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STATISTICAL CRYOGENIC MODELING METHODOLOGY OF MOSFET
DC CHARACTERISTICS IN BSIM3

SUMMARY

Electronic design automation tools (EDA) and electronic computer-aided design
softwares (ECAD) use industrial standard models to converge the simulation results
to realistic attitudes of devices. These models can satisfy meaningful simulation
results only for a specific temperature range and they are generally extracted under
room temperature circumstances. BSIM3 is one of the most commonly used model
standard in the industry and supports only between -55°C and 125°C. There is a need
to model cryogenic conditions to be able to produce trustworthy designs for extreme
environment electronics such as military and space applications. A methodology has
developed to produce a new model file with only modifying temperature dependency
parameters analytically; therefore, there is no need to use iterative model extraction
methods also, more robust model files can be obtained with this methodology. In
the proposed automation system, mobility, threshold voltage and velocity saturation
changes are taken into account and BSIM3 equations are used to compute the
temperature dependency parameters of these phenomenas.

The methodology has been developed in MATLAB to calibrate temperature
dependency parameters of BSIM3. Rather than modifying BSIM3 equations,
the algorithm only changes the values of relevant parameters through analytical
operations. Resulting cryogenic models have been extensively verified through device
measurements performed on a cryogenic probe station cooled by liquid nitrogen
(—=196°C). The model can estimate with an error of less than 5% the Ip — Vgg and
Ip — Vps curves of transistors having different channel lengths and widths. Statistical
analysis of cryogenic measurements is used to introduce variation levels on top of
regular cryogenic operations to identify the impact of process variations of cryogenic
conditions. Models adjusted to various temperatures between —196°C and —40°C
are have been accomplished for applications requiring a broader range of cryogenic
operating temperature. Experimental data collected from a ring oscillator is used to
visualize the model performance in estimating the cryogenic characteristics of a circuit.
Distortions on the I-V curves of simulation results have been suppressed and average
errors of various sizes NMOS and PMOS transistors for 0.18 um technology has been
reduced significantly by using this methodology.
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MOSFET DC KARAKTERISTIGININ KRiYOJENIiK KOSULLARDA BSIM3 iLE
ISTATISTIKSEL OLARAK MODELLENMESI

OZET

Elektronik devre tasarimlari bilgisayar destekli benzetim programlar1 aracilifiyla
test edilirken endiistriyel model standartlart kullanilir ve bu standartlar transistor
seviyesinde hesaplamalar yaparak istenilen ¢iktilar1 gosterir. Simiilasyon program-
larinda kullanilan model standartlar elle ¢oziilemeyecek kadar karmasik seviyede
akim-gerilim denklemlerinden olusur ve bu denklemlerin igerisinde sicakliga bagimh
bircok parametre yer alir. Kullanilan transistor teknoloisine gore iireticiler model
parametrelerini tasarimcilara verirler ve bu parametreler yalmizca belli bir sicaklik
araliginda anlamli sonuglar iiretirler. Bu aralik diginda gerceklestirilen benzetimler;
sicaklik araligindan uzaklasildikca gercege daha uzak sonuclar vermektedirler.

Saglanan model parametreleri oda sicakligi referans alinarak olusturulurlar. Endiistride
en ¢ok kullanilan modellerden bir tanesi BSIM3 standartlaridir. BSIM3, -55°C
ile 125°C derece sicaklik araliginda diizgiin sonu¢ verebilecegini garanti eder ve
yapilan benzetimlerde oda sicaklifindan uzaklastikca hata miktar1 bu aralikta kalinsa
bile artmaktadir. Ciinkii sicaklia bagli parametreler, benzetim sicakliginin oda
sicakligindan farki ile ¢arpan durumundadirlar ve oda sicaklifindan uzaklasildik¢a
parametrenin sonuca etkisi artmaktadir. Diisiik sicakliklarda calisilmasi gereken
ortamlarda bu etki dikkate alinmalidir, standart modeller kullanildiginda devre
performansi tamamen degismektedir. Oda sicaklifindan cok daha diisiik sicakliklarda
caligilan alanlarin baginda uzay elektronigi, kuantum elektronigi ve savunma sanayii
gelmektedir. Calismada hedef olarak uzay kosullari se¢ilmistir. Ay yiizeyi veya
Uluslararas1 Uzay Istasyonu dikkate alindiginda -150°C derece sicakliklar goriilmekte,
uzay boslugunda ise bu deger -270°C derecelere ulasabilmektedir. Ureticilerin
yayinladig1 standart modeller bu sicakliklar i¢in kullanilamazlar aksi halde devre
performansi beklenenden cok farkli olur veya devre tamamiyla ¢alismaz hale gelebilir.
Uretim sonrasi bu tip sorunlarla karsilasmamak igin benzetim sonuglarinm diisiik
sicakliklar i¢in de gergek performans degerlerine yakinsanmasi gerekmektedir.

Yaklasik olarak -150°C derecenin altinda sicakliga sahip ortamlar kriyojenik
olarak adlandirilir.  Kriyojenik kosullar gibi u¢ noktalarda calisacak devreler
icin yeni transistor modelleri olusturulmasi gerekmektedir aksi durumda benzetim
sonuclart iretilecek devre ile ¢ok farkli olacaktir. ~ Bu calismada kriyojenik
ortamlarda transistorlerin DC karakteristigindeki degisimler incelenmis ve endiistriyel
seviyede kullanilan benzetim programlarinin anlamli sonug iiretebilmesi icin BSIM3
standardi bozulmadan MOSFET modellerinin; sicaklik katsayilarinin otomatik olarak
degistirilebilecegi bir yontem bilim 6nerilmis ve gerceklenmigtir. Model olusturmak
icin ireticilerin de kullandig1 cesitli programlar mevcuttur ancak bu programlar
iteratif yontemlerle Ol¢lim sonuglarini, model sonuglarina yakinsayarak model
parametreleri iizerinde rastlantisal degisiklikler gerceklestirerek en uygun degerleri
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elde etmeye galigirlar. Onerilen yontemde ise gelistirilen algoritma iteratif yontemleri
degil, BSIM denklemlerini ele alarak ol¢iim sonuglarinda goézlemlenen degisimlerin
fiziksel etkilerini ayr1 ayri inceler ve gerekli denklemleri bagimsiz olarak ele alir.
Fiziksel etkiyi modelleyen parametreyi, denklemlerin 6l¢iim sonuglarina esitlenerek
cozdiiriilmesiyle elde eder. Bu sayede yeni parametre setinin fiziksel olarak anlaml
sekilde olusturulmasiyla daha genis sicaklik araliinda da sonuglarin benzer kalmasi
ve hata oranlarinin dogrusal olarak degismesi beklenmektedir.

Sicaklik diistiikkge transistor karakteristiginde en dikkat cekici iki fiziksel etki;
mobilite ve esik gerilimindeki degisimlerdir. Mobilite, yiik tasiyicilarinin elektrik
alan icerisindeki hareket kabiliyetlerini temsil eder ve sicaklik diistiikkce tastyicilarin
sacilma miktarlarinda diisiis yasandigi i¢in mobilitede artis yaganir. Mobilitedeki artig
ayni gerilim altinda bir MOSFET in lizerinden gecen akim miktarinin artmasi1 demektir
ve akim degerleri transistor boyutuna baglh olarak oda sicaklig1 referans alindiginda
3 katin iizerine c¢ikabilmektedir. Kanal boyu daraldikca akim artis miktart uzun
kanallara gore daha azdir. Yine sicaklik diisiisii ile birlikte MOSFET icgerisinde ylizey
gerilimindeki artistan kaynakli olarak fakirlesmis bolgenin genisledigi gdzlemlenir bu
sebeple MOSFET in aktif hale gectigi bir baska deyisle esik gerilimine ulastig1 anda
kanalda yer almasi1 gereken tasiyici yogunluguna erismek icin daha ¢ok enerjiye ihtiyag
duyulur; yani esik gerilimi sicakligin diismesiyle birlikte artar.

Calisma icerisinde Onerilen yontem ile fiziksel etkileri temsil eden esitlikler
icerisindeki sicakliga bagimli parametreler MATLAB iizerinde gerceklenen algoritma
araciligl ile sirayla hesaplanir. Algoritma Cadence Analog Design Environment
benzetim programu ile paralel olarak ¢aligir. BSIM3 standardinin, MOSFET lerin DC
karakteristigini simgeleyen yayinlanmis tiim esitlikleri algoritma icerisine eklenmistir.
Ancak yayinlanan BSIM3 esitlikleri tiim denklemleri icermez ve benzetim programlari
yayinlanmis denklemler disinda hesaplamalari da sisteme dahil ederler. Simiilatorlerin
kullandig1 esitlikler ile algoritmaya dahil edilmis BSIM esitliklerini Ortiistiirmek
icin MATLAB’de hesaplanan akim degeri ile simiilatdrden elde edilen akim degeri
arasindaki fark bir katsay1 yardim ile giderilir ve bu hesaplanan katsay1 algoritma
icerisinde daha sonra tekrar kullanilacak olan BSIM3 esitlikleri igerisine dahil edilir.
Hesaplamanin gercgeklestirilmesi i¢in kullanilacak olan teknolojideki bir MOSFET in
istenen sicaklikta 6l¢iimii alinmali ve bu dl¢iim sonucu algoritmaya dahil edilmelidir.
Sistem Once soguktaki Ol¢iim sonuglarimi alip BSIM esitliklerini kullanarak ol¢timii
yapilan sicaklikta hesaplama yapar ve hesaplanan ile 6l¢iim arasindaki fark: sicaklik
ile carpan olarak gelen parametreleri degistirerek giderir. Parametrelerin degistirilmesi
once esik geriliminin hesaplanmasi ile baglar. Yeni esik gerimi olusturulduktan
sonra tekrar benzetim yapilir ve elde edilen sonuglar sisteme dahil edilerek sirasiyla
mobilite ve doyma hiz1 parametreleri hesap edilir. Bu fiziksel etkileri govde gerilimi
sifir olmayan durumlar icin modelleyen ayri parametreler vardir. Her bir esitlik
tekrardan farkli govde gerilimi 6l¢iimii dikkate alinarak hesap edilir. Tiim iglemlerin
sonunda algoritma kriyojenik Ol¢iim sonuclarin1 yakinsayacak yeni bir parametre
dosyast olusturur ve bu dosya BSIM3 standardin1 destekleyen herhangi bir benzetim
programui iizerinde ¢alistirilarak karmagik devrelerin kriyojenik ortamlar i¢in davranisi
incelenebilir.

