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Abstract— This paper presents a study of the noise behavior1

of MOSFET devices belonging to a 110-nm CMOS technology2

in view of applications to the design of low-noise, low-power3

analog circuits in X-ray detection at free electron lasers (FELs)4

and the next generation of synchrotrons. The goal of this paper5

is to provide a valuable and cost-effective option, with respect6

to more scaled and expensive technology nodes, to designers of7

the detection systems of FELs and next-generation synchrotron8

sources. The white component of the noise voltage spectrum and9

the 1/ f noise contribution is experimentally characterized by10

noise measurements in a wide frequency range. Data extracted11

from the characterization have been studied as a function of12

the bias condition and the gate dimensions (length and width).13

A comparison of the main parameters with less and more scaled14

CMOS generations is also provided.15

Index Terms— 1/ f noise, channel thermal noise, CMOS, device16

scaling, front-end electronics.17

I. INTRODUCTION18

THE investigation of the extremely small and the extraor-19

dinarily fast phenomena that take place at the nanometer20

scale is one of the main trends of modern scientific research.21

As an example, free electron lasers (FELs) are bound to22

become the predominant tool for the investigation of natural23

phenomena in this research field [1]. The minimum wave-24

length, of the order of one Ångström, and the intensity of25

the laser beam available in FEL systems make possible to26

see objects with subnanometer feature size. A number of27

research centers, in Europe, the United States, and Japan, have28

started studying, designing, and building FEL facilities [2], [3].29

Each of them features several numbers of beamlines, providing30

photons with wavelengths spanning from atomic level to31

biological cell size, which can be used as probes for advanced32

research in material science, physical, and chemical science33

and in the medical and pharmaceutical fields. Dedicated34

detection systems, tailored to meet the specific requirements35

of the respective light source, are under development for36

photon science at these brilliant XFEL light sources [4]– [9].AQ:1 37

Several readout systems under development are based38

on the 130-nm CMOS technology node. In high energy39
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physics (HEP), on the contrary, the readout chips for the 40

upgraded tracking pixel detectors at the high-luminosity (HL) 41

LHC are being designed in a 65-nm CMOS technology. 42

In 2013, the RD53 collaboration was established with the 43

purpose of developing pixel readout integrated circuits (ICs) 44

for the next generation of pixel readout chips to be used 45

for the ATLAS and CMS Phase 2 pixel detector upgrades 46

and future CLIC pixel detectors [10]. Tolerance to extremely 47

high levels of ionizing radiation is a key requirement for 48

both application fields (namely, HL-LHC experiment upgrades 49

and photon science at very high-brilliance XFEL machines). 50

It is estimated that during their operational lifetime these 51

pixel readout chips should be able to stand a total ionizing 52

dose (TID) up to 1 Grad(SiO2), keeping the essential perfor- 53

mance parameters at the required values [11], [12]. These TID 54

levels are unprecedented in the field of readout electronics for 55

particle detectors, and several studies are being carried out to 56

understand how CMOS transistors and ICs behave after the 57

exposure to extremely high doses. These studies pointed out 58

degradation effects that are especially critical for transistors 59

with gate length and width approaching the minimum values 60

allowed by the technology, which are mostly of interest for 61

digital circuits. 62

A new CMOS technology node, with a minimum channel 63

length of 110 nm, is of interest and it is being used in 64

the design of a detector for FEL experiment applications 65

[13], [14]. It has a higher integration density with respect to 66

the 130-nm process currently used, and with respect to the 67

more scaled 65-nm CMOS node, it provides a better size- 68

over-cost ratio. The reason for this advantage is twofold. First, 69

the analog section does not take advantage as digital circuits 70

from device scaling. Second, front-end circuits, both analog 71

and digital parts, designed in 65 nm avoid using the device 72

with minimum size to improve the radiation hardness and to 73

guarantee the functionality during the entire lifetime [15], [16]. 74

This paper aims at presenting and discussing some of the 75

analog performance of a 110-nm CMOS technology being 76

used for the design of the detection system of FELs and next- 77

generation synchrotron sources. The behavior of the 1/ f and 78

white noise term is studied and compared with less and more 79

scaled CMOS nodes. A preliminary radiation hardness study 80

on this technology, not included in this paper, has already been 81

carried out with promising results [17]. 82

II. EXPERIMENTAL DETAILS 83

The 110-nm CMOS transistors studied in this paper 84

belong to a process developed by a commercial vendor 85
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TABLE I

