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Currently, several ways are investigated concerning pico-cellular systems. Although
optical feeding of base stations is anyhow involved, there are a lot of microwave signal
transmission or generation schemes. Depending on the used scheme, the receiver shall behave
differently, either as a pure optoelectronic transceiver (microwave transmission) either as a
non-linear optoelectronic system (optical microwave generation, optical locking of microwave
oscillator,..). In these fields, we present the work that we did on promising devices, i.e.
InP/InGaAs edge-coupled heterojunction phototransistors in two- and three-terminal
configuration. Three parts report modelling tools, device technology and characterization.
Modelling tools include optical as well as optoelectronic modelling. A brief description of
technological work follows. The characterization is made in terms of static response, frequency

response and non-linear behaviour.

Modelling tools.
The modelling of heterojunction bipolar phototransistors (HPT's) is made using an

optical model in conjunction with an electrical one [1].

The optical model is based on a Finite Difference Beam Propagation Method (FD-BPM) in a
two- or three-dimension computational scheme. The electrical one uses a mono-dimensional
Energy model in which external circuit as been included.

Optical model.
We use a FD-BPM algorithm in which each layer can have a real or complex refractive

index [2]. The reflection coefficient at the air-semiconductor interface has been taken equal to
29%. Light absorption, and so quantum efficiency of the device, is obtained comparing the
output light intensity to the input one. Optical injection is made using a 2 pm or 8.5 um
gaussian spotwidth (at 1/e) corresponding to, respectively, a lensed or as-cleaved optical fibre.
For laterally symmetric structures (such as PIN photodiodes or 2-T HPT's), two-dimensional
FD-BPM is enough to determine the optical behaviour of the structure. For asymmetric ones
(such as 3-T HPT's), three-dimensional algorithm is sometimes preferred in order to obtain a
more realistic optical field profile. As examples, we present:

- in Fig.1, the light propagation inside a 2-T HPT (2D FD-BPM), the use of a lensed fibre
increases the quantum efficiency from 13% to 43% (@ 1.55 pm) compared to a cleaved one,

- in Fig.2, the light propagation inside a 3-T HPT (3D FD-BPM), the use of an InGaAsP
subcollector instead of an InP one increases the quantum efficiency from 37.5% to 61%
(lensed fibre @ 1.3 pm)(40% to 63% @ 1.55 um in the same conditions).

From these propagation results, the carrier generation rate due to optical absorption can be
deduced at any distance along the propagation axis. Fig. 3 shows the carrier generation rate
which is obtained for the 3-T HPT when illuminated with a lensed and as-cleaved fibre. The

0-7803-4135-X/97/$5.00 ©1997 IEEE 163


V. MAGNIN
“©2002 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.

V. MAGNIN
“©2002 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.

V. MAGNIN
“©2002 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.

V. MAGNIN
“©2002 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.

V. MAGNIN
“©2002 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.

vincent
“©1997 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.
This material is presented to ensure timely dissemination of scholarly and technical work. Copyright and all rights therein are retained by authors or by other copyright holders. All persons copying this information are expected to adhere to the terms and constraints invoked by each author's copyright. In most cases, these works may not be reposted without the explicit permission of the copyright holder.


sensitivity to optical injection, i.e. the effect of fibre misalignment, can also be computed. Fig.
4 shows the device efficiency modification versus lensed fibre deviation; a more sensitive
position effect (1uym deviation cuts the efficiency by a factor 2) is obviously observed
compared to an as-cleaved fibre.

Electrical model. :

A mono-dimensional Energy model based on Boltzmann transport equation [2, 3] is
used to determine the physical behaviour of the devices. They are shared into elementary slices
along propagation axis; the optical generation rate, obtained from the optical model (see Fig.
3), is inserted into each slice. We must point out that, using such a mono-dimensional model,
we can not consider transport phenomena which could occur due to the variation of generation
rate along the propagation axis; so, we assumed that there is no carrier displacement along this
axis. Each elementary currents are added to obtain the total current of the device. Another
thing to point out is the fact that a simplified generation rate (constant generation over the 4-5
first microns and no generation after) gives no significant difference in the results: the great
advantage is a smaller computational time. The whole electrical behaviour is obtained by
including the external circuit effect. Base potential can be floating (2-T HPT's) either voltage
or current driven (3-T HPT's). The model can be used either for the design of the device
(particularly epitaxy) or the device performance (static and dynamic).

