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Design and Smulation of a Light-Activated Darlington Transistor
Based on a SCGe/ 3G-SIC Hetero-Sructure”

Chen Zhiming", Ren Ping, and Pu Honghin

(Department of Electronic Engineering, Xi’' an University of Technology, Xi’ an 710048, China)

Abstract : A light-activated Darlington heterojunction transistor based on a SiCGe/ 3C-SiC hetero-structure is pro-
posed for anti- EM I (electromagnetic interference) applications. The perf ormance of the novel power switch issim-
ulated using ISE. In comparison with the switches based on other polytypes of SiC,the design benefits from having
fewer lattice mismatches between the SiCGe and 3C-SiC. A maximum common emitter current gain of about 890
and superb light-activation characteristics may be achievable. The perf ormance simulation demonstrates that the
device has a good |-V characteristic with a turn-on voltage knee of about 4V .
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1 Introduction

Conventional electronic control systems are
susceptible to electromagnetic interference (EMI)
that can reduce the clarity of control signals.
Light control systems that use optical signals to
actuate the controlled interfaces have been sug-
gested as a solution to the EMI problem. In order
to develop an anti-EMI power switch for high
temperature, high frequency,and high power ap-
plications,we proposed a light-activated SiC Dar-
lington transistor in an earlier work''. Because
SiC is not optically active in the wavelength range
in which light sources are readily available for
present optical communication, the ternary alloy
SiCGe with appropriate composition was sugges-
ted as a light-absorption medium for the base lay-
er to achieve its direct light-activation. However ,
that design is difficult to realize in practice be-
cause a second hetero-epitaxial growth of SiC e-
mitter on SiCGe is necessary.

In comparison with SiGe/Si and SiCGe/Si
heterojunctions, the SiCGe/SiC heterojunction
structure has been less studied up to now ,although
a group from the University of Delaware has pub-
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lished an application of Si-C-Ge alloy in SiC het-
ero-structure bipolar transistors ( HBT)™ . This
seems to be the only work currently on the Si-C-
Ge ternary alloys used for fabrication of SiC
HBT. However,the Ge content in their Si-C-Ge
ternary alloy is only a few percent ,which may not
be enough to reduce the band-gap to meet the
need of applications in the visible and infrared
range. However ,the feasibility of growing SiCGe
alloys with higher Ge content on SiC substrates
has been initially confirmed by our recent
work®™ .

We present here a new design of a SiC light-
activated Darlington power transistor for which
only one hetero-epitaxy is needed to make a
monolithically integrated SiCGe/ SiC heterojunc-
tion photodiode for providing a primary base cur-
rent to the Darlington transistor. Also, the host
material is changed to 3C-SiCin this new proposal
because of two considerations. First, among SiC
polytypes,3C-SiC has the least lattice mismatch
with the ternary alloy SiCGe;Second,3C-SiC sub-
strates are becoming more readily available!* .

SiCGe grown on 3C-SiC substrate is consid-
ered to have a cubic systematic lattice. According
to Vegard' s law, the lattice mismatch between
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SiCi- xGex and 3C-SiC is only about one third of
that between SiCi.x Gex and 4H- or 6H-SiC for
the same Ge content in the range high enough to
meet the need of applications in the visible and
the infrared regions.

By means of the multi-dimensional device
simulator ISE,the feasibility of the new design is
successfully tested. The simulation results show
that the proposed power switch can be triggered
by a near infrared laser beam. In comparison with
devices based on the other polytypes of SiC'™ this
device benefits from having fewer lattice mismat-
ches between the SiCGe and 3C-SiC.

2 Sructure design and light-activa-
tion principle

Figure 1 shows a cross section and the doping
profiles of the light-activated Darlington tran-
sistor based on 3C-SiC. The device is actually a
monolithic integration of the 3C-SiC Darlington

to get a good ohmic contact ,its top layer must be
heavily doped. A p-i-n type photodiode is designed
to meet both of these requirements.

The most important parameters to the design
and simulation of the heterojunction photodiode
are the band gap and the optical absorption coef-
ficient of the ternary alloy. Since the study of the
growth of SiCGe on SiC isin its initial stage,the
parameters required for accurate design and simu-
lation are mostly unavailable at present. There-
fore,we used Orner’ s calculation method” and
the McFarlane- Roberts equation'® to estimate the
band gap and the absorption coefficient of the
SiCGe with varied composition ratios. The details
have been published elsewhere'® . Accordingly ,we
choose a SiCGe with a band gap of 1 52eV to
form the photodiode,which corresponds to an i-
deal composition of 30 % Ge and 70 % SiC.

