where EY{ is the related error for which the estimation
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and averaging eqn. 10 with respect to the phase o, the final
relation for bit error rate is obtained?
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Fig. 2 Bit error rate of digital phase modulated signal plotted against
SNR at the satellite input (p?) for various values of SNR at the earth
station input (p?)

a p?=12dB R dB
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where | F,(.) is the confluent hypergeometric series and I'(.) is
the gamma function and [.] means integer part of the value
inside.

In Fig. 2 the bit error rate of digital phase modulated
signals transmitted over the satellite channel is plotted against
SNR at the satellite input (p?2) for various values of SNR at
the earth station input (p2). The interference in this case is
approximated by three sinusoidal signals. The existence of
interference increases bit error rate, and this influence
increases with increasing SNR at the earth station input.
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GaAs/AlGaAs HETEROJUNCTION Pnp
BIPOLAR TRANSISTORS GROWN ON
(100) Si BY MOLECULAR BEAM EPITAXY

Indexing terms: Semiconductor devices and materials, Bipolar
devices, Transistors, Silicon

GaAs/AlGaAs Pnp heterojunction bipolar transistors (HBTs)
were fabricated and tested on (100) Si substrates for the first
time. A common-emitter current gain of # = 8 was measured
for the typical devices with an emitter area of 50 x 50 ym? at
a collector current density of 1 x 10* A/cm? with no output
negative differential resistance up to 280 mA, highest current
used. A very high base—collector breakdown voltage of 10V
was obtained. Comparing the similar structures grown on
GaAs substrates, the measured characteristics clearly demon-
strate that device grade hole injection can be obtained in
GaAs on Si epitaxial layers despite the presence of dis-
locations.

Recently, epitaxial growth of GaAs on Si has been attracting a
great deal of attention because of the promise of combining
both III-V and more technologically mature silicon devices on
a Si substrate. The extent of success already obtained makes
the growth of GaAs devices on Si well worth investigating.
GaAs/AlGaAs NpN heterojunction bipolar transistors (HBTs)
on Si with current gain frequencies of f, = 30GHz and
maximum oscillation frequencies of f,,, = 11-SGHz have
already been demonstrated for emitter dimensions of
4 x 20 um?.! More recently, Chen et al.? reported the modula-
tion frequency of 4-5 GHz for the GaAs/AlGaAs ridge wave-
guide lasers of 10 x 380um? grown on Si substrates.
Associated with the growth of GaAs on Si, however, are a
number of problems including a 4% lattice mismatch between
GaAs and Si. Device performance is limited by the quality of
the GaAs layers, which is determined by defects such as misfit
dislocations and stacking faults propagating from GaAs/Si
interface to the active device area. To minimise the dis-
locations and suppress their propagation to the surface, a
great deal of effort has been made such as ex situ annealing®*
and hydrogenation® as well as utilising strained-layer super-
lattices.® Since the bipolar transistor is very sensitive to any
defects such as threading dislocations, it can be used as a
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probe to investigate the material properties of GaAs on Si. In
addition, Pnp GaAs/AlGaAs HBTs on Si have not been
studied prior to this work. As a result, we have undertaken an
investigation of GaAs/AlGaAs Pnp HBTs on Si because of
their suitability for many applications such as current sources
in I°L inverters.” In this letter, we report our results on self-
aligned GaAs/AlGaAs Pnp HBTs grown directly on Si sub-
strates by molecular beam epitaxy for the first time.

The epitaxial structures of GaAs/AlGaAs Pnp HBTs report-
ed here were prepared by molecular beam epitaxy (MBE) on
Si substrates tilted 4° off (100) toward (110). A 2um GaAs
buffer layer doped with Be to 2 x 10'®cm ™3 was first grown
directly on Si substrates, followed by a 0-5 um GaAs collector
doped with Be to 5 x 10'7cm ™3, and a 1500A GaAs base
doped with Si to 10'"%cm ™3 Next, a 0:3um Al,.;Ga,.,As
emitter doped with Be to 2 x 10'7 cm ™ was grown. Finally, a
0-15 um emitter cap layer doped with Be to 1 x 10'°cm™3
was deposited to facilitate ohmic contacts formation. After
growth, HBTs were fabricated using both mesa isolation and
self-alignment processes. A 3:1:50 (NH,OH : H,0,:H,0)
etching solution was utilised for emitter and self-aligned base
mesas and n-type and p-type contacts were formed by evapo-
ration and subsequent alloying of AuGe/Ni/Au and AuBe,
respectively. The details of the fabrication can be found in the
literature.®

Fig. 1 shows the inverted curve tracer scans of the common
emitter output characteristics for typical Pnp GaAs/AlGaAs
HBTs on Si substrates. Measured common-emitter current
gains for devices with an emitter area of 50 x 50 um? were
around 8 at a collector current density of 1 x 10* A/cm?. This
value compares well with the current gain of g = 12 for the
GaAs/Al Ga, _ As Pnp HBTs with an emitter Al mole frac-
tion of x = 0-45 grown on lattice-matched GaAs substrates.®
The output characteristics did not show any negative differen-
tial resistance (NDR) at a collector current level up to 280 mA,
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10mA/step
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:

