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Characterization of MOSFET at cryogenic
temperature

1.1 Introduction

Although silicon is the most studied material, the behavior of silicon device at very low temper-
atures is still under research. Several non-idealities occur when ICs are cooled down to 1K or even
below. With the advent of quantum computing theories, the necessity of accurate low-temperature
models of electronic devices has become more urgent. Most qubits are operated below 100mK,
but, at the state of the art, readout CMOS electronic works at room temperature. Data are sent
through expensive amplifications to be read and vice versa controlling quantum components re-
quires sending signals from room temperature down to 100mK through 90dB cold attenuation.
Given that the complexity of such control and readout system scales linearly with the number of
qubits, these operations are complicated and inefficient in size, power, cost and speed [1].
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Figure 1.1: Scheme of a generic CMOS readout system

The ultimate goal of this project is to design a new readout system that works at cryogenic
temperature, so this first and most important stadium of signal processing would operate at tem-
peratures which are similar to the qubits’ one (Fig. 1.1). This improvement permits to optimize
the two-way communication between computer and readout/control front-end, considering that
cooling systems must not be more power-consumptive than the original system (i.e. cryo-readout
must be low-power). The first obstacle which must be confronted is the lack of reliable device
models for operating at deep-cryogenic temperatures. This work aims to address the creations of
such models.

1.2 Low-temperature effects and non-idealities
At the beginning cryogenic effects and non-idealities of CMOS technology were investigated.
According to [2], the most relevant ones are:

e Increase in carrier mobility and mean free path (except for pMOS in weak inversion region).
It is caused by the freezing of silicon lattice

e Carriers freeze-out: below 100K, carriers are mostly generated by ionization of dopants. As
the temperature decreases, thermal energy reduces and ionized carrier density diminishes as
well (Fig. 1.2). It depends on doping concentration too



T T T T T T
20 f -

]

]

[
15k = . ,IFrbeu Jl -

out H

} E ic T-reglon { 'l
= 1of ,' -1

» Intrinsic H
n
Tregion [ Il
[}
05 / .
l!p'h'.;’
/
s’
1 I 1 Leee™ 1
0 100 200 300 400 500 600
TEK)

Figure 1.2: Carrier concentration vs Temperature

Long-term increase of V;p,, due to hot carrier damages (Fig. 1.3). Hot carrier injection (HCI)
is a phenomenon in MOS devices where an electron or a hole gains sufficient kinetic energy
(especially near the drain terminal, where electric field is more intense) to overcome the

potential barrier and becomes trapped in the gate dielectric.
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Figure 1.3: Hot Carrier effect

e Increasing of Sub-threshold Slope due to intrinsic temperature dependence of diffusion current

e Kink effect and hysteresis: non-idealities occurring in mature technologies (typically > 130nm)
that cause anomalous behaviors. Experimental characteristics are strongly divergent from

theoretical ones (Fig: 1.4)
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(a) Tilt on an nMOS characteristic caused (b) Hysteresis on an turn-on/turn-off cycle
by Kink Effect caused by the Kink Effect

Figure 1.4: Kink Effect and Hysteresis

It was possible that some of these effects were evident during the experiment.



1.3 Models

Modeling a device behavior means defining algebraic equations that closely describe experimen-
tal characteristic curves. In practice, there are many established models, each with its pros and
cons. Modeling involves choosing the appropriate one and adjusting some standard parameters to
make the equations fit the physical behavior of the device. Some of the most prevalent models are:

e BSIM: most famous and used. BSIM 4 is adequate to model transistor of different sizes,
down to 65nm and below

e EKV: the simplest and most versatile one. Probably not adequate for 65nm transistors and
incomplete for cryo-application

e PSP: more adequate at extreme temperatures but less used and known

BSIM 4.0 was chosen to compare with the BSIM4 models provided by the foundry for standard-
temperature operation.

1.4 The experiment
The experiment consisted in measuring and characterizing the following transistors at room
temperature down to 50 K (all dimensions in pm):

e Standard 65nm CMOS transistors - thick-oxide:

nMOS W/L = 10/0.28
nMOS W/L = 10/0.36
. pMOS W/L = 10/0.28
. pMOS W/L = 10/0.36

o o e

e Standard 65nm CMOS transistors - thin-oxide:

1. nMOS W/L = 0.5/0.06
2. nMOS W/L = 0.5/0.1
3. nMOS W/L = 0.5/0.2
4. nMOS W/L = 1/0.06
5. nMOS W/L = 1/0.1

6. nMOS W/L = 1/0.2

7. nMOS W/L = 2.5/0.06
8. nMOS W/L = 2.5/0.1
9. nMOS W/L = 2.5/0.2
10. nMOS W/L = 5/0.06
11. nMOS W/L = 5/0.1
12. nMOS W/L = 5/0.2
13. nMOS W/L = 10/0.06
14. nMOS W/L = 10/0.1
15. nMOS W/L = 10/0.2
16. nMOS W/L = 25/0.06
17. nMOS W/L = 25/0.1
18. nMOS W/L = 25/0.2
19. pMOS W/L = 0.5/0.06
20. pMOS W/L = 0.5/0.1
21. pMOS W/L = 0.5/0.2



22. pMOS W/L = 1/0.06

23. pMOS W/L = 1/0.1

24. pMOS W/L = 1/0.2

25. pMOS W/L = 2.5/0.06

26. pMOS W/L = 2.5/0.1

27. pMOS W/L = 2.5/0.2

28. pMOS W/L = 5/0.06

29. pMOS W/L =5/0.1

30. pMOS W/L = 5/0.2

31. pMOS W/L = 10/0.06

32. pMOS W/L = 10/0.1

33. pMOS W/L = 10/0.2

34. pMOS W/L = 25/0.06

35. pMOS W/L = 25/0.1

36. pMOS W/L = 25/0.2

These devices are fabricated in several test ICs, which are mounted on custom test boards.

