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Abstract—An on-chip system for combined capacitance-voltage
(C-V) and current-voltage (I-V) characterization of a large in-
tegrated transistor array implemented in a 45-nm bulk CMOS
process is presented. On-chip I-V characterization is implemented
using a four-point Kelvin measurement technique with 12-bit
sub-10 nA current measurement resolution, 10-bit sub-1 mV
voltage measurement resolution, and sampling speeds on the
order of 100 kHz. C-V characterization is performed using a novel
leakage- and parasitics-insensitive charge-based capacitance
measurement (CBCM) technique with atto-Farad resolution.
The on-chip system is employed in studying both random and
systematic sources of quasi-static device variability. For the first
time, combined C-V/I-V characterization of circuit-representa-
tive devices is demonstrated and used to extract variations in
the underlying physical characteristics of the device, including
line-edge-roughness (LER) parameters and systematic device
length variations across the die.

Index Terms—Atto-Farad, CBCM, characterization, CMOS,
on-chip, C-V, I-V, LER, variability, 45 nm.

I. INTRODUCTION

HE steady increase in transistor variability with each new
technology node demands novel approaches to device
characterization that enable the detailed study of large tran-
sistor statistical sample sets with high measurement throughput.
On-chip integration of dense addressable test arrays is an at-
tractive approach for acquiring such data. Traditionally, most
work has focused on ring-oscillator-based [1], [2], or, more
generally, delay-based test structures [3], [4], which offer high
measurement throughput and performance-centric character-
ization. However, such structures ultimately rely on circuit
delay as a singular metric of device performance. While this
metric is indeed comprehensive, it fails to give specific infor-
mation regarding the underlying physical sources of device
variability; such information is critical for accurate statistical
modeling as well variability mitigation through modification of
the manufacturing process.
Other on-chip techniques focus on current-voltage (I-V)
characterization of integrated transistor [5], [6] or SRAM [7]
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test arrays using sophisticated off-chip analog characteriza-
tion equipment. While more detailed characterization can be
performed in this manner, off-chip measurements significantly
impact the throughput of such systems and make the gathering
of large amounts of statistical data cumbersome. Additionally,
a pure I-V characterization methodology completely ignores
variability in the capacitance-voltage (C-V) characteristics of
the device, and as such, gives only a partial representation of
the impact of device variability on circuit performance.

In order to overcome some of the problems associated
with off-chip characterization, efforts have been made to in-
tegrate analog characterization circuitry on the same die as
the device-under-test (DUT) array [8], [9], where integrated
analog-to-digital (ADC) converters are used to perform digi-
tally-interfaced analog on-chip I-V characterization. Such high
levels of test integration have the potential to yield high mea-
surement throughput but do not address limitations associated
with the lack of C-V characterization.

In this work, an on-chip system for characterization of
large addressable transistor DUT arrays is presented [10]. The
system offers fully-integrated C-V/I-V measurement capability
for circuit-representative NMOS and PMOS devices with
high measurement throughput and a purely digital interface.
Section II describes the design of the on-chip characterization
system and its individual components. Section III describes
different techniques developed to enable rapid and compre-
hensive C-V/I-V on-chip characterization, including a novel
leakage-insensitive charge-based capacitance measurement
(CBCM) technique with atto-Farad resolution. Section IV
discusses measurement results related to characterization of
the on-chip measurement system as implemented in a 45-nm
CMOS process, as well as results of combined C-V/I-V vari-
ability measurements on circuit-representative devices in this
process. The benefits of the combined C-V/I-V characterization
approach are demonstrated through extraction and analysis of
small-signal transconductance and intrinsic gate capacitance
variability data, where both random and systematic variability
is observed. The underlying dominant physical sources of
device variability reflected in these two parameters are de-
coupled through cross-correlation between the C-V and I-V
measurement results. Section V concludes.

II. SYSTEM DESIGN

Fig. 1 shows a simplified top-level schematic of the on-chip
characterization system. The system consists of three major
blocks—an on-chip switching matrix, used to individually
address transistors from the device-under-test (DUT) array;
a four-channel digital-to-analog converter (DAC), used to
supply each of the four DUT terminal bias voltages; and a

0018-9200/$31.00 © 2013 IEEE
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Fig. 1. A simplified top-level schematic of the on-chip characterization system.

measurement unit (MU), which consists of a current- and
voltage-mode analog-to-digital converters (ADCs), used to
perform accurate on-chip I-V and charged-based C-V charac-
terization. The system has a digital-in/digital-out measurement
interface, making it compatible with a purely digital test flow.
The only externally-supplied analog signals are dc current and
voltage references as required by the DAC and ADCs. All
analog circuitry is designed using high-voltage thick-oxide
I/O devices. While inherently much slower than thin-oxide
devices, these devices offer significantly higher intrinsic gain
and increased voltage headroom, greatly simplifying the robust
implementation of accurate analog functionality. The system
can be configured to characterize both NMOS as well as PMOS
devices by adjusting the analog references and internal controls
to account for opposite current polarities.