Fig. 1 Inverted photographic pictures of typical common-emitter output
characteristics for a Pnp HBT with an emitter area of 50 x 50 um?®

a Low current levels
b High current levels
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a phenomenon observed, even at lower current levels by
Chand et al.'® for the GaAs/AlGaAs Pnp HBTs grown on
GaAs substrates. The lack of NDR is tentatively attributed to
the better thermal conductivity of Si substrates over GaAs.
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Fig. 2 Logarithmic plot of common-emitter current gain as a function of
collector current
The ideality factor of the emitter junction deduced from the slope is
approximately 2-0

The measured diode characteristics of emitter-base and
base—collector junctions revealed that the turn-on voltages of
emitter and collector junctions were 0-7 and 0-8V, respec-
tively. The base—collector breakdown voltage is as high as
10V, indicating that threading dislocations, which might pen-
etrate the collector depletion region, do not cause an observa-
ble rise in the leakage current. In Fig. 2 is shown the collector
current dependence of current gain for Pnp transistors on Si.
The plotted current gain starts to decrease above a collector
current of approximately 100 mA owing to the current limit of
HP4145. The ideality factor deduced from the slope of the
logarithmic plot is around 2-0, implying the space charge
recombination and/or the surface recombination at the
exposed periphery of the emitter junction.!! The dependence
of measured current gain on the emitter dimensions suggests
that the low current gain is in part due to the surface recombi-
nation at the emitter junction rather than being entirely an
inherent material-related problem of GaAs on Si. Improved
current gains can be expected by using the surface passivation
or planar structures.!!-12

In conclusion, GaAs/AlGaAs Pnp HBTs by MBE have
been successfully operated on a Si substrate for the first time.
A common emitter current gain of f = 8 was obtained at a
collector current density of 1 x 10*A/cm? and the output
characteristics did not show any negative differential resist-
ance at a high collector-current level up to 280 mA owing to a
better thermal conductivity of Si substrates over GaAs. A very
high base—collector breakdown voltage of 10V was obtained,
suggesting that the leakage current is not very sensitive to the
dislocations present.
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PHOTOCHROMIC BEHAVIOUR OF
THULIUM-DOPED SILICA OPTICAL FIBRES

Indexing terms: Photochromism, Optical fibres, Doping, Opti-
cal properties of substances

We report the first observation of the photochromic effect in
thulium (Tm?3*) doped silica optical fibres.

Introduction: There has been a recent increase in interest in
optical fibres which exhibit enhanced nonlinear behaviour by
virtue of the inclusion of rare-earth ions in the silica host
glass.'? Photochromic behaviour in optical fibres has been
observed previously,® and photorefractive effects have been
noted in rare-earth doped silicate and phosphate glasses.* In
this letter, we report the first observation of the photochromic
effect in thulium (Tm? *)-doped silica optical fibres.

Thulium ions were incorporated in the GeO,/P,0O5 core
region of a silica fibre in a concentration of several hundred
parts per million. The solution deposition method was used,’
which is a variant of the MCVD process of fibre manufacture.
The core radius was about 3 um and the V-value at 500 nm
wavelength was approximately 5. In the ‘as drawn’ state, the
thulium ions in the glass matrix exhibit an absorption spec-
trum shown in Fig. 1. The important features of this spectrum
are the absorption band *Hy — 'G,° between wavelengths of
450nm and 485nm, and the relatively high transmissivity
between 485nm and 650 nm. When the fibre was illuminated
with light at a wavelength of 475nm from a CW argon-ion
laser, the transmission of this wavelength was found to
decrease with time, that is to exhibit photodarkening or
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colouration. After several minutes exposure to 100mW
launched optical power at 475 nm wavelength, the attenuation
of the pump increased from 20dB to 30dB in a 4 m length of
fibre. This darkening process was apparent only when
pumping into the 3Hy — !G, absorption band. The magni-
tude of the timescales indicated that the effect was attributable
to structural changes in the glass in the vicinity of the thulium
ions.
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Fig. 1 Absorption spectrum of ‘as drawn’ thulium-doped silica fibre

Experiments: In the visible to near-IR region of the spectrum,
we measured the change in optical transmission through a
length of thulium-doped fibre between the transparent (state I)
and coloured (state II) conditions, induced by pumping at
475nm wavelength. Probe wavelengths were 475nm, 514 nm,
633nm and filtered white light between 600nm and 1000 nm.
Fig. 2 shows the maximum change in transmission with
induced colouration. The pump power was 300mW and the
exposure time was S5Smin, conditions which saturated the
induced absorption. The broad absorption band created by
the colour-centre formation extends in wavelength from less
than 500 nm to greater than 800 nm. The ground-state absorp-
tions of the thulium ions around 690 nm and 800 nm preclud-
ed accurate measurement of the induced absorption in these
regions. The broken curve in Fig. 2 joins discrete data points.

It was found that the darkening could be reversed by
pumping the fibre at a wavelength of 514nm. The fibre
reverted to its ‘as drawn’ condition (state I) within similar
timescales and for similar optical powers required to create
the colour centres. It is thought that the reversing process is
due to thermal relaxation.

The exposure conditions were studied in greater detail,
using a 60cm length of fibre doped with 1000 parts per
million of thulium ions. It should be noted that this fibre was
drawn from a different preform from the fibre discussed pre-
viously, indicating that the effect was not restricted to one
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Fig. 2 Change in transmission through a 4m length of thulium-doped
silica fibre after illumination at 475 nm wavelength
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