Device technology.
The two types of transistors were fabricated on the following epitaxy:
[ n-InGaAs, 50 nm, 5x10* cm

emitter? n-InP, 1.35 pm, 5x10*® cm™® (only 3-T HPT)
\ n-InP, 0.15 pm, 5x10" cm™

spacer n-InGaAs, 20 nm, 5x10"° cm™

base p-InGaAs, 0.1 pm, 10" cm™

collector n-InGaAs, 0.4 pm, 5x10" cm®
sub-collector n-InP, 0.5 pm, 2x10'® cm™
substrate n-InP

2-T HPT.

First, ridges of 6 um are dry etched down to InP subcollector layer. Polyimide (2pum)
and resist (3 pm) films are then deposited in order to planarize the structure. Etching of these
layers are stopped right to the top of the ridges, no mask is required but accurate control is
needed. A second photolithographic step defined the emitter contact. A dry etch self-aligned
on the top electrode was then performed in order to isolate HPT's from each other. As last
steps, thinning of substrate and backside collector contact were made.

3-T HPT.

Emitter ohmic contact (2um, 4pum, and 6 um wide) is first deposited and acts as mask
for emitter etch. A mixing of dry and wet etches is used in order to obtain a very small
underetching. This one allowed a self-aligned base metallisation step, the gap between base
metal and emitter is close to 0.2 pm. Base mesa is then made followed by a planarization step
identical to the one use for the 2-T HPT. Subsequent etches are made in order to contact
emitter and base. Thinning and collector backside electrode concluded the process. The length
of devices is fixed by cleaving and is between 4 and 15 pum. Fig. 5 represents a SEM view of a
4 pym x 8 pm device.
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Device characterization.
Static characterization.

The static characteristics of HPT's are shown on Fig. 6a & 6b for, respectively, 2-T
and 3-T devices. For 2-T HPT's, external responsivity is around 4 to 5 A/W (as-cleaved fibre
@ 1.3 um) for bias voltage of 1V (using a lensed fibre, external responsivity reaches 12 A/W).
Since the external quantum efficiency has been evaluated around 0.1 by comparison with a PIN
photodiode of equivalent structure, we can deduce an internal gain value about 40 (@ 1V). We
can notice that, due to different optical confinement conditions inside the device, the external
responsivity is around 4 A/W at 1.55 pm. For 3-T HPT, the external responsivity of the base-
collector junction used as PIN photodiode has been measured equal to 0.14 A/W (@ 1.3 pm)
which corresponds to theoretical predictions. Referring to this measurement, and to the
responsivity of the transistor, under current controlled base electrode operation, which value is
around 8 A/W (@ 500nA base current), a maximum intrinsic DC gain value around 55 is
obtained (Fig.7). The use of a lensed fibre allows responsivity to reach 24 A/W but the
misalignment is much more sensitive that for as-cleaved fibre.

Dynamic characterization.

Frequency response.

Frequency response of devices has been measured up to 15 GHz. Reference is taken using a
1014A New Focus photodiode exhibiting a responsivity of 0.25 A/W and a cut-off frequency
of 40 GHz. Fig. 8a & 8b shows the response of the 2-T and 3-T HPT's. Their respective
optical unity gain frequency has been evaluated to 25 GHz and 40 GHz. As already reported
[4], 2-T HPT's show a continuously decreasing frequency response. In the case of 3-T HPT,
the response is strongly dependent on the base external circuit (resonant circuits can be used in
order to obtain tuned photoreceivers [S]). For the experiment reported in Fig. 8b, the external
circuit is a 50 Q resistor: this explains the lower gain obtained compared to 2-T HPT but also
the relatively flat response.

Non-linear behaviour.