A. On-Chip Switching Matrix and DUT Array

A simplified representation of the DUT array and the ac-
companying switching matrix is shown in Fig. 2(a); a detailed
representation of a single NMOS DUT array cell and all ac-
companying switches is shown in 2(b). Column-select and
row-select signals from one-hot shift registers are used to
sequentially access individual DUTs from the array. Switches
in the array are implemented using thick-oxide CMOS trans-
mission gates, offering higher on-to-off current ratios and
operating at a higher maximum voltage as compared to na-
tive-oxide devices. The DUT array spans 40 rows of DUTs
across 56 columns. Each column contains 39 identical DUTs,
in addition to one empty array cell used as a null reference.
Two neighboring columns contain matched DUTs of the same
type, as indicated in Fig. 2(a), allowing any gradients across the
length of the DUT column to be cancelled out differentially.
Overall, the measurement sample set consists of 28 different
DUT types with devices spanning different lengths, widths,
threshold voltages, and environments, with a statistical set
size of 78 DUTs per DUT type. Two test arrays containing
NMOS and PMOS DUTs are interleaved, sharing many of the
common global digital control signals, but with completely
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Fig. 2. (a) A simplified schematic of the DUT array and associated on-chip
switching matrix and (b) a detailed schematic of an NMOS DUT and all asso-
ciated sampling switches with relative sizing indicated as multiples of a min-
imum-size switch.

electrically isolated analog signal paths and dedicated on-chip
characterization circuits.

B. DAC

A four-channel resistor-string DAC is used to provide each
of four DUT terminal voltages (Fig. 3.). The four DAC chan-
nels share the same resistor string reference, and each channel
has 256 different output levels, resulting in eight-bit resolution.
The control of the DAC output is implemented using four
independent one-hot bi-directional shift registers, ideally suited
for generating voltage sweeps. Each of the channels is buffered
using a single-stage load-stabilized analog voltage buffer. These
simple buffers are designed to drive purely capacitive loads as
the analog DAC outputs are routed from the DAC to the MU,
where more sophisticated high-gain, low-output-impedance
unity-gain buffers are used to bias the DUTs.

C. Measurement Unit (MU)

The measurement unit (MU) consists of both current- and
voltage-mode ADCs, as needed to perform accurate I-V and
charged-based C-V device characterization. The two ADCs are
based on a dual-slope integrator topology, which offers excel-
lent measurement characteristics, including high tolerance to
variation in the passive components [11] and high immunity to
noise and other interference [12]. Both ADCs are implemented
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Fig. 3. Four-channel R-string DAC with one-hot shift register control used for generating DUT bias voltages.
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Fig. 4. Dual-slope integrator core and associated op-amp and comparator cir-
cuit implementation.

around the same integrator core, making the overall system de-
sign modular.

1) Integrator Core: The integrator core, shown in Fig. 4,
consists of a two-stage op-amp, a non-linear MOS capacitor,
a high-gain comparator, and a high-speed digital counter. The
input stage of the op-amp is implemented as a folded-cas-
code and has a simulated gain of 90 dB; the output stage has a

common-source topology and a simulated output impedance of
less than 500 {2. High gain is needed to achieve high conversion
accuracy while low output impedance is essential for driving
low-impedance loads, such as wide DUTs biased in strong
inversion. An 80-pF non-linear thick-oxide MOS capacitor is
used as the main integrating element; it offers higher charge
density as compared to other capacitor options and is readily
available even in purely digital design flows. Since dual-slope
integration is based solely on the concept of charge conservation,
the non-linearity of the capacitor does not affect the linearity of
the ADCs, as long as it does not leak or absorb charge during the
conversion cycle. The comparator is implemented using a copy
of'the folded-cascode op-amp input stage of Fig. 4. A high-speed
counter used to time the charge and discharge cycles of the inte-
grator is implemented using native 45-nm devices, which allows
it to operate at frequencies of 1.5 GHz and above. Leveraging
the intrinsic speed of the underlying 45-nm CMOS process is
essential to achieving high performance from the integrator
core as a high clock rate enables higher converter precision for
a given sampling rate, or equivalently, an improved sampling
rate for a given measurement precision.

2) Current-Mode ADC: The integrator core is easily con-
verted into a current-mode ADC, as shown in Fig. 5(a). The po-
tential, Vg, supplied by one of the DAC channels, is forced at
the input of the ADC though the negative feedback of the inte-
grator, setting the voltage bias of current input node. The output
of the current-mode converter is given by

IREF

(1

Iv = Nour 7
NREF
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Fig. 5. (a) Current-mode ADC configuration and (b) voltage-mode ADC con-
figuration using dual-slope integrator core. (a) I-mode, (b) V-mode.

where Ipgr is the reference current, Nygp is the integration
time expressed in number of reference clock cycles, and Nour
is the measured digital output. From (1), the nominal /1 gsg of
the converter is given by (Irgr)/(Nrer). The I sn, and con-
sequently, the dynamic range of the converter can be adjusted
by either increasing the integration time or decreasing the refer-
ence current.

