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Abstract:

This paper describes a differential  floating  gate
capacitance maiching measurcment technique that offers a
significant  improvement  in  resolution  over  those
previously reported. It's smaller differential - output
voltage can be measured to a much higher precision than
that of a standard structure, In addition, the differential
technique offers superior cancellation of parasitic overlap
capacitance coffects, Our technique was  successfully
demonstrated on a 0.50um analog BiCMOS technology.

1. Imtroduction

The ability of a process to manufacture matehed pairs of
capacitors is an impogtant requitement for  anadog
applications.  Analog-to-digital and digital-to-anatog
converters are only two of the many lypes of circuitry thal
depend on matched or precisely ratioed capacitors. The
Noating gate test structure is one of the simplest available
for measuring capacitance matching, and advances in its
evolution have been preseated at past sessions of this
conference [1,2,3]. When we tricd to reproduce the
technique here at Cadence, we found, we were limited by
the resolution of our measurcment cquipment.  Rather
than rely on time consuming avetaging technigues as
propescd in [2], we devised an improved, differential
version of the (est structure, which invelves the
measurcment of a much smaller differential voltage. This
diftercntial signal can be measured to a greater precision
than the output voltage of the standard floating gate
structure.

2. The Conventional Floating Gate Capacitor
Matching Test Structure

A schematic of the conventional floating gale lest
structure is shown in fgure 1. I consists of a symmetric
capacitive voltage divider that biases the gate of a pmos
source follower. When C1 and C2 are equal, and
parasitics can be neglected, half of the input voltage (Vin)
appears at the gate (Vg). When Cl and C2 are not equal,
a different proportionality constant will be observed. The
source lollower is in saturation with a fixed current
supplied by an extlernal current source (Jowing through it,
The culput voltage (Vout) will be clamped to a value ol
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Figure 1: Schematic of Conventional
Floating Gate Capacitance Maiching
Test Structure.

Vour=| —— 1 Winiwr

Cl+C24Cpar
where Cpar is the parasitic gate to drain overlap
capacitance {Cgd), and YVt is the threshold of the Pmosfet,
The Yout/Vin transfer curve should be a tinear ramp with
slope:

Cl ( Cl J [1 ]
Slope = & m| -
Cl+ C2+ Cpar Cl1+C2 2
The conventional structure is measured by
acquiring two Voul vs Vin sweeps [2], Fist, C1 s
connected to Vin, with C2 being grounded. The resulting
Voul vs Vin sweep is lincar with slope 81. Then C1 and
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Ideal Floating Gate Data
* {Conventional Structure)
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v

Figure 2 : Ideal Vout/Vin data for threc cases:

in

4, No mismatch, and Cpar can be neglected,
$=8=05
b.  No mismateh, but Cpar not neglected.
Si =85 = 0.5%(1-Cparf2C)
¢.  Mismatch, and Cpar not neglected,
8, = CIXCI + C2 + Cpar)
Sy =C2HCI1 + C2 + Cpan)

C2 arc swapped, with Vin connected to €2, and C1
grounded,  The measurement is repeated, yiclding a
sccond  slope  S2, An ideal cxample of these
measuremments s shown in figure 2. Il there is oo
mismatch and Cgd is much smaller than Cl and can be
neglected, then both S1 and 82 should equal one half. If
there is no mismateh, but Cgd cannot be ignored, then Si
will still equal 82, but both be decreased [rom their ideal
values of one half by the factor (Cgd/f2C), as shown in
figurc 2. IF there is also mismatch belween Cloand C2,
then the two slopes will split from their ‘matched’ values
by equal and opposite amounts.  If C1 is larger than C2,
ther S1 will be slightly larger than its ideal value, with 52
being smaller by the same amount.  This is important,
because the value of Cgd does have a direct effect on the
magnitude of Vout, and the slope of {Vout/Vin), which
ultimately determines the precision to which mismatch
can be measured,

Using simple arithmetic as proposed in [2], the
first-order effecls of Cpar, the parnsitic capacilance
resulting from the drain-to-gate overlap capacitance arc
neutralized:

Sl
Cl+C2+ Cpar

and
05— C2
" Cl+C2 Cpar

which gives:

5 31-52]_2 a-cz]_g
st+s52) \cl+c2) C

The main deawback we found with the standard
Noating pate structure is that we were equipment limited,
A sample of the measured data for » 30(T capacitor pair is
shown in the upper half of figure 3. Vout (shown on the
leit Y-axis) ranged from 2 to 4 volts, and the resolution of
our measurement unit (HP4142 with standard 42424
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Figure 3: Typical Standard Floating Gute Data
Top: 30fF Pair, (AC/CY=612ppm.