Calismada, algoritmanin dogrulanmast icin 0.18 um teknolojisinde farkli kanal
boyu ve genisliklere sahip MOSFET ler siv1 azot altinda oOl¢iilmiistiir.  Sivi azot
-196°C derece kaynama sicaklifina sahiptir ve uzay boslugu hari¢ uzay kosullarina
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benzer kosullar1 elde edebilmek icin dogada bulunan en uygun ve en cok kullanilan
malzemedir. ITU VLSI Duran Leblebici Laboratuvari’'nda bulunan kriyojenik
olciim istasyonu vasitasiyla olgiimler alinmugtir. Olgiimler paketsiz olarak iiretilmis
olan kirmiklar tizerinde yapilmig ve farkli boyutta transistorler kullanilmistir. Her
boyuttaki transistor i¢in 10’ar adet Ol¢iim yapilarak istatistiksel analizler elde
edilmistir.  Daha sonra Ol¢iim sonuglart algoritma iizerinde calistirilarak yeni
model dosyalar1 olusturulmus ve bu model dosyalari Cadence Analog Design
Environment benzetim programu iizerinde ¢aligtirilarak, ham BSIM3 model sonuclari
ile karsilastirilmistir.  Degistirilmemis model parametreleri ile yapilan benzetim
sonuclariyla 6l¢tim sonuglari arasinda %100’ e kadar varabilen hatalar gézlemlenirken,
algoritma vasitasiyla olusturulan yeni modellerin hata oranlar1 farkli boyutlara
sahip tim MOSFET’ler icin %5’in altina indirilmistir.  Farkli boyutlara sahip
MOSFET’ler iizerinde sicaklik degisiminin etkisi incelenmis ve sonuglar aktarilmigtir.
MOSFET seviyesinde gosterilen sonuglarin ardindan modeller ring osilator devresi
tizerinde de kullanilmis ve Ol¢iim sonuclar ile dogrulanmistir. Boylelikle kriojenik
kosullarin MOSFET ler iizerindeki fiziksel etkileri incelenmis, bu kosullar i¢in model
tireten algoritma olusturulmus, farkli boyutlardaki MOSFET lerden, -196°C derecede
sonuglar alinmis ve bu sonuglar ile modeller iiretilip benzetim sonuglari, Sl¢lim
sonuglart ile kiyaslanmigti. Hem Olciim sonuclarinin hem de yeni olusturulan
modellerin istatistiksel analizleri paylasilarak modelleme i¢in tiim kriterler ¢calisma
icerisinde incelenmis ve sonuglarla sergilenmistir.
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1. INTRODUCTION

Semiconductor device characteristics strongly depend on operation temperature thus
the circuit performance alters in response to a temperature change. This performance
variation should be carefully captured to model and design electronic circuits for
extreme environments (such as space applications). Traditional models are not
sufficient to account for these changes as they only focus on a limited temperature
range considered as nominal. Most of the designs which have been realized using a
CAD (computer aided design) tool at typical conditions may not work properly in low
temperature environments. Hence, the equations have been derived to model the low
temperature characteristics of MOSFETs. These equations are mostly semi-empirical
and new parameters have been introduced to fit the measurement data by using
polynomial equations without considering common model standards in the industry
[2]. The situation gets even more complicated when these equations are translated
into simulations because, a new module should be designed and implemented into the
simulation tool. Therefore, there is a need to optimize the current model files used
in simulations for low temperature (also called cryogenic) applications. Circuits in
space or other extreme environment applications must be accurate and reliable. When
developing models for such applications, a more mature technology is preferred as it
contains the least number of manufacturing variations. In this work, UMC 180 nm
technology along with its BSIM 3v3 model are used to improve the current transistor
model at cryogenic conditions. In BSIM3, thermal changes are modeled by inserting
binning parameters into equations of mobility, threshold voltage, drain-source parasitic
resistance and saturation velocity [3]. Because temperature binning parameters are fit
in a limited temperature range, they cannot describe the correct I-V characteristics of
a MOSFET in cryogenic conditions. Thus, an automated tool is developed to find
revised binning parameters that will hold in cryogenic conditions without creating new

equations and substantially changing the transistor model. After parameters have been



extracted by the algorithm, resulting model file can be employed within any simulation

tool that supports BSIM3.

1.1 Literature Review

Cryogenic operation of MOSFETS has been a focus of research for the last few decades
[4]. The main effect in all studies concentrated on an accurate modeling strategy to
capture the DC characteristics of MOSFETs at cryogenic temperatures [2,5-15]. These
modeling approaches have been implemented in different MOSFET model standards

including BSIM, EKV and PSP.

The contribution of this thesis mainly lies in extending the capabilities of a cryogenic
transistor model to include the impact of device variability as well as to investigate
the device characteristics over a broader range of low temperatures. These aspects are
especially crucial for circuits that will be used in an application when the operation
temperature is not fixed and can vary significantly as in the case of space electronics.
Besides, device variability can also alter the cryogenic circuit behavior and should
properly be accounted for the transistor model so that designers become sufficiently
informed in advance how the cryogenic characteristics are changed with process
variations. The major points of our approach can be summarized as follows: 1)
BSIM3 equations are kept in fact and an algorithm to calibrate the temperature
dependency parameters has been developed thereby avoiding iterative solutions. 2)
The impact of device sizes on the cryogenic operation has been investigated. It is
shown that the channel length has a decisive role in the device characteristics changes
observed and transistor model should be crafted such that this role is correctly reflected
in them. 3) Different intermediate low temperatures between the liquid nitrogen
temperature (—196°C) and the room temperature have been considered for model
extraction.Various measurements have been performed to analyze device variability;
additionally, =30 (of the measurement variation) values have been introduced to the
model to represent the "corners" of the measurement data. Resulting models have been

validated experimentally on a 7 stage ring oscillator.

The thesis organization can be given as follows: Section I describes the temperature
dependent BSIM parameters and the coefficients that control the level of this

temperature dependency. Section II explains in detail the modeling methodology.
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Experimental results as well as the performance of the proposed modeling approach

are discussed in Section III. Finally, conclusions are provided in Section IV.

1.2 The Temperature Dependency Parameters

1.2.1 Mobility (1)

The mobility of charge carriers describes the relationship of the velocity of charge
carriers with the electric field acting on them [16]. The major scattering mechanisms
that limit the carrier mobility are phonon scatterings and surface roughness [17]
[18]. The decrease in lattice vibration due to temperature drop causes scattering
mechanisms to reduce in magnitude; moreover, the mobility increases because of this
reduction. At high temperatures, the carrier density is proportional to the intrinsic
carrier concentration and when the temperature is close to the room temperature, the
carrier density is assumed to be equal to the doping concentration. However, the
carrier density decreases at lower temperatures and the freeze-out effect can take place
[19]. While the temperature is decreasing, the mobility does not increase anymore
and it starts to fall below a certain temperature depending on the technology due to
lack of kinetic energy of charge carriers. The freeze-out impact becomes evident
at much lower temperatures as the device technology scales down since the doping
concentration increases with every technology node [20]. In addition to device sizes,
lateral non-uniform doping techniques change the freeze-out effect onset temperature

depending on the doping concentration.

Generally, the vertical electric field of MOSFETs degrades mobility. When the gate
voltage increases, mobility degradation effect rises due to scattering becomes enhanced
[21]. The mobility degradation is also affected by device scaling, as it increases when

the channel length is scaled down [22].

In BSIM3, three distinct mobility models are used and each mobility model has four

different parameters which are Uy, U,, U, and U, as shown in (1.1-1.5) [23].

(Vgste‘ferzvth)
Tox

2
+U, (Vgsteferzvth) ) (1 . 1)

TUX

,ueff — U()/(l—i—(Ua-i-Uchseff)

The zero field mobility Uy has a temperature dependency parameter UTE which

changes Uy exponentially in response to a temperature change (1.2). U, (first
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order mobility degradation), U, (parabolic mobility degradation) and U, (body effect
coefficient of mobility degradation) are binning parameters to model the effective gate
voltage impact [24]. U,1,Up; and U, are sub-parameters of U,, U, and U, to indicate
their temperature dependence, respectively (1.3-1.5). UTE has the dominant impact

on the mobility change among all.

Uo(T) = o (T/Tom) VT E (1.2)
Ua(T) = UA+UAL - (T/Typ — 1) (1.3)
Up(T) = UB~+UBL - (T/Typn — 1) (1.4)
Ue(T) = UC+UCH - (T/Tyom — 1) (1.5)

1.2.2 Threshold voltage (V;;,)

The intrinsic doping concentration has an exponential dependence of temperature and
more gate voltage is needed to obtain the same channel charge concentration at lower
temperatures [25]. Temperature changes affect the work function. Increase in surface
potential leads to a larger depletion charge; additionally, the decrease in thermal energy
causes slower ionization of channel dopants. [S]. In short, the increase in Fermi
potential causes a rise in V;;, [20]. In BSIM3, V;, is described in a tedious equation (1.6)
and temperature dependency of the threshold voltage is included within the parameter
Vino [231. Vino(Thom) specifies the threshold voltage of a device without short channel
effects at zero body bias. Three further parameters, K71, KT 1L, KT2, characterize

Vino(T') at an arbitrary temperature 7' as shown in (1.7) [23].

Vi = Vino(T) + Ki /s — Viose 17 — KoVisepr + K1 (1| 1+ ]i[jff
— 1DV + (K3 + K3beseff)(L)¢s
(Wepr+Wo)
—DwoW(e*W +267W)(Vbi_¢s) (o
_Duole T oo (Wn[N“h];[DS ] —¢y)

_ DsubLeff _ D.vubl‘eff

— (e "m0 +2e " i) (Eao + ErapVisers) Vs

Vino(T) =Vino(Tnom) + (KT1+KT1L/Leyy
(1.7)
+KT?2 - Vbseff) . (T/Tm,m — 1)



While KT1 is the dominant parameter to describe the temperature dependency of
Vi, KT 1L improves the fitting for various channel length sizes and K72 models the

temperature dependency of the body effect on V;;,o [24].

1.2.3 Saturation velocity (v,,)

In short channel devices, drain saturation voltage (V) 1s used to mark the onset
of velocity saturation rather than the conventional pinch-off assumption [2]. When
a certain lateral electric field is attained, MOSFETs get into saturation region since
carriers cannot move faster than vy, [3]. The temperature dependence of vy, 1s given

in (1.8) [23].
Vsat(T) = Vsat(Tnom) —AT - (T/Tnom - 1) (1.8)

With temperature change, vy, has a less evident impact compared to other parameters

[26].

1.2.4 Drain-source parasitic resistance (R )

Ry 1s called the parasitic drain-source resistance which includes different resistances
such as the contact resistance, the diffusion resistance between the contact and the
gate edge and the crowding resistance near the gate [2]. In BSIM3, R has a fitting
parameter Ry, in (1.9); additionally, (1.10) is used to characterize the temperature
dependence where PRT is the temperature coefficient [23]. Even though some methods
have been developed to extract the drain-source parasitic resistance, R;; change

resembles mobility degradation and they can be treated similarly [27].

Ras = (Ragw[1 + Prwg - Vesief + Prub

(1.9)
< (/s = Vsers) = V@) (10°- Weppr) W)
RdSW(T) = Rdsw(Tnom) +PRT . (T/Tm)m - 1) (110)






2. PROPOSED MODEL

2.1 Temperature Model Parameter Calibration Methodology

An algorithm is developed to change the temperature dependency model parameters
in BSIM3(3v3) to make the models accurate for cryogenic applications. In this
methodology, there is no need to adjust all coefficients of relevant equations as
most model optimizers typically do. The algorithm modifies only the coefficients
of temperature analytically. BSIM3 equations are used directly to calculate these
parameters analytically. Because no equation of BSIM3 was manipulated, the

extracted model can be used with any simulation tool supporting BSIM model file.

User Inputs
file path, temperature, device
size, bias, measurement data

l

[ Extraction of V;,, V44, from target data }
[ Simulation using default parameters }
l

Finding the difference between the
obtained Ip from the simulator and
calculated Ip for default parameters
!
Solving V;;, equation for temperature
dependency parameters using the target V;; data

!

Solving Ip equations for temperature
dependency parameters using the target Ip data

Extraction of body bias depended
parameters of V;;, and mobility

- J

Figure 2.1 : The flowchart of the proposed methodology [1]

The algorithm was developed on MATLAB and the MATLAB runs circuit simulations
on CADENCE Design Systems Spectre by using Ocean scripts. When MATLAB

7



got the necessary input data, it calls the Ocean scripts and imports simulation results
which were written to a file after completion of simulations. Inputs required are the
temperature of the experiment, / —V curves of measurements, biasing information,
device sizes and the model file path. Subsequently, MATLAB starts to compute the
temperature dependency parameters step by step through backward solving of BSIM3
equations. All steps to extract a new model file from measurement data are shown in

Fig. 2.1

2.1.1 Processing the target data

When the temperature of interest is not within the range of BSIM (i.e. below —55°C),
device measurements should be collected to optimize relevant BSIM parameters for
the desired temperature. Firstly, the algorithm extracts the maximum device current at
Vps = Vs = 1.8V, as well as corresponding V;j, and V,,,. There are numerous methods
in the literature to extract V;;, from the I — V curve of a transistor. In this work, two
of these methods were considered; the first one is finding the intersection point of the
voltage axis and the line extrapolated at the maximum value of the first derivative
of the Ip-Vgs curve as shown in Fig. 2.2. The second one is taking the voltage
that points the maximum value of second derivative of the normalized Ip-Vss curve
(Fig. 2.3). In order to remove the computational noise, a smoothing filter should be
applied so that a meaningful threshold voltage value can be obtained [28]. This method
sometimes results in an error because of the floating measurement data and insufficient
filtering. Nevertheless, the second derivative method has been tested using the room
temperature data and it yields a more accurate V;;, value with respect to simulation
results. Therefore, both the / —V curve extrapolation and second derivative methods
are used concurrently for a reliable and accurate V;;, extraction. Both procedures were

applied at low Vpg as traditional V;;, extraction methodology requires.

Another necessary step to mark the velocity saturation is Vg, extraction from the
Ip-Vps curve. Both room temperature and cryogenic measurements were taken into
account and the difference in V,,,, values of both curves are extracted because there
is no exact method to determine Vy,, value alone using the / —V curve of the device.
Fig. 2.4 shows the extraction method where two lines are drawn by extrapolating / —V

curve at the minimum and maximum value points of the first derivative. Intersection
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Figure 2.3 : Demonstration of the second derivative method for V7 extraction

points of these lines are taken as V. The difference of the Vg, values are then
used by the proposed modeling algorithm to calculate the temperature dependency

parameter of v,,.

2.1.2 Fixing BSIM equations

Published BSIM equations do not exactly correspond to the equations used in the
simulator [23]. Since the simulator has a modified version of published BSIM
equations, results of the equations calculated in MATLAB should be adjusted. A
correction coefficient (p) has been introduced to the I equation to eliminate this

difference. p is extracted by subtracting the current value calculated with the
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Figure 2.4 : Demonstration of the extraction of Vpgar change between the room and
cryogenic temperature

BSIM equations in MATLAB, from the current value simulated with initial model

parameters at the highest bias used in measurements, i.e. Vpg = Vg = 1.8 V. This

choice of the bias will result in the maximum error to be observed. Based on this

coefficient, MATLAB can produce the current values closest to the simulator result

so that equations can be used to solve the revised values of temperature dependency

parameters in cryogenic conditions.

2.1.3 Parameter extraction algorithm

The algorithm employs target measurement data to extract the temperature dependency

parameters vector in (2.1) that minimizes the modeling error.

V=[KT1, KT1L, KT2, UTE, UB1, UC1, AT, DELTA] 2.1)

The extraction methodology is composed of eight steps and they can be grouped 3
stages as shown in Fig. 2.5 which are 1) parameter extraction without body effect, 2)
parameter extraction at a specified body bias, 3) V,, difference elimination. In the first
stage KT1,UTE and UB1 will be evaluated without including the body effect. Then,
KT?2 and UC1 will be obtained at a specified body bias. Vq, difference elimination
consists of AT and DELTA extraction. If the modeling of the channel length scaling
for the threshold voltage is desired, finding K7 1L constitutes the sub-stage of the first

stage and it is calculated after KT'1 parameter has been obtained. A long channel
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Figure 2.5 : Parameter Extraction Algorithm

and a short channel device are necessary for this sub-stage. All other steps can be
implemented considering a long channel device. If a designer wants to use just short
channel devices in his/her own design, there is no need to use KT 1L parameter, other
stages will suffice to produce an accurate model for cryogenic conditions. Rpg was not
included to the model extraction procedure due to the similarity between Rpg effect

and mobility degradation.

Temperature change is modeled using K7'1,KT2,KT1L for the threshold voltage;
UTE,UB1,UC1 for the mobility and AT for the V. Additionally, DELTA specifies
the smoothness of the discontinuity between the linear and saturation region of a

transistor in the Ip-Vpg curve.

2.1.4 Computation cost of the methodology

The computation cost of the methodology consists of mostly circuit simulations done
by the simulator, which means that the parameter extraction procedure takes much
smaller time to complete. Extracted parameters are imported into the model file to
perform simulations. Outcomes of these simulations are then used to validate new
model parameters. Since the model generated should operate at different bias voltages
for various device sizes, multiple simulations should run successively during model
generation. Despite this simulation cost, the algorithm achieves its goal of providing

a new model file suitable for the input cryogenic conditions in around 6 to 15 minutes
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depending on device properties. It should be mentioned that the model generation
is done only once for a given device type to be operated at cryogenic temperatures.
Furthermore, the algorithm is made robust toward handling numerical problems that

might occur during analytic operations to extract the new device model parameters.
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3. EXPERIMENTAL RESULTS

A tape-out using the commercially available 180 nm technology has been
accomplished to experimentally verify the algorithm, with regular n-type and p-type
MOSFETs that were measured at cryogenic conditions. NMOS and PMOS devices of
5 different sizes are used to investigate the size dependency of MOSFETSs’ operational
behavior at low temperatures. Additionally, an RF NMOS and low threshold voltage
NMOS are included in measurement chip to investigate the effects of different
MOSFET designs; also, RF MOSFETs will be used for fundamental applications of
space electronics. All measured transistor types and their sizes are itemized in Table
3.1 and these items numbers will be referred throughout the rest of this thesis to specify

each transistor.

Table 3.1 : Device names and sizes

No Type Width Length No Type Width  Length
1 NMOS 024 um 018 um 7 PMOS 024 um 0.18 um
2 NMOS 100um 018 um 8 PMOS 10 um 0.18 um
3 NMOS 024 um 10um 9 PMOS 024 um 10 um
4 NMOS 10 um 10um 10 PMOS 10 um 10 um
5 NMOS 35um  05um 11 PMOS 35um 05 um
6 LowVrg NMOS 35um O0S5um 12 RFNMOS 35um 0.18 um

A large size transistor 4 was chosen to analyze physical changes in MOSFETs at low
temperatures without considering short channel and narrow width effects. Transistors
2 and 3 are employed to check these effects individually at cryogenic conditions.
Additionally, the smallest size transistor is used to observe both effects together.
Transistor 5 is a control device and it has a moderately long channel with regard to
transistor 1 and 4. Transistors like 5 are typically used in analog circuits. Besides,
the cryogenic behavior of 5 acts as a bridge between the cryogenic characteristics of
the long channel and short channel devices. The transistor numbers between 7-11
are same size PMOS transistor of 1-5 transistors. Therefore, the effects of cryogenic

conditions on n-type and p-type transistors can be investigated separately and change of

13



Figure 3.1 : The measurement bench and probe station

model parameters can be considered individually. Aside from these, an RF transistor is
considered to extract a model for RF circuit designs operating at very low temperatures.
Because of the threshold voltage increase with temperature decrease, a low threshold
voltage device 6 is considered of interest for digital applications. At least 10 chips from
3 wafers were put under test. Hence, the process variation and measurement errors can

be considered in the research.

3.1 Measurement Setup

Unpackaged dies from 3 different wafers have been measured using the MDC 441
cryogenic probe station. Agilent Technology B1500A semiconductor device analyzer
is used to extract I-V curves at different bias voltages. The temperature of the probe
station chuck is monitored by a Keithley 2000 multimeter. The probe station is cooled
by liquid nitrogen hence the chuck temperature decreased down to —196°C. In the
probe station, the chips are vacuumed by a compressor for avoiding undesirable slide.
The typical supply voltage for this technology is 1.8 V and the devices under test were
biased at Vg values between 0.6 V and 1.8 V to extract Ip — Vpg curves. Also, the
body effect was taken into account by changing Vg from 0 down to —0.4 V. Ip — Vs

curves were extracted in the same Vgg range by using two different Vpg values which
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Figure 3.2 : The device under test

are 0.05 V and 1.8 V. Low Vpg is needed to capture the device threshold voltage. The
measurement setup and the chip under test on the probe station are shown in Figs. 3.1
and 3.2. The measured dies are observed by microscope and DC probes of cryogenic
measurement station are contacted with pads of each MOSFETs that are gate, drain,
source, body contacts. The probes are moved manually and due to the sensitivity of
measurement setup, these contacts are sometimes shorted as a result of touching probes
to wrong areas. Therefore, some chips got lost and measurements were repeated again.
This situation also creates measurement variation due to probe-pad contact. Before
creating new model files, this case was taken into account and mean current values of
measurements were used in the algorithm to suppress this measurement variation. The
contacts of MOSFETs can be seen in the Fig. 3.3. The size of the die is 1.5m” and

each group of 4 pad represents one MOSFET.

3.2 Comparison of the Measurements between Cryogenic Temperature and

Room Temperature

At both room temperature and cryogenic conditions, 10 different dies were measured
for each size of NMOS and PMOS devices to extract the correct model parameters.
The Figs. 3.4, 3.5 and 3.6 show Ip — Vs measurements at Vpg = 0.05V to indicate

Vru increase as temperatures drop down. In Figs. 3.4a-3.4e, comparison of / —V
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Figure 3.3 : The die layout observed with a microscope

for NMOS devices of various sizes and in Figs. 3.5a-3.5e, comparison of / —V for
PMOS devices of various sizes are shown both at room and cryogenic temperatures.
Additionally an RF-NMOS transistor with size of 35 umx0.18 um and a low threshold
voltage NMOS device with the same reference size transistor’s measurement result are

shown in Fig. 3.6a,3.6b.

The Figs. 3.7, 3.8 and 3.9 represent mean Ip — Vpg curves of 10 measurements for each
kind of transistor at Vs = 1.8V and £30 values are found using the experimental data
to show the statistical variance of transistors. All size of NMOS and PMOS device
measurements are shown in Figs. 3.7a-3.7e and Figs. 3.8a-3.8e respectively. The
RF-NMOS transistor and the low threshold NMOS device measurement results are

also shown in Fig. 3.9a,3.9b.

The mean curve of NMOS devices has variations between %0.9 and %6.6, in
comparison to the simulation results at the typical (TT) corner found by simulating
the default model parameter set provided by the manufacturing company. Current
increase rates of devices with temperature decrease are not equal, they depend on
device sizes. It is clear from Table 3.3, that the current increase ratios are strongly
correlated with device lengths. Transistors 1 and 2 have the same length, different

width and the increase rates are almost the same. When the device length is raised to
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Figure 3.4 : NMOS Ip — Vs Curve @ Vpg = 0.05V demonstrating Vry increase as

temperatures drop down

10 um from 0.18 um, current increase ratios became around 6 times higher for NMOS

devices and 5 times higher for PMOS devices. As the increase ratio became higher,

larger device widths have a slight impact on the ratio. If process variations are taken

into account, the ratio change due to width difference can be practically ignored. The

situation can be explained as the basis of the difference between the short channel and
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long channel transistors: In short channel transistors, charge carriers already operate at
a large longitudinal electric field thus they are close to the velocity saturation regime,
in which, the increase of the mobility at cryogenic temperatures does not increase the
drain current. Conversely, in long channel transistors, charge carriers are far from
velocity saturation, thus the low field mobility increase makes a greater impact on
the drain current of the long channel transistor [25]. Because holes have less mobility,
PMOS current increase amounts are not as remarkable as those of NMOS devices (Fig.

3.8a-3.8b).

Threshold voltage increase amounts for various transistors are shown in Table
3.2. These Vry values are extracted from graphs with the method mentioned in
section PROPOSED MODEL. Because of the threshold voltage extraction procedure
sensitivity, it is hard to comment on the relationship between transistor sizes and
threshold voltage increase. Thus, the size dependence of the threshold voltage increase
can be practically ignored. All of the transistors have similar threshold voltage increase
amounts because the bulk Fermi potential increase is independent of device size and
the transistors get into the strong inversion regime when surface potential equals twice
the bulk potential [29]. Therefore, it is assumed that the necessary gate voltage does

not change with different device sizes to create the same surface potential.

Table 3.2 : Threshold Voltage increase amounts

Type Size(W x L) Room Temp. Cryogenic Difference
NMOS 0.24 um x 0.18 um 054V 0.69V 0.15V
NMOS 10 um x 0.18 um 0.53V 0.64V 0.11V
NMOS 0.24 um x 10 um 0.30V 046V 0.16 V
NMOS 10 um x 10 um 034V 05V 0.16 V
NMOS 35 um x 0.5 um 044V 0.56 V 0.12V
PMOS 0.24 um x 0.18 um -0.49V -0.64V -0.15Vv
PMOS 10 um x 0.18 um -0.52V -0.69 Vv -0.17V
PMOS 0.24 um x 10 um -042V -0.55V -0.13V
PMOS 10 um x 10 um -0.46V -0.62V -0.16 V
PMOS 35 um x 0.5 um -0.49V -0.66 V -0.17V

RF NMOS 35 um x 0.18 um 0.51V 0.63V 0.12V
Low Vry NMOS 35 um x 0.5 um 0.16 V 0.29V 0.13V

The drift current is related to the lateral electric field and the drain current saturates
after a specific electric field Egq7. The voltage that generates Egar is called Vigy,.

If the electric field magnitude is below Egs7, the carrier velocity is determined by

18



-6
2 %10

—186°C
24°C

W=0.24;:m L=0.18;m I, - V .. Curve

bo 10 W=10um L=0.18um |, - V . Curve
—_—196°C
24°C

05

<, <
- _a
8 15
8 2
-10 25
48 16 14 12 4 08 06 04 02 0 48 6 14 12 4 08 06 04 02 0
Vs V) Vas V)
(@) W=0.24 um,L=0.18 um (b) W=10 um,L=0.18 um
o5 * o W=0.24m L=10um I -V Curve - b W=10um L=10pm I, - V. Curve
—1967C —-198°C
— 4O — 5450
5 0
!
05
_~ -2
T, <
- -l

-1.6 -1.4 12 -1 08

Vas (v)

(c) W=0.24 um,L =10 um

-0.6 0.4 0.2

o

-1.8 -16 -1.4 -1.2 -1 -0.8

Vs v)

(d) W =10 um,L =10 um

0.6 0.4 0.2

=}

10 W=35um L=0.5um | - V.. Curve
0.5
—_196°C
b | =—z4C
05
-
5’ 15
_D
2
-25
-3
35
18 18 14 12 1 08 06 04 02 0
Vs V)

() W=35um,L=0.5um
Figure 3.5 : PMOS Ip — Vs Curve @ Vpg = 0.05V demonstrating Vry increase as

temperatures drop down
the low-field mobility. After Vpg reaches the V,, value the average carrier velocity
becomes equal to the saturation velocity. Mobility has a much higher increase
compared to vy,; hence, carriers reach vy, value faster at lower temperatures and
Vasa: becomes smaller. Even though the saturation velocity increases with temperature

decrease, Vyy, cannot increase along with the saturation velocity because of the
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Table 3.3 : The maximum current value comparison of transistors both at the room
temperature and cryogenic temperature

Type Size(WxL) Room Temp. Cryogenic Difference Increase
NMOS 0.24 umx0.18 um  0.177mA 0223 mA  0.057 mA %32
NMOS 10 umx0.18 um 5.92 mA 7.75mA  1.83 mA %31
NMOS 0.24 umx10 um 6.39 uUA 18.0 uA 11.6 uA %181
NMOS 10 umx10 um 0241 mA  0.719mA 0478 mA %198
NMOS 35 umx0.5 um 11.2 mA 1692mA 5.72mA %51
PMOS 0.24 umx0.18 um  -70.7 uA -81.5 uA  -10.8 uA %15
PMOS 10 umx0.18 um -2.29mA -2.65mA  -0.36mA %15
PMOS 0.24 umx10 um -1.41 uA -2.44 uA -1.03 uA %73
PMOS 10 umx10 um -40.5 uA -629 uA 224 uA %55
PMOS 35 umx0.5 um -2.78 mA -3.63mA  -0.85mA %30

RF NMOS 35 umx0.18 um 2028 mA  26.92mA  6.64 mA %33
Low Vrg NMOS 35 umx0.5 um 16.92mA 2531 mA 839mA %50

mobility increase. In the measurement results, Vi, decreased by 0.05 V to 0.15 V

when the maximum gate-source bias is applied.

3.2.1 Measurements at various intermediate temperatures

In addition to transistor measurements at —196°C, I-V curves were extracted at various

intermediate temperatures between —196°C and —40°C. Extraction temperatures

of these curves can vary by +2°C around the reported extraction temperature.

It

is observed that the drain current of each transistor increases monotonically as

temperatures go down. For the 180 nm device technology and the corresponding
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Figure 3.7 : The mean result and variations of NMOS measurements at 24°C and
—196°C
doping concentration amounts, freeze-out effects have not been come across within
this temperature range. In Figs.3.10a to 3.11c, it can be seen that the mobility increases
steadily from —40°C to —196°C for various sizes of NMOS and PMOS devices

respectively.
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Figure 3.8 : The mean result and variations of PMOS measurements at 24°C and
—196°C

3.2.2 Extracted model parameters

3.2.2.1 Model usage in simulation

BSIM3 is one the most commonly used model standard in the industry, it is

developed by University of California, Berkeley. However, BSIM models provided
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Figure 3.10 : Ip — Vpg measurements of NMOS devices from —40°C to —196°C

manufacturers can not fit the experimental results at cryogenic conditions, because

the model standard uses different equations for sub-threshold, linear and saturation

regimes and it has fitting parameters extracted from measurements to fit simulation

results to measured curves and these fitting parameters are products of temperature as
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Figure 3.11 : Ip — Vpg measurements of PMOS device from —40°C to —196°C

shown in 1.2 and gives the best result only in room temperature. When the working
conditions are far away from room temperature, the model cannot converge to real
values with default parameters. Furthermore, BSIM3 has a deficiency in modeling
the channel length dependency of mobility. Different size transistors have distinct
mobility increase amounts at low temperatures. Therefore, if a designer wants to
obtain less error between simulations and measurements, different parameter sets for
short and long channel devices should be used to adjust the model at low temperatures.
Simulation programs allow designers to use multiple model files in the same design
so different parameter sets can be used for different size transistors if lower errors are

desired.

In the algorithm, mobility phenomena does not have length and temperature
dependency together but threshold voltage has a parameter for model this dependency.
The KTIL parameter specifies threshold voltage length dependency and KTIL

extraction step in the proposed methodology can be used to get a single parameter set
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to model the threshold voltage for various size transistors at cryogenic temperatures;
otherwise, this step can be disabled and the user can create new model files considering
different measurements of various size transistors. The extracted new model files
should be included within the simulation model file directory; after that, the designer

can make simulations on any simulator that supports BSIM.

3.2.2.2 Comparison of default and extracted model

Without generating any new model card, designers can only use the default model
file provided by the manufacturer. This model file cannot be used below —55°C
and the error margin of the model increases dramatically in cryogenic conditions as
shown in Figs. 3.12-3.14. The algorithm can produce a new model parameter set for
specific temperatures so the error rate can be minimized at that temperature as default
parameters give the best result only at room temperature and error rates of parameter

sets increase when moving away from the extraction temperature.

The comparison of measurements with simulation results using the extracted
parameters are shown in Figs.3.12a—3.17b. Here, the error rate is scaled below %35
for different parameter sets extracted per each transistor type. The error rates for
different gate bias and temperature conditions are given in Table 3.4 and 3.5 and
these error rates have similar values with body effect presence because the temperature
dependency parameter of the body bias is also modified at cryogenic conditions as
discussed previously. The model accuracy reduces for very long channel devices
but the model performs with high accuracy in 180 nm and 500 nm devices which
are commonly used in analog applications. Furthermore, these transistors produce
accurate simulation results with the revised model file in a larger temperature range in
comparison to long channel devices. Although default parameters are valid at —55°C,
the new parameter set has a smaller error at this specific temperature for the above

mentioned devices.

The extracted models performance in cryogenic conditions are not related with default
model success. As shown in Table 3.4 the number 1 NMOS that has the smallest device
size has %74.1 error with default model and it is decreased to %4.0 with extracted

model. Although the device 4 has similar error rates with default model, it can be
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Figure 3.12 : Comparison of the default model and extracted models of NMOS with
measurement results at —196°C

decreased to %1.1. The device 3 has similar error rates with device 1 when extracted

model used but its initial error is smaller than the half of the error of device 1.

Although current increase by temperature lowering depends on length size, we cannot
observe any relation between length size and default model mismatch to measurements

when Figs. 3.12 and 3.13 are considered. However, the default model shows better
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measurement results at —196°C
equations considering device size and the simulation software results that works in

parallel with the model algorithm.

The curves obtained from simulations with default parameters in cryogenic conditions
have insufficiency on both Ip — Vpg and Ip — Vis. In addition to current mismatch,
the shapes of the curves are also incompatible with reality. The shape of the Ip — Vpg
curves vary on Vpsar. Especially in the Ip — Vg simulations, curves can become
distorted in active region when default parameters are used at low temperatures.
The Figs. 3.15a and 3.15b have such cases and their shapes are not related with
device physics. These distortions are treated separately in the algorithm and the UB1
parameter that specify second order mobility degradation is optimized to restore proper

Ip — Vs curve shape as discussed in section PROPOSED MODEL.

Table 3.4 : Error rates of Ip — Vpg curves @ |Vgs| = 1.8V with extracted model files at
—196°C for transistors of every size and the model performance at
different temperatures

Type Size(WxL) —196°C —170°C —145°C
Def.(%) Model(%) Def.(%) Model(%) Def.(%) Model(%)
NMOS 0.24 umx0.18 um 71.1 4.0 42.0 5.7 26.3 8.4
NMOS 10 umx0.18 um 48.7 1.8 49.8 5.6 57.0 5.7
NMOS  0.24 umx 10 um 314 3.9 - - - -
NMOS 10 um x 10 um 75.0 1.1 34.5 15.2 16.4 19.9
NMOS 35umx0.5um 99.7 0.6 - - - -
PMOS 0.24 umx0.18 um 39.5 1.6 254 8.9 24.8 13.2
PMOS 10 umx0.18 um 11.0 2.0 12.1 4.7 11.4 5.3
PMOS 0.24 umx 10 um 13.6 4.3 - - - -
PMOS 10 um x 10 um 4.3 0.6 7.1 10.2 11.4 13.8
PMOS 35 umx0.5 um 5.9 1.1 - - - -
RF.N 35umx0.18 um 33.2 1.3 31.3 5.3 32.3 34

28



W=0.24;:m L=0.18m |-V . Curve = = . -
10 I pmly-Veo , e W=10um L=0.18pm 1 - Vo Curve @ -196°C
4 | === Delault Parameters
m |\|gaSUTEMENE

= Default Parameters
10 — \easurement
= Eytracted Parameters

= = = Exracted Parameters

gﬁ
=]

=4
2
0

0 02 04 06 08 1 12 14 16 18 VZD 02 04 08 . 4 6 18
VGS (V’ cVGS (Vs
(a) W=0.24 um,L=0.18 um (b) W =10 um,L = 0.18 um
25 ¥ |0.5W=0.24;|.m L=10pm ID - VGS Curve @ -196°C e 0 W=10pm L=10zm ID - VGS Curve
= Measurement

12 || === Detault Parameters

== == Exiracted Paramelers

E‘ —_
= <
A a
0.5
0 = Delault Parameters
= Measurement
== = = Exiracled Parameters
05

0 02 04 06 08 1 12 14 16 18 -ZD 02 04 6 12 14 16 15
Ves V) A AN '
(€) W =0.24 um,L =10 um (d) W =10 um,L =10 um
W=35.m L=05xm |, -V . Curve @ -196°C
0.03
0.025
0.02
g 0.015
[a]
= o0t
0.005
= Default Parameters
0 — leasurement
== = Eytracted Parameters
-0.005
0 02 04 06 08 1 12 14 16 18

Ves V)
(&) W=35um,L=0.5um
Figure 3.15 : Comparison of the default model and extracted model of NMOS with

measurement results at —196°C
In addition to the extraction of different parameter sets for each transistor, a single
parameter set can be obtained by only considering transistors 1, 2 and 5. This is
especially useful and critical for analog and mixed-signal circuits where transistors
of multiple channel lengths used together in a circuit topology. Transistors 1,2 and 5

can be counted as the most common devices observed in typical analog circuit blocks.
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Figure 3.16 : Comparison of the default model and extracted model of PMOS with

measurement results at —196°C

Even though the error rates rise when only one parameter set is extracted, they are still

significantly lower in regard to the default model. When Ip — Vpg measurements are

compared with simulations using the extracted model file, for transistors 1, 2 and 5,

error rates of %14.21, %12.34 and %1.25 are acquired, respectively. Conversely, the

default model can only yield error rates of %71.1, %48.7 and %99.7 which clearly
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Table 3.5 : Error rates of Ip — Vpg curves of different parameter sets for each
transistor with lower gate biasing at —196°C

Type Size(WxL) —196°C@|Vgs| = 1.2V
Def.(%) Model(%)
NMOS 024 umx0.18 um  44.2 1.1
NMOS 10 umx0.18 um 53.8 11.6
NMOS 024 umx 10 um  29.0 3.2
NMOS 10 um x 10 um 74.7 5.9
NMOS 35umx0.5 um 43.5 8.3
PMOS 0.24 umx0.18 um 30.5 6.5
PMOS 10 umx0.18 um 17.2 12.2
PMOS 024 umx 10 um  33.3 23
PMOS 10 wm x 10 um 7.4 3.9
PMOS 35 wumx0.5 um 8.0 6.2
REN  35umx05um  42.4 1.5

identifies the improvement achieved by the extracted model. Various temperatures,

body and gate biases are taken into account and the algorithm with its outputs are

proved for its accuracy measurements under LN2(liquid nitrogen).

3.2.2.3 Circuit measurements

A ring oscillator is considered to demonstrate the model in a typical circuit example

and Rohde&Schwarz FSU 20Hz — 26.5GHz spectrum analyzer is used. Measurements

have been performed on four different dies at both room temperature and cryogenic

conditions. The measured oscillation spectrum of acquired from one of the ring

oscillators at —196°C is shown in Fig.3.18.

31

The mean of measured oscillation



é% - RBW 500 kEx Mazkaz 4 [TL ]
VEW Z ME=x -5.05 dEm

Raf 22 d4Em ATT ED 4B EWT Z.%5 mo 22 _S13245153E MEx

Center 21 MEBx 4.2 ME=/S Span 4Z ME=x

Figure 3.18 : Measured spectrum of the ring oscillator at —196°C (blue) and 24°C
(red)
frequencies are 20.67 MHz and 32.65 MHz for 25°C and —196°C respectively.
Simulation and measurement results of 4 different dies are compared in Table
3.6. While the default model results in 38.43% error in simulation-measurement
comparison, a single model extracted for all sizes by the proposed methodology can

accurately match the measurement results and the error is decreased down to 1.53% as

shown in Table 3.6.

Additionally, a single ring oscillator was measured at various temperature from 24°C
to —196°C. All measured oscillation frequencies with temperature sweep are given in
Fig. 3.19. The oscillation frequency shows similar result with current change and it
is increased linearly with temperature decrease as expected. The standard deviation
values at —196°C, —170°C and —145°C are also given that is calculated considering
the measurement variation. The extracted model is verified with a circuit application
and the validation of the model is proved at different temperatures and the statistical

analysis are given for cryogenic conditions.
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Figure 3.19 : Measured oscillation frequencies of the ring oscillator from —196°C to
24°C and proposed model results at —196°C, —170°C and —145°C
with 30 values

Table 3.6 : Comparison of oscillation frequency for the ring oscillator at nominal and
liquid nitrogen temperatures

Results 25°C —196°C

Post Layout Sim. (Default) 19.1 MHz  45.2 MHz
Post Layout Sim. (Modeled) 19.1 MHz 32.15 MHz
Measurement (Chip 1) 20.73MHz 31.9 MHz
Measurement (Chip 2) 21.26 MHz 33.31 MHz
Measurement (Chip 3) 20.46 MHz 32.51 MHz
Measurement (Chip 4) 20.26 MHz 32.91 MHz
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4. CONCLUSION

In this thesis, a method has been presented to calibrate the BSIM3 temperature
dependency parameters for cryogenic temperatures at which BSIM parameters cannot
match the measurement outcomes. Although the algorithm was demonstrated for
using 180 nm technology with measurements under liquid nitrogen, it can also be
implemented in different device technologies because the method is independent of
process parameters. The algorithm developed in this project is based on BSIM3 model
and it only needs the target data with the default model file to yield the experimental
results using BSIM equations and analytical solution methods. The extracted model
parameter set can be called for simulations from any CAD program which supports
BSIM3. This methodology can be used in BSIM4 as well because it has same modeling
approach. The only need is adapting new equations and parameters to the developed
methodology flow. This experimentally verified model on analog circuit design in
the sense that it correctly reflects the device characteristics changes in transistors of
various sizes. The model has a statistical approach and it includes the impact of
process variation at cryogenic conditions. Finally, intermediate temperatures between
the —196°C and room temperature has also been considered and a specific model,
calibrated at these temperatures are developed. The accuracy of the model derived
from single-transistor experiments has been verified using a ring oscillator as well,

which confirms its suitability for use in more complex circuit design.
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APPENDIX A.1 - Source Code of Main Function

1 wmamnasassagasang. INPUTS waa90890a9988909988998968%

transistor_no = 2;

% No — W(um), L(um) , type

% 1 — 024 , 0.18 , n

% 2 — 10 , 018 , n

% 3 — 0.24 , 10 ,on

% 4 — 10 , 10 ,on

D 5 — 35 , 0.5 . on

% 9 — 024 , 0.18 , p

% 10 — 10 , 018 , p

% 11 — 0.24 , 10 . P

P 12 — 10 , 10 . P

% 13 — 35 , 0.5 E

%D 15 — 35 , 018 , rf—n
temp = —196; % measurement temperature

Wdrawn=10e —06; % transistor width

Ldrawn=0.18e—06; % transistor length

short_ch = 0:; % KTIL activation

Ldrawn_s = 0.18e—06; % short channel

transistor_name = 'n_I18";

type = 'n’; % n / p type

% name in the model file

vds_second_bias = 8; % Id—Vds, VGS 8 9 10 11 12 (VGS

% 1.2 0.9 0.6)

step = 10; % delta iteration

maksimum_simulasyon_sayisi

target_min_error = 0.5;

% maximum biases

if type == ’'n’
vd = 1.8;
vg = 1.8;
vs = 0;
vb = 0

elseif type == ’'p’
vd = 0
vg = 03
vs = 1.8;
vb = 1.8;

end

= 10; % simulation_limit

transistor length

= 1.8 1.5...

V(Lo ladledledledledldledledledledloedledledledledldledledledtedladladledhedledledlakedhedledledledldbedbedledledleddledbedledledlededhedl

% ocean file path for each sweep

[~,transistor_size] = size(transistor_name);
if transistor_size == 4 & (transistor_name =="n_18" |...
transistor_name ==’p_18")

Yo———— N_I18,P_18
ocean_address_n_vds

ocean_address_n_vgs

%o
*./ocean_files/ocean_n_vds.

*./ocean_files/ocean_n_vgs.

ocean_address_n_vgs_low_vds =

*./ocean_files/ocean_n_...vgs_low_vds.ocn’;

ocean_address_p_vds

ocean_address_p_vgs

*./ocean_files/ocean_p_vds.

*./ocean_files/ocean_p_vgs.

ocean_address_p_vgs_low_vds =

*./ocean_files/ocean_p_vgs_low_vds.ocn’;

model_address = ’/vlsi/projects/mml180_regl8_v124.

file = fopen(model_address);

formatSpec = "%s’;

C = textscan(file , formatSpec);
[boyut, ~] = size(C{:});

ocn

ocn

ocn

ocn

mdl. scs
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66 % model parameter location in model file

67 for i=1:boyut

68 k=strfind (C{1}{i}, type="):

69 if k==1

70 model_mosfet_type = textscan (C{1}{i}, type=%s’);
7] model_mosfet_type = model_mosfet_type{1}{1};
72 if type == ’'n’

73 if model_mosfet_type=="n’

74 baslangic = i; %nmos

75 elseif model_mosfet_type=="p’

76 son = i; %pmos

77 end
78 end

80 if type == ’'p’

81 if model_mosfet_type=="
82 baslangic = i; %pmos
83 son = boyut;

84 end
85 end

86 end

87 end

88 fclose (file);

90 else % for rf transistor

91 % RF %

92 ocean_address_n_vds = *./ocean_files/ocean_n_vds_rf.ocn’;
93 ocean_address_n_vgs = ’./ocean_files/ocean_n_vgs_rf.ocn’;
94 ocean_address_n_vgs_low_vds =

95 *./ocean_files/ocean_n_vgs_low_vds_rf.ocn’;

96 ocean_address_p_vds = ’./ocean_files/ocean_p_vds_rf.ocn’;
97 ocean_address_p_vgs = ’./ocean_files/ocean_p_vgs_rf.ocn’;
98 ocean_address_p_vgs_low_vds =

99 *./ocean_files/ocean_p_vgs_low_vds_rf.ocn’;

100 model_address = ’/vlsi/projects/mml80_regl8_v124.mdl.scs’;
101

102 file = fopen(model_address);

103 formatSpec = "%s’;

104 C = textscan(file , formatSpec);

105 [boyut, ~] = size(C{:});

106

107 % RF Transistor model dosyasi

108 n=1;

109 for i=Il:boyut

110 k = strfind (C{1}{i}, transistor_name);
111 it k==1

112 if n==

113 baslangic = i;
114 n = 2;

115 elseif n == 2
116 son = 1i;

117 end

118 end

119 end

120 end

121

122 % simulation results of cadence

123 result_address_vgs = ’./sonuclar/n_vgs.dat’;
124 result_address_vgs_low_vds = ’./sonuclar/n_vgs_low_vds.dat’;
125 result_address_vds = ’./sonuclar/n_vds.dat’;

126

127 % iteration parameters

128 ubi_n_max=—10.6730¢—18;

129 delta_n_max = 0.2;

130

R W
132

133 command = ’sed —i —e s/ 7"%s" /7 "%s" g0 %s
134 if type =='n’

135 ocean_address_vds = ocean_address_n_vds;
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136 ocean_address_vgs = ocean_address_n_vgs;

137 ocean_address_low_vds = ocean_address_n_vgs_low_vds;
138

139 elseif type =='p’

140 ocean_address_vds = ocean_address_p_vds;

141 ocean_address_vgs = ocean_address_p_vgs;

]42 ocean_address_low_vds = ocean_address_p_vgs_low_vds;
]43 end

144

145 wamaaan Algorithm starts here %a09995%
146 simulasyon_sayisi=1;

147 level = 1;

148 % 1ever 1 — vbs=0

149 % tever 2 — buik effect

150 % tever 3 — vdsar, delta

151 while level <= 3

152 if level ==

153 if type == 'n’

154 Vb = —0.4; % bulk effect (vbs = —0.4)

155 elseif type == ’'p’

156 Vb = 2.2; % bulk effect(vbs = 0.4)

157 end

158 elseif level == 3

159 if type == 'n’

160 vb = 0;

161 elseif type == ’'p’

162 Vb = 1.8;

163 end

164 end

165

166 WIS Measurement Data Import TI95E9%

167 if type == 'n’

168 V= 0:0.01:1.8;

169 if (level == 1 Il level == 3)

170 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

171 target_meas_data( transistor_no, 'VGS’, 2, 8 );
172 V_aim_low_vds = V;

173 I_aim_low_vds = Id_mean_In2;

174

175 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

176 target_meas_data( transistor_no, 'VGS', 1, 8 );
177 V_aim = V;

178 I_aim = Id_mean_In2;

179

180 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

181 target_meas_data( transistor_no, 'VDS’, 0, vds_second_bias );
182 Vds_aim = V;

183 Ids_aim = Id_mean_In2;

184 elseif level ==

185 [Id_mean_In2, Id_3sigma, Id_e3sigma] =...

186 target_meas_data( transistor_no, 'VGS’, 2, 12 );
187 V_aim_low_vds = V;

188 I_aim_low_vds = Id_mean_In2;

189 I_aim_low_vds_vbs = I_aim_low_vds;

190 % FF = importdata(1d_Vg_VdmaxI_path);

191 % V_aim = FF(:,1);

192 % I_aim = FF(:,2);

193 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

194 target_meas_data( transistor_no, 'VDS’, 4, vds_second_bias );
195 Vds_aim = V;

196 Ids_aim = Id_mean_In2;

197 Ids_aim_vbs = Ids_aim;

198 end

199 elseif type=="p’

200 V= 1.8:-0.01:0;

201 if (level == 1 [l level == 3)

202 [Id_mean_In2, Id_3sigma, Id_e3sigma] =...

203 target_meas_data( transistor_no, 'VGS’, 2, 8 );
204 V_aim_low_vds = V;

205 I_aim_low_vds = Id_mean_In2x—1;

206
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207 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

208 target_meas_data( transistor_no, 'VGS’, 1, 8 );
209 V_aim = V;

210 I_aim = Id_mean_In2x—1;

211

212 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

213 target_meas_data( transistor_no, 'VDS’, 0, vds_second_bias );
214 Vds_aim = V;

2]5 Ids_aim = Id_mean_In2x—1;

216 elseif level == 2

217 [Id_mean_In2, Id_3sigma, Id_e3sigma] =...

218 target_meas_data( transistor_no, 'VGS', 2, 12 );
219 V_aim_low_vds = V;

220 I_aim_low_vds = Id_mean_In2x*—1;

221 I_aim_low_vds_vbs = I_aim_low_vds;

222 % FF = importdata(1d_Vg_Vdmaxi_path);

223 % V_aim = FF(:,1)+1.8;

224 % I_aim = FF(:,2)%—1I;

225 [ Id_mean_In2, Id_3sigma, Id_e3sigma] =...

226 target_meas_data( transistor_no, 'VDS’, 4, vds_second_bias );
227 Vds_aim = V;

228 Ids_aim = Id_mean_In2x—1;

229 Ids_aim_vbs = Ids_aim:;

230 end

231 end

232

233 if level == 9% measurement graphs

234 subplot (2,2,1)

235 ax1_I_aim = plot(V_aim,I_aim,’linewidth’,2,’color’,’r’);
236

237 subplot (2,2.3)

238 ax2_I_aim = plot(V_aim_low_vds,I_aim_low_vds,

239 *linewidth’ ,2, color’,’r’);

240

241 subplot (2,2,2)

242 ax3_I_aim = plot(Vds_aim,Ids_aim . linewidth’ 2,

243 *color’,’r’);

244

245 elseif level ==

246 subplot (2,2 ,4)

247 ax4_I_aim = plot(Vds_aim,Ids_aim_vbs , linewidth’ ,2 ...
248 *color’,’r’);

249 end

250 drawnow

251 TSI TTITITT ST TTTITTIITSTTIITITTITI T o

252

253

254 WIIIIIIIT Input Import / Ocean File ITITITITIGe

255 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
256 ocean_address_vds);

257 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
258 ocean_address_vgs);

259 if type == ’'n’

260 vd = 0.05;

261 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
262 ocean_address_low_vds);

263 vd = 1.8;

264 elseif type == ’'p’

265 vd = 1.75;

266 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,
267 ocean_address_low_vds);

268 vd = 0;

269 end

270 WEINIGITe default degerlerde analiz IIGTINITITo

271

272 drawnow

273

274 [ Vds, Ids ] = simulation( ocean_address_vds, result_address_vds );
275 [ V, T ] = simulation( ocean_address_vgs, result_address_vgs );
276 [ V_low_vds, I_low_vds ] = simulation( ocean_address_low_vds ,...
277 result_address_vgs_low_vds ); % (ID-VGS @ low VDS)
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278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

302
303
304
305
306

308
309
310
311
312

314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348

vth = importdata(’./sonuclar/vth.dat’);
vdsat = importdata(’./sonuclar/vdsat.dat’);
if level ==

Ids_cad_In2 = Ids;
I_cad_In2 = 1I;

plot(V,Ids)
plot(V,Ids_aim)

subplot(2,2,1)
ax1_I_cad_In2 = plot(V,I_cad_In2,’=");

subplot(2,2,2)
ax3_I_cad_In2 = plot(Vds,Ids_cad_In2,’=");

drawnow

end

WETETTTTTTTTTIIITTTTSe VIH Extraction TITTTIITTTTITTIIITTTI o

I_aim_low_vds = smooth(I_aim_low_vds);

if type =='n’

[~,loc]=max(diff (I_aim_low_vds));

elseif type == ’'p’

[~,loc]=max(abs(diff (I_aim_low_vds)));
end
if loc>=3

m= (I_aim_low_vds(loc)—I_aim_low_vds(loc—2))/...
(V_aim_low_vds(loc)—V_aim_low_vds(loc —2));
else
m= (I_aim_low_vds(loc)—I_aim_low_vds(loc+2))/...
(V_aim_low_vds(loc)—V_aim_low_vds(loc+2));
end

b = I_aim_low_vds(loc) — m*xV_aim_low_vds(loc);
vth_graph = —b/m; % linear method

if ~manual_input
[~.loc]=max(smooth(transpose (V_aim_low_vds (1 ,...
1:size (V_aim_low_vds,2)—2)) ,diff (I_aim_low_vds ,2)));
else
[~.loc]=max(smooth(transpose (V_aim_low_vds (1:...
size (V_aim_low_vds,1)—=2)),diff (I_aim_low_vds ,2)));

end

vth_sd = V_aim_low_vds(loc); % second derivative method
if type == ’'p’
vth_sd = 1.8—vth_sd;
vth_graph = 1.8—vth_graph;

end

vth_app = vth_sd;
if abs(abs(vth_graph)—abs(vth_sd))>0.2
vth_app = vth_graph;
end
WTTITITTSITTTITTITTITIITSTTITITTNTTITITSTS T o

WTTITIITSTTSTTITTITTITIITSITTITTITTNTTITITSTI T o

error_vds=100;

[Ids_boyut ,~] = size(Ids);

while error_vds>target_min_error || (Ids_aim(Ids_boyut,61)...
—Ids (Ids_boyut ,1))/Ids(Ids_boyut ,1)>0.01

WTTIITTITTTTIIITTe VDSAT IITIIITIIIIITTIITIE o

[ vdsat_difference ] = vdsat_finding( Vds, Ids, Vds,...

Ids_aim );

WEITTIITTEITTTe Calculations ITIITIITIIITTIITTE
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349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

373
374
375
376
377

379
380

382
383

385
386

388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

% Parameters are extracted at this stage
if type =="n’

[level , hata, Ids_app] = parametric_calculations_n (...
temp, vg, vd, vs, vb, vth, vth_app, Wdrawn, Ldrawn, model_address ,...
command, Ids_aim, Ids, I, I_aim, vdsat, vdsat_difference ,...
ocean_address_vgs, ocean_address_low_vds, ocean_address_vds ,

result_address_vgs , result_address_vgs_low_vds, result_address_vds ,...

ubl_n_max, step, level, baslangic, son, short_ch, type );
elseif type ==’
[level , hata, Ids_app] = parametric_calculations_p (...
temp, vg, vd, vs, vb, vth, vth_app, Wdrawn, Ldrawn, model_address ,...

command, Ids_aim, Ids, I, I_aim, vdsat, vdsat_difference ,...
ocean_address_vgs, ocean_address_low_vds, ocean_address_vds ,...
result_address_vgs , result_address_vgs_low_vds, result_address_vds ,...

ubl_n_max, step, level, baslangic, son, short_ch, type );

end
if hata == 1
if level ==
hata_ute = 1;
end
end
if short_ch == 1 && level == 1 && simulasyon_sayisi > 2
level = 4;

if type =='n’
FF = importdata(Id_Vg_Vdmin_s_path);
V_aim_low_vds_s = FF(:,1);
I_aim_low_vds_s = FF(:,2);

elseif type == ’'p’
FF = importdata(Id_Vg_Vdmin_s_path);
V_aim_low_vds_s = FF(:,1)+1.8;
I_aim_low_vds_s = FF(:,2)*—1;

end

WIEIETTITITTIIEITITIIEI e VTH TITTITIEIITTTTIITEIIITI o

I_aim_low_vds_s = smooth(I_aim_low_vds_s);

if type ==’'n’

[~,loc]=max(diff (I_aim_low_vds_s));

elseif type == ’'p’

[~,loc]=max(abs(diff (I_aim_low_vds_s)));
end
if loc>=3

m= (I_aim_low_vds_s(loc)—I_aim_low_vds_s(loc—2))/...
(V_aim_low_vds_s(loc)—V_aim_low_vds_s(loc —2));
else
m= (I_aim_low_vds_s(loc)—I_aim_low_vds_s(loc+2)) /...
(V_aim_low_vds_s(loc)—V_aim_low_vds_s(loc+2));
end

b = I_aim_low_vds_s(loc) — mxV_aim_low_vds_s(loc);

vth_graph = —b/m;

[~,loc]=max(smooth(V_aim_low_vds_s (1:...

size (V_aim_low_vds_s) —2,1),diff (I_aim_low_vds_s ,2))):

vth_sd = V_aim_low_vds_s(loc);
if type == ’'p’
vth_sd = 1.8—vth_sd;

vth_graph = 1.8—vth_graph;
end

vth_app = vth_sd;

if abs(abs(vth_graph)—abs(vth_sd))>0.2
vth_app = vth_graph;

end
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420 Ldrawn_old = Ldrawn;

421 Ldrawn = Ldrawn_s;

422

423 WEIIIITIDe Input Import / Ocean File ITISIITIN

424 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
425 ocean_address_vgs);

426 if type == 'n’

427 vd = 0.05;

428 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
429 ocean_address_low_vds);

430 vd = 1.8;

431 elseif type == 'p’

432 vd = 1.75;

433 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
434 ocean_address_low_vds)

435 vd = 0;
436 end
437

438 WIS Simulations U

439 [ V_low_vds, I_low_vds ] = simulation (

440 ocean_address_low_vds , result_address_vgs_low_vds );
441 [ V., I ] = simulation( ocean_address_vgs ,

442 result_address_vgs );

443 A = importdata(’./sonuclar/vth.dat’);

444 vth = A;

445
446

447 WETINITTINITe Calculations IITITTITIITINTITTTo
448 if type =="n’
449 [level , hata, Ids_app] = parametric_calculations_n (...

450 temp, vg, vd, vs, vb, vth, vth_app, Wdrawn, Ldrawn, model_address ,...
451 command, Ids_aim, Ids, I, I_aim, vdsat, vdsat_difference ,...

452 ocean_address_vgs , ocean_address_low_vds, ocean_address_vds ,...

453 result_address_vgs , result_address_vgs_low_vds, result_address_vds ,...
454 ubl_n_max, step, level, baslangic, son, short_ch, type );

455

456 elseif type ==’p’

457 [level , hata, Ids_app] = parametric_calculations_p (...
458 temp, vg, vd, vs, vb, vth, vth_app, Wdrawn, Ldrawn, model_address ,...
459 command, Ids_aim, Ids, I, I_aim, vdsat, vdsat_difference ,...

460 ocean_address_vgs , ocean_address_low_vds, ocean_address_vds ,...

461 result_address_vgs , result_address_vgs_low_vds, result_address_vds ,...

462 ubl_n_max, step, level, baslangic, son, short_ch, type );

463 end

464

465 Ldrawn = Ldrawn_old;
466 level = 1;

467 end

468

469

470 WGIIIT Simulations with new parameters JIITITIe

471 [ Vds, Ids ] = simulation( ocean_address_vds ,

472 result_address_vds );

473 [ V_low_vds, I_low_vds | = simulation (

474 ocean_address_low_vds , result_address_vgs_low_vds );
475 [ V, I] = simulation(ocean_address_vgs ,result_address_vgs);
476 A = importdata(’./sonuclar/vth.dat’);

477 vth = A;

478 A = importdata(’./sonuclar/vdsat.dat’);

479 vdsat = A;

480 if level == 2

481 Ids_vbs = Ids;

482 I_low_vds_vbs = I_low_vds;

483 I_vbs = 1;

484 end

485 B

486 W ERROR T0E068%

487 error=0;

488 for i=1:size(l)

489 error = abs(I_aim_low_vds(i)—I_low_vds(i))+error;

490 end
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491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561

toplam=0;
for i=l:size(I)
toplam = abs(I_aim_low_vds(i))+toplam;
end

error_vgs = error/toplamx*100 % maksimum error

error=0;
for i=1:size(Ids)
error = abs(Ids_aim(i)—Ids(i))+error;
end
toplam=0;
for i=1:size(Ids)
toplam = abs(Ids_aim(i))+toplam;
end

error_vds_new = error/toplam=*100 % maksimum error

if abs(error_vds_new—error_vds) < 0.1

break
else

error_vds = error_vds_new
end
WITSTIITITITITTITT o

simulasyon_sayisi=simulasyon_sayisi+l
if level == 1 && simulasyon_sayisi==...

maksimum_simulasyon_sayisi

break
end
if level == 2 && simulasyon_sayisi==2x...
maksimum_simulasyon_sayisi
break
end
if level == 3 && simulasyon_sayisi==2%...
maksimum_simulasyon_sayisi + 2
break
end
if hata == 3
break
end

end

WITIIIIIIe 1terations for DELTA FIISIIIITIIIINN o
if level == 3

[ delta_n, Vds, Ids ] = delta_iteration (...

model_address , baslangic, son, command, step, Ids, Vds, Ids_aim,...

Vds_aim, ocean_address_vds , result_address_vds , delta_n_max,
error_vds , vdsat_difference );

end

level = level + 1
end
WSTSTTITTIITSITIITIITITTIITITTIITSIIITe Algorithm ends here

WEITITEIIEII S Input Import / Ocean File IIITIIIENI e
ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
ocean_address_vds);
ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
ocean_address_vgs);
if type == ’'n’
vd = 0.05;
ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...

ocean_address_low_vds);

vd = 1.8;
elseif type == ’'p’
vd = 1.75;

ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
ocean_address_low_vds);
vd = 0;
end

50



562

563 wssase Last Simulations %686

564 [ Vds, Ids ] = simulation( ocean_address_vds, result_address_vds
565 [ V_low_vds, I_low_vds ] = simulation( ocean_address_low_vds ,...
566 result_address_vgs_low_vds );

567 [ V, T ] = simulation( ocean_address_vgs, result_address_vgs );
568 A = importdata(’./sonuclar/vth.dat’);

569 vin = a;

570

571 if type =='n’

572 vb = —0.4;

573 elseif type =='p’

574 vb = 2.2;

575 end

576 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...
577 ocean_address_vds);

578 ocean_file_edit(temp, vg, vd, vs, vb, Wdrawn, Ldrawn,...

579 ocean_address_vgs);

580 [ Vds, Ids_vbs ] = simulation( ocean_address_vds ,...
581 result_address_vds );

582 [ V, I_vbs ] = simulation( ocean_address_vgs ,...
583 result_address_vgs );

584 massnasaasa998899988999089IGITIITTIIDs
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