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Abstract —Previous work on high-resistivity silicon suggests that mi-
crostrip line dielectric losses cease fo be significant above 30 GHz.
Silicon—Germanium heterojunction bipolar transistors now provide a well-
behaved three-terminal device capable of operating at microwave frequen-
cies, making the fabrication of silicon monolithic millimeter-wave inte-
grated circuits a genuine possibility. The trade-offs available to operate
this device at millimeter-wave frequencies are discussed, and one-dimen-
sional calculations along with two-dimensional simulations of transistor
performance are presented.

I. INTRODUCTION

HE CHOICE of GaAs for monolithic microwave inte-

grated circuits has been dictated by its properties:
semi-insulating substrates are readily available and, three-
terminal amplifying and oscillating devices are currently
available to over 100 GHz. But problems in manufacture
remain: the quality of the material is variable, the yields
are not as high as may be expected, and the circuits are
expensive. Silicon as a microwave substrate material is
lossy, but it has been shown that for frequencies above 30
GHz, the “dielectric” loss due to the low resistivity (2000
to 10000 ©-cm) ceases to be a problem [1]. However,
apart from Schottky-barrier and p-n junction diodes, the
IMPATT diode appeared to be the only active amplifying
device available in this material. While IMPATT diodes
currently provide the best solid-state high-power sources at
the present time, they are exceedingly difficult to match in
the monolithic circuit context. Thus, there is considerable
reluctance to use these devices in integrated circuits. The
advent of the germanium-silicon heterojunction bipolar
transistor (Ge-Si HBT) provides a three-terminal device
which is well behaved and capable of working at millime-
ter-wave frequencies. We provide an analysis to show that,
indeed, these devices may be the choice for silicon-based
millimeter-wave integrated circuits. In the following sec-
tion, the performance of these Ge-Si HBT’s is analyzed,
and we show that an f, . of well over 100 GHz may be
feasible with these devices. Thus, millimeter-wave IC’s in
silicon are a possible alternative to GaAs- and InP-based
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circuits. The advantages of silicon in device and circuit
processing are obvious and will not be documented here.

II. DEVICE STRUCTURE

It has been demonstrated that molecular beam epitaxy
may be used to fabricate heterojunctions of Ge, Si;_, on
Si. While not lattice matched, the Ge-Si layer will grow
pseudomorphically up to a critical layer thickness, at which
gross stress relief will occur via the formation of disloca-
tions [2]. This technique has been used to fabricate HBT’s
with modest success [3]. More recently, a vapor phase
approach to the fabrication has produced exceptional re-
sults, with current gains of 400 and ideal Gummel plots
remain down to a picoampere of base current [4]. It is of
interest, then, to predict the microwave performance of the
devices that could be fabricated from such layers. One
such estimate has recently appeared in the literature sug-
gesting that devices could be made with an f,_,, of 35 GHz
and an f; of 75 GHz [5]. However, the device modeled
used 1 pm lithography and a non-self-aligned structure. In
this paper we will apply submicron lithography and an
advanced device structure to Ge-Si HBT’s and project the
device performance. An important caveat to these results is
that all of the material properties of the Ge—Si layer except
the band gap will be assumed to be those of silicon. We
emphasize that these are first-order estimates of transistor
performance.

Fig. 1 shows a super self—ahgned transistor (SST), a
device structure that has been developed for digital appli-
cations [6] but can be altered to fabricate analog Ge-Si
npn HBT’s. A 3000 A moderately doped (10'7 cm™3)
collector is first grown on a heavﬂy doped buried layer. A
thick field oxide is then grown in a local oxidation process
and a 1000 A sub poly oxide 1s grown. Next 1500 A of
p* polys1hcon is deposited and oxidized to a thickness of
1000 A. The oxide /poly /oxide sandwich is then anistropi-
cally patterned. Base contacts 1000 A wide are now formed
through an oxide undercut followed by an undoped poly
CVD plug fill and poly oxidation. Reactive ion etching
then forms sidewall oxide spacers approximately 1000 A
wide. The finished emitter width is then 0.2 pm less than
the patterned or “cut” dimension. Prior to growth a shal-
low (250 A) isotropic recess is done to ensure proper base
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Fig. 1. SST structure to be modeled. Areas crosshatched with X’s
indicate heavily doped polysilicon; areas ruled with 45° lines are the
emitter (Si) and base (Ge/Si). The base is contacted through the p™*
diffusion from the polysilicon.

contact. Using the vapor phase chemistry and the lower
growth nucleation rate on the oxide, selective growth is
now done to form the base and emitter regions. Finally a
thicker n** polysilicon is deposited and patterned to
contact the emitter. The exposed poly regions may then be
silicided to further reduce the parasitic resistance. The base
doping is set to 5x10'® cm~3. This represents a realistic
estimate of the maximum boron doping achievable at
typical Ge-Si growth temperatures. The emitter width is
set to 500 A and its concentration is also set to 5x 108
cm ™3, This represents a trade-off between dc current gain
and EB capacitance. Due to the heterojunction such a
device will still have B greater than 100. We assume that
the transistor has an interdigitated structure with 20 fin-
gers of 50 pm length.