Bottom: 2pF Pair, (AC/C)=495ppm.
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SMUys) at that range was 400uV, The iwo slopes are
differcnt, but since the dilference between the two Vouts
{shown on the right Y-axis) is quantized by the minimum
resolution of the meter, the differences between the two
slopes cannot be measured with the desired precision. The
situation is

“(seradrgm ) e ¥ am)

S 2C + ACL+ Cpare 200+ 3+ ACa+ Cpare
_ (Cpare— Cpart)+ (ACk - ACY)
4C

Sa- C+ACe _ CH+I+ACR
2C + ACL+ Cpan 2C+ 8+ ACh + Cparn
N {Cpare — Cpare)—~ (ACs = ACt)
4

Finally wehave...

S1_ G (8Cr—ACH)
2C

even worse when we look at the data from a large (2pF)
pait, shown in the lower half of figure 3, where the
mismatch is much smaller. The current way of dealing
with this problem is 1o average a large numbers of
readings[2].

To accuratety discern 50 parts per million {ppm) we
would need to uccurately measure differences on the order
of 200u¥, 7To have confidence in this result, we feel that
the meter’s resolution should be at least a factor of ten
lower, or 20u¥Y., Most standard instruments can achicve
this precision on their smaller scales, so what is really
nceded, is a struclure with a much smaller output voltage.
We believe we have the answer with ouwr dilferential
floating structure, which is deseribed next in section 3.

3.  The Differential Fleating Gate Capacitor
Matching Test Structure

A schematic of the differential structure, along with the
measurement circuit, is shown in figure 4. 1t is basically
two parallel standard structures, sharing pads for their
drains and capacitor connections.  Kelvin source pads
were added 10 increase the precision for Vout.

The measurement technique closely resembles
that of the conventional structure.  An example of ideal
measurement data is shown in figure 5.

Vout represents the differential voltage between
the outputs of the two sub-structures, and is much smaller,
on the order of millivolts. This is much smaller than the
output voltage of the conventional structure, which was
soveral volts, as shown carlier in figure 3. The accuracy
ol & valiage measurement is a lunction of the lull-scale
reading of the range that the instrument is operating on.
This means that the output voltage of the ditferential
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Figure 2: Schematic of Differential Floating Gate
Capacitance Matching Test Structure

structure can be measured much more accurately than that
of the cenventional structure.

Another important improvement is that the
parasitics are o function of the dillerence of the two gate

Ideal Differential Floating Gate Data

~ No mismateh orCpar
T 81=82=0

You

. MNuamsmateh
S1=82=(CparR-Cparl. a3l

Mismch und Cpar:
S1=[{CparR-Cparl.)+{ AC2-ACTI[M¢
S2= [(Cpark-Cpas ) ACZ-AC )

Figure 5: Ideal Measurement Data from a
Differential Floating Gate Test Structure

to drain overlap capacitances. This is much smaller than
the magnitude of the enlire capacitance, which is the
parasitic termy for the conventional structure. By
swapping the upper and lower capacitors, remeasuring,
finding a second slope, and then taking the difference
between the two slopes, all parasitic terms again drop aut,
as shown on the next page:
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1= Cr B Cr
2Ce+ ACL+ Cparr. 2Cr+ ACks + Cprirr
_ CL+ ACE Cr + ACr
T 2CL+ACi+ Cpar.  2Cr + ACx+ Cpare

-

Defining CIL=C, C2L=C+ACL, CIR= C+3, and C2R=
C+3+ACL, we can rewrite and teduca this as:

e S OUNUUR, J N 411 7 SR
L\ 3C+ACr Cpare )\ 2C + )+ ACr 4 Cpars
_ (Cparn~ Cparyy+ (ACr - ACL)
4C

S CAl | C+FHACE
20+ ACe+ Cpare 200+ &Y+ Al + Cpare

_ (Cnara - Cpar) — (ACk = ACL)
4C

Finally we have...