Some of these boards are in ceramic, which has a coefficient of thermal expansion similar to sili-

con’s one. The other side of the board directly contacts the copper plate in the cryostat: this plate
is then cooled down and so do the chip.

In every chip, transistor are manufactured one close to the other in a chain: drain and source
pads are in common. The pads for the gates are instead independent: in this way it is possible to

turn on only one transistor per measurement, to test them separately.

A cryostat was used to cool down transistors.(Fig. 1.5). It could chill down to 50K.

Figure 1.5: The cryostat used for this experiment can reach temperatures down to 50K



1.5 Setup and Measurements
1.5.1 Go/No-go testing

The first measurement involved a 65nm thick-oxide test chip which was wired-bonded to a 64 PGA
socket. The purpose was to get familiar with the instrumentation and try the device functioning

at room temperatures (Fig. 1.6).

Figure 1.6: Testing of the 65nm thick-oxide board
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Figure 1.7: Devices characteristics

To test, the following instrumentation was used:
e HP 16058A Test Fixture to connect the socket pin to the SMU
e HP 4145B Semiconductor Parameter Analyzer (SMU) to obtain automatically the charac-

teristics
Both pMOS and nMOS (10/0.28 and 10/0.36) were tested and found to be working properly (Fig.
1.7).



1.5.2 Performing measurement — Room Temperature

The same instrumentation was used to perform measurement on test structure boards. Silvaco
UTMOST was the software used to control automatically the settings on the SMU and to store ac-
quired data. It could communicate with the instrumentation through an NI GPIB-USB Instrument
Control Device, which was used to connect the laptop with the SMU (Fig. 1.8).

'Sivaco Utmost

Figure 1.8: Measurement Setup

Silvaco UTMOST includes an optimization tool too, which is able to fit the curves, extract the
model parameters and, if necessary, do comparison between different models.

1.5.3 Type of Measurements

Set of measurements to be performed on nMOS (Vpp = 1.5V):

e Input Characteristic — Ip vs Vgs (Vps parametric):

1. Source stuck at GND

2. Drain stuck at 1V

3. Gate sweep [0V, 1.5V]

4. Bulk sweep [-400mV, 0V] - Body effect

e Output Characteristic — Ip vs Vpg (Vgs parametric):
1. Source stuck at GND
2. Drain sweep [0V, 1.5V]
3. Gate sweep [0V, 1.5V]
4. Bulk shorted to Source

e Weak Inversion Output Characteristic — Ip vs Vps (Vs parametric):

1. Source stuck at GND

2. Drain sweep [0V, 1.5V]

3. Gate sweep [400mV, 800mV]
4. Bulk shorted to Source

Type of measurement to be performed on pMOS (Vpp = 1.5V):
e Input Characteristic — Ip vs Vgs (Vs parametric):

1. Source stuck at Vpp
2. Drain stuck at 500mV
3. Gate sweep [0V, 1.5V]



4. Bulk sweep [1.5V, 1.9V] - Body effect
e Output Characteristic — Ip vs Vpg (Vgs parametric):

1. Source stuck at Vpp

2. Drain sweep [0V, 1.5V]
3. Gate sweep [0V, 1.5V]
4. Bulk shorted to Source

e Weak Inversion Output Characteristic — Ip vs Vps (Vs parametric):

1. Source stuck at Vpp
2. Drain sweep [0V, 1.5V]
3. Gate sweep [700mV, 1.1V]
4. Bulk shorted to Source
Both 65nm thick-oxide and 65nm thin-oxide boards were measured at room temperature: input

and output characteristics were taken (Fig. 1.9). Input characteristic was then processed with the
optimization tool and fitted with an approximating error lower than 2% (Fig. 1.10).
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Figure 1.9: Devices characteristics
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Figure 1.10: Optimization and modeling of characteristics



1.5.4 Performing measurement — Low Temperature

Test structure boards were then placed inside the cryostat to be chilled. The back side of the
ceramic board contacted the main copper plate inside the cryocooler. The vacuum (40 mTorr
down to 1 mTorr) was then achieved inside the cryocooler and a closed loop of liquid helium
directly cooled the copper plate down. All the necessary pins were taken out with a bundle of
cables: measurement were performed externally with the same equipment used at room temper-
ature. On the plate there were three RTDs (Resistance Temperature Detectors): one of them
was a feedback sensor to set correctly the temperature on the top of the copper plate from
the outside with a thermostat. The others were used to sense the temperature on the bottom
of the copper plate and on the board. In fact, the system was not entirely at the same tem-
perature: there were some losses due to the thermal impedance of the plate and the ceramic.
There was approximately 7K difference between the copper plate and the front side of the ceramic
board. To compensate this loss, temperature was always set at a lower value. Only the 65nm
thick-oxide board was measured at low temperature and precisely at 200K, 173K, 120K, 89K,
77K and down to the minimum temperature achievable (65K). Measurement were taken starting
from room temperature down to the bottom (step down cycle) and then again from 65K up to
300K (step up cycle). Theoretically there should not be any difference between cooling down and
warming up: the two cycle should be similar. As the temperature decreases, saturation current
should increase due to the increasing channel mobility, even if the threshold voltage is rising.
Our observations are:

1. pMOS 10/0.36 was most certainly damaged as the temperature reached 150K, and no more
data were collected from it

2. pMOS 10/0.28 (Fig. 1.11): this is the best result achieved. Step up and step down cycle are
very similar (error below the 4%) and the current increases as the temperature diminishes.
There is a current spike at 173K, probably due to a measurement artifact
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Figure 1.11: Saturation Current vs Temperature - pMOS 10x280