The critical layer thickness as a function of the Ge mole
fraction has been determined by People [7], among others.
For the purpose of this calculation we shall select a base

width of 500 A and an alloy concentration of Gey 2551 .75,
although this choice is somewhat arbitrary. The band
offset of the heterointerface is a critical function of the
stress in the Ge-Si film and in the emitter. The presence of
a thin silicon cladding layer has been demonstrated to shift
the band offset from —0.065 eV to +0.225 eV. For the
purposes of the first set of calculations we shall assume
that all of the discontinuity (150 mV) appears at the
valence band edge. The effect of this offset is to ingrease
the device current gain by providing an effective barrier
for hole diffusion into the emitter, while minimizing the
effects of hot electron injection into the base.

1.

Assuming a =1, we can now calculate f, the unity gain
frequency, and f,,,, the frequency at which the unilateral
gain becomes unity, from

Ir =1/(2’”7Ec)

ONE-DIMENSIONAL CALCULATIONS

and

Jinax = (1/(1672"BCC(TEC + ’ECC))) s

where r, is the base resistance, r; is the small-signal
emitter resistance, and C is the collector capacitance. The
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Fig. 2. Calculated maximum frequency of oscillation versus current per
unit length of the transistor, with the emitter cut width varied as a
parameter. Note that the final emitter width is 0.2 pm less than the
emitter cut width.

device transit time, 7., can be found from
Tee =Tp+ 75+ 7+ 7,
where 7 is the emitter--base depletion layer charging tirme,
7z 1s the base charging time, 7. is the transit time of the
base—collector depletion layer, and 7/ is the RC delay of
the collector. For a transistor with a heavily doped buried
collector 7/ is negligible. The value of 7. can be found by
dividing the depletion layer thickness by twice the satura-
tion velocity. The base charging time is given by
=W?/4D,
where W is the pinched base width and D, is the diffusiv-
ity of the minority carrier electrons in the base. Assuming
the values for silicon concentration to be dependent on
diffusivity and taking n = 2 for a uniform base concentra-
tion, 7, is typically less than 0.01 ps. The emitter—base
depletion layer charging time is given by

Te=rg(Ce+ Co+ Coyp)

par

where C, is the emitter—base capacitance, C. is the
base—collector capacitance, and C,,, is the total parasitic
capacitance.

Fig. 2 shows a plot of the calculated f,,, versus emitier
current for the proposzd super self-aligned device with
several drawn strip widths. Initially, the performance im-
proves sharply with increasing current due to the reduced
emitter charging time. At higher currents the curve satu-
rates due to the effects of the rg * C. terms in the denomi-
nator. If we reduce the drawn stripe width and hold the
sidewall oxide constant, a substantial improvement results,
with the highest predicted f,,,, values well over 100 GHz.
Fig. 3 shows an equivalent plot for f, where similar
effects are seen. Due to base push-out, however, these
predicted maximum values are overly optimistic. We can
estimate the onset of the Kirk effect using

Iy = qNcv, Ay
where N, is the collector doping density, v, is the satura-
tion velocity, and A is the emitter area. We then predict
that more realistic maxima for f,,, and f, are 65 and 95
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Fig. 3. Calculated unity gain frequency versus current per unit length of

the transistor, with the emitter cut width varied as a parameter.
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Fig. 4. Results of dc PISCES simulations for both homoepitaxial and
heteroepitaxial transistors.

GHz at 210 uA/um for the 0.6 um drawn stripe, 80 and
95 GHz at 160 pA/um for the 0.5 pm drawn stripe, 105
and 90 GHz at 105 pA/pm for the 0.4 pm drawn stripe,
and 150 and 65 GHz at 50 pm/pA for the 0.3 pm drawn
stripe.