3) Voltage-Mode ADC: The implementation of the voltage-
mode ADC is shown in Fig. 5(b). A simple sample-and-hold
amplifier (SHA) is used to sample and buffer the input voltage.
The SHA guarantees high input impedance, which is essential
for proper four-point Kelvin measurements, and is based on the
op-amp of Fig. 4 in a unity-gain-feedback configuration. A large
10-pF sampling capacitor diminishes errors due to charge injec-
tion from the sampling switch, and a 25-k{2 resistor converts the
sampled voltage to a dc current to be processed by the integrator
core. The output of the converter is given by
Vop,a — VrEF

2

Vour = Vrer — Nout =
NrEr
where Vg is the reference voltage (defined with respect to a
ground potential), Vpp, 4 is the analog supply voltage, Nrgr
is the integration time expressed in number of reference clock
cycles, and Noyr is the measured digital output; Vi gp is set by
(Vbp,a — Veer)/(NrEr). While the value of the resistor, 12,
does not factor into the conversion equation, the linearity of the
converter is directly related to the linearity of the resistor, unlike
the case with the integration capacitor. Therefore, in order to
achieve high linearity, a poly-silicon resistor option is used to
implement resistor I?.
4) Biasing Buffers: Unity-gain analog buffers are used to
bias the DUT terminals not connected to the current-mode ADC.
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Fig. 6. Four-point Kelvin measurements to negate parasitic /R drops through
the on-chip switching matrix.

The DAC buffers shown in Fig. 3 are not suitable for driving
real loads with high accuracy, and are only used as high-input-
impedance buffers between the internal resistor-string outputs
and the unity-gain buffers in the MU. The MU buffers, which
drive low-impedance paths going to the source/drain terminals
of the DUT, are implemented using copies of the two-stage
op-amp of Fig. 4. High-impedance paths biasing the gate and
the body of the DUT, on the other hand, are driven by unity-
gain buffers implemented using a scaled-down version of the
folded-cascode input stage of the same op-amp.

III. MEASUREMENT TECHNIQUES

We have developed I-V and C-V measurement techniques
which exploit the circuitry of Section II. Issues related to
non-negligible parasitic resistances through the on-chip
switching matrix need to be addressed when performing
I-V characterization. In addition, we have implemented a
charge-based capacitance measurement (CBCM) methodology
for quasi-static C-V characterization which allows capacitance
measurements to be performed with the same measurement
infrastructure. This CBCM technique addresses issues related
to gate leakage through the DUT, parasitic leakages and capac-
itances from the on-chip switching matrix, and measurement
noise to achieve the desired atto-Farad resolution levels.

A. I-V Measurements

A four-point Kelvin measurement approach (Fig. 6) is used
for accurate I-V characterization in the presence of non-negli-
gible parasitic resistance through the on-chip switching matrix
due to both the wiring parasitics and the resistance of the access
switches. While the virtual ground supplied by the integrator at
the input of the current-mode ADC accurately sets a bias for the
current measurement to be performed, an /1?2 drop across the
parasitic resistance in the current path, IZp ;, causes the applied
voltage V5 at the terminal of the DUT to decrease as a function
of the measured current,

Vi =Vp —Iplpr, 3)
where Ip is the current through the DUT, and Vp is the de-
sired DUT terminal voltage bias. To eliminate the effect of these
parasitic resistances, V7, is directly measured using a secondary
sense path. The parasitic resistance in the sense path, It p v, does
not affect the measured voltage due to the high input impedance
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Fig. 7. Measured I, surface as a function of Vs and Vy 5 I, values can be
interpolated along planes of constant Vp 5 potential as shown.

of the voltage-mode ADC. Since the current at a DUT terminal
is potentially a function of all four terminal bias voltages, the
voltage at each of the DUT terminals is measured through indi-
vidually designated voltage sense paths. Sampling all four DUT
terminals removes any measurement uncertainty due to offsets
in the biasing unity-gain buffers.

Even though the DUT array allows voltage and current sense
paths to be routed to any one of the four DUT terminals (with
the exception of the body of NMOS DUTs, which is tied to the
substrate potential of the chip), characterizing the drain current,
Ip, as a function of the gate-to-source bias, Vi g, for a constant
drain-to-source bias, Vpg, is the primary focus of this work. By
sweeping the applied gate and drain voltages, a three-dimen-
sional surface plot of I, as a function of Vi35 and Vpg can be
measured, as shown in Fig. 7. Since the voltage sweep steps
given by the Vpsp of the DAC are as small as 4.3 mV, linear
interpolation can be used to accurately extract the measured
drain current across planes of constant Vpg bias. Although Ip
is derived for a constant Vpg, Vsp does vary slightly over the
bias range due to the series resistance introduced by the ac-
cess switch at the source terminal of the DUT. If desired, this
slight bias dependence can also be removed by sweeping the
bias voltage applied at the source.

While typically analog-to-digital converters sample signals
at a given characteristic sampling frequency, the dual-slope
integrator ADCs can be configured to vary the sampling fre-
quency according to the strength of the measured signal. The
period needed to complete a conversion cycle is a function of
the pre-charge time, which is set by the desired dynamic range,
and the discharge time, which is determined by the signal
strength. When operated in a synchronous fashion, the ADC
sampling frequency needs to be configured to accommodate
the maximum discharge time corresponding to the maximum
allowable input current. However, when the [-V measurements
considered are dc measurements, maintaining a constant sam-
pling frequency is not required. Instead, the sampling time can
be adjusted according to signal strength, yielding significant
characterization time savings. Such optimal signal sampling
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Fig. 8. Signal-strength-optimized sampling frequency across a 16 x 256 point
linear I-V sweep of a W/ L = 1.0 4m/0.04 pm device; the sampling frequency
varies between 185.2 kHz and 84 kHz resulting in more than 80% improvement
in overall characterization time.

is achieved by asynchronously triggering the beginning of
a new conversion cycle on the comparator output signaling
the completion of the previous sampling cycle. In a typical
measurement, such as the one shown in Fig. 8, over 80%
improvement in overall characterization time can be realized.