GATE GEOMETRIES OF THE AVAILABLE n-CHANNEL AND p-CHANNEL
DEVICES. OPTION AVAILABILITY IS INDICATED WITH ∗ SYMBOL

(named Foundry A) for mixed-signal and RF applications, with86

a maximum allowed supply voltage VDD of 1.2 V for core87

devices. For the standard performance (SP) flavor selected in88

this paper, the electrical gate oxide thickness is 2.64 nm for89

nMOS and 2.83 nm for pMOS. The corresponding effective90

gate capacitances per unit area are 13.1 and 12.2 fF/µm2. Two91

types of devices are available for measurements as follows.92

1) Core Devices With Open Layout: The MOSFETs are93

laid out using a standard open structure, interdigitated94

configuration, with gate finger width of W f = 18 µm,95

with the exception of the nMOS with W /L = 540/0.1296

which is available also with W f = 9 and 36 µm.97

2) Core Devices With Enclosed Layout: The nMOS devices98

are designed with an enclosed layout (ELT). Ten parallel99

devices are used for each geometry. ELT devices have100

been included to evaluate their performance, together101

with standard layout transistors, after irradiation with102

ionizing sources.103

For each option, gate dimensions (width W and length L)104

of devices available for measurements are shown in Table I.105

This is a 130-nm-shrunk technology node, in which all106

drawn dimensions are reduced, by means on an optical step,107

of about 10%. All dimensions reported in this paper are108

physical dimensions after shrink and not as-drawn dimensions.109

The MOSFETs have been provided in 44 pins ceramic leadless110

chip carrier (LCC) with taped (removable) lid. A total of111

eight samples are available in-package. As mentioned in112

Section I, this paper does not deal with radiation hardness113

study and, therefore, only measurements on core devices are114

shown. For comparison purposes, this paper also reports data115

relevant to other CMOS processes with a minimum gate length116

of 65 and 130 nm. These technologies are of particular interest117

for different reasons. The 130-nm node, along with having118

a minimum channel length comparable to the one of the119

technologies investigated in this paper, as said previously, has120

been extensively used in the design of front-end electronics121

in some of the readout ASICs for imaging applications at the122

European XFEL. The 65-nm node, instead, is currently the123

Fig. 1. Transconductance efficiency gm /ID as a function of the normalized
drain current IDL/W for an nMOS transistor belonging to the investigated
110-nm CMOS process. The measurement was performed at a drain-to-source
voltage VDS = 1.2 V. The theoretical behavior of transconductance efficiency
in weak and strong inversion regions is also shown with a dashed line.

workhorse of the development of front-end electronic systems 124

in HEP applications. The 130-nm devices are provided by 125

a second vendor (Foundry B) in a general purpose (GP) flavor. 126

The 65-nm MOSFETs belong to a low power (LP) process 127

developed by a third vendor (Foundry C) and used by the 128

RD53 collaboration for the development of pixel readout ICs 129

for the Phase 2 pixel detector upgrades. 130

III. EXPERIMENTAL RESULTS 131

A. Static Measurements 132

Measurements of static and signal parameters were carried 133

out with an Agilent E5270B Precision Measurement Main- 134

frame with E5281B SMU modules. For core and ELT devices, 135

ID–VGS and ID–VDS characteristics have been measured with 136

a gate-to-source voltage VGS ranging from -0.3 to 1.4 V and a 137

drain-to-source voltage ranging from 0 to 1.4 V. Device behav- 138

ior with a negative gate-to-source voltage has been investigated 139

in order to better evaluate the device leakage current in the 140

OFF-state. Data collected in this leakage current zone are of 141

particular interest for a comparison with data collected after 142

irradiation in order to evaluate the total ionization dose effects 143

on the investigated technology. Moreover, a maximum voltage 144

of 1.4 V, thus exceeding the maximum value recommended 145

by the technology, has been applied because this value is 146

currently used to bias analog circuits in some undergoing 147

designs [13], [14]. 148

The value of the transconductance gm was extracted from 149

ID–VGS curves to evaluate the devices operating region and 150

the relevant inversion coefficient. The actual inversion level 151

of a MOS transistor primarily controls the transconductance 152

efficiency, which is defined as the ratio between the transcon- 153

ductance gm and the drain current ID . Fig. 1 shows a compar- 154

ison of the transconductance efficiency of nMOS and pMOS 155

devices belonging to the 110-nm technology node as a function 156

of the normalized drain current. In the weak inversion region, 157

the transconductance efficiency is maximum and its slope is 158
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TABLE II