In order to make the photodiode have a high
enough optical responsivity ,we choose a common-
ly used 0. 63 m laser as the triggering light
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Fig.1 Crosssection and doping profiles of the SiICGe/ 3C-SiC light-activated Darlington transistor

transistor with a floating auxiliary emitter and a
SiCGe/ 3C-SiC heterojunction photodiode that
provides a primary base current induced by irradi-
ation to trigger the Darlington transistor. An | TO
electrode is employed as an interconnection be-
tween the photodiode and the auxiliary transistor ,
which are isolated from each other by a SiO:
trench. The trench can be made using reactive ion
etching (RI E) '’ . Sharing the same substrate as the
Darlington transistor ,the SiCGe/ 3C-SiC photodi-
ode is formed by a hetero-epi-growth of the
SiCGe layer directly on the ntype 3C-SiC drift af-
ter the p base epi-growth and the n* emitter ion
implantation processes have been completed. As
an absorption layer, the SiCGe layer should be
doped with a low concentration,however in order

source. When the triggering light is introduced in-
to the photodiode through the 1 TO ,the light-gen-
erated electrons and holes in the SiCGe will be
swept by the electric field in the space region,in
which the light-generated holes are drawn into
the p-base through the 1 TO,resulting in a photo-
current in the base. The auxiliary transistor is de-
signed to be longer than the main transistor.
When the photocurrent flows through the base,
the base-emitter junction of the auxiliary tran-
sistor must be put into a forward biased status be-
cause of a large voltage across the auxiliary base
region. Then the auxiliary transistor turns on,and
its emitter current isintroduced through the float-
ing emitter contact into the base of the main tran-
sistor. The Darlington transistor is then turned on
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directly by light activation.

3 Simulation and analysis

Using the multi-dimensional simulation software
ISE,we optimized the structure and parameters of the
newly designed light-activated Darlington transistor.
L acking data for the SiCGe alloy,we have to assume
that the SICGe alloy with the proper Ge content has
SiClike properties except for its band gap and optical
absorption. Models used in the simulation are con-
cerned with mobility ,saturation of drift velocity, ef-
fective intrinsic carrier density,band gap narrowing,
Fermi-Dirac statistics, incomplete ionization, Auger
and Shockley- Read- Hall recombination,and impact i-
onization. The temperature chosen for al the simula-
tions is 300K.

A simulation plot of the photocurrent density
versus incident light power density under a bias of
40V isshown in Fig.2 for the SiCGe/ 3C-SiC het-
ero-junction photodiode of the Darlington tran-
sistor. The photocurrent is a linear function of the
incident light power ,which is nearly independent
of the bias. The slope of the plot,i.e.the optoe-

lectronic efficiency is about 88 9mA/ W.
20

%)
)

3 ]
16 L ncident light wavelength=0.63pm . - .

14 L]

Photocurrent density/(A- cny
n

]

o l . .
50 100 150 200

Incident light power density/(W- cm?)

Fig.2 Photocurrent density of the SiCGe/ SiC photo-
diode versus incident light power

Figure 3 shows the light-activation character-
istics of the Darlington transistor biased by 20 and
40V , respectively. We can see clearly that the
light-activated device has a good switching char-
acteristic demonstrated by a threshold incident
light power similar to a normal Darlington switc-
hing transistor. The threshold triggering light
power varies slightly with the collector voltage.
For the demonst ration design and simulation, the

threshold light power changes from 13 to 12W/ cm’

when the collector voltage changes from 20 to 40V.
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Fig. 3
light-activated device

Light-triggering characteristics of the SiC

Figure 4 shows a plot of the common emitter
current gain versus collector current density for
the Darlington transistor at a collector voltage of
10V . According to the simulation result,a maxi-
mum current gain of about 890 may be achieva-
ble ,which is high enough to amplify the photocur-
rent for light triggering.
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Fig.4 Simulated common emitter current gain of the
3C-SiC Darlington transistor

The forward |-V characteristics of the SiC
light-activated Darlington transistor are shown in
Fig.5for different densities of the triggering light
power. It can be seen that the turnon voltage
knee is around 4V and the output current capabili-
ty depends on the incident light power ,especially
in the low power range. However ,in the case of
low output current ,the same collector current can
be obtained by triggering with a relatively low
light power,as long as the collector-emitter volt-
age is high enough.
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