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摘   要 

本論文針對完全空乏型之單晶矽/二氧化矽金氧半場效電晶體建立了臨界電壓、汲極電流

之解析模型。此外，並對於結合大傾角佈植（Halo or Pocket Implantation）製程之短通道完全

空乏型單晶矽/二氧化矽金氧半場效電晶體，依序建立其電位分佈、臨界電壓以及次臨界電流

之解析模式。另外，本文亦推導一適用於高頻積體電路之金氧半場效電晶體小信號模型及一

正確的參數萃取方法。在二維數值分析以及相關實驗之測試下，所提出的解析模式之有效性

已經成功地被驗證。 

第一章包含有關於我們研究動機的概括論述及介紹本論文的組織架構。在第二章中，我

們利用三區域格林函數解法（Three–Zone Green’s Function Solution Method）於二維帕松方程

式（Poisson’s Equation），且根據適當的邊界條件選取合適的格林函數，精確地解出位於前/

後閘二氧化矽以及單晶矽內的二維電位分佈。我們藉由在前閘二氧化矽與單晶矽介面間應用

高斯定律（Gauss’s Law）來定義臨界電壓。在推導出的二維電位分佈函數之基礎下，我們提

出了一新方法用以避免傳統欲求得最小表面電場位置時，可能需要的重複運算以及時間耗

費。我們將使用垂直平均電場來替代前二氧化矽/單晶矽介面間最小表面電場，並由此來定義

臨界電壓。但是，這將會忽略了來自源極及汲極接面的側向電場侵入。因此，我們將引入一



具有物理意義之修正因子以彌補此一可能產生的錯誤，並且提升此解析模型之準確性。經由

二維數值分析比較之後，證實此模式可準確地預測完全空乏型之單晶矽/二氧化矽金氧半場效

電晶體在各種不同結構及外加偏壓下之臨界電壓。 

在第三章中，我們將前一章所得之臨界電壓模式對於汲極電壓加以線性化，置入線性區

域之電流–電壓解析模式中，以考慮汲極導引位障降低（Drain–Induced Barrier Lowering, 

DIBL）效應。此外，並將溫度提昇模型一併考慮在內。接著，在飽和區域之電流–電壓解析

模式中包含了汲極飽和電壓模式以及通道長度調變模式（Channel Length Modulation, CLM）。

再者，次臨界區域電流–電壓解析模式也涵蓋在內。其中，寄生電阻、溫度、撞擊離子化及

寄生雙載子電晶體等效應皆內含於所提出之電流–電壓解析模式中。經由實驗結果分析比較

之後，發現所得到的解析模式可以準確地估算完全空乏型之單晶矽/二氧化矽金氧半場效電晶

體在各種不同外加偏壓下電流–電壓關係。 

在第四章中，我們將探討具有大傾角佈植結構之短通道完全空乏型單晶矽/二氧化矽金氧

半場效電晶體，並建立其電位分佈、臨界電壓以及次臨界電流之解析模式。首先，我們應用

三階連續函數於二維帕松方程式，配合適當的邊界條件，解出單晶矽內部的二維電位分佈，

並進而推得前閘二氧化矽與單晶矽介面處之電位分佈。接著，藉由求出最低表面電位，進而

導出臨界電壓解析模式。此外，配合漂移–擴散電流方程式，我們推導出次臨界電流之解析

模型。所提出的解析模式經由與二維數值模擬比較結果顯示，我們發現： 當通道長度縮減到

0.06 微米時，解析模式也能獲得令人滿意的結果。 

第五章提出了一個適用於高頻電路方面應用之金氧半場效電晶體小信號模型及其相關參

數之萃取方法。此小信號模型考慮了閘極區域內呈現連續分佈之閘極電阻、基板電阻網路及

不可互逆的電容。在適當的假設及邊界條件之下，配合閘極區域之傳輸線方程式，即可求得

位於閘極區域之電流及電壓關係式。接著，配合二埠電路模型，我們求得等效電路之 Y 參數。

此外，以所求得之 Y 參數與頻率之關係為基礎，我們發展出一套準確的電路參數萃取方法。

此參數萃取方法已成功地應用在實驗數據的參數取得上，我們發現其所萃取出的參數仍具有

相當的物理意義。此外，將所萃取得之參數置入小信號模型中，經由計算結果與實驗數據比

較分析後，我們得知： 即使當操作頻率提昇至 10 G 赫茲時，此小信號模型仍可準確預測電



晶體之高頻特性。 

第六章中，在為了能夠同時萃取得金氧半場效電晶體交流及直流參數的動機之下，我們

提出了一個參數萃取方法： 除了萃取得交流參數之外，藉由使用 S 參數量測方法來萃取金氧

半場效電晶體之元件參數。所萃取的參數包含了臨界電壓、寄生串聯電阻、有效之載子遷移

率以及元件尺寸相關參數。此參數萃取方法已成功地應用於實驗數據上，經由實驗數據以及

模擬計算結果的分析比較之後，我們得知此一參數萃取方法提供了極佳的準確性。 

第七章將本論文的重要貢獻做一整理回顧，並展望值得延伸探討的研究方向。 
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ABSTRACT 

The analytical models for the threshold voltage and drain current of short–channel 

fully–depleted SOI MOSFETs have been developed in this thesis. Additionally, new analytical 

models of potential distribution, threshold voltage and subthreshold current of short–channel 

fully–depleted SOI MOSFETs with halo and pocket implants have also been proposed. Moreover, a 

new small–signal model of MOSFETs and the relevant parameter extraction method are presented 

for high frequency applications. Based on the numerical analysis and experimental results, the 

validities of the developed analytical models are successfully verified. 

This thesis is consisted of seven chapters. In Chapter 1, the potential advantages of SOI 

MOSFETs are globally discussed and the organization of the thesis is given. In Chapter 2, a 

three–zone Green’s function solution method is proposed to analytically model the potential 

distributions in the front/bottom oxide and silicon regions of the fully–depleted SOI MOSFETs. The 

exact solution of 2–D Poisson’s equation is obtained by means of the Green’s theorem, in which the 

Green’s function solutions are determined according to the appropriate boundary conditions. The 

threshold voltage is defined by applying the Gauss’s Law to the surface of the silicon film. Based on 

the derived 2–D potential distribution, a new approach of approximating the normal electric field at 

the location of minimum surface potential with the average electric filed is proposed to avoid the 



iterations in solving the position of the minimum surface potential. In the development of the 

analytical threshold voltage model, a modified factor accounting for the lateral electric 

encroachment from the drain junction is further introduced to compensate the error resulted from 

the above approximation. Comparisons between the developed analytical threshold voltage model 

and the 2D numerical analysis are presented. It is shown that good agreements are achieved for 

wide range of device structure parameters and applied biases. 

In Chapter 3, a new analytical model for I–V characteristics of fully–depleted SOI MOSFETs 

is proposed, in which an analytical threshold voltage model considering the drain–induced 

barrier–lowering (DIBL) effect and a temperature raise model are incorporated. The DIBL factor, 

which is obtained by linearizing the threshold voltage model derived in the Chapter 2, is then 

incorporated into the I–V model in the linear region. In the saturation region of the I–V model, a 

quasi–2D saturation model, which includes a source–drain saturation voltage model and a channel 

length modulation model is presented. Furthermore, the effects of the parasitic series resistances, 

temperature raise, impact ionization and parasitic bipolar junction transistor are included in the 

developed I–V model. It is shown that good agreements are obtained between the experimental data 

and the simulation results. 