CHARACTERISTIC NORMALIZED DRAIN CURRENT I∗
Z [µA]

zero, because gm is proportional to the drain current. In strong159

inversion, the slope of gm/ID on a log scale is −1/2, because160

the transconductance is proportional to the square root of the161

drain current and drops even faster for short channel devices162

due to velocity saturation. Between weak and strong inversion163

regions, one can use the EKV model to describe the ratio164

between the transconductance and the drain current [18]165

gm

ID
= 1

√
(ID/I ∗

Z ) + 1/2
√

(ID/I ∗
Z ) + 1

1
nφt

(1)166

where n is a coefficient proportional to the inverse of the sub-167

threshold slope of ID as a function of VGS, φt = kB T/q is the168

thermal voltage (kB is Boltzmann’s constant, T is the absolute169

temperature, and q is the electron charge). I ∗
Z , the normalized170

drain current, is located at the intersection of the weak and171

strong inversion asymptotes and can be used to better evaluate172

the effect of technology variations on the inversion level of173

MOS devices. This parameter can be defined as [19]174

I ∗
Z = 2µCO X nφ2

t (2)175

where µ is the channel mobility, and Cox=εox/tox is the gate176

oxide capacitance per unit area (εox is the permittivity of177

silicon dioxide and tox is the oxide thickness). I ∗
Z sets the178

boundary between weak and strong inversion and, according179

to (2), is expected to be larger in nMOS and in devices180

fabricated in processes with smaller minimum feature size.181

Therefore, the weak and moderate inversion regions extend to182

higher normalized drain currents in the most advanced CMOS183

generations. Although the evaluation of the normalized drain184

current can be affected by several design dependent parameters185

such as the parasitic series source and drain resistances and186

by short channel effects, an estimation of I ∗
Z obtained for core187

devices biased at VDS =1.2 V is reported in Table II. Starting188

from I ∗
Z , a numerical method for quantifying the inversion189

level of the channel at a given current can be worked out by190

means of the inversion coefficient, IC0, which is defined as191

IC0 = ID

I ∗
Z

L
W

. (3)192

According to (3), at the center of moderate inversion, that is,193

at ID L/W = I ∗
Z , the inversion coefficient is equal to 1; under194

the hypothesis that the moderate inversion region extends one195

decade before and one decade after I ∗
Z , the weak inversion196

region can be assumed to take place for devices with an197

inversion coefficient smaller than 0.1, whereas the strong198

inversion approximation is valid for devices with an inversion199

coefficient greater than 10. Both the plots in Fig. 2, which200

show the inversion coefficient as a function of the drain current201

obtained from measurements on nMOS and pMOS devices202

Fig. 2. Inversion coefficient as a function of the drain current of 110-nm
transistors with gate width W =540 µm and gate length L =0.12 µm.