3. nMOS 10/0.28 (Fig. 1.12): globally the curve is descending as expected but there are two
critical steps. During step down cycle, between 120K and 89K the curve rapidly increases,
and then again between 65K and 77K while warming up. This behavior is a symptom of
irreversible degradation of the device. Therefore, the two cycles are not similar: there is a
mean error greater than 30%
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Figure 1.12: Saturation Current vs Temperature - nMOS 10x280

4. nMOS 10/0.36 (Fig. 1.13): there is an irreversible damage in the very first measure (from
300K to 200K). Saturation current diminishes of more than 50% of its mean value. Step
up and step down cycle are very similar, but the trend is ascending as the temperature
rises, which is inconsistent with the theoretical behavior. It seems like the increasing of the
threshold voltage prevails on the increasing of the channel mobility
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Figure 1.13: Saturation Current vs Temperature - nMOS 10x360

Results are conflicting and not completely coherent with the theoretical behavior: the curve is
not always descending and there are some symptoms of devices degradation. Those results are not
completely reliable: it is necessary to test other boards to compare data.

Causes of measurement failures:

e Cooling-down process: damage from hot-carrier ionization can manifest itself as permanent
degradation even in the first milliseconds of operations under stressful conditions. It should
explain the critical behavior of the nMOS 10/0.36 between 300K and 200K

e Wire bonding and measurement procedure: 65nm technology is very sensible to ESD and me-
chanical damages (especially gate terminals which are thin and fragile), which could strongly
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affect device performances. Those damages get more critical when cooling down. Probably
the most dangerous thing is handling wires: to connect pins to the SMU wires were manually
connected. In many procedures, it is suggested not to manipulate cables because it is the
main cause of damages

New measurement should be taken using a switching system: it does not require any manipu-
lation. All the cables are connected to an input matrix and the output is chosen via software.

A Keithley 7002 switch system (Fig. 1.14) is chosen: it can support up to 10 input for every
output. It is fully compatible with UTMOST software: there is no need of manual configuration.

Figure 1.14: Keithley 7002 - switch system

1.5.5 Break in activities — Documentation

Since the UTMOST software license expired, no more measurement could be performed. A docu-
mentation of the job was redacted and it summarized:

e Test structure boards report (Appendiz A): how test structure boards are made, which pins
are connected and how, how many transistors there are and which dimensions they have

e UTMOST software manual (Appendiz B): a synthesis of UTMOST software configuration.
It also describes how to connect the GPIB-USB Control Device using NI LabVIEW software



Preparing a LVDS prototype circuit to be
tested at room and liquid argon tempera-
ture

2.1 Introduction

LVDS (Low-Voltage Differential Signaling) is a technical standard protocol of serial communi-
cation with differential signals both in input and in output. As suggested by the name itself, it
commonly operates at very low power. It works at low voltages (2V down to some hundreds of
mV) and can run at high-speed (up to some GHz) along cheap twisted pair cables. A new LVDS
circuit was designed with 65nm standard CMOS technology in Fermilab for operation at cryogenic
temperatures (liquid argon high energy physics detector). It has not been tested yet. The aim of
the experiment is realizing a test structure board where chip will be mounted on with appropriate
pins which will be wire-bonded to the corresponding pads. Then the circuit will be tested at room
temperature and at 87K with different supply voltages and at different speeds. In fact, the circuit
should work at frequencies below 128 Mbit/s but, to test the limits, it will be run at higher speeds
too, up to 1 Gbit/s. Parameters that should be extract are:

e BER (Bit Error Rate)
e Eye-Diagram

e TJ@GBER (Total jitter at a specified bit error rate (BER). This combines the random and
deterministic effects, and predicts a peak-to-peak jitter that will only be exceeded with a
probability equal to the BER)

e Delay between input and output signals
To perform measurements, the instrumentation used was:

e TekTronic 1400 Mb/s Bit Error Rate Tester Generator and Analyzer (Fig. 2.1): this system
generates PRBS Pseudo Random Bit Streams (up to 23 bits at 2V peak — to — peak and
1400 MHz) which are sent through the LVDS circuit and then collected by a receiver which
calculates the BER (counting the number of bit error)

Figure 2.1: TekTronic 1400 Mb/s Bit Error Rate Tester Generator and Analyzer

e TekTronic DSA 72004C Digital Serial Analyzer (Fig. 2.2): this oscilloscope can analyze the
output PRBS from the LVDS and calculate the eye-diagram, the jitter and the delay.

e Cryostator: it can chill down to 50K

11
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Figure 2.2: TekTronic DSA 72004C Digital Serial Analyzer

2.2 LVDS Schematic

The circuit is composed basically of a receiver (Fig. 2.3), which processes the input signal and
send it to the chip core, followed by a transmitter (Fig. 2.4), which replicates the signal elaborated
by the receiver.

erringinside tf

Figure 2.3: LVDS Receiver - Schematic

Receiver main features are:

e Input voltage domain: 2.5V to 1.8V (from the chip I/O supply). Input differential voltage
from +100mV. Output voltage: 1.2V (to the chip core)

e Operating temperature range: intended for room temperature as well as liquid argon (87K)

e Low profile layout: approximately 115um x 20um, excluding the output pads
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ring inside the pads

Figure 2.4: LVDS Transmitter - Schematic

Transmitter main features are:

e Input voltage: 1.2V (from chip core). Output voltage: 2.5V to 1.8V (from chip I/O supply)
e Programmable output current for low power operation: +2mA, +4mA, £6mA, +8mA

e Operating temperature range: intended for room temperature as well as liquid argon (87K)
e Includes an active common mode feedback (CMFB) to stabilize the CM to /2 Vpp

e Low profile layout: approximately 180um x 65um, excluding the output pads

2.3 Simulations
The circuit schematic was simulated in different conditions:

e High Supply Voltage: from 2.5V (nominal) down to 1.5V

e Low Supply Voltage: 1.2V (nominal) and 1.1V

e Technology Corner: Fast, Slow, Room Temperature, -186°C
e Output current: 2mA, 4mA, 6mA, 8mA

e Frequency: 128MHz and 1GHz

The intention was to simulate the circuit in nominal conditions, but even pushing it to the limit
in frequency, voltages and manufacturing corners to detect the theoretical working maximum. The
system should work correctly in various conditions: the input signal is regenerated, adapted and
then replicated with a very short delay (< 1ns in nominal condition). Below 1.8V of HVpp, the
power supply is too low to properly bias all the subcircuits: at 1.5V (Fig. 2.7) the signal is, in
some cases, not valid.