In Chapter 4, new analytical models of subthreshold surface potential, threshold voltage and 

subthreshold current for the fully–depleted SOI MOSFETs with halo or pocket implants are 

developed. By using the cubic series function method, the 2–D Poisson’s equation for the 

fully–depleted SOI MOSFETs with halo implants is solved with the proper boundary conditions. 

Then, the subthreshold surface potential model is consequentially derived. Further, the threshold 

voltage model is defined by the minimum surface potential. Moreover, with the aids of the 

drift–diffusion current equation, the analytical subthreshold current model is derived. These derived 

analytical models have been compared with the 2–D numerical analysis and excellent agreements 

are obtained, which validates the accuracy of the models. 

In Chapter 5, a new small–signal MOSFET model and a relevant parameter extraction method 



are proposed for RF IC applications. The small–signal model considers the distributed gate 

resistances, substrate network and the nonreciprocal capacitance. With the suitable assumptions and 

boundary conditions, the transmission line equation along the gate region is solved. Then, by 

applying the two–port circuit model, the Y–parameters of the small signal circuit are obtained. An 

extraction method for the relevant parameters of the small signal model is presented in detail. The 

extraction method has been applied to the experimental data and the extracted parameters show 

good physical meanings. Furthermore, with the extracted parameters, the derived Y–parameters are 

in a good agreement with the experimental data for the frequency up to 10 GHz, which shows the 

validity of the developed small signal MOSFET model and the parameter extraction method.  

In Chapter 6, an efficient method using S–parameters measurement is proposed for the 

extractions of the threshold voltage, parasitic series resistances, effective mobility and geometric 

dimensions of the MOSFETs. The proposed method provides the simultaneous extractions of the 

AC– and DC–related parameters. The method has been applied to the experimental data for a wide 

range of geometries, and a good agreement is obtained between the experimental data and the 

simulation results. 

Chapter 7 summarizes the conclusions of this thesis, in which the major contributions as well 

as the suggested future researches are given. 
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FIGURE CAPTIONS 
 

Fig. 1–1 (a) The cross–section view of the conventional bulk CMOS, in which a latch–up path is 

shown. (b) The equivalent circuit of the latch–up path. (c) The cross–section view of the 

SOI CMOS. 

Fig. 1–2 Illustrations of the parasitic junction capacitances reside in (a) bulk MOSFET and (b) 

SOI MOSFET. 

Fig. 1–3 Illustrations of the radiation effects on (a) bulk device and (b) SOI device. 

Fig. 1–4 Illustrations of the contact formation on the shallow junctions in the case of (a) bulk and 

(b) SOI MOSFETs. 

Fig. 1–5 The cross–sections and layouts of the (a) bulk CMOS inverter and (b) SOI CMOS 

inverter. 

Fig. 2–1 The schematic diagram of a fully–depleted SOI MOSFET, where the simplified domains 

for analytically solving the 2–D Poisson’s equation are indicated by the bold lines. 

Fig. 2–2 The schematic diagram of a fully–depleted SOI MOSFET, where the arrows in (a) 

represent the average surface normal electric field and the arrows in (b) represent the 

surface normal electric field and lateral field originating from source/drain junctions. 

Fig. 2–3 The calculated threshold voltage as a function of effective channel length with the 

thickness of the Si film as a parameter. 

Fig. 2–4 The calculated threshold voltage as a function of effective channel length with the 

thickness of the front gate oxide as a parameter. 

Fig. 2–5 The calculated threshold voltage as a function of effective channel length with the doping 

concentration of the bulk Si film as a parameter. 

Fig. 2–6 The calculated threshold voltage as a function of effective channel length with the back 

gate bias voltage as a parameter. 



Fig. 2–7 The threshold voltage roll–off versus effective channel length for different back gate 

biases from the present model and the experiment. 

Fig. 2–8 The calculated threshold voltage as a function of effective channel length with the drain 

bias voltage as a parameter. 

Fig. 2–9 The threshold voltage roll–off versus effective channel length for different drain biases 

from the present model and the experiment. 

Fig. 2–10 The calculated threshold voltage as a function of effective channel length with (a) VBS, (b) 

VDS, (c) tfox, and (d) tsi as the parameters. 

Fig. 3–1 The schematic diagram of a fully–depleted SOI MOSFET operated in the saturation 

region, where the domains indicated by the dashed lines (1)–(4) are the Gauss boxes in 

the channel region and drain edge. 

Fig. 3–2 (a) The IDS–VGS characteristics in the above–threshold region from the model and 

measurement at Vds = 50 mV and Vbs = 0, –5 V [46] for SOI MOS devices with different 

effective channel lengths. (b) The IDS–VGS characteristics in the above–threshold region 

from the model and measurement at Vds = 1 V and Vbs = 0, –5 V [46] for SOI MOS 

devices with different effective channel lengths. 

Fig. 3–3 (a) The IDS–VGS characteristics in the subthreshold region from the model and 

measurement at Vds = 50 mV and Vbs = 0 V [46] for SOI MOS devices with different 

effective channel lengths. (b) The IDS–VGS characteristics in the subthreshold region from 

the model and measurement at Vds = 1 V and Vbs = –5 V [46] for SOI MOS devices with 

different effective channel lengths. 

Fig. 3–4 (a) The output IDS–VDS characteristics and (b) the output GDS–VDS characteristics from the 

model and measurements for a SOI MOS device with tfox = 10 nm, tbox = 347 nm, tsi = 94 

nm, NB = 1×1016 cm-3, VBS = 0 V, W = 7.83 µm, L = 0.28 µm and Rs = Rd = 140 Ω, [47] 

where VGFT = VGS – VTH. 

Fig. 3–5 The output IDS–VDS characteristics from the model and measurements for a SOI MOS 



device with tfox = 27 nm, tbox = 449 nm, tsi = 150 nm, NB = 3.2×1016 cm-3, VBS = 0 V, W = 

10 µm, L = 1 µm and Rs = Rd = 40 Ω. [48] 

Fig. 3–6 The output IDS–VDS characteristics from the model and measurements for a SOI MOS 

device with tfox = 7 nm, tbox = 400 nm, tsi = 80 nm, NB = 5×1017 cm-3, VBS = 0 V, W = 9.5 

µm, L = 0.25 µm and Rs = Rd = 100 Ω. [49] 

Fig. 4–1 The cross–sectional view of an n–channel fully–depleted SOI MOSFET. The structure 

has been simplified by the neglect of doping gradients in the y–direction to focus upon 

the average doping values of NA and NB. 

Fig. 4–2 The schematic diagrams of a FD SOI MOSFET with halo regions for several channel L: 

(a) long–channel case for which L > 2L1, (b) L = 2L1, (c) partial overlap of halo regions 

with the channel region for which L1 < L < 2L1, and (d) complete overlap of halo regions 

with the channel region for which L ≤ L1. L1 is the length of the halo region, and NA and 

NB are the doping concentrations in the halo and channel regions, respectively. 