B. C-V Measurements

Traditionally, device capacitance-voltage (C-V) characteri-
zation is performed on large DUTs with direct access to the
DUT terminals through pads on the die [13]. This approach
is not only limited in the number of DUTs that can be inte-
grated on the same chip, but it also fails to characterize vari-
ability at circuit-representative device geometries or to extract
any correlation between the C-V and I-V characteristics. Ad-
ditionally, as the oxide thickness scales, gate leakage due to
quantum tunneling shunts the gate capacitance, making accu-
rate C-V characterization challenging [14]. In order to address
all of these issues, a quasi-static approach to C-V characteriza-
tion is developed.

The CBCM technique developed here addresses these issues,
achieving atto-Farad resolution. CBCM techniques have been
used previouly in back-end-of-line (BEOL) characterization to
extract the coupling capacitance between wires in the metal
stack [15], [16]. More recently, these techniques have also been
used for device characterization [13], [17], [18].

1) CBCM Measurement Technique: The leakage- and para-
sitic-insensitive on-chip CBCM technique is illustrated in Fig. 9
for the case of characterizing the gate-to-channel MOS capaci-
tance, C ¢ . During the first phase of the measurement, the DUT
is biased at the desired operating point, with its gate connected
to a potential V(;, and the drain and source connected to a po-
tential Vz. Once this bias point has been established and all of
the DUT potentials are stabilized, the current-steering switch at
the gate flips, making the on-chip current-mode ADC the new
source for the gate bias, which remains at Vi;. At this point, the
current necessary to maintain the bias at the gate starts being
measured. After a short on-chip-generated delay on the order of
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Fig. 9. Illustration of the leakage-insensitive CBCM technique applied to mea-
suring C'c¢ of an NMOS transistor (a), and the accompanying waveforms (b);
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100 ps (denoted as ¢p in Fig. 9(b)), the drain and source of the
DUT are shorted to ground, causing C¢ to be discharged. The
change of charge needed to keep the potential of the gate at V;
is integrated by the current-mode ADC, along with any leakage
current through the device and the associated switching matrix
(not shown). Once this charge transfer has settled, the DUT gate
is disconnected from the measurement circuitry, and the DUT
channel is once again biased at V. This cycle is repeated mul-
tiple times, building up a measurable amount of charge in the
current-mode ADC.

At the end of the conversion, the measured charge,
Qac.m(Vae), which is derived from the average discharge
gate current, I p(Vae), can be expressed as

T

Qau(Vao) = / Ig p(t)dt
Jrs2

=QcVac)+ Qao(Ve). 4

Qa.m(Vae) consists of Qa(Vie), which represents the
gate charge due to the discharging of Cg¢, and the charge
Qc.0(Ve), which represents the charge due to an integrated
error current. The error current, denoted as I o in Fig. 9(b),
includes leakage currents through the DUT and the switching
matrix, charge injection currents from the switch at the input
of the ADC, leakage currents due to mismatches between the
two nominally identical gate potentials, and any charge sharing
currents from the parasitic capacitance at the gate node due
to the same mismatch. I ¢ is a function of the gate voltage,
Ve, and is largely independent of the channel potential, Vi,
and, consequently, the gate-to-channel potential, V. This
results from the fact that the error current is accumulated during
the discharge phase of the cycle, where the bias conditions
on the DUT are always constant—V{; at the gate and ground
at all other terminals. This is in contrast to the gate charge,
Qc(Vee), which is a function of the bias voltage applied
during the charging step of the cycle and, therefore, varies
with V.
The gate-to-channel capacitance, C'g¢, is given by

_9Qc(Vec)

Cac(Vaco) = N

(6))

Even though it is difficult to decouple Q(Vge) from
Qc.0(Ve), we note that Q¢ o (Ve ) is a function of Vi; only (and
not V), so as long as Vs is kept constant throughout the mea-
surement, differentiating the measured charge, Q¢ a1 (Vec)
with respect to V¢ yields

_9Qem(Vac) _ 9Qc(Vac)

Neo Moo cc(Vae).  (6)

Therefore, by keeping Vi constant while V- is swept, the com-
bination of the effective virtual ground at the gate and the differ-
ential nature of CBCM can be leveraged to cancel out the errors
due to I o. The only error signal remaining is the leakage cur-
rent integrated for the duration £ (see Fig. 9(b)), which is in
fact a function of V-. However, since ¢p is an on-chip gener-
ated delay of only about 100 ps, the negligibly small error ac-
cumulated in this time interval is the same as that in a standard
CBCM measurement with a measurement frequency of 5 GHz.

