Ultrafast coplanar air-transmission lines
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We demonstrate subpicosecond electrical pulse propagation using coplanar air-transmission
lines. Rise times of 0.8 ps after 2.8 mm of propagation are achieved with a velocity of
propagation which is 86% of the speed of light in vacuum. Our results suggest that intrachip
communication in digital circuits with rise times as short as 1 ps is readily achievable

using electrical signals.

A limit to ultrafast electronics with single picosecond
switching time is the ability to rapidly propagate undis-
torted electrical signals from one transistor to another. For
example, a 100 Gbit/s data rate requires a 100 GHz clock
and its complement which can be distributed less than 1
mm {using metal lines on GaAs) before timing errors be-
tween devices become tmportant. The choice of an appro-
priate technique to distribute the clock and data on length
scales greater than this has been the subject of some dis-
cussion.! We demonstrate experimentally that ultrafast co-
planar air-transmission (CAT) lines may be used to prop-
agate subpicosecond electrical signals across typical chip
dimensions of a few mm, at very high speeds, and with
little distortion. Cur results suggest that electrical propa-
gation (as opposed to optical interconnects) is a practical
method of intrachip {( ~mm) communication in digital cir-
cuits requiring rise times as short as 1 ps.

Subpicosecond electrical transients can be propagated
for short distances ( <100 gm) without significant loss in
fidelity (rise time:).z‘3 However, there has been little at-
tempt to propagate subpicosecond clectrical signals large
distances {e.g., a few mm) because of dispersion mecha-
nisms involving dielectric discontinuities and materials-
related losses.”* We show that a practica! solution to this
problem is the formation of CAT lines in which the bulk of
the substrate diclectric is removed around the conductors.

Gold coplanar transmission fines 1 gm thick by 5 ym
wide with a 3 um gap are fabricated on a 200 nm layer of
$i0, on semi-insulating GaAs substrates. The layer of 8i0,
acts both as an etch mask and as a physical cantilevered
support for the lines. In addition, the electrically insulating
SiQ, layer reduces leakage and dark currents in the system.
As shown in Fig. 1(a), islands of unetched material form
the photoconductive switches which are connected to the
conductors through openings in the 8iQ, layer. This region
is protected with a layer of photoresist while the substrate
is etched for a few minutes in a 10 H,0,:2H,80,:40 H,O
solution. A scanning electron micrograph showing a cross
section of a completed CAT line is shown in Fig. 1{b).
Note that the electrodes overhang the SiQ, layer by about
2 um, so the region of highest field strength experiences a
uniform air dielectric. This is a robust design, not affected
by the wet processing or ultrasonic wire bonding.

Electrical transients about 0.1 V in magnitude are gen-
erated at the voltage-biased photoconductive switch vsing
the sub 100 f5 full width at balf maximum optical pulses
from a colliding puise mode locked (CPM) laser. The
{'PM laser operates at a wavelength A = 620 nm and a 100
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MHz repetition rate. An optical fiber is used to deliver the
excitation pulse thereby guaranteeing that the laser timing
delays remain fixed. Electrical signals are delected using
electro-optic sampling” with a sampling geometry similar
to that shown in Fig. 1(a) and submillivolt detection elec-
tronics.” A LiTaQ, sampling crystal with a high-
reflectivity dielectric coating is used to reflect the sampling
laser beam which detects the transient electric fields. The
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FIG. 1. (a) Sampling geometry of the CAT line. Central window area
defines the photoconductive switch. A single mode optical fiber is used to
deliver the excitation beam for the delay time measurement. The propa-
gation distance is adjusted by moving the fiber and GaAs chip relative to
the sampling crystal. (b) Scanning electron micrograph of the etched
CAT line. Linewidth and spacing is 5 um. The front edge of the SiO, layer
has been highlighted for clarity.
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FIG. 2. Plot of delay (as measured by midpeint of linear fit to rise time)
vs propagation distance. Velocity ¥ is found from a linear fit to the data.
Shaded area is bordered by ¥ = c.

dielectric coating also allows the crystal to be placed on the
surface of the device while ensuring the high dielectric
constant of LiTa(0, does not adversely load the lines. The
beveled edge of the crystal enables the sampling spot to be
located at the very edge of the lower surface of the crystal
without clipping the beam at the upper surface. This min-
imizes the distance that the clectrical signal must travel
inside the very dispersive LiTa0; crystal before being sam-
pled.

Propagation times are measured for distances from 200
pm to 2.9 mm. The results are shown in Fig. 2 for both the
CAT line and a conventional (unetched) transmission line.
The solid lines are least-squares linear fits to the data.