with gate width W =540 µm and gate length L = 0.12 µm, 203

and the values of I ∗
Z reported in Table II show that, under 204

reasonable power dissipation constraints, in the 110-nm node, 205

the preamplifier input device operates in the weak inversion 206

region. For comparison purpose, values obtained for other 207

CMOS processes are also reported in Table II [20]. It can 208

be seen that the normalized drain current does not scale with 209

the technology node as expected. In particular, the 110-nm 210

technology exhibits a lower I ∗
Z with respect to the 130-nm 211

node. This effect can be related to the different flavors of the 212

investigated processes. 213

B. Noise Measurements Results 214

The power spectral density of the noise in the channel 215

current of the device under test was studied by measuring 216

the equivalent noise voltage spectrum referred to the gate. 217

These measurements were carried out with a network/spectrum 218

analyzer (Agilent 4395A) and a purposely developed interface 219

circuit which allows for DUT noise amplification in the 220

1-kHz–100-MHz frequency range [21]. A large set of noise 221

measurements was carried out to study the behavior of white 222

and 1/ f noise components of the spectrum as a function 223

of gate geometry, device polarity, and drain current. All the 224

devices were characterized at |VDS| = 0.6 V and VBS = 0 V. 225

In order to evaluate the impact of the bias conditions on 226

the noise, the MOSFETs were biased at a drain current ID 227

ranging from 20 to 500 µA during the noise measurements. 228

This low current density region is of major concern for low- 229

power applications. The plots in Figs. 3–5 compose a typical 230

set of experimental results concerning n-channel and p-channel 231

devices belonging to the 110-nm CMOS technology. The plots 232

in Fig. 3 show noise voltage spectra relevant to nMOS and 233

pMOS devices with fixed gate width W and a different gate 234

length L, biased at the same drain current. Since the devices 235

are close to weak inversion, white noise is almost unaffected 236

by L variations, whereas, at low frequencies, 1/ f noise 237

increases with decreasing L. Fig. 4 shows the dependence of 238

the noise voltage spectrum on the gate width for nMOS and 239

pMOS devices. It can be observed that 1/ f noise increases 240
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Fig. 3. Noise voltage spectra of nMOS (top) and pMOS (bottom) devices
for a different channel length L .

with decreasing W , instead, channel thermal noise is not241

sizably affected by W variations. The plots of Fig. 5 show the242

effect of drain current variations on the noise voltage spectra243

of an nMOS and a pMOS. Channel thermal noise is reduced244

by increasing ID since the transconductance correspondingly245

increases. On the other hand, the 1/ f noise component is not246

sizably affected by ID variations in agreement with the carrier247

number fluctuation model, proposed by Mc Whorter [22] to248

describe the origin of the flicker noise in MOS devices.249

C. Analysis of White and 1/f Noise Parameters250

In this section, the behavior of the 1/ f and white noise251

parameters is studied as a function of the device polarity and252

of the gate length and width. The gate referred noise voltage253

spectrum of a CMOS device S2
e ( f ) can be modeled by means254

of the following equation:255

S2
e ( f ) = S2

W + S2
1/ f ( f ). (4)256

The first term in (4) describes the white component of the257

spectrum which is determined by channel thermal noise and258

noise contributions from parasitic resistances (gate, bulk, and259

source/drain resistance), which also exhibit thermal noise.260

In the low current density operating region, it can be demon-261

strated that the white noise voltage spectrum S2
W is dominated262

Fig. 4. Noise voltage spectra of nMOS (top) and pMOS (bottom) devices
for a different channel width W .

by channel thermal noise and can be expressed by means of 263

its equivalent noise resistance [23] 264

Req = S2
W

4kB T
= αW

nγ

gm
(5) 265

where αW ≥1 is an excess noise factor and γ is a coefficient 266

which accounts for the inversion level of the channel and 267

ranges from 1/2 in weak inversion to 2/3 in strong inversion. 268

Starting from the analysis of the inversion coefficient described 269

in Section III-A, γ can be calculated according to the follow- 270

ing relationship for each ID value [24]: 271

γ = 1

1 + ID L
I ∗

Z W

[
1
2

+ 2
3

ID L
I ∗

Z W

]
. (6) 272

The second term in (4) is given by flicker noise in the channel 273

current and is characterized by a power spectral density that 274

is proportional to the inverse of the frequency as described by 275

the following relationship [23]: 276

S2
1/ f ( f ) = K f

CO X W L
1

f α f
(7) 277

where K f is an intrinsic process parameter and the exponent 278

α f determines the slope of this low-frequency noise term. 279

It has to be noted that, in order to be consistent with the carrier 280
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Fig. 5. Noise voltage spectra of nMOS (top) and pMOS (bottom) devices
at different values of drain current.