Fig. 4–3 Energy band diagram for VGS = 0 V of an n–MOSFET with n+–polysilicon gate and 

p–type silicon film. The potentials, Ψfs, fsφ , ΨFP and Ψnpoly are defined in the diagram, 

where qVox is the band bending at SiO2 and Eg is the bandgap of silicon. 

Fig. 4–4 Surface potential distributions of the fully–depleted SOI MOSFETs obtained by the 

analytical model and Medici simulation for different drain biases VDS, gate lengths L and 

halo region lengths L1. (a) L = 0.06 µm, L1 = 0.05 µm, (b) L = 0.09 µm, L1 = 0.05 µm, (c) 

L = 0.25 µm, L1 = 0.05 µm, (d) L = 0.06 µm L1 = 0.025 µm, and (e) L = 0.1 µm, L1 = 

0.025 µm. 

Fig. 4–5 The surface potential profiles Ψfs (x) against the lateral position in channel x for halo 

devices with different gate lengths and halo doping profiles. (a) Halo doping 

concentration  and (b) . 318102 −×= cmN A
318105 −×= cmN A

Fig. 4–6 The surface potential profiles Ψfs (x) as a function of normalized position (x/L) along the 



channel length for FD halo–implanted SOI MOSFETs of L = 0.09 µm with the length of 

the halo region L1 as a parameter. 

Fig. 4–7 The plot of the threshold voltage versus the gate length for SOI MOSFETs with different 

silicon film thicknesses tsi. 

Fig. 4–8 The plot of the threshold voltage versus the gate length for SOI MOSFETs with different 

front gate oxide thicknesses tf. 

Fig. 4–9 The graph of the threshold voltage versus the gate length for SOI MOSFETs with the 

halo doping concentration NA as the parameter. 

Fig. 4–10 The surface potential distributions of the SOI MOSFETs with different halo doping 

concentrations NA. (a) L = 0.15 µm and (b) L = 0.05 µm. 

Fig. 4–11 The graph of the threshold voltage versus the gate length for SOI MOSFETs with the 

channel doping concentration NB as the parameter. 

Fig. 4–12 The plot of the threshold voltage versus the gate length for SOI MOSFETs with different 

substrate bias voltages VSUB. 

Fig. 4–13 The plot of the threshold voltage versus the gate length for SOI MOSFETs with different 

drain bias voltages VDS. 

Fig. 4–14 The plot of the subthreshold current ISUB versus the gate–source voltage VGS for FD 

halo–implanted SOI MOSFETs of L = 0.06 µm with different drain–source voltages VDS. 

Fig. 4–15 The plot of the front surface potential Ψfs(x) as a function of normalized position (x/L) 

along the channel length for FD halo–implanted SOI MOSFETs of L = 0.06 µm with 

different halo doping concentrations NA. 

Fig. 4–16 The plot of the subthreshold current ISUB versus the gate–source voltage VGS for FD 

halo–implanted SOI MOSFETs of L = 0.06 µm with different halo doping concentrations 

NA. 

Fig. 4–17 The plot of the off–state current Ioff versus the gate length L for FD halo–implanted SOI 

MOSFETs with different halo doping concentrations NA. 



Fig. 4–18 (a) The plot of the front surface potential Ψfs(x) as a function of normalized position (x/L) 

along the channel length for FD halo–implanted SOI MOSFETs of L = 0.06 µm with 

different channel doping concentrations NB. The figure (b) is the enlargement of a part of 

the figure (a). 

Fig. 4–19 The plot of the subthreshold current ISUB versus the gate–source voltage VGS for FD 

halo–implanted SOI MOSFETs of L = 0.06 µm with different channel doping 

concentrations NB. 

Fig. 5–1 Pictorial view of the distributed elements within a MOS transistor along the gate width. 

Fig. 5–2 Small signal equivalent circuit of an MOSFET for RF modeling. 

Fig. 5–3 Equivalent circuits of shunt–shunt feedback loops are presented. By feedback theorem 

[84], feedback loops A and B can be transformed into equivalent loadings on the input 

and output nodes. 

Fig. 5–4 Small signal equivalent circuit of an MOSFET after feedback loops transformation. 

Fig. 5–5 Real and imaginary parts of ( ) ( )WAWA ⋅⋅tanh  as a function of frequency. 

Fig. 5–6 The extraction results of transconductance gm and channel conductance gds. (a) gm is 

obtained from the y–intercept of Re[Y21] versus w2 at low frequency. (b) gds is obtained 

from the y–intercept of Re[Y22] versus w2 at low frequency. 

Fig. 5–7 (a) The extraction results of w/Im[Ysub] as a function of w2, where gm can be determined 

from the y–intercept. (b) The extraction result of w2/Re[Ysub] as a function of w2, where 

the Cb can be determined from the slope. 

Fig. 5–8 Frequency dependence of the extracted capacitances for an n–MOSFET with 105 µm 

width and 0.18 µm length biased at Vgs = 1 V and Vds = 1.4 V. The extracted capacitances 

remain almost constant with frequency and thus verify that the extraction method is 

reliable and accurate. 

Fig. 5–9 Frequency dependence of the extracted resistances for an n–MOSFET with 105 µm width 



and 0.18 µm length biased at Vgs = 1 V and Vds = 1.4 V. 

Fig. 5–10 Real and imaginary parts of Y–parameters (a) Y11; (b) Y 12; (c) Y 21; and (d) Y 22 as a 

function of frequency for a device with 105 µm width and 0.18 µm length biased at Vgs = 

1 V and Vds = 1.4 V. The simulation results obtained by proposed model have a good 

agreement to the experimental data. 

Fig. 5–11 Gate bias dependence of small–signal parameters for an n–MOSFET with 105 µm width 

and 0.18 µm length biased at Vds = 1.4 V. (a) Capacitances and (b) Resistances. 

Fig. 5–12 Drain bias dependence of small–signal parameters for an n–MOSFET with 105 µm width 

and 0.18 µm length biased at Vgs = 1 V. (a) Capacitances and (b) Resistances. 

Fig. 5–13 The bias dependence of transconductance gm obtained from S–parameters measurement 

by the proposed extraction method and from the conventional DC measurement for an 

n–MOSFET with 105 µm width and 0.18 µm length. (a) Gate bias dependence and (b) 

Drain bias dependence. 

Fig. 6–1 The small–signal equivalent circuit of a MOSFET, where Rg, Rs and Rd are series 

resistances, Lg, Ls and Ld represent the interconnection parasitics, the capacitors Cpg and 

Cpd in series with the resistors Rpg and Rpd model the parasitics of the pads. 

Fig. 6–2 Equivalent circuit of a MOSFET for gate voltage above pinchoff and zero drain voltage, 

where a distributed channel resistance  and a distributed gate capacitance  are 

used to model the intrinsic device. 

'
chR '

gC

Fig. 6–3 Schematic circuit model of a MOS transistor, where g, d and s denote the external nodes, 

and d’ and s’ denote the internal nodes. Vgs’ and Vgd’ represent the internal gate–source 

voltage and gate–drain voltage, respectively, and Vd’s’ denotes the internal drain–source 

voltage. 