Fig. 10 examines the effect of the CBCM measurement
clock frequency, fork, on measured Qo p as well as the
extracted Cgc. Example measurements for the case of a
PMOS and an NMOS transistors with W/L = 1.0 pum/0.11
pm are considered. As expected, linearly decreasing the period
of the measurement clock, Tk (or equivalently, increasing
the measurement frequency, fork), proportionally shifts the
measured PMOS Q¢ 3 up and the measured NMOS Qo i
down; the different directions of the shift are explained by
the different polarities of the leakage current, I . More
importantly, however, these shifts are constant across the mea-
surement bias range, and result in no appreciable change in
the extracted Cg e, as seen in Fig. 10(b); externally supplied
CBCM clock frequency, fopk, as high as 20 MHz is supported
by the measurement circuits, speeds not attainable with off-chip
measurement techniques.

2) CBCM Data Post-Processing Techniques: In order to
achieve atto-Farad (aF) resolution, a combination of over-
sampling and filtering techniques are used. If a voltage step
AV = 4.3 mV is considered, the average change of charge,
AQ, which needs to be measured in order to resolve a capaci-
tance of 1 aF is 4.3 x 10~2% C'. This is less than one elementary
charge, and at a measurement frequency of 20 MHz, results in
an average current of 8.6 fA.

The nominal I1 s of the current-mode ADC is decreased
to Irsp = 390.6 pA by setting Npgp = 1024 and Igpr =
400 nA. Since the current measured to derive Qg (Vac) isa de
current, oversampling can be leveraged to further reduce the ef-
fective I sp of the converter. In particular, if an oversampling
ratio (OSR) of 2'! is used, I g is reduced to 190.7 fA, while
an OSR of 21° gives an Irgp of 11.92 fA. Unfortunately, even
with an aggressive CBCM clock frequency of 20 MHz, a full
256-point C-V measurement at an OSR of 2! has an overall
run time of approximately 12 min, which is prohibitively large
for high-throughput studies.

To further suppress measurement noise, a Savitzky-Golay
filter [19], particularly suited for extracting smooth derivatives
from measured data, can be used. The Savitzky-Golay filter
works by performing a polynomial fit through a moving data
window, and using the fitted polynomial parameters to estimate
the derivative of the data at the mid-point of the window. The
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Fig. 11. Application of the Savitzky-Golay digital filter; the effectiveness of
filtering in comparison to increasing the oversampling ratio is demonstrated.

application of such a filter is tantamount to oversampling, where
the knowledge that the data does not change rapidly within a
given interval is used to better estimate a single-point value
based on an ensemble of neighboring points. The size of the
moving window, F', and the order of the fitted polynomial, NV,
are parameters of the filter, which must be chosen to achieve the
desired noise reduction, while maintaining the high-frequency
components of the C-V curve.

Fig. 11 demonstrates the effectiveness of the Savitzky-Golay
filter for appropriately chosen filter parameters; measurements
for a W/L = 1.0 pum/0.1 pm PMOS device are used as an
example. Even with an OSR of 2!°, the unfiltered data remains
somewhat noisy. In comparison, using an OSR of 2!! and a filter
with parameters set to F' = 61 and N = 3 results in a low-noise
measurement, which tracks the unfiltered data very well; the
filter parameters are empirically adjusted to adequately suppress
the high-frequency noise while at the same time retaining the
underlying non-linear shape of the C-V curve. Atan OSR of 2!,

5 mm

5 mm

Fig. 12. A micrograph of the system implemented in a 45-nm CMOS process.

a 256-point C-V measurement takes only 45 sec to complete,
making the acquisition of large statistical data sets feasible.

IV. MEASUREMENT RESULTS

Two identical copies of the measurement circuitry described
in Section II are implemented on the same 45-nm bulk CMOS
chip (Fig. 12) using complete back-end metallization consisting
of 7 interconnect layers. One copy is used to characterize NMOS
devices, while the other is used to characterize PMOS devices;
both copies are operated in parallel for increased measurement
throughput. While the two copies of the system are identical in
their design, their analog references and internal controls are
set up to accommodate NMOS and PMOS current polarities,
respectively. The majority of the chip area is occupied by the
DUT arrays, with the DAC and MU circuitry integrated in the
periphery of the test chip.

A. System Characterization

Table I summarizes the measured performance of the R-string
DAC and the current- and voltage-mode ADC. The DAC oper-
ates at sampling rates of up to 2 MHz at an 8-bit resolution with
a Visp of 4.3 mV. The current-mode ADC is configured with
Irer = 10 pA and Ny = 1024 for an I g of 9.76 nA with
a 12-bit resolution at a variable sampling rate of 75-200 kHz.
The voltage-mode ADC is configured with Vggr = 1.5 V and
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TABLE I
MEASURED CONVERTER PERFORMANCE

Conv. Res. Samp. LSB max. max.
Type Freq. DNL INL
DAC 8-bit 2 MHz 4.3 mV 0.1 LSB | 0.1 LSB
I-mode 12-bit | 75 kHz- 9.76 nA 0.3 LSB | 0.6 LSB
ADC 200 kHz
V-mode || 10-bit | 75 kHz- | 0.976 mV | 0.1 LSB | 0.3 LSB
ADC 200 kHz
2 T T T v
1 5 L PP .

~0.4

Voo V)

Fig. 13. Standard deviation of 16 repeated measurements of C'¢;= across
bias; the curve demonstrates the excellent reproducibility of the capacitance
measurement.