number fluctuation model mentioned earlier, the K f parameter281

in (7) has to be intended as the ratio between the Ka coefficient282

defined in the Mc Whorter model and the COX [25].283

White noise is evaluated in terms of the equivalent channel284

thermal noise resistance Req defined in (5). The plots in Fig. 6285

show the equivalent channel thermal noise resistance behavior,286

obtained for nMOS and pMOS devices with fixed gate width287

W and a different gate length L, as a function of the drain288

current. White noise decreases with the increase of ID , due289

to the increase of gm , whereas it is not sizably affected290

by L and W variations since devices are operated in weak291

inversion. Only devices with minimum channel length exhibit292

an excess of channel thermal noise. Fig. 7 shows values of293

Req as a function of nγ /gm extracted for nMOS and pMOS294

devices with different gate geometries. A typical value of the295

subthreshold slope n=1.2 is assumed, whereas the coefficient296

γ is calculated for each ID value by means of (6) and values297

of I ∗
z,n=0.41 µA and I ∗

z,p=0.11 µA are reported in Table II.298

According to (5), the slope of the linear fit (straight line299

in the plots) is determined by the coefficient αW , whereas300

the offset is due to contributions from parasitic resistances.301

Measurements showed values of αW close to unity for all302

the measured devices with the exception of nMOS devices303

with the minimum feature size allowed by the technology304

Fig. 6. Equivalent noise resistance Req for nMOS (top) and pMOS (bottom)
devices with various geometries, as a function of the drain current.

TABLE III

SLOPE COEFFICIENT OF THE 1/F NOISE TERM EXTRACTED FROM
DIFFERENT TECHNOLOGY NODES AND FOUNDRIES

where αW ≈1.35. This means that, except for devices with 305

L = 120 nm, no sizeable short channel effects can be detected 306

in the considered operating region. 307

In nanoscale technologies, the α f coefficient, which deter- 308

mines the slope of the low-frequency portion of the noise 309

spectrum, deviates from the typical value of α f =1. The same 310

trend has been observed also in the 110-nm CMOS technology 311

investigated in this paper. The analysis of the experimental 312

results shows that the slope of the 1/ f noise component of the 313

spectrum α f is smaller than 1 in nMOSFETs and close to 1 in 314

pMOSFETs. From the measured noise voltage spectra, it has 315

been found that the 1/ f noise parameter α f does not exhibit 316

any clear dependence on the channel geometry (length L and 317

width W ) nor on the drain current ID . Measured values of α f 318

obtained for devices of both polarities are reported in Table III. 319

Since flicker noise is strongly dependent on process and 320

technology variations, it is worth to compare coefficients 321
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Fig. 7. Equivalent noise resistance Req extracted for nMOS (top) and
pMOS (bottom) devices with various geometries, as a function of nγ /gm .

Fig. 8. 1/ f noise coefficient K f as a function of the gate length L for nMOS
devices.

obtained for devices belonging to different technologies nodes.322

To this purpose, in the same table, data coming from the two323

other technology nodes have been reported [20]. It is worth324

noting that the deviation from the nominal α f = 1 value is less325

pronounced in the 65- and 110-nm nodes, more markedly so326

for the p-channel polarity. Moreover, these two technologies327

provide almost the same results. In Fig. 8, the behavior of328

the 1/ f noise coefficient K f for nMOS devices is reported329

Fig. 9. 1/ f noise coefficient K f as a function of the overdrive voltage Vov
for pMOS devices.