Fig. 6–4 The measured data gdsm as a function of gate bias Vgs for n–MOSFETs with different 

drawn gate lengths. 



Fig. 6–5 The plots of F2(Vgs) versus Vgs for n–MOSFETs with different drawn gate lengths. The 

symbols represent the experimental data and the solid lines are the best–fit straight line to 

the experimental data. The intercept on the Vgs axis yields VT, and the slope of the 

straight–line yields (β0/2)1/3. 

Fig. 6–6 The plots of F1(Vgs) versus 1/(Vgs–VT)2 for n–MOSFETs with different drawn gate lengths. 

The symbols represent the experimental data and the solid lines are the best–fit straight 

line to the experimental data. The intercept on the F1(Vgs) axis yields θ2/β0. 

Fig. 6–7 The plots of the extracted results of VT obtained by the proposed method and linear 

extrapolation method [90]. The filled circles represent the VT obtained by the proposed 

method, and the open circles represent the results obtained by linear extrapolation 

method. Error bars show the 97%–confidence interval of VT obtained by the proposed 

method. 

Fig. 6–8 The plots of (a) experimentally determined β0 versus Wdrawn for devices with different 

drawn gate widths, and (b) experimentally determined 1/β0 versus Ldrawn for devices with 

different drawn gate lengths. The open symbols represent the experimental data and the 

solid lines are the best–fit straight line to the experimental data. The intercepts on the 

Wdrawn axis and Ldrawn axis yield ∆W and ∆L, respectively. 

Fig. 6–9 The effective inversion layer mobility µeff for n–MOSFETs with Wdrawn/Ldrawn = 10 

µm/0.5 µm. The open symbols are values extracted from intrinsic gds by equation (6–4), 

the solid lines are values calculated by equation (6–6) with the extracted parameters µ0, 

θ1 and θ2. The inset shows the intrinsic gds obtained by equation (6–5) as a function of 

gate bias. 

Fig. 6–10 The plots of the comparisons of the simulated results obtained by proposed method with 

the experimental data gdsm of n–MOSFETs with different drawn gate lengths. 

Fig. 6–11 The plots of the comparisons of the simulated results obtained by proposed method with 

the experimental data Ids of n–MOSFETs with different drawn gate lengths. 
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Chapter 1 

Introduction 
 

1–1 General Introduction 

Since mid–1960s, the Metal–Oxide–Semiconductor Field Effect Transistor (MOSFET) has 

been treated as the most important electronic device, superseding the Bipolar Junction Transistor 

(BJT) and initiating a revolution in the Integrated Circuit (IC) industry. According to the statistics, 

more than 95% of the available microelectronic products are fabricated by the silicon–based 

technology, among which the bulk–MOS device stands for the most pronounced branch. Nowadays, 

it has invaded our daily lives by the magic power derived from its simple structure and low 

fabrication cost. For these reasons, the MOS technologies, especially the Complementary 

Metal–Oxide–Semiconductor (CMOS), are taken as the major trend for 

Ultra–Large–Scale–Integration (ULSI) circuit and mass–production product. Other than the 

compact density, the figures of merit for IC performance also include high speed and low power 

consumption. In order to increase the packing density and to improve the circuit performance, the 

geometries of the bulk–MOS device have been continually scaled down [1]–[5]. However, as the 

bulk–MOS devices shrink to deep–submicrometer regime, several problems such as gate oxide 

reliability, shallow junction, parasitic capacitance, device isolation and radiation/plasma damage 

occur, and those limit the further scaling of the bulk–MOS devices [6]–[8]. Therefore, many 

manufacture techniques have been found to reduce the effects of these problems such as making 

shallow junction with raised source/drain regions, using deep trench isolation or epitaxial substrate 

to prevent the occurrence of the latchup, reduce the junction capacitance with Silicon–On–Insulator 

(SOI) technique, etc [9]–[11]. Among these techniques, the SOI CMOS technique is the most 

attractive one because it involves less processing steps than the bulk CMOS technique, and 

suppresses some yield hazard factors present in bulk CMOS. 
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Recently, the SOI MOSFETs have drawn much attention for its advantages over bulk 

MOSFETs such as elimination of latch–up problem, excellent device isolation, reduced junction 

capacitances and improved radiation hardness. The advantages of the SOI MOSFETs are discussed 

and described as follows. 

 

a) Elimination of latch–up effect 

In the bulk CMOS technique, the latch–up effect is originated from the parasitic PNP (NPN) 

structure residing in the CMOS circuit. The latch–up path can be represented by two bipolar 

transistors (Q1 and Q2) and parasitic resistances (Rs and Rw), as shown in Fig. 1–1(a) and (b). The 

latch–up can be triggered by several different mechanisms, such as junction avalanche, voltage 

overshoot and displacement current [10]. The necessary condition for the occurrence of latch–up is 

that the current gain of the loop formed by these two bipolar transistors is larger than unity. 

However, in the SOI CMOS circuit, e.g., inverter, due to the existence of the high dielectric 

isolation between the active regions and substrate, the latch–up path is ruled out because no current 

path to the substrate exists, as shown in Fig. 1–1(c). 

 

b) Reduced parasitic capacitances 

In the bulk MOSFETs, the parasitic junction capacitances, i.e., source–to–substrate and 

drain–to–substrate capacitances, which consist of two components: the capacitance between the 

source/drain and the substrate regions in the vertical direction, and the capacitance between the 

source/drain and the channel regions in the lateral direction, as shown in Fig. 1–2(a). These 

capacitances may increase with the substrate doping concentrations as the devices are shrunk to 

smaller geometries. However, in SOI MOSFETs, the junction capacitance in the vertical direction is 

replaced by the capacitance of buried oxide that is typically lower than the junction capacitance in 

bulk MOSFETs, as shown in Fig. 1–2(b). The reduced parasitic capacitance properties of the SOI 

MOSFETs make them very suitable for high–speed applications such as RF IC’s and 
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telecommunication. 

 

c) Excellent radiation hardness 

Figure 1–3 shows the radiation effects on bulk and SOI MOSFET. From the figure, it is seen 

that the radiation effects are different for bulk and SOI MOSFETs. In general, when the MOSFETs 

are exposed in the radiation environment, the silicon volume would absorb the energy of radiation 

and subsequently the electron–hole pairs would be generated [12]. The radiation–induced 

electron–hole pairs may be collected by the source/drain junctions and contribute to the leakage 

current, and consequently soft–error may occurs. For SOI MOS devices, due to that the active 

region is isolated from the substrate, the radiation–induced electron–hole pairs generated in the 

substrate would not influence the device performance. Besides, due to that the volume of the active 

region above the buried oxide for absorbing the radiation energy, and the source/drain junction areas 

for collecting the radiation–induced electron–hole pairs are very small, the probability of occurring 

the soft–error for the SOI circuit is much reduced. 