1IV. TwoO-DIMENSIONAL SIMULATIONS

Due to the relatively simple nature of the one-dimen-
sional calculations, a set of 2-D simulations were done
using PISCES-IIB [8] to confirm the results. This program
solves Poisson’s and the continuity equations on a two-
dimensional grid for both carrier types and applies drift
and diffusion transport. PISCES does not allow the pres-
ence of more than one semiconductor. In order to model
the heterostructure, the band gap narrowing parameters
for p-type dopants were adjusted such that for the dopant
concentration used in the base, the band gap was narrowed
by an additional 150 mV. The default models for SRH and
Auger recombination, and field and concentration depen-
dent mobility were used. The structure described above
was modeled with a 3.0 V collector to emitter bias.

The dc results are shown in Figs. 4 and 5 the 0.6 ym
emitter cut transistor both with and without the hetero-
junction. Very similar results were found for the smaller
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Fig. 5. Current gain of both transistors versus the collector current. The
HBT shows an increase in gain with increasing collector current due to
the reduced effects of leakage and generation—recombination currents,
and falls off sharply at high current due to base push out.

Fig. 6. Two dimensional plot showing the base contact and transistor
action at high injection (V,,=3.0 V and ¥, =09 V). The arrows
indicate total current flow. The contours are constant voltage surfaces
at 0.1 V increments with the bottom contour representing 1.5 V. Notice
the large amount of injection into the extrinsic base and the deep
extension of the voltage contours into the collector.

devices. As predicted, current gains well in excess of 100
are obtained for the HBT, even though the effect of using
band gap narrowing to simulate the heterostructure is to
split the discontinuity evenly between the valence and
conduction bands. This can easily be seen by calculating
the ratio S(HBT)/B(BJT). The result corresponds to a
valence band discontinuity of 75 mV. It is found that 8
declines sharply for currents above 10™% A/um. Fig. 6
shows a cross section of the active region of the 0.4 pm
device with 3.0 V on the collector and 0.9 V on the base,
corresponding to a collector current of 5.4X107* A /um.
Both current density vectors and equipotential lines at
0.1 V increments are shown. Base push-out is clearly seen
below the collector. The base resistance does not appear to
be a factor, as V,, is nearly uniform across the device.

To predict the ac performance a 1 mV sinusoidal signal
was applied to the base and emitter contacts of the dc
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Fig. 7. Sample plot of ac results and subsequent f; extraction for
0.4 pm emitter cut width transistor.

solution and the Y parameters were extracted as a function
of frequency. From these Mason’s gain (U) and the cur-
rent gain (%) were calculated and used to find f,, and
fr- PISCES was unable to converge for ac solutions on any
of the structures for frequencies above 5 GHz. Thus a
linear extrapolation from the last converged data point
(generally 3.8 GHz) was used to calculate f,,, and f;. Fig.
7 shows a typical extrapolation plot. Since the data points
do not always extend completely into the linear region of
the plot, these results are somewhat lower than the true
values, particularly for the highest frequency devices. Fig.
8 shows a compilation of the results. Due to the extrapola-
tion problem the 0.3 pum cut HBT was not modeled. It was
found that f increases with emitter current, as expected,
although it did not reach as high a frequency as predicted
by the one-dimensional calculation. The highest value for
fr was 28 GHz for the 0.4 pm cut transistor at 1.1X107°
A /pm, and it was nearly independent of transistor width.
The value of £, was also found to increase with emitter
current, with a maximum value of 170 GHz at 1.1x10 >
A/pm for the 0.4 pm cut device.

V. DISCUSSION AND SUMMARY

By treating Ge-Si layers as narrow-band-gap silicon,
both one-dimensional calculations and the two-dimen-
sional PISCES simulations were done on HBT’s with vary-
ing emitter widths. The results indicate that high-speed
operation can be achieved with Ge-Si HBT’s, although the
maximum of both f,, and f, occurred at lower current
densities than expected from the simple model. We believe
the values of f,,, and f; derived from the two-dimen-
sional model to be quite conservative estimates, since only
half of the heterojunction discontinuity appeared in the
valence band. If the band offset were properly taken into
account, substantially higher gains would result. For an-
other 75 mV discontinuity the maximum value of f should
be approximately 120 GHz, substantially in agreement

with the one-dimensional calculation. Furthermore the.

doping concentrations for the devices were fixed at nonop-
timal values. Additional simulations indicate that by low-
ering both the base and emitter concentrations, higher
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Fig. 8. PISCES predictions for f_,. (open'mzirks) and f (filled marks)
as functions of collector current per unit transistor length with emitter
cut width as a parameter.

cutoff frequencies can be obtained. Similarly, increasing
the collector concentration would allow higher current
operation, further improving device performance.
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