Technology corners could be simulated:

e A faster device has a lower threshold: it can work even at lower voltages and it responds
earlier

e A cooled device has a higher threshold but higher currents too (at fixed supply voltages)
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2.4 Getting accustomed to the instrumentation
To get familiar with the instrumentation a 25m Samtec cable was tested at room temperature:
nominally it should be robust up to 50 MHz and down to 77K and below.

e Initially a 50MHz signal was generated: the eye-diagram obtained (Fig. 2.8) is clearly open
and the expected BER for a correct sampling should be lower than 1x107'2. In fact, the
BER analyzer did not registered any stream error in an entire day of testing

“‘ | : Spectrum YFreq (?
i O

|
|
5

05 04 03 02 01 0 01 02 03 04 O

Figure 2.8: TIE, eye-diagram and TJ bathtub diagram of a 25m cable at 50M H z

TJ@BER | 630ps
BER <1z1071?
Delay ~ 200ps

e The cable was already tested at 100MHz: the eye is more constrained but still opened.
The low-pass behavior of the cable begins to be evident. The bathtub diagram shows the
suggested interval of sampling for a fixed BER: this interval is narrower if compared to the
50MHz one
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Figure 2.9: TIE, eye-diagram and TJ bathtub diagram of a 25m cable at 100M H z

TJ@QBER | 830ps
BER <1z10~ 11
Delay ~ 200ps

e The system was tested with a 500MHz signal too: the period was too short and the eye
completely shut. The instrumentation even failed to determine the correct period of the
signal

Figure 2.10: Eye-diagram of a 25m cable at 500M H z
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2.5 Test structure board realization

Since the chip had not been tested yet, there was no board compatible which the chip could
be mounted on and wire-bonded. Therefore, a new board was designed and realized: the intention
was to reuse the other test-structures layout (which is general purpose) and modify it. In this
way new boards were suitable both for transistors IC and for LVDS IC. The LVDS IC has twelve
pads for the transmitter and the receiver (differential signals), the power supplies, the output bias

voltage and swing controllers.
New boards (Fig. 2.11) should have had:

e Wire-bonding pads and pin connectors

e 100€2 resistor between the input of the receiver (to convert the current input into a voltage
one).

Test resistor (100€2) to measure resistance variation while cooling down
e SMA connectors for the receiver and the transmitter

e Power supply by-pass capacitors

—_—
§ 20x2 pins

@&

suid Zx0Z

Figure 2.11: Scheme of the new test structure board designed

Board was designed and realized in FR4 (Fig. 2.12): it is less expensive but it has a higher
thermal resistance. To compensate the temperature loss between the top and the bottom layer the
cryostat was set at a lower temperature. In this way the top layer temperature was at the nominal
one (87K). Copper plates were added to make the temperature distribution more uniform.
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(a) Layout of board (b) Final aspect of the board

Figure 2.12: New test structure board



2.6 Measurements
2.6.1 Room Temperature
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The chip was mounted on the board and tested at room temperature. Delay measurements were

not taken due to lack of time.

e 128 MHz — 2mA output current — 2.5V Vpp — Room Temperature
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Figure 2.13: Eye Diagram and Time Interval Error (TIE) at 128 MHz - Room Temperature
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The eye is open (Fig. 2.13) and the bathtub curve is wide. Data obtained are:

TJ@BER | 184ps
BER <1x10710
Delay -

e 1 GHz — 2mA output current — 2.5V Vpp — Room Temperature
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Figure 2.14: Eye Diagram and Time Interval Error (TIE) at 1 GHz - Room Temperature

The eye is more constrained (Fig. 2.14) and the optimum sampling interval is narrower than

the one at 128 MHz. Data obtained are:

TJ@QBER | 527ps
BER <1x1077
Delay -
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2.6.2 Low Temperature - 120K

The board was then put into the cryostat and chilled down: unfortunately, the thermal resistance
of FR4 was too high and the system could not chill the chip down to 87K in time. Therefore, mea-
surements were taken at 120K. Furthermore, the maximum frequency reached was 512 MHz: above
this, the output signal was no more recognizable and processable. Delay and BER measurements
were not taken due to lack of time.

e 128 MHz — 2mA output current — 2V Vpp — 120K
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Figure 2.15: Eye Diagram and Time Interval Error (TIE) at 128 MHz - 120K - 2V Vpp

The eye is open (Fig. 2.15) and the bathtub curve is wide. Data obtained are:

TJQBER | 340ps
BER -
Delay -

e 1 GHz — 2mA output current — 2V Vpp — 120K

¥ Hits TIE?: Histogram HTime - Time TIET: Spectrum HFreq
800 e
+
600
400
200
W WP S NS e
-ins -0.5ns 0s 0.5ns ns OHz SOMHZ 1000Hz 150MHz 200MHz 250MHz
Y Woltage Height1: Eye Diagram HTime P ‘BER THEZBER1: Bathtub H s
. R “@
+
1E-5
1E-10
PRI =
Uk 7000:15028, Total 13808 N )
-1.3ns -ins -05ns Os 0.5ns ns 1.5ns -05 .04 03 02 <01 o 01 02 03 04 o0s

Figure 2.16: Eye Diagram and Time Interval Error at 1 GHz - 120K - 2V Vpp

At 512MHz (Fig. 2.16), even if the eye was recognizable, the jitter was too elevated and the
bathtub curve almost shut: the chip was working out of its limit. No data are then reported.
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2.7 Final considerations and future developments

The board developed has all the necessary requirements. The output signal is not completely
compatible with the simulation and data measured are sometimes worse than the expected ones.
Even if the bathtub curve registers in many cases a theoretical BER value below of 1 x 102, direct
measurements are actually near to 1 x 10'°. This critical difference is imputable to:

e A systematic delay between the two output differential signal attributable to different lengths
of the SMA connectors mounted on the board. This causes a wrong alignment between the
output that is a distortion of the differential signal (Fig. 2.17).