A naive calculation of the velocity ¥V, which uses an
average value of the dielectric constant, gives

C c
V: =
\E‘; Ve +e:)/2

where € = 12.85 (g,, = I} is the static dielectric constant
of GaAs® {air} and c is the speed of light in vacuum. This
is in good agreement ( « 3%} with the measured value of
(.39¢ for the unetched sample. In contrast, a CAT line
with an eich depth of 12 gm and an etched width of 20 ym
gives a velocity of propagation (see Fig. 2) of 0.86¢. TFhis is
more than a factor of 2 faster than the unetched transmis-
sion line. Using Eq. (1) to calculate the effective dielectric
of the etched substrate vields € = 1.7 and an average di-
electric €,, = 1.35. This value is so close to a uniform air
dielectric that electrical signals should propagate with little
dispersion entirely in 2 TEM mode having a cutoff fre-
quency fip=c/4iVe—1, where % is the dielectric
thickness.” For a conventional coplanar transmission line
5> oo, frp is small and other modes will propagate. In the

=0.38¢, (n
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FIG. 3. (a) Measured signal on CAT line after 75 um of propagation. (b)
Measured signal on CAT line after 2.8 mm of propagation showing rise
time of 0.8 ps.

CAT line k-0, f7g is large and propagation is mainly in
the TEM mode with little moda! dispersion. The effect of
dispersion was investigated by measuring the rise time as a
function of distance propagated along the CAT line.

In order to measure the rise time, the optical fiber was
removed to prevent dispersion of the fs excitation pulse.
Figure 3{2) shows a representative rise time measurement
after 75 um of propagation. Note that despite the long
carrier recombination time in semi-insulating GaAs, a
short pulse is produced. This pulse is the result of a reflec-
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FIG. 4. Plot of rise time (as measured by midpoint of linear fit to rise
time) vs propagation distance. ‘Fhe zero distance intercept gives a system
response rise time of 370 fs. Measured rise time after 2.8 mm of propa-
gation is 0.8 ps.

tion, from either the backside of the substrate or as a resuit
of pulse shaping due to the islands or contact pads. Figure
3(b) shows the measured rise time of 0.8 ps after 2.8 mm
of propagation. A summary of rise time measurements ver-
sus distance from 100 pm to 2.8 mm is given in Fig. 4. The
zero distance intercept of 370 fs gives a measure of the
overall system response which includes the effects of the
sampling crystal, velocity mismatch between the electric
and optical waves inside the LiTaQ,, eic. Removing the
system response 7, of 370 fs from the measured rise time 7,
at 2.8 mm using a sum of squares technique 72, = 77
+ 72 gives a corrected rise time 7, of 0.7 ps. The same
correction at 100 um{r,, = 0.4 ps) of propagaticn gives a
corrected rise time of 150 fs.

In addition to long distance propagation of subpicosec-
ond electrical signals, CAT lines also result in reduced
charging energies compared to unetched transmission
lines. If we model the transmission line electrodes as cyl-
inders of diameter, 4, separated by a center to center dis-
tance, s, then the characteristic impedance Z; in a uniform
dielectric is given by’

Zy(n/w) cosh ~ i(s/d), (2)

where the intrinsic impedance is 5= /(€60 and
Via/ €, = 377 1. Using the average value of ¢,, = 6.92 for
the dielectric of the unetched line with s =10 pm and 4
= Sum, Eq. (2) yields Z, = 60 {}. The characteristic im-
pedance for the CAT linc is increased by a factor of more
than 2.2 to 136 ( since Z, scales as 1/ \/e,,. Thus, a CAT
line with the measured €,, of 1.35, but with ¢ =2 gm and
s = 2.24 pim has an impedance of ~50 Q.

Using the same model® of twe cylindrical conductors
in z uniform dielectric, the capacitance C is

c TEYE,y
~cosh ~1(s/d)"

(3)
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The capacitance scales as the dielectric constant €,, and so
is reduced by 4.8 times in the etched line to 28.5 {fF/mm.
For a line resistivity of 2 £} cm with 1 X5 um lines the
characteristic RC time constant is 1.1 ps for a 1- mm-long
line (for a digital circuit, the entire line is driven).

The energy required to charge the line, (1/2) CV2
scales as €,,, and so is reduced by a factor of 4.8. For a load
resistor R maiched to Z, the energy dissipated is (1/2)
¥2/R and scales as 1/ \/e,, so the total energy required to
drive the CAT line is reduced by 2 factor of more than 7
(4.8 from the reduction in C plus a little more than 2.2
from the reduction in the reqguired load resistor) compared
to the unetched case.

The simple analysis of Eqs. (1)-(3) does not take into
account effects such as electrode absorption and radiation,
fringing electric fields in the remaining dielectric (neces-
sary to model the propagation’), or losses and resonances
present in the dielectric {important in the conventional
(unetched) transmission line at frequencies of 1 THz and
above™?]. In addition, it is likely that further improvements
could be achieved by operating a CAT line at low temper-
ature, or by using superconducting electrodes).’

In conclusion, we have developed a practical technique
for fabricating ulirafast transmission lines with a demon-
strated velocity of propagation of 0.86¢ and a measured
rise time of 0.8 ps after 2.8 mm of propagation. Using &
simple model assuming a uniform dielectric gives beneficial
reductions in the line capacitance and an increase in the
required load resistor, both of which reduce the required
energy to drive the line, as compared to the unetched case.
Ease of fabrication and the practicality of our approach
suggests that CAT lines are the most convenient way to
implement intrachip communication over distances of a
few mm in digital electronic circuits with rise times as
short as 1 ps.
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