The non-linear behaviour of 2-T HPT's has already been reported [6, 7]. Here we give two
examples of experiments carried out using two optical beams. In a first one, one was RF
modulated and the other one CW. Depending on CW beam power, the RF output level of the
device can be modified. As an example, for 1 mW CW power impinging on the device, an
increase of 18 dB at 500 MHz and 14 dB at 5 GHz has been measured by comparison to no
illumination conditions. In a second experiment, two modulated light beams were focused on
the device, one is 2 GHz RF modulated and the other is 2 KHz square modulated. The
resulting output power is given on Fig. 9 where we can observe the total modulation of the 2
GHz signal by the 2 KHz square one.

For 3-T HPT's, depending on impinging light power and base current, very non-linear
behaviour has been observed specially for low light powers. As example, when compared to
the case where no base current is injected, the output level (corresponding to a 1 GHz
modulated light beam) shows up to 30 dB improvement at impinging light powers around 10
pW and base current of 0.5 mA. Mixing experiments of RF optically and electrically generated
signals have been carried out. A 1 GHz optically generated sub-carrier has been mixed with a
18 GHz electrical carrier (-20 dBm), the output signal of HPT is given on Fig. 10. An other
experiment was performed using a 8 GHz modulated optical signal mixed with an electrical
signal which frequency is in between 500 MHz and 10 GHz (-10 dBm). An up-conversion gain
around 6 dB has been obtained at 500 MHz and 0 dB gain is around 6 GHz.
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Electrical equivalent circuit.

The S parameters have been measured up to 15 GHz due to the limitations of the
microwave submount used. From these measurements a small signal equivalent circuit has been
deduced. The optical input is introduced as a current generator between emitter and collector.
Due to electrode configuration, important parasitic capacitances exist between base and
collector and between emitter and collector. This shall be overcome by the use of a semi-
insulating substrate. A large signal equivalent circuit has also been made: each equivalent
circuit element value depending on base current which is a combination of electrical and
photogenerated ones.

Conclusion.

From this study, edge-coupled HPT's appear to manage microwave functionality in
both linear and non-linear applications as well as high responsivity. Nevertheless, some
improvements can be: .

- the use of an InGaAsP subcollector; this tend to a better optical efficiency,

- the use of a semi-insulating substrate; this shall give low parasitic capacitance devices.
However, technology would be more difficult especially concerning the electrode design since
the edge-coupling technique implies some restrictions concerning the electrical connections.
Such devices are currently under design.

We have to keep in mind that such edge-coupled devices need always some kind of
drastic alignment scheme. The use of an optical waveguide illumination, such as an
evanescently coupled optical waveguide [8], can bring two major advantages: no precise
cleaving of devices is needed and the compatibility with HBT MMIC technology can be
increased [9].
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Fig. 1: Modelling of light propagation inside  Fig.2: Light distribution inside a 3-T HPT
a 2-T HPT structure @ 1.3 ym structure (lensed fibre @ 1.3 um)
LEFT: thin emitter. RIGHT: thick emitter. ~ LEFT: InGaAs collector. RIGHT: InGaAs &
TOP: as-cleaved fibre. BOTTOM lensed InGaAsP collector. TOP: cross-sectional

fibre. profile. BOTTOM: along propagation axis
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Fig. 3: Optical generation rate along the Fig. 4. External quantum efficiency of 3-T
propagation axis. Optical input power is 1 HPT (lensed fibre illumination @ 1.3 um)
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Fig. 5: SEM view of 4 um x 8 um edge- Fig. 7: 3-T HPT: optical DC gain versus base
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Fig. 6: Static characteristics of 2-T and 3-T HPT's (as-cleaved fibre @ 1.3um).
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Fig8: Frequency response of 2-T (a) and 3-T (b) HPT's. 0 dB corresponds to the output
power of a 10144 New Focus photodetector.

Fig. 9: Output signal of a 2-T HPT - Fig. 10: Output signal of a 3-T HPT

illuminated by a 2 GHz modulated light beam illuminated by a 1 GHz modulated light beam
and a 2 KHz one. and biased with a 18 GHz electrical signal
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