V characteristics for diodes with 0, 30 and 50% Ge
within i-zone
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Fig. 2 RT I-V characteristics for sample with 50% Ge for different

annealing temperatures of 680°C and 720°C compared to as grown
Structure

Inset: PVCR for different annealing temperatures

Fig. 1 shows the -V characteristics of samples with different
Ge concentrations of 0, 30 and 50% in the i-zone. The effects of
Ge incorporation are a reduced B diffusion, and an additional VB
offset as indicated in the inset of Fig. 1. This offset causes a more
defined and thinner tunnelling barrier than the diffusion-limited &
doping layers, giving rise to an increased tunnelling probability.
The shift of the peak and valley voltages to higher values with
increasing current is caused by a serial resistance within the meas-
urement setup. A pronounced increase in the peak current density
from ~80A/cm? for pure Si to ~3kA/em? for the sample with a Ge
content of 50% is observed. The PVCR also shows an increase
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