 

d) Simple IC processing 

Although the process techniques for the fabrication of CMOS circuit in bulk silicon wafer and 

in SOI wafer are very similar, the SOI fabrication process is simpler than bulk one. Firstly, there is 

no need to do the essential well implantation (even twin well), which is a necessary in the bulk 

CMOS process, in the SOI CMOS process. Besides, the guard–ring structure in the bulk CMOS 

circuit to suppress the latch–up problem is also unnecessary in SOI CMOS process. Secondly, due 

to the presence of the buried oxide film underneath the active region, the SOI isolation process is 

more effective in the isolating the active islands from one another. Thirdly, the source/drain shallow 

junctions are essential in the deep–submicrometer regime to ensure the less short–channel effects, 

but it is a difficult task for the bulk CMOS process. In the shallow junction processing, a harmful 

spiking effect may take place between the silicon substrate and metal conductor through the 
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source/drain junctions, as shown in Fig. 1–4. Such a junction punch–through may give rise to the 

uncontrolled leakage current. However, the source/drain junctions can be extended to the buried 

oxide in the SOI CMOS process, and hence the shallow junctions could be obtained. 

 

e) High integration density 

 Generally speaking, the SOI CMOS circuit can offer a higher integration density than bulk 

CMOS circuit. This can be observed from the layouts of the bulk CMOS inverter and SOI COMOS 

inverter shown in Fig. 1–5. It is seen that the area of the SOI CMOS inverter is smaller than that of 

the bulk CMOS inverter. This happens due to the following reasons. The major reason is the 

absence of the well in SOI CMOS, and consequently the number of the well contact is decreased. 

The second reason is that the possibility of having a direct contact between the P+ and N+ junctions, 

such as the drain regions of the p–channel and n–channel devices shown in Fig. 1–5. Moreover, the 

removal of the guard–ring structure could also increase the integration density. 

 Depending on the relation of the thickness of silicon film to the maximum depletion width 

while the SOI MOSFET is turned on, two types of SOI MOS devices can be distinguished. One is 

the Fully–Depleted (FD) SOI MOSFET, where the silicon film is completely depleted, and the other 

one is the Partially–Depleted (PD) SOI MOSFET, where a neutral region exists other than the 

depleted region. Except for the advantages of the SOI CMOS technique mentioned above, there are 

two unique features of SOI MOSFETs needed to be considered and described in the following. 

1) Floating–body effect: The most prominent electrical property of the PD–SOI device is that the 

body is floating, and subsequently the body voltage would vary during switching. The variation 

of the floating body potential may cause the threshold voltage vary, and consequently the I–V 

characteristics of the PD–SOI devices are no longer constant. The voltage of the floating body is 

dependent on the amount of charge contained in the body of the device at any given time. The 

charge content of the body, and the distribution of the charge are determined by the p–n junction 

leakage currents, the impact ionization current, and the capacitive coupling from the external 
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terminals during operation transitions. The variation of the threshold voltage resulting from the 

content of the charge in the body may cause a “kink effect” in the I–V characteristics of the 

devices [13]. However, the kink effect is undesirable for analog circuit because of the lower 

output resistance. Furthermore, due to the parasitic bipolar transistor presented in the SOI 

MOSFETs, the floating body effect may cause the reduction of the drain–source breakdown 

voltage. The classical remedy to the floating body problem is the use of a body contact. On the 

other hand, for the FD–SOI MOSFETs, due to the completely depleted region in the silicon film, 

the charge storage in not observe. Therefore, to understand, characterize and model the 

floating–body effect is essential in SOI CMOS technique. 

2) Self–heating effect: Due to the presence of the buried oxide film beneath the device active 

region, SOI CMOS technique owns several advantages over the bulk CMOS one as mentioned 

in previous subsections. However, the low thermal conductivity of the buried oxide reduces the 

efficiency in removing the generated heat. In bulk technologies, heat generated by the charge 

transfer in the device can be readily removed out of the chip backside through the crystalline 

silicon substrate. The removal of the heat is quick enough that the local device performance 

change due to the self–heating is negligible. On the other hand, in SOI technique, it seems that 

the MOS device is encased in a perfect insulated region of its own, with inter–layer dielectric 

above, shallow trench isolation dielectric to the left and right sides, and buried oxide film 

underneath. As a result, the heat generated by the charge transfer is hard to be removed out 

through these dielectric films, and consequently an elevated device temperature is observed [14]. 

This phenomena is so–called Self–Heating Effect (SHE). The temperature increase induced by 

the SHE may give rise to some parameter variations such as carrier mobility and threshold 

voltage, and the further influence on the device performance. It must be emphasized that these 

effects would take place as the heat is dissipated into the device. In reality, in an operating 

digital CMOS circuit, there is almost zero current flowing through the devices in the standby 

mode. Therefore, the self–heating effects are greatly reduced.  
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From the above discussion, we believe that the SOI technology is a preferable choice for the 

deep–submicrometer generation in the applications of low power, high speed and high reliable 

integrated circuits. 

 

1–2 Organization of the Thesis 

In Chapter 2, the 2–D Poisson’s equation is solved for a SOI MOSFET by using the three–zone 

Green’s function technique with the appropriate boundary conditions. In Section 2–2, the exact 

solution of the 2–D potential distribution in the silicon film is obtained and a 2–D analytical 

threshold–voltage model is derived based on the concept of the average electric field. Comparisons 

between the 2–D numerical analysis, experimental data and the proposed analytical threshold 

voltage model are shown in Section 2–3. Finally, the conclusions are summarized in Section 2–4. 

Based on the threshold–voltage model developed in Chapter 2, a new analytical I–V model is 

derived for fully–depleted SOI MOSFETs in Chapter 3. In Section 3–2, the derived threshold 

voltage is linearized with respect to the drain voltage to obtain the DIBL factor, which is 

subsequently incorporated into the I–V model derivation. The new I–V model accounts for the 

effects of the parasitic series resistances, self–heating effect, channel length modulation, impact 

ionization and parasitic bipolar junction transistor. The comparisons with the measured data and 

2–D numerical simulation results are presented in Section 3–3. Conclusions are given in the final 

Section 3–4. 

In Chapter 4, the 2–D Poisson’s equation is solved for a fully–depleted SOI MOSFET with 

halo or pocket implants by assuming a power series potential distribution in the silicon film with the 

proper boundary conditions. The derivations of the surface potential model are given in Section 4–2. 

The derived surface potential model is further implemented to obtain an analytical threshold voltage 

model in Section 4–3. Moreover, with the derived surface potential model, an analytical 

subthreshold current is developed in Section 4–4. The calculated results of the subthreshold surface 

potential distribution, threshold voltage and subthreshold current are compared with the 2–D 
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numerical analysis in Section 4–5. Conclusions are summarized in Section 4–6. 

In Chapter 5, a high frequency analytical MOSFETs model is proposed to account for the 

distributed effects of the gate region, substrate parasitics and nonreciprocal capacitance. Besides, a 

direct parameter extraction method for the proposed model is also presented. The derivations of the 

small signal MOSFET model is described in Section 5–2. The details of the extraction method are 

shown in Section 5–3. The verifications of the small signal MOSFET model and extraction method 

are presented in Section 5–4. Eventually, the conclusions are given in the section 5–5. 