Ngrer = 1024 for a Vigg of 0.976 mV with a 10-bit resolu-
tion at a variable sampling rate of 75-200 kHz. All analog ref-
erences for the data converters are supplied externally and there
is no need for additional calibration to achieve the reported res-
olution specifications.

When the system operates in C-V mode, I1sp is reduced to
390.6 pA, and additional oversampling and filtering is used as
described in Section III. To estimate the achieved measurement
precision we examine the measurement reproducibility. Fig. 13
shows deviation from the mean of a PMOS C-V measurement
across the entire bias range of interest. The standard deviation
is taken across 16 identical measurements per bias point. The
maximum observed standard deviation is 1.05 aF with mean
standard deviation across all bias points of 0.87 aF.

B. Combined C-V/I-V Measurements and Parameter
Extraction

Figs. 14 and 15 show constellation plots of I as a function
of Vg for Vps = 60 mV, and Cg¢ as a function of Vo, re-
spectively. Fifteen different DUT types, spanning the space of
W = 1[0.2—-1.0] pmand L = [0.04 — 0.11] pm, are mea-
sured across four chips, yielding 312 unique measurements per
device type. The data contain measurements of both NMOS and
PMOS devices, allowing comparisons to be drawn between the
two device polarities. More importantly, I-V and C-V data are

measured for the exact same device, allowing correlations be-
tween these measurements to be observed.

While the versatility of the combined C-V/I-V measurement
approach makes it possible to analyze variability in practically
any parameter governing the quasi-static transistor behavior, the
analysis presented in this work focuses on variability in the
small-signal transconductance, G5s, and the intrinsic gate-to-
channel capacitance, Cqc int. In particular, I-V data are used
to extract GGj7 as given by

dlp

Gy (Vas) = Was

)

In order to suppress the effect of threshold-voltage variation,
Gy is observed at an overdrive voltage, Vs — Vi 1, = 200
mYV, where V7 1, is the the linear threshold voltage extracted for
each DUT using the extrapolation-in-the-linear-region (ELR)
method [20]. On the other hand, C-V data are used to extract
variability in Cg¢ int; Cac,int 1s approximated by the differ-
ence in Cic measured at high and low bias.

C. Random Variability

All random parameter fluctuations are analyzed by consid-
ering the difference in the parameter of interest extracted from
two matched DUTs in the DUT array. This difference is given
by

AP=P — P ®)
where P; and P; are the extracted parameter values for the two
matched DUTs. Such a pseudo-differential measurement ap-
proach cancels out the effects of any systematic parameter gra-
dients along the columns of the DUT array. Within-die random
variation is assumed to be the same across all measured chips.
Gathering measurement data from four chips results in 156 dif-
ferential parameter measurements, which is the sample size used
in all random variability analysis presented in this work.

1) Gypg Variability: When studying the variability in Gz,
the following model for the drain current, I, when the device
is biased in the triode region with Vpg = 50 mV, is assumed:

4
Ip = kL (Vas — Vruin ) Vbs 9

eff
where & is the product of the effective channel mobility, fies,
and oxide capacitance per unit area, C! . Therefore, by the def-
inition in (7), Gas is given by

_9dp W
Gu(Vas) = Wos kg

Vps (10)

To study the relative variability in (AG ;) /(G ar ), the effects of
the variance of W, L.g, and &k can be propagated, as described
in [21]. In particular, the variance of (AG ;) /(G s ) is given by

aAGM 2 BAGM 2
2 _ Gu 2 Gur 2
TAGy/Gu = < OAL ) Tar t <0AW> TAW

9AG N 2
+< G ) o-zM/k, (11

Ak
o05"
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Fig. 14. PMOS (negative V) and NMOS (positive Vo) I-V measurements across four different test chips. (a) L = 0.11 pm, (b) L = 0.08 pm, (¢) L =

0.04 pm.
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Fig. 15. PMOS (negative V) and NMOS (positive Viz¢ ) C-V measurements corresponding to the I-V measurements in Fig. 14. (a) L = 0.11 pm, (b) L =

0.08 um, (¢) L = 0.04 pm.

TABLE 11
EXTRACTED VALUES OF Aar, Aaw, AND Aar,x FROM (16)

Parameter NMOS PMOS
Aar (um?/?) 0.4 x 1073 0.5 x 1073
CI [0—1.1] x 1072 | [0.3—0.8] x 1073
Aaw (um3/2) 2.0 x 10~3 0.6 x 10~2
Cl [1.1-29]x107% | [0—2.1]x 1073
AAk/k (pm) 8.2x 1073 6.8 x 10~3
CI [7.1 -9.3] x 1072 | [6.1 —7.5] x 103
where
AQ
2 AL
oA = —— 12
A= (12)
A%
2 AW
TAw = T (13)
eff
and
AQ
2 Ak/k
o .= . 14
Ak/k I/VLeﬂ' ( )

The partial derivatives in (11) can be derived from (10) as
follows:

a AG M
G
OAL

o

AW
aAGM
Gar

e

1
Lot
1
7

-t

|
—

(15)

0.14 T T T T T
B PMOS:L=40nm | Com
O PMOS:L=80nm | : H
0.12F O PMOS: L = 110 pm [ s 4
B NMOS:L=40nm
0.1b-- O NMOS:L=80nm [
’ ¢ NMOS:L =110 nm; :

0.08

o(A G, /G,

0.06

0.04

0.02 A4 14

TA(WL ) (um™

Fig. 16. Pelgrom plot of 7, /¢, against the inverse square root of effec-
tive device area, 1/+/W L.rr; solid lines represent a fit to (16).

