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Abstract

The high-frequency (HF) behaviour of MOSFETs from
different CMOS processes has been characterized. Small-
signal Y-parameters and derived quantities such as cur-
rent, voltage, and power gain have been measured and
good agreement with calculations using the Philips com-
pact model, MOS MODEL 9, has been obtained. Using
HF measurements on MOSFETs and Bipolar devices, it
is shown that the figures of merit, related to the gains
mentioned above, are not sufficient to evaluate the HF
capabilities of CMOS. BiCMOS and Bipolar technologies.

Introduction

Recent CMOS technologies with gate lengths of 0.1 pm
have resulted in unity-current-gain frequencies (fr) as
high as 118 GHz [1] and ring-oscillator gate delays as
low as 11.8 psec [2]. In the literature both quantities are
used to benchmark the high-frequency (HF) performance
of CMOS technologies relative to Si bipolar technologies,
for which fr’s of 74 GHz and ECL gate delays of 15 psec
have been reported [3]. The use of specific test circuits
to evaluate the HF performance of different technologies
emphasizes that specification of the maximum fr is in-
sufficient. Moreover, CMOS ring-oscillators and ECL are
not quite comparable: they represent each only a limited
application area of CMOS and bipolar technologies. Ef-
fective evaluation of different technologies should consist
of 1) HF characterization; 71) compact model verification;
#i) (using this compact model) simulation of the perfor-
mance of any analogue circuit, which may be processed in
the technologies under investigation. Here we present a
detailed HF characterization of CMOS devices from differ-
ent process generations and the verification of the Philips
compact MOS model MOS MODEL 9 [4] for these processes.
It will be demonstrated that a fair comparison between
the HF performance of Bipolar and CMOS processes can
not be performed using figures of merit on device level.

Experimental set-up and test devices

Small-signal scattering (S) parameters in two-port con-
figuration have been measured with an HP8510 Network
Analyzer. To match the ground-signal-ground probes of
Cascade Microtech, special test structures have been de-
signed with the MOSFETSs in common source-bulk config-
uration. Measured S-parameters have been converted to
admittance (Y) parameters and dummy structures have

been used to correct for interconnect parasitics. The indi-
vidual terminal capacitances have been measured at low
frequencies with an HP4284A LCR-meter.

Small-signal Y-parameters

In fig. 1 measurements of the real and imaginary part of
the drain-gate admittance are plotted. In order to get in-
sight in the quantities and parasitic elements determining
the Y-parameters, approximate expressions for these pa-
rameters have been derived using the equivalent circuit of
fig. 2. For the actual simulations we used the Philips com-
pact model MOS MODEL 9 [4] with parameters obtained
from DC current measurements. Overlap and depletion
capacitances were determined from low-frequency capac-
itance measurements. The frequency dependence of the
Y-parameters is strongly influenced by parasitic elements.
To illustrate this, the forward admittance (Yag), is plot-
ted in fig. 1. Using the equivalent circuit of fig. 2 and
neglecting the influence of the bulk resistance, Yy, can be
expressed as:
9m — w? Rg Cdg Cin —7 w(.‘lm Rg Cin + Cdg)

Yy = T+w?RZCZ,

where Ci, = Cyg + Cyao + Cyso-  The bulk resis-
tance, Ry, has a non-negligible influence only on Y.
For a one-side contacted gate, the gate resistance, R,
can be derived from transmission-line theory, yielding:
R, >~ W Ro, poty /3L. By introducing this “effective”
gate resistance, a good agreement between measurements
and simulations for Yy, and Yy, (see fig. 1,3b) is demon-
strated.

Current, voltage and power gain

The current gain can be expressed in Y-parameters,
leading to an approximate expression for fr, fr =~
9m/(27Cin). The DC transconductance, gm, and input
capacitance, Ciy, are plotted in fig. 3, while fr is plotted
in fig. 4. For short-channel devices fr is in the saturation
region almost independent of the gate bias (see fig. 4).
This can be explained from the mobility degradation (see
fig. 3a), caused by the lateral and transversal electrical
field. Expressed in Y-parameters, the voltage gain, A,,
reads
Yy
Ay = = Yaa +YL

where Y, is the load admittance. In fig. 5 two load
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Figure 1a: Real part of Yy, vs. frequency for a 40/1 n-
channel at Vg, = Vy, = 4V. Symbols represent measure-
ments, lines represent simulations with a gate resistance
of Rg = 0 (dashed line); Ry = (W Rg, poly)/(3L) (solid
line); and Ry = (W Ra, poiy)/L (dotted line).

conditions are evaluated for a 40/1 n-channel: i) an open
output (Y = 0), which yields the maximum achievable
voltage gain; i) loaded with an identical device, which in
its turn is unloaded (Y. = 1/Z,,). The maximum avail-
able power gain, Gpax, is shown in fig. 6 (i.e. the trans-
ducer power gain under simultaneous conjugate-match
conditions). For Gmax and for the unity-power-gain fre-
quency fmax the bulk resistancé is of paramount impor-
tance. This is demonstrated in fig. 6 where G,y for a
40/2 n-channel from the 1 um process and a 20/0.5 n-
channel from the 0.5 um process is plotted. The poly
gates from the 0.5 pm process are silicidised which re-
sults in a much lower gate resistance. However, in both
processes the bulk resistance still limits fqax. The value
for the bulk resistance, which is independent of channel
length, has been obtained from thé frequency dependence
" of Ydd-

Comparison of different technologies

Devices from a number of processes have been an-
alyzed: i) two standard CMOS processes with mini-
mum gate lengths of 0.5 um (with gate oxide thickness,
tz=12.5 nm) and 1 pm (t,,=20 nm) 4i) a standard 1 pm
BiCMOS process; and iii) a HF double-polysilicon bipolar
process [5]. fr is independent of channel width and emit-
ter length. In fig. 7 the maximum fr, fr max, is shown
as a function of gate length and emitter width. From this
figure it can be seen that the values of fr max are almost
the same for the two CMOS processes. Furthermore the
0.5 pm CMOS process yields an fr. ;,ax, which is only half
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Figure 1b: Imaginary part of Ygg vs. frequency for a
40/1 n-channel at Vg = V3, = 4V. Symbols represent
measurements, lines represent simulations with a gate re-
sistance of Ry = 0 (dashed line); Ry = (W Rq, poty)/(3L)
(solid line); and Ry = (W Ra, pely)/L (dotted line).

the value obtained in the HF bipolar process. However,
as already mentioned in the introduction, the HF perfor-
mance of a process for a wide range of applications can
not be judged from fr max. This is once more illustrated
in fig. 8, where fr for a 0.5 pm MOS device and for a
1 pm device from the HF bipolar process are shown as
function of the drain current per unit channel width and
collector current per unit emitter length, respectively. At
low current levels, the MOSFET has a higher fr than
the npn from the bipolar HF process in which an ECL
gate delay of 18 psec has been obtained [5]. In fig. 8 fr
curves simulated with the Philips compact models show
good agreement with the experimental results [4, 6]. In
fig. 9 fmax is plotted versus channel length for a width of
40 pm for n-channels from the two CMOS processes. Note
that (fig. 9) the shortest channel length devices of the
silicidised process have a significant larger fmax value in
spite of the smaller gate-oxide thickness (see e.g. equation
1.10.5 of (7]). However, for the longer channel length de-
vices of the silicidised process, the source series resistance
limits fmax (see e.g. equation 4.15 of [8]). The channel
width dependence of fmax hampers a direct comparison
with frmax values from bipolar transistors (as shown in
fig. 8 for fT max). Compact modeling is the ideal tool to
make such a comparison.

Conclusions

The HF performance of MOSFETs from different pro-
cess generations has been characterized in detail. Ex-
cellent agreement between measurements and simulations
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the current, voltage and power gain and the correspond-
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Figure 2: Equivalent circuit of a MOSFET in two-port common source-bulk configuration. The overlap capacitances
are indicated with Cyq, and Cgyo: the junction capacitances are indicated with Cjun,s and Cjyn, a. The gate resistance is
indicated with R, and the bulk resistance is indicated with Ry,. The source and drain series resistances are incorporated
in MOS MODEL 9.
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Figure 3a: Normalized transconductance g. vs. V,  Figure 3b: measured (symbols) and simulated (lines) in-
measured in the saturation region for different channel ~ put capacitance as a function of Vg, for NMOS 40/5 at
lenghts of 0.6 pm, 1.0 pm, and 10 pm. Vgs =2V (squares) and 4V (triangles).
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Figure 4: f1 vs. Vg, (at Vg, =5V) for a 40/5 (filled sym- Figure 5: Voltage gain vs. frequency for a 40/1 n-channel
bols) and 40/1 (open symbols) n-channel at Vs = 2V at V,, = 2V, V4,=5V. Symbols are measurements: Y, =

(squares) and 4V (triangles). Symbols represent measure- () (squares), Y, = 1/Z,, (triangles) ; lines are simulations.
ments, lines represent simulation results.
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Figure 6: Gmax vs. frequency for a 40/2 n-channel at Fig. 7. fr,max vs. the effective channel length (MOS:
Vg = 2V, V4, =5V (squares) and a 20/0.5 n-channel at  n-channels) or emitter width (bipolar).

Ves = Va5 = 3.5V (triangles); simulations are with (fully

drawn line) and without (dashed line) bulk resistance.
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Fig. 8 fr vs Ic (Ip) per unit length(width); 0.5 ;um Figure 9: measured values of fmax for n-channels vs. L.;:
NMOS (triangles), 1 ym NPN from HF DP process squares represent the 1 um process; triangles represent the
(crosses): MOS MODEL 9, MEXTRAM simulations (lines). 0.5 um process.

7.6.4

176-1EDM 94