In Chapter 6, a simple method based on the small–signal conductance extracted by 

S–parameters measurements is proposed to accurately extract the threshold voltage, the parasitic 

series resistance, gain factor, and mobility degradation parameters. In Section 6–2, the parameter 

extraction method is described in detail. Subsequently, the present extraction method is performed 

for the parameters of the test devices with different geometries. The comparisons of the results 

obtained by the proposed method with the experimental data are presented and discussed in Section 

6–3. The conclusions are summarized in Section 6–4. 

In the concluding chapter, the major contribution of the thesis is given is Section 7–1. Future 

researches deserved further efforts are proposed in Section 7–2. 
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Chapter 2 

A Simple 2–D Analytical Threshold Voltage Model for 

Fully–Depleted Short–Channel SOI MOSFETs 
 

2–1 Introduction 

The fully depleted (FD) silicon–on–insulator (SOI) CMOS technology has been becoming 

another major technology for the next generation of VLSI [15–17]. This is because that the FD SOI 

CMOS transistors provide superior electrical characteristics over bulk CMOS devices [18–20] such 

as reduced source/drain junction capacitances [21], increased carrier mobility [22], suppressed short 

channel effect [23], improved subthreshold slope [24], improved latchup immunity [25] and better 

radiation hardness [26]. However, the coupling effect between the front gate and back gate becomes 

complicated, especially for short channel devices. Therefore, it is difficult to develop a simple and 

accurate analytical model for circuit design and device characterization. 

In general, the threshold voltage of a MOS transistor is a very important physical parameter in 

the device design. On the other hand, the accuracy of the threshold voltage model plays a more 

important role in the device optimization and circuit design. The analytical modeling of the 

threshold voltage of the FD SOI MOS transistor has already been proposed by numerous authors 

[27–30]. In a paper by Young [27], the potential distribution in the Si film was approximated by a 

simple parabolic function. This simplified assumption underestimates the coupling effect of the 

source/drain region and may cause a significant error in the prediction of the threshold voltage 

when the channel length continues to scale down. In a paper by Veeraraghavan and Fossum [28], 

the threshold voltage model was developed based on the conventional charge–sharing scheme and it 

predicted a effL1 dependent threshold voltage shift. In the range of submicrometer channel length, 

the assumption of the constant surface potential of the charge–sharing model is invalid. In a paper 
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by Woo et al. [29], the work was done by the decomposition of the 2–D Poisson’s equation into a 

1–D Poisson’s equation and a 2–D Laplace equation. In a paper by Guo and Wu [30], an accurate 

2–D analytical threshold voltage model was developed by means of a three–zone Green’s function 

solution technique. Although a closed form of the threshold voltage is derived, the calculation is too 

complicated to be further implemented in the derivation of the I–V model for a simulator like 

SPICE. Therefore, to consider an efficient computation, the simplified and explicit expression of the 

threshold voltage of the FD SOI MOS transistor is necessary. 

In this chapter, in order to derive the threshold voltage model, the three–zone Green’s function 

technique [30] is used to solve the 2–D Poisson’s equation. Based on the concept of the average 

vertical electric field, a simple and closed expression of the threshold voltage is obtained and 

described in Section 2–2. Comparisons between the 2–D numerical analysis (Medici program), 

experiments and the proposed analytical threshold voltage model are shown in Section 2–3. Finally, 

the conclusions are summarized in Section 2–4. 

 

2–2 Derivation of the Analytical Threshold Voltage Model 

2–2.1 Basic Analysis 

 

The conventional structure of a FD SOI MOS transistor for 2–D numerical simulation is 

presented in Figure 2–1. A simplified domain has been used for solving the 2–D Poisson’s equation 

and indicated by the bolded lines in Figure 2–1. The domain for solving 2–D Poisson’s equation is 

further divided into three sub–domains (Zones I, II and III) to avoid the complexity of calculating 

the equivalent charge density between the regions with different dielectrics. Zone I is the front gate 

oxide, zone II represents the Si film and zone III is the buried oxide. The boundary conditions used 

for each zone are enumerated in Table 1. It should be noted that the boundary potential in the y 

direction in the zones I and III are assumed to vary linearly [29]. 

Based on the assumption that the front gate oxide and buried oxide well grown and there is no 
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charge reside. The 2–D Poisson’s equations in the zones I and III can be reduced to two 2–D 

Laplace equations. Substituting the Green’s function solutions, listed in Table 2, into the Green’s 

theorem [31], which is given as 
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where the definitions of the Fourier coefficients 

 and are given in the Nomenclature. In order to obtain the 2–D analytical solution of 

s
nA , d

nA , SB0 , DB0 , S
nB , D

nB , S
nC , D

nC , m
sfD , 

m
sbD , 0

BQ n
BQ  

the potential distribution at the zone II,  and have to be solved first.  and  can m
sfD m

sbD  m
sfD m

sbD
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be obtained by equating equations (2–2) a  (2–3) a  = 0 and equations (2–3) a (2–4) a  = tnd t y nd t y

A New Approach for the Development of the Threshold Voltage Model 

D SOI MOS transistor under consideration is normally–off type (enhancement mode), 

                                                                      (2–6) 

tion in the Si film has been verified by 

si, 

respectively. The related expressions are given in Table 3 for details. It should be noted that the 

above equations are exact in the sense that any arbitrary doping profile in the Si film can be treated. 

In the following analysis, the uniformly doped Si film is assumed for simplicity. Therefore, the 2–D 

potential distribution at the zone II can be further repressed as follows [30]:  
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2–2.2 

 

Since the F

the front surface potential distribution of the Si film is usually used to monitor the turn–on status of 

FD–SOI MOSFETs. From equation (2–5), the potential distribution along the front surface of the Si 

film can be derived as:  

 

The accuracy of the derived front surface potential distribu

the 2–D numerical analysis as shown in [30]. In the paper by Guo [30], to develop an analytical 

threshold voltage model, the minimum potential along the front surface of the Si film has to be 

calculated first. By differentiating the equation (2–6), the position of the minimum potential along 

the front surface of the Si film can be calculated.  
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distribution along the front surface of the Si film. By introducing the value of minx  into equation 

(2–6), the minimum surface potential II
sf min,φ  can be obtained. However, the position of the 

minimum surface potential minx  can be only solved iteratively and no explicit form of minx  can be 

obtained. Therefore, the calcu inimum front surface potential is too comp  to be 

further implemented in the derivations of the analytical I–V model for a circuit simulator like 

SPICE. 

The new ap

lation of the m

proach for the develop ent of the threshold voltage model is described in the 

following. Firstly

2–11) 

ne  a

licated

m

, by differentiating equation (2–3) with respect to y, the normal electric field along 

the front Si film surface can be obtained and expressed as: 
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Then, by integrating equation (2–8) with respect to x from x = 0 to x = L, the total charge density 

controlled by the front gate can be obtained and expressed as: 
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By applying Gauss’s law at the front SiO2–Si interface, we obtain 

 

                                                                          (2–10) 
( ) ( )( )

.
II
sf

f
FBgsfox

sf

xVVC
xE

φ−−
=

siε

From equation (2–10), the threshold voltage can be obtained as: 
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where the threshold voltage is defi d as the v lue of gate voltage gsV  for which  

fpinvf
II
sf φφφ 2,min, == . However, the derivation of the equation (2–11) is still c plicated and 

fficient due to the calculation of minx . Therefore, in this work, the average 

om

computationally ine
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normal electric field along the front surface of the Si film sfE  is used to substitute the ( )minxEsf . 