Plugging (12), (13), (14), and (15) into (11) results in

_ AL + A?AW + A?Ak/k‘ (16)
WL%  WZ2Let  WlLen
Fig. 16 shows a Pelgrom plot [22] of the measured standard
deviation of the relative transconductance, (riaM G for both
NMOS and PMOS devices across the span of W and L. Solid
lines represent a fit to (16), and the extracted parameters along
with their 95% confidence intervals are listed in Table II. While

2
OAG /G
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the variability in & accounts for most of the (G, variability in
either device type, values for Ao and A Ay are also extracted.
Extracting values for these two parameters is important, as it
gives an indication of the amount of line-edge roughness (LER)
present in the technology. However, due to the dominance of the
A Ak, term, the uncertainty in determining the LER parameters
is too large.

It is interesting to note that the Ay /4 term for PMOS tran-
sistors, and consequently, the overall oag,, /., is less than
that for NMOS transistors in this technology, even as the higher
tierr and slightly higher C’  of the NMOS transistors result in a
higher value for & and should tend to decrease o a4 If it is as-
sumed that variations in y.g dominate variations in %, then the
data presented in Fig. 16 indicate that the mobility in the PMOS
channel is better controlled. This could be related to the fact
that different strain techniques are used to boost the mobility
in the NMOS and PMOS channels. It is possible that the com-
pressive strain, used in PMOS devices, is better controlled than
tensile stress, used in NMOS devices. Additionally, Coulomb
scattering is expected to give rise to more pg variability in
NMOS devices as compared to PMOS devices due to the com-
paratively larger random dopant fluctuation (RDF), as observed
in [23], where the annealing process has been shown to result
in a comparative increase in NMOS dopant fluctuations due to
defect migration.

2) Cae,int Variability: Similarly to the treatment of the vari-
ability in G»; described above, propagation of variance can be
used to gain a better understanding of the causes of variability in
the intrinsic gate-to-channel capacitance, C¢ int. Neglecting
the effects of the inner fringe capacitance, the intrinsic gate ca-
pacitance can be approximated by the difference in the measured
Cge in inversion and depletion (high and low Vs | bias, re-
spectively), and is given by

CGC,int ~ C(/m;WLeffa (17)

where W and L.g represent the effective dimensions of the de-
vice, and C!  represents the oxide capacitance per unit area.

o

Applying propagation of variance gives

2 N (3ACGc,int ) 2 9

OACGe int T OAL OAL
OACGC,int ? 2
OAW AW
OACGC,int ? 9
(W “acy:  (19)
where
A?AC'
Tact, = WL:;’ (19)

and 02, and 0%y are given by (12) and (13), respectively.
Plugging in (17), (19), (12), and (13) into (18), the expression

2
(22
ACgoiint _ 42 2 2
g R ARLW + Ay Lee + Adeyjop, Whet
[

(20)

is derived, where

Aacs,
7
O()LL‘

Ancy o, = @n
It should be noted that this expression allows the extraction of
the LER parameters Aar, and A aw, as well as the relative vari-
ance of the oxide capacitance per unit area given by
- Aicg,,,/cg,,
OAct jCr Wiog (22)
All of these parameters are also present in the treatment of
TAGy /G discussed above. The ability to extract and compare
variability in physical device parameters from both C-V and
I-V data is uniquely enabled by the combined C-V/I-V charac-
terization methodology described in this work.

In the process of fitting the measured Cz¢ int Variability data
to the model shown in (20), it is found that the ai o o term
does not contribute at a statistically significant level and can be
ignored in the case of both NMOS and PMOS data analysis.
This result points to the fact that the major source of variation
in gate-to-channel capacitance matching is not traced back to
variations in C/,,, but to variations in the effective dimensions of
the device instead. Such a conclusion is logical, as the variations
studied are very localized due to the proximity of the matched
DUTs, and the gate oxide film is not expected to vary signif-
icantly over a small distance. Unlike the case of oaq,, /qy »
where variations in the parameter & account for most of the mea-
sured variability, in the case of oac,,.. ... essentially all of the
variability comes from o A, and oA . Consequently, analyzing
TACqc ine PTOVES to be a much more effective way of extracting
the variation in device geometry due to LER.

Fig. 17 shows (o0acgyem.)/(Ch,) plotted against
the effective device area, vW.L.g, as well as against
\/ A?A W+ AZH,LOH. The former is equivalent to a
classical Pelgrom treatment of cacqe i /Cac i Modeled as
proportional to (1)/(v/W Leg); such an interpretation of the
measured variability in Cgc iue across geometry is presented in
[17], but even there the data reported fails to give an accurate
fit to the basic Pelgrom expression. On the other hand, a much
better alignment between data from minimum-length devices
and the rest of the DUT parameter space is seen in Fig. 17(b),
where only the perimeter effects due to LER are considered.