as a function of the channel length L. For each L, the mean 330

value of K f is plotted together with the spread across samples 331

with a different gate width W and tested in different bias 332

conditions. K f values have been extracted from the measured 333

noise voltage spectra by using the mean value of α f shown 334

in Table III and the gate capacitance per unit area [25]. For 335

comparison, purpose results coming from the 130- and 65-nm 336

CMOS technology are also reported [25], [26]. Although the 337

1/ f noise magnitude at a given frequency is affected by 338

the different values of α f , it can be observed that, in all 339

technologies, K f of the nMOS transistors is strongly depen- 340

dent on the channel length, whereas it is almost independent 341

of the device bias conditions, in agreement with the carrier 342

number fluctuation model for the flicker noise in the channel 343

current. Measurements on pMOS devices show a behavior 344

which is in agreement with the mobility fluctuation model. For 345

these devices, the 1/ f noise coefficient K f shows an increase 346

both with the drain current ID and the channel length L 347

(at constant ID) and, therefore, with the overdrive voltage 348

Vov which is defined as the difference between the gate-to- 349

source (VGS) and the threshold (VTH) voltages. This bias 350

dependence of flicker noise coefficient for pMOS devices is 351

highlighted in Fig. 9 (bottom) where values of K f obtained 352

for pMOS devices are reported as a function of Vov . It is 353

interesting to observe that, along with α f , also K f coefficients 354

exhibit very similar results in the 65- and 110-nm technology. 355

As a last remark, it is worth to compare the performance 356

of nMOS with respect to pMOS transistors. To this purpose, 357

Fig. 10 compares the noise voltage spectra of both polarities 358

for devices with W /L=90/0.336 biased at a drain current 359

of 500 µA. Since both devices are biased close to the strong 360

inversion region, the nMOS transistor has a slightly better 361

performance in the high-frequency portion of the spectra 362

where the white noise component is dominant. Instead, it is 363

interesting to observe that, as far as the low-frequency noise is 364

concerned, devices exhibit almost the same performance. This 365

result is in contrast with what was observed in less scaled 366

processes where the use of n+ polysilicon gates results in 367

a buried channel operation for pMOS devices, which keeps 368

carrier further from the interface of Si with SiO2 and likely 369
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Fig. 10. Noise voltage spectra of nMOS and pMOS with the same gate
geometry and drain current belonging to the 110-nm CMOS technology node.

lowers the flicker noise with respect to nMOS. Although370

process details of the investigated 110-nm technology are not371

known, the comparable levels of nMOS and pMOS flicker372

noise can be explained with the use of p+ polysilicon gates for373

pMOS devices as already observed in other smaller geometry374

processes, such as the 65 nm [27].375

D. Effects of Noise in Charge Measurements376

As the last step, we compare the noise performance of the377

investigated 110-nm CMOS technology in a charge measuring378

system with respect to other technology nodes. In such sys-379

tems, the gate width W of the charge amplifier input device380

is scaled to match the detector capacitance. Since the spectral381

densities SW and S1/ f described in the previous section dependAQ:5 382

on the gate width of the device, they cannot be considered383

intrinsic noise parameters and cannot be used to compare the384

performance of different technology nodes. The comparison385

can be expressed in terms of the normalized spectral density386

which is a W -independent parameter and is expressed as387

Ci S2
e ( f ) = S2

W Ci + K f

f α f
(8)388

provided that S2
W is mostly governed by the channel thermal389

noise and scaling in W is done at constant current density [28].390

Ci is the input capacitance of the front-end device. In Fig. 11,391

the normalized spectral density is shown for nMOS devices392

belonging to the investigated 110-nm CMOS process together393

with the two other technology nodes. To avoid possible excess394

white and 1/ f noise, the devices have a gate length larger395

than the minimum allowed by the technology. The comparison396

is provided at almost the same inversion level with devices397

biased in weak inversion; as a result, the processes exhibit very398

similar properties at higher frequencies, where thermal noise399

is dominant. Therefore, we can conclude that no significant400

improvement or degradation is expected by moving from a401

technology node to another, at least in the 65–130-nm range402

examined in this paper. On the other hand, at low frequency,403

the contribution of the 1/ f noise appears to be larger for the404

device in the 130-nm technology. This is in agreement with405

Fig. 11. Normalized spectral power density for nMOS devices belonging to
three different technology nodes.

the larger value of both the slope and the K f coefficients 406

shown in Table III and Fig. 8, which results in an enhancement 407

of the 1/ f noise term. It is worth pointing out that instead 408

65 and 110 nm exhibit almost the same behavior also in 409

the low portion of the spectra thus leading to very similar 410

performance for these two nodes. 411

IV. CONCLUSION 412

In this paper, the static and noise characterization of 413

transistors belonging to a 110-nm CMOS process has been 414

presented. The analysis of the noise parameters shows that, 415

as observed in other fabrication processes, the behavior of the 416

white noise term is consistent with equations valid in weak 417

inversion and except for nMOS devices with minimum feature 418

size, no sizeable short channel effects can be detected in the 419

considered operating region. As already observed on previous 420

CMOS generations, 1/ f noise is dependent on the fabrication 421

technology and for low-noise design, it is required to keep it 422

under control by an accurate experimental characterization. 423

In particular, it is worth to point out that the α f and Kf 424

noise coefficients exhibit very similar results observed in the 425

65-nm technology, and nMOS and pMOS devices exhibit 426

almost the same performance in low-frequency portion of 427

the spectrum. Measurements shown in this paper, together 428

with the promising results obtained after preliminary studies 429

of ionizing radiation effects, make this CMOS technology, 430

together with the more scaled but also more expansive 65-nm 431

node, a valuable candidate for the development of next gen- 432

eration, front-end systems for the readout of X-ray detectors. 433

Moreover, in order to complete the evaluation of this tech- 434

nology, the characterization of ionizing radiation effects on 435

devices up to hundreds of Mrad is planned. 436
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