S1 8. 8Gi-ac)
2C

Mismatch is usually expressed as the sigma of
the mismatch of a population, ¢{AC/C). [f onc assumes
that the distributions of {(AC A0 and (ACR/C) are equal,
have a mean of zero, and are independent of each other,
then we can relate the sigma of {AC/C) to that of
KACRICY- (AC/CY, and ultimately (S1-52) by:

2 2 2

_ 2 _7.
U{AQ—*Q[} a J[ LC] "Olac) " % Oac ]
C C C c

O'(%)Z’\/E'O’(SlﬁSQ) |

Figure 6 shows a sample of daa from a typical
structure for two capacitor sizes. Vouotl and Vout2 arc
the two (differential) outputs, one for each crientation of
the capacitive divider, and are plotted on the lelt side Y-
axis. Their difference is plotted on the right side Y-axis,
The slope of this curve, multiplied by the square oot of
" two, 15 the sigmalAC/C) of the set of four capacitors
within the structure. Clearly, (he data from the
differential structures (figure &) 1s less noisy, and superior
to that of the same structures tested as conventional
floating gate structures (shown earlier in figure 3),

An important difference between the standacd
and differential  technigues is that for the standard
structure, the parasitic torm that drops cut by subteacting
the two slopes is Cpar, {or Cgd}, while for the differential
technigue, the corresponding parasitic terin s (Cparg-
Cpary ). which can also be written as(Cgdg-Cegd,), which
is a much smaller quantity. This, along with the smaller

Differential Floating Gale Cap Matching Struciure
(G1 = C2 = A0fF)
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Figure 6: Slopes 51 and S2 (on left Y-axis) and [S1-52]
on right ¥ axis from a differential floating gate test
structure,

Top: C=30fF, AC/C = 452ppm.

Bottom: C = 2nF. AC/C = 22n0m

magnitude of output voltage, is why measurcment data
from the differential floating gate structure is supetior to
that of the standard onc.

6: Resulis:

Our technique was demenstrated on a 0.50um analog
BiCMOS process.  This process featured an analog
double poly precision capacitor option.  The interpoly
diclectric thickness was 300A, which gives a specific
capacitance of approximately L1fTum®. Steuctures with
five difierent sizes ol capacitors were wsted: 2.0pfF,
L.Opl, 500fF, 100ITF, and 30fF,  An example of a layout
of eme such structure is shown in figure 7. The floating
nades of this structure Teature a diode o protect the
floating pode [rom excessive charging during fabrication
[31.

Since the ggest [actor affecting capacitance
matching is  dimensiopal variation, designers usually
protect matched capacitors from loading-induced etehing
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non-uniformitics by enclosing them in a floating ‘dummy’
ring. To assess the value of such dummy rings, the 100fF
device was also instantiated without them, 11 was
expected that the matching of the 100(T devices with the
dummies would be better than that of the [00fF devices
without them.

The results arc shown on figure 8. The data
shows a clear agreement with the inverse square root
behavior predicted by Pelgrom's law {4]. They show a
l(Area)" dependence, with n~0.532,  As expected, the
I00IF devices with dummies matched better than the
10017 devices without them.

The differential structure could also be measured
as a pair of standard structures as described in section 1.
A comparison of the results for fitting the data o the

model GACIC) = KitArea)" lor the same set of structures

using both differential and non-differential methods s
shown in table 1,

Table 1 ; Comparison of differential vs non-
differential measurement methods

Measurement K n R_value
Mode

Diffcrential F2851 0.332 0.9971
Non-differential 15779 (0.5595 0.9903

The  standard  (non-differential)  analysis
technique overestimated the mismatch, as shown by the
larger values of K in table 1. The data from the
differential analysis also showed a betler match with the
inverse square root of arca dependence as predicted by
Pelgrom’s law. This is cvidenced by the higher goodness
of fit R_value and an n value that is closer to one-half for
the differential analysis.

7; Conclusion; An improved differential floaling gate

capacitance matching structure was  developed  and
demonstrated. It relies on measurement of a much
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smaller (differential) voltage than the standard 1echnique,
and can bhe measured te a much finer precision.  In
subtracting the two slopes [rtom the 1wo measurement
arientations, the term that cancels out is the much smatler
difference  of parasitic  capacitance, rather than  the
parasitic capacitances themselves,  Very good resufts
were  obtained  without time  consuming  averaging
techniques, which demonstrates that the floating gale
icchnique can be extended into a wider range of capacitor
sizes.  Due to the supertor resolution, it is possible to
measure larger capacitors that are typically well matehed.
And due to the superior first order concellation of
parasitic averlap capacitance effeets, it is possible (o
accuratcly measure the mismatch of smaller sizes of
capacitors than is presently possible with the conventional
floating gate structure,
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Yigure 4 ;: Layout of differentinl cap matching structure

Experimental Data vs Cap Matching Model:
Conventional and Differential Matching vs Area
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Figure 8; Experimental data: differential vs non-differential
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