The extracted data are fairly noisy, as the standard deviations
measured are close to the overall measurement precision,
marked with dashed lines in Fig. 17. However, due to the
large number of points, Axz, and Aaw can be extracted fairly
precisely, as shown in Table III. A comparison between the
values in Tables III and IT shows that the mean LER parameters
extracted using the Cgc iy Vvariability data fall within the
confidence interval of those extracted using the (5s variability
data, but with much higher precision as evidenced by the
tighter confidence intervals. It is interesting to note that L.g
is controlled about twice as well as W. Attention is put into
controlling the length of the device, as variations in L.g have a
higher impact on overall device performance. Additionally, the
fact that (03 ¢, .., )/(Crz) is insensitive to O'ZC(,W Jc implies
that variations in p.g are the primary source of variation in
(Ak)/(k), consistent with the discussion of variation in G ;.




824

6(AC,)/C,, (km?)
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Fig. 17. (0acge )/ (Ch,) (2) as a function of VW L, and (b) taking
LER into account; modeling (¢ac ¢ ;.. )/(C?,) as dependent on the device
perimeter rather then the device area aligns minimum-length device data (filled
squares) with the rest of the measurements; dashed lines indicate the C-V mea-
surement noise floor, conservatively defined as twice the maximum measured
error in Fig. 13.

TABLE III
EXTRACTED VALUES OF Aafr, AND Aaw FROM (20)
Parameter NMOS PMOS
Aar (um3/?) 0.6 x 1073 0.6 x 1073
CI [0.5—0.7 x 1072 | [0.5—0.7] x 1073
Aaw (um?/2) 1.1 x 1073 1.3 x 1073
CI [0.8—1.5] x 1073 | [0.9 —1.8] x 1073

D. Systematic Variability

Another aspect of device variability, which can be studied
using the proposed combined C-V/I-V characterization method-
ology, is systematic variability across the die. Up to this point,
all analysis we have described is based on modeling the
matching of parameters, as described by (8), canceling out the
effects of systematic variability in order to focus on random
variability instead. However, systematic variability can also be
studied, by extracting parameter gradients across the die. Such
gradients are not random in nature, and as such, do not scale
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with the area or the perimeter of the device; instead, they can
be traced to a systematic source which affects all devices in a
similar manner independent of their geometry.

In order to examine parameter gradients across the DUT array,
each parameter of interest is measured, and then measurements
along a column of the chip are normalized according to
p - P uP)

a(P)
where P is a vector of extracted parameter values along the
length of one column, p(P) is its mean value, o (P) is its stan-
dard deviation, and P,, is the resulting normalized parameter
vector. Using this type of normalization enables the study of
gradient vectors along a DUT array consisting of different types
of DUTs.

Heat maps for extracted normalized gradients of Cgc int
across the DUT array for both NMOS and PMOS devices
are shown in top-left and top-right of Fig. 18, respectively. A
well-defined gradient is observed, which points to a systematic
source of variation in the intrinsic gate-to-source capacitance.
This source of variation appears to be common to both NMOS
and PMOS devices, as indicated by a correlation coefficient
between the two measurements of p = 0.91.

If gradients in the normalized small-signal transconductance,
G'ar, are considered, similar patterns emerge, as seen in bottom-
left and bottom-right of Fig. 18. Interestingly, the gradients in
the normalized Cg ¢ int and normalized G'as exhibit strong neg-

(23)

ative correlation, with correlation coefficients of p = —0.66 and
p = —0.82 in the case of PMOS and NMOS measurements,
respectively.

When considering the functional form of Cge ins shown
in (17) and that of Gj; shown in (10), it is clear that the
only inverse correspondence between the two is through the
effective device length, L.g. Therefore, by leveraging the
combined C-V/I-V characterization approach, the source of the
negatively-correlated systematic variation in the two parame-
ters is identified as a systematic variation in the length of the
device, L. Since similar gradients are present in all measured
dice, this systematic error can be traced to a lithographical or
mask-alignment issue. Systematic variations of device length
across the reticle are also reported in [24]. It should be noted
that the gradients detected in C'qc ine are much smoother than
those in GGy, due to the fact that the latter set of measurements
is obscured by a relatively high variation in p.g on top of the
underlying systematic length variation. This once again demon-
strates the benefit of studying variation in the gate-to-channel
capacitance, as it gives a much cleaner representation of varia-
tions in the intrinsic device geometry.

V. CONCLUSION

An on-chip combined C-V/I-V characterization system with
digital interfaces has been presented. The system has been im-
plemented in a 45-nm CMOS process, demonstrating 9.76-nA
resolution current measurements, sub-1-mV resolution voltage
measurements, and single aF resolution capacitance measure-
ments of large statistical sets of circuit-representative NMOS
and PMOS devices. Variation in the gate capacitance, Ce¢r, at
circuit-representative device sizes has been shown to be dom-
inated by variations in L and W, rather than C’_. Based on
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this realization, the LER variability parameters, Ay, and oaw,
have been extracted from Cg¢ variability data. A proposed
combined C-V/I-V characterization approach has been success-
fully used to identify variations in jief as the primary source in
relative variations in the small-signal transconductance, G 5z, as
well as a systematic shift in L as the reason behind well-defined
gradients across the die, affecting both G; and Cg. While
the work presented here is complete, it should be noted that the
variability analysis described is only one example of the kind
of analysis that is made possible by using the on-chip combined
C-V/I-V characterization system, with many other possibilities
for analysis open.
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