-ins -08ns DEns -04ry -02ns 0= 02ns D.4ns 0&ns 08ns

Figure 2.17: Macro - Eye Diagram

That causes a higher jitter and constriction of the eye: replace the connectors (using 4
identical components) in a future new test structure board could improve the performances

e The output signal is actually affected (not visible from the diagrams) by some glitches that
compromises the integrity of the signal. Those glitches have still an unknown origin: probably
the output section requires an additional resistor or the signal is too fast to be measured with
a coaxial cable and it is necessary a twisted pair cable and a differential probe to perform
better measurements
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Documentation

Test Structure Board

Standard CMOS 65nm thick oxide — CDP1 green board

On this chip there are 4 transistor 65nm thick oxide:

- NMOS 1: W/L = 10/0.28 (um)
- NMOS 2: W/L = 10/0.36 (um)
- PMOS 1: W/L = 10/0.28 (um)
- PMOS 2: W/L = 10/0.36 (um)

JP1

TOP —JP4 Jumper

PAD LIST:
1. SUBSTRATE p — always stuck at Vss 11. NMOS1 — Drain P2
2. PMOS1 - Gate 12. NMOS1 - Source
3. PMOS1 - Drain 13. NMOS1 - Bulk
4. PMOS1 - Source 14. NMOS2 — Deep nWell — always stuck at Vdd
5. PMOS1 - Bulk 15. NMOS1 — Deep nWell — always stuck at Vdd
6. PMOQOS2 — Gate 16. NMQOS2 - Source
7. PMOQOS2 - Drain 17. NMOS2 - Bulk
8. PMOS2 - Source 18. NMOQOS2 - Gate
9. PMOS2 - Bulk 19. NMQOS2 - Drain
10. NMOS1 - Gate
PHOS 4 Pos2 NYOS) B
P1s @ 4%38’ P25 @ /%-3( no @ /0/0 5 e @ Jq/o, K74
o o T 4 u'? N P
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WIRE BONDING:

Only JP1 and JP2 are used
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Standard CMOS 65nm thin oxide — Fibbed Board

On this chip there are approximately 40 transistor 65nm thin oxide:

15nMOS: W =10, 1, 2.5, 5, 25, 0.5 um over L=0.06, 0.1, 0.2 um
15 pMOS: W =10, 1, 2.5, 5, 25, 0.5 um over L=0.06, 0.1, 0.2 um

SENSE PADS

Jzzzz uuuu 2 uuuu 2 uu CONTROL PADS
11 ol A b | o EE
EDDDDDDDDDDDDDDDDDD o ;“L";“;“LB;HEEL“'
= e B B & B P O} 5 "
B
% - TOP
= )
EELEEELEEEEEEEEEEER ol
WHDUHWH%UDHHHHHHDHHHD

/ FIBBED

RING OSCILLATOR PADS

CERN DESIGN TRANSISTORS AND

DRAIN/SOURCE PADS

CERN design and Ring Oscillator have not been examined. Sense pads and source/drain pads are shorted
per rows (every row) as shown by the green lines. Every transistor is located between two rows of pads:
the pads above and below are its own source and drain. Odd rows are for nMOS, even rows for pMOS.

PAD LIST:

SUBSTRATE p — always stuck at Vss/GND
PMOS nWell

PMOS Gate — Column 1

PMOS Gate — Column 2

PMOQS Gate — Column 3

PMOQS Gate — Column 4

PMOQS Gate — Column 5

ESD- — always stuck at Vss/GND
9. ESD+—always stuck at Vdd

10. NMOS Gate — Column 1

11. NMOS Gate — Column 2

12. NMOS Gate — Column 3

13. NMOS Gate — Column 4

14. NMOS Gate — Column 5
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WIRE BONDING:

e CHIP1-65nm

TOP

[BoT 79[ 78] 77] 76] 75] 7a] 73] 72] 71] 70] 69] 68] 67] 66] 5] 64] 63] 62 61] | JP3

B |
N IRZE N | ] | CHIP1
65nm

JP4 06/24/14 charge 10/0.2
65nm 07/18

11 10

12| 13

BIBIAIBIBIBIBISIB VGOV
Hlel»[mlml\nlmlwlolJﬂ&lﬁl&lglﬂl&lglgl

25 | 26 | 27 | 28 | 29 ] 30 | 31

JP2

R

CERN CHIP

-

[ZA]22] 23] 24] 25] 26] 27] 28] 29] 30] 31] 32] 33] 34] 35] 36] 37] 38] 39] 40] Pl

JP2 is not used. Pads and pins that have the same number are wired bonded.



e CHIP3-65nm

TOP
[Bo[75] 78] 7] 76] 75] 74] 73] 72] 73] 70] 69] 68] 67] 66] 65] 64] 63] 62] 67 | JP3
OB ]
73 | 72 | 71 | 70 | 69 ] 68 ] CHIP 3
65 nm
JP4 3 4/ 60 59 Corner broken
B 6| 5| 57 58 %
2 59
E 71 8| 56 55 B
4 57
E 100 9| 53 saf | [34]
B [ 55|
7] 11| 12 51 52 B
8| 53]
9| 14| 13 50( 49 B
[ 10] 51
1] 15| 16 47| 48 50)
12 g 29 ot
13 1 17 46| 45 [ 43| | =
12 23] ChiP3
B 19| 20 43| 44 6} L
16 [ 45|
17| 23| 24 [ 44)
18] [ 23]
19 42|
20 27 | 28 | 29 | 30 | 31 | 32 | 33 41}

J

R

2

CERN CHIP

-

| :21] 22] 23] 24] 25] 26] 27] 28] 29] 30] 31] 32 33[ 34] 35] 36] 37] 38] 39] 40 | JP1

JP2 is not used. Pads and pins that have the same number are wired bonded.



e CHIP 4 -65nm (V33m-aa lon Beam Trimmed)

|80 79| 78| 77| 76| 75| 74| 73 72] 71| 70| 69| 68 67| 66| 65| 64| 63| 62 61I JP1

1B
70 | 69 | 68 | 67 | 66 | 65 | CHIP 4
65nm

JP2 56

[ 1] 55

B

E 54

2|

B 53

6|

E 52

B

e 51 —

IS 3

11} 50

17]

[13] 49

14}

15| 48

16}

[17] 25| 27| 29| 31| 33| 35

18]

19

20 24 126 | 28 | 30 | 32 | 34 | 36

CERN CHIP

H

21 22| 23| 24| 25] 26| 27| 28| 29| 30| 31| 32| 33| 34| 35| 36 37| 38 39| 40 JP3

JP2 is not used. Pads and pins that have the same number are wired bonded.



WIRE-BONDING DIAGRAM:
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e CHIP5-65nm (V33m-AA Laser Trimmed)

e e e e e e e e e e e ey | JP1
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JP2 is not used. Pads and pins that have the same number are wired bonded.
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Standard CMOS 130nm thin oxide

On this chip there are 80 transistor 130nm thin oxide:

85nMO0S: W=10,1, 2,5, 20 pm over L =0.20, 0.13, 0.40 um

RING OSCILLATOR

TOP

>

CONTROL PADS TRANSISTORS AND
DRAIN/SOURCE PADS

TOP MARK

SENSE PADS

Ring oscillator design has not been examined. Sense pads and source/drain pads are shorted per rows
(every row) as shown by the green lines. Every transistor is located between two different rows of pads:
the pads above and below are its own source and drain.

PAD LIST:

© 0 NSO U AWDNR

N R R Rk R
A WNRKRO

Gate nMOS — Column 1, odd rows

Gate nMOS — Column 1, even rows

Gate nMOS — Column 2, odd rows

Gate nMOS — Column 2, even rows

ESD+ — always stuck at Vdd

ESD- — always stuck at Vss/GND
SUBSTRATE p — always stuck at Vss/GND
Gate nMOS — Column 3, odd rows

Gate nMOS — Column 3, even rows

. Gate nMOS — Column 4, odd rows

. Gate nMOS — Column 4, even rows

. Gate nMOS — Column 5, odd rows

. Gate nMQOS — Column 5, even rows

. SUBSTRATE p — always stuck at Vss/GND



%

D
Ky

:
(2]

7

ROW 2 EVEN

ROW 4 EVEN

ROW 5 ODD

ROW 6 EVEN

ROW 7 ODD

ROW 8 EVEN

ROW9ODD| W Wl

ROW 12 EVEN

ROW 14 EVEN

ROW 15 ODD

ROW 16 EVEN

Ring oscillator row is not shown: it should be above the first row of source/drain pads.



TRANSISTOR LIST:

ROW 1 ODD

ROW 2 EVEN

ROW 3 ODD

ROW 4 EVEN

ROW 5 ODD

ROW 6 EVEN

ROW 7 ODD

ROW 8 EVEN

ROW 9 ODD

ROW 10 EVEN

ROW 11 ODD

ROW 12 EVEN

ROW 13 ODD

ROW 14 EVEN

ROW 15 ODD

ROW 16 EVEN

L= L= L= L= L=
0.20 013 040 020 0.13
RING OSCILLATOR
= W= W= W= =
1 1 10 10 10
= W= W= W= =
1 1 10 10 10
= W= W= W= —
1 1 10 10 10
= W= W= W= =
1 1 10 10 10
L = W= W= =
2 2 10 10 10
= = W= W= =
2 2 10 10 10
o= = W= W= =
2 2 10 10 10
= = W= W= —
2 2 10 10 10
2 2 5 5 5
1 1 5 5 5
1 1 5 5 5
1 1 5 5 5
2 2 20 20 20
2 2 20 20 20
2 2 20 20 20
2 2 20 20 20
L= /4




WIRE BONDING:

e CHIP1-130nm

TOP
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JP2 RING
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E E
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E| 53]
9 3 4 52|
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11 6 5 50|
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13| 7 8 [ 23|
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15 16 —
18 17 Ip4
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JP4 is not used. Pads and pins that have the same number are wired bonded.



e CHIP2-130nm

TOP

[Bo[ 73] 78] 77] 76] 75] 74] 73] 72] 71] 70] 69] 68] 67] 66] 65] 64] 63] 62[ 61] | JP1

Glo Gle G20 G2e ESD+ ESD- SUB

721 73] 72 [ 71 | 70 | 6 | 68 | CHIP 2
SENSE 130nm
P2 60| 59| rinG

[60]

B

B
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58| 57 56|

B

56 55 [ 54|

B
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52 50}
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51 48]
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50 | 26|
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49 44
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48 22
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47| 46 Ip4
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G3o G3e Gdo Gde G50 G5e SUB

[Z1]22] 23] 23] 25] 26] 27] 28] 29] 30] 31] 32] 33] 34] 35] 36] 37] 38] 39[ 40] | JP3

JP2 is not used. Pads and pins that have the same number are wired bonded.
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SILVACO UTMOST Manual

Prerequisites

- National Instrument — LabVIEW and NI MAX
- NI-488.2 driver for LabVIEW (http://sine.ni.com/psp/app/doc/p/id/psp-356/lang/en)

- GPIB-USB Instrument Control Device

Setup

To do measurement it is necessary to connect the SMU with UTMOST through the GPIB-USB Instrument
Control Device. Connect the GPIB to the SMU and plug the USB into your computer port, then turn the

SMU on.

Open NI MAX software then click on Devices and Interfaces.

If everything is correctly connected, N/ GPIB-USB-B should be shown. Click on

it.

Be sure that GPIB interface ID is set on the
correct name of the USB port (commonly
GPIB1) otherwise change it and then click on
Save. To check the name of the port in which
the SMU is plugged in, use the Device
Manager on your Windows.

Finally click Scan for Instrument on the top
menu and wait until the SMU is correctly
detected (Instrument 0).

Check the primary address of the device (17
in this case) and write it down.

File Edit View Tools Help

v B My System [

v ﬁ‘ Devices and Interfaces
@ ASRL10:INSTR "LPT1"
NI GPIB-USB-B "GPIB1"
. Metwork Devices

File Edit View Tools Help
~ B My System
w i Devices and Iterfaces
= ASRLIGINSTR “LPTI"
= NI GPIB-USB-B "GPIBT"
4 Network Devices
& Settwere

68 Remote Systems

2]

National Instruments

Vendor
Model
Serial Number

Status

GPIB Settings

Primary Address
Secondary Address
1/0 Timeout

System Controller

Enable Autopolling

T3 NI GPIB-USB-B "GPIB1" - Measurement & Automation Explorer

NI GPIB:

00D38C1F

Present

0
None
13 (10

[w]

-USB-B

seq) v

File Edit View Tools Help

\ B2 My System
~ B Devices and Interfaces
@ ASRLIO:INSTR "LPTI"
~ & NI GPIB-USB-B 'GPIB1"
B Instrument 0 "GPIB1:17:

EA Remote Systems

L

Settings

Name
Model

Status

P e
1

Primary Address

Identification

VISA Resource Name

¢ £ Refresh \ ] Open VISA Test Panel g Communicate with Instrument 44, Interactive Control

Instrument 0

Present

GPIB1:17:INSTR




Open Silvaco UTMOST software - Acquisition Module.

On the project menu select Measure - Measurement to enable the acquisition mode. In the simulation
mode connections and external acquisition module are not enabled: the software accesses the device
libraries and perform simulation. In measurement mode the project hardware and connections become
enabled and when you run the measurement sequence the data will be generated from direct
measurement of your devices. This is especially useful if you want to compare models or convert from
one model type to another.

On the main menu select Setup - Hardware - Controller - Edit - Type: switch to NI GPIB-N1488

Hardware Port Name: change to the name of
Category Information Edit ... the USB port (GPlBl Commonly)
® Controller ) Verify: if there is an error, the GPIB has not
& Thermal Unit  Address =9 _ Verity_| )
Pt " e g been correctly configured
E8lS canner Disabled DC Analyzer -> Edit - Enable: switch to True
EIDC Analyzer Address = 18 .
EILCR Analyzer  Address =25 Address: change to the Primary
ESC'M;IVZ? i:dab'ed % LAddress of the Instrument (17)
ol1se Analyzer ress =
Y Driver File: change to HP4145
Verify: if there is an error, the GPIB has
OK | Cancel | Apply :
4 not been correctly configured

Before performing a measurement, it is necessary to save the project file and create/open the dataset.
Project file contains all the instructions (hardware definition, measurement setup, device type and name)
to do measurement or simulation only in the acquisition module. Dataset contains all the measurement
acquired and it is valid also in the optimization module. As well as containing the measured data itself,
the dataset also contains all of the information about how that measurement was performed
(temperature, measurement setup applied, etc.).

To Save the project, click on File = Save As.
To open a project File & Open.

To open a dataset, click on File -> Dataset File - =l Dataset File %
Browse: select the correct path of the file. Eile Name : [/tmp/my_data.uds
If you want to create a new file, just add manually the name of | ™% | Appand K
your personal dataset (.uds) at the end of the path and it will oK Cancel I
be automatically generated. 4

If you set Mode -> Append you will be able to add data to the file, but not edit or overwrite any data
which are already present
Modify you can edit and overwrite all datasets in the file

To view or edit your datasets settings, click on Dataset - Edit.

ACHTUNG: often (always) the project files and datasets are not correctly generated. The software does
not automatically set the correct extension of them which should be .prj (for project) and .uds (for
dataset). For this reason, while browsing the path, files are not listed. To find them, just set ‘All File’ in the
file type menu or change manually the extension.



Performing Measurements

Device Type Manager

First of all, it is necessary to define the type of device which are going to
be used. The Device Type Manager dialog is opened by selecting Setup
-> Devices from the project menu or by clicking on the toolbar icon.
This dialog allows you to create, edit, or delete a device type.

v Device Type Manager *
New.
NPN
PMOS M

Delete

OK I Cancel Apply

v Device Type *
Creating or adding a device type will open up the device | yume:jwos view : [Device Atrbutes 7]
. . . . s . mTmmmmmmme= 1
type editor dialog. This dialog allows you to enter any | Beviees: J .
. . . . . Name Group w I_ B J 1
number of devices within this device type. n10x10 100 100
n10x1 x1yl 10u 1lu
nlx10 * 1u 10u
A device to be measured is described by its name, nodes,
and attributes. Additionally, if the datasets are to be
acquired using simulation, a simulation netlist can be Add... | Rename .| Delete |
defined for this device type. There are three views that can oc | cancel | avol |
ance Apply
be selected in the device editor dialog. These are the #
Device Attributes, the Device Nodes, and the Netlist Text.
v Device Type *
Name : [NMOS View : | Device Nodes -
Devices :
When you view the Device Nodes, you can add, rename, or | [name D G s B \
nl0x10 1 2 3 4
delete the nodes for this device. You can also add any | fnex 4 3 2 !
number of devices to the device type and for these devices
you must specify the scanner pins to which the nodes are
Connected. Add ... Eename...| Delete |
OK | Cancel | Apply |
A
Connections
As soon as a device is defined, the connection definition gets available.
v Connections x
C i g Edit :
In order to perform the measurement | =2necions =
: =-nmos D dc:SMUL
properly, you need to define how the EdD-dc:SMU1, G=dc:SMU2, S=dc:SMU3, B=dc:... [JLCIESINIr]
. f f S dc:SMU3
measurement instruments are to be g gfg"g:"gh B licemus
- Bidvdlow .
connected to the device being measured. - Midvglin
To edit the connections, select - Bidvgsat
Setup - Connections from the project
menu or click on the toolbar icon .
oK I Cancel Apply
4




Device Subset

Measurement are going to be performed on a specific subset of devices (commonly on a single device eg.
nMOS 10x280, but it could be a group of devices which have a specific same property). Devices must have

been defined in the Device Type Manager e,

To modify an existing device subset, double-click on it or select it and then select Edit - Properties from
the menu.

To create a new one, select =

Device Subset Properties *

Create -> New Device =)
Subset or click on the
toolbar icon B,

Dinmos1 (W=10u, L=10u) Search Parameter :
®nmos2 (W=10u, L=1v) [

Name : Idevice_suhsel_l

Comparison : Value :

j I: j Inmosz

I Device

Expression AND/OR

Device ="*"

Select the name of the
Subset (commonly the same
name of the device you
want to use). Insert the | Repisce | _peite | _insen |

properties of your device Populate ok | concel | apoy |
(length, name, etc.): they 4

¥ Case Sensitive ( )

will act like a filter. Automatically the software will consider only the devices (which are listed on the left)
that match those properties and discard the other. Commonly you want to create a single subset for every
device: to match the subset to a single device just click on the device listed on the left, click Populate and
then Insert. All the others will be discarded.

Measurement Setup

At the end it is necessary to define every single type of measurement to perform on devices.
Measurement setup is independent from device subsets: hypothetically a single measure could be applied
to every subset if compatible (type of nodes).

To modify an existing setup, double-click on it or select it and select Edit < Properties from the menu.

To create a new measurement setup, select Create - Measurement Setup from the menu or click on the
toolbar icon 5.

B weasurememtsenup 0

Measurement I Analysis I

Insert a unique Measurement Setup name.
Then click on Node Names and insert all

Measurement Type : [DC -
Item Type: [Sweep -

Name : [

Setup :

the device nodes (eg. S — enter — B — enter Node Names = Swesp Namber_[1_
ype oltage
— D —and so on), then click on New Item. Naes b

Start 0

On New Item you can define sweeps, Bt :

constants and  targets of  your e e
. Compliance 100m

measurement. As you have defined an

item, click Insert and then New Item again

Power 0
Delete Insert
to add a new one.

€3 Atleast wo nodes must be specified

Cancel
A,




Tips:

- Primary Sweep should have 1 as Sweep Number

- Start point has to have a lower value than Stop point
- There must always be at least one target (eg. drain current)

. @ leasurement Selu @
At the end click on B I
. . . Measurement |Analv515 |
Analysis to define function
Function Definition :
(if necessary) and plot Name Expressian |
. gm derivative (VG, ID)
settings. ‘
Plot Definition :
Name Type Data vs' Y2 Axis Data |
idvg XY (LIN LIN) id vg
gm XY (LIN LIN) gm vg
OK I Cancel Apply
VA
Defining Temperature
To define the temperatures at which the measurements |7 Temperature Setup | %

will be made, select Setup - Temperature from the
project menu or click on the toolbar icon L This dialog
allows you to define and enable multiple temperature
values. On Reset Temperature Enabled switch to False,
otherwise, after every measurement, automatically the
software will reset the temperature to the default one. To
perform a measurement at one temperature, just
uncheck all the other ones.

ACHTUNG: all temperatures are in CELSIUS.

Performing Measurements

Reset Temperature Enabled : |True v|

Reset Temperature Value :

T

Temperatures :
Enabled Temperature
— -40
v 27
I 125

Enable All| Toggle Enabled |

OK | Cancell Apply |

A

Before running a measurement it is necessary to link the device subset to the correct measurement setup.

On the left side of the display there is the Sequence Objects where are shown all the device subsets or
(changing the type) all the measurement setups previously defined.

To perform a measurement, click on the correct device subset in the Sequence Object area and drag it into
the Measurement Sequence. Then do the same with the measurement setup: release it on the device

subset you want to couple with.

To perform a measurement you must run the measurement sequence. This is done by selecting

Measure = Run from the project menu or by clicking on the toolbar icon 3
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When you run the sequence from idle, the following dialog will be opened.
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Overwrite | Cancel |
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This allows you to select exactly which datasets you wish to measure and clearly shows if any datasets will
be overwritten when the measurement is performed.

Once the sequence is running, you may stop it by selecting Measure = Stop or by clicking on the
toolbar icon at any time. The sequence can be run in a continuous mode by selecting Measure -
Continuous from the menu or one measurement at a time by selecting Measure - Single Step. When
you are in single stop mode (Measure -» Single Step), the sequence will pause after each measurement



or extraction, otherwise select Continuous to do all the measurements without stops. If the measurement
is not to your liking, you may choose to re-measure the device by selecting Measure - Remeasure from
the menu or clicking on the & toolbar icon.

On the right side of the display there is the Selector Dataset area where are displayed all the
measurements already acquired. To plot one, just toggle it (only one), right-click and then Plot.