From equation (2–9), sfE  can be obtained and expressed as: 

                                                                        

                                                  (2–13) 

or a  

aver

OI 

MOS

te can

                  (2–14) 

bi  

 (2–12) ( )[ ].11∑
Then, the threshold voltage can be redefined as: 

 

                       

Due to the effect of the lateral electric field igin ting from the source/drain junctions, the

age normal electric filed along the front surface of the Si film is expected to be smaller than the 

normal electric filed at the position of minimum potential. Therefore, in order to compensate the 

error results from the charge–sharing effect, a modification to the equation (2–13) is necessary.  

Figure 2–2 shows the normal electric field along the front SiO2–Si interface of the FD S

FETs, where the case of the average surface normal electric field is shown in (a) and the case 

of the surface normal electric field accounting for the charge–sharing effect is shown in (b). In 

Figure 2–2(a), the total depletion charges 1,deplQ  in the Si film that terminate the average surface 

normal electric field originating from the ga  be expressed as: 

                                                       

The charge–sharing effect is due to the loss of the control a lity of the gate to the depletion charge 

under it. In other words, the depletion charge controlled by the gate is no longer equal to bulkdeplQ ,  

( yqNQ = , for bulk MOSFETs, where y  is the maximum depletion width of the 

depletion region under the gate), but to a fraction of it. The reduction of the depletion charge is due 

to the presences of the source/drain junctions and the surface normal electric field is disturbed by 

the lateral electric field originating from the source/drain junctions, as shown in Figure 2–2(b). 

According to the charge–sharing scheme shown in Figure 2–2(b), the effective depletion charge 
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max, dBbulkdepl maxd

1

∞

=m msi Lkε
−−= m

m
sf

sf

D
E

.,
fox

sfsi
invf

f
FBTH C

E
VV

ε
φ ++=

.1, sisfsidepl tLWEQ ⋅⋅⋅= ε

                                               13  



 

                                  14  

 

                                 (2–15) 

here  and  drain–substrate junctions at the 
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sW dW  w are the depletion widths of the source– and

surface

By e fgQ sfE  can be 

obta

                                                  (2–16) 

herefore, in order to com ge–sharing effect, we add the 

ined as 

                        

where 

 

 

T pensate the errors caused by the char

modified factor β  into equation (2–13) and obtain the final expression of the analytical threshold 

voltage model: 

 

                                                  (2–17) 
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                                                                          (2–18) 

where the coefficients mG , m
bF , m

dF  and m
gF  are listed in Table 4 for details and γ  is an 

empirical constant assum  t cc t for t  errors resulting from the drain–induced barrier 

lowering effect. 

 

ed o a oun he

–3 Verifications and Discussion 

In order to verify the accuracy of the derived equations, the analytical model of the , given 

in t

                                                               (2–19) 

2

 

THV

he equation (2–18), has been compared with the results obtained by the 2–D numerical device 

simulator Medici [32] and experimental data [33]. The threshold voltages of the results obtained by 

the 2–D numerical simulator are defined by the relationship between the drain current and external 

gate–source voltage as follows. In general, the drain current in the non–saturation region can be 

expressed as 

           

For the long channel length devices operating at low DS , 50=DSV mV), using the V  (e.g.

extrapolation method on the DSI – GSV  curve at GSV  equal to the voltage at which the maximum 

GSDS dVdI  occurs, the thresh ge can be obtained by the intercept on the GSV –axis. old volta

                                                                          (2–20) 
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µ
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int, DSerceptGSTH VVV −=

Additionally, when THGS VV = , the normali ed drain curr t is defined as a reference current. z en

       –21) 

s

n curre ice. When axim

                                                                   (2

2

longLDS
eff

normalizedDSreference I
L

II ,, ==

where referenceI  is the reference current, DSI  i  the normalized drain current and longLDSI ,  is 
effW

normalized,

the drai nt of the long channel dev  the channel length is very short, the m um 

transconductance extrapolation method would fail due to the significant short channel effect. Thus, 

the threshold voltage of the short channel device is extracted by equating the normalized drain 

current to the reference current, which is determined by the long channel device. For high VDS 
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operation, VTH is extracted from the parallel shift of ( )DSIln  versus VGS in the subthreshold region, 

as mentioned in [33]. 

The comparisons of the threshold voltage versu fective channel length of the fully depleted 

SOI 

s ef

MOSFET’s with nm11  front gate oxide, nm330  buried oxide and 317101 −× cm  bulk 

doping concentration fo ent Si film thicknesses are shown in Figure 2–3 w V05.0r differ hen VDS =  

and VVBS 0= . In this figure, it is expected to see that the roll–off of the threshold voltage is severer 

in the  Si film due to the short channel effect. In other words, the THV  roll–off starts 

to occur at larger gate lengths in the MOS transistors with thicker Si film thickne lly, 

it is clearly seen that the calculated results using the present model agree very well with the 2–D 

numerical analysis. 

Figure 2–4 shows the comp

 case of thicker

sses. Additiona

arisons of the threshold voltage versus effective channel length for 

the devices of 

eter. From this figure, it is seen that the devices 

with thinner front gate oxides can significantly retard the roll–off of the as the channel length 

can be seen, the present model 

corre

nm70  Si film, nm330  buried oxide and  bulk doping 

getting shorter. This is because that with thinner front gate oxide, the ability of control of the gate to 

the depletion region under it becomes better. It is also seen that a good agreement is obtained 

between the simulated results and 2–D numerical analysis.  

Figures 2–5 and 2–6 compare the roll–off of the threshold voltages for different back gate 

voltages with 2–D numerical analysis and experimental data. As 

317101 −× cm

concentration with front gate oxide as the param

THV  

ctly predicts the V  roll–off for different back gate biases. Figure 2–7 shows the effect of the 

drain voltage on the roll–off of the threshold voltage of the devices with nm6.1  front gate oxide, 

nm400  buried oxide, nm21  Si film and 318105.1 −× cm  bulk doping concentration. It is 

expected to see that at larger drain bias, the encroachment field from es more 

t, especially at s annel length. F re, the accurate predictions of the 

severe threshold voltage roll–off by the proposed model are obtained, even for the devices with 

m

TH

 the drain becom

significan mall ch rom this figu

µ07.0  channel length. Figure 2–8 shows the comparisons of the threshold voltages obtained by 
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the present model with the experimental data for the devices biased at different drain voltages. In 

e, it is seen that a good agreement is obtained between the simulated results and the 

experimental data. Eventually, the present model is compared with the numerical data used in [30] 

(Figs. 5–7) and the compared results are shown in Figure 2–9. From the figure, it is seen that a good 

agreement is obtained and evaluates the validity of the modified model. 

 

2–4 Conclusions 

this figur

r, we propose an analytical threshold voltage model for deep–submicrometer FD 

OI MOSFET’s using three–zone Green’s function technique to solve the 2–D Poisson’s equation 

and 

 

In this chapte

S

adopting a new concept of the average electric field to avoid the iterations in solving the 

position of the minimum surface potential. Firstly, we obtain the 2–D potential distribution in the Si 

film region by using Green’s function technique to solve the 2–D Poisson’s equation. By applying 

Gauss’s law at the Si–SiO2 interface, the initial expression of the threshold voltage is obtained. Then, 

we introduce a modified factor to compensate the errors resulting from the charge–sharing effect in 

the derivations of the final threshold voltage model. The proposed model is validated against the 

data obtained from 2–D numerical analysis and experimental data and excellent agreements are 

obtained. From the above discussion, it can be seen that the present model predicts the threshold 

voltage well and has no iteration problem in the calculation that exists in the previous work [30]. 
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Chapter 3 

A New Analytical I–V Model for Fully–Depleted 

Short–Channel SOI MOSFETs 

 

3–1 Introduction 

Fully–depleted silicon–on–insulator (FD SOI) MOSFET’s are considered as the possible 

ulk MOSFET’s in the applications of low power and high speed circuit designs, 

as th

IBL) 

shou

tion channel by Woo et al. [29] calculated the channel current by 

assu

successors for the b

ey offer various attractive characteristics such as suppressed short channel effects, reduced 

junction capacitance, excellent latchup immunity and improved subthreshold swing [15, 17, 19 and 

20]]. As a consequence, the SOI circuit design and device simulation are getting increasingly 

important in the deep submicrometer range of the VLSI technology. Therefore, for the reliable 

analysis and design of the SOI circuits, accurate and physically based I–V models are needed. 

As the channel length of the SOI MOS transistor scales down, the effect of the threshold 

voltage roll–off due to the charge sharing and drain–induced barrier–lowering effects (D

ld be taken into account. Besides, due to the low thermal conductivity of the buried oxide, 

which inhibits the efficient cooling of the active devices, a significant self–heating effect (SHE) of 

the silicon film [34] arose and should be also considered. The increasing lattice temperature may 

cause a reduced drain current and even a negative differential conductance at high power inputs [35]. 

Additionally, as the devices biased at high current level, the parasitic source/drain resistances and 

impact ionization effect are noticeable and should be accounted for, especially in the saturation 

region and small gate voltage.  

Several analytical I–V models for thin–film SOI MOSFETs had been developed in [29, 36–38]. 

The 2–D analysis of the conduc

ming a linearly varied channel surface potential. This assumption would cause a significant 

error in the prediction of the threshold voltage, especially when the drain bias is large. In a paper by 
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Hsiao et al. [36], the source/drain series resistances and the effect of the drain induced conductivity 

enhancement were considered. However, this model may have error in the prediction of the high 

current level due to the exclusion of the effects of the impact ionization effect and self–heating. In 

the paper by Hu et al. [37], the above effects mentioned were included in the I–V model derivation, 

but an additional smooth function was needed to make a smooth transition for VDS between linear 

and saturation regions. In a paper by Iniguez et al. [38], they improved the continuity through the 

transition regions based on the charge sheet model, but lacked the effects of self–heating and 

parasitic series resistances. 

In this chapter, the model derivations are described in Section 3–2. The simplified analytical 

threshold voltage model developed in the previous chapter is utilized and it is linearized to obtain 

the D

–2.1 Analytical Threshold Voltage Model 

rier–lowering effect has great influences on the I–V 

haracteristics of MOSFETs in both the below– and above–threshold operation regions when the 

chan

IBL factor in Section 3–2.1 that is incorporated in the derivations of the analytical I–V model. 

Then, a complete analytical drain current model for the deep submicrometer SOI MOSFETs is 

presented in Section 3–2.2 to account for the effects of the parasitic series resistances, 

drain–induced barrier–lowering, channel length modulation, impact ionization and parasitic bipolar 

junction transistor. The temperature rise model and temperature dependent parameters are described 

in Section 3–2.3. The comparisons with the measured data and 2–D numerical simulations for 

devices with a wide range of parameters in all regions of device operation are presented in Section 

3–3. Conclusions are given in the final section. 

 

3–2 Model Derivations 

3

 

It is known that the drain–induced bar

c

nel lengths of MOS devices become very short. It is beneficial for the designers to predict the 

device I–V characteristic accurately and efficiently if these short channel effects are well described 
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and modelled as a simple analytical expression. To simply the derivation of an analytical I–V model, 

a DIBL factor is introduced to account for the drain bias effect by a linearization of the threshold 

voltage with respect to the drain bias at very small drain voltage. The DIBL factor can also be 

incorporated into the electron mobility model. 

Based on the simplified 2–D threshold voltage model developed in Chapter 2, an analytical I–V 

model is derived for fully–depleted SOI MOSFETs. The threshold voltage model can be rewritten 

as: 

                (3–1) 

Differentia ltage, the DIBL factor K 

 

      (3–2) 

hen the threshold voltage of a fully depleted thin film SOI MOSFET can be rewritten as: 

 (3–3) 
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where VTH0 is the threshold voltage of the SOI MOSFET at zero drain bias and is expressed as: 
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                                                                          (3–4) 

–2.2 Analytical I–V model 

–2.2.1 I–V Characteristics in Linear Region (Vgs > VTH, VDS < VDSAT) 

 is contributed by the drift 

otion of the inversion carriers. When the drain voltage is smaller than the drain saturation voltage, 

the M

                                                                          (3–5) 

 

, 

nd µeff is the effective mobility and expressed as [40]: 

                                

(3–6) 

 the 

transverse (longitudinal) electric field degradation factor in the mobility model. Conside e 
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It is known that the conduction current in the above–threshold region

m

OS transistor is operated in the linear region and the drive current can be expressed as [39]: 
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where VTH is the threshold voltage derived in the previous section and is a function of the drain bias
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where µn is the maximum low filed mobility in the inversion layer, and the constant α (β, η) is

ring th

parasitic source and drain resistances RS and RD, the intrinsic gate– and drain–to–source voltages Vgs 

and Vds can be written in terms of the terminal voltages: 
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where VGS and VDS are the terminal voltages. Substituting equations (3–6) and (3–7) into equation 

(3–5), we may obtain the following equation: 

olving eq

        (3–9) 

 

xplicitly and can be obtained without any iteration. 

Vgs > VTH, VDS > VDSAT) 

) Saturation Voltage VDSAT and Saturation Current IDSAT 

c field in the channel region near the 

rain junction may reach the critical field Ec (

                                                                          (3–8) 
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S uation (3–8), the drain current in the linear region can be expressed as: 

 

                                                                  

 

It is noted that the drain current in the linear region is expressed in terms of the terminal voltages
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3–2.2.2 I–V Characteristics in Saturation Region (
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As the drain voltage is increased, the longitudinal electri

d β1=cE ) and the drift velocity of the carriers 

becomes saturated. Therefore, the saturation current at the saturation voltage can be expressed as: 
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                                                                       (3–10) 

whe

expressed as: 

           (3–12) 

here 

y solving equation (3–12), the intr  can be obtained as: 

      (3–13) 

 

e extrinsic saturation voltage VDSAT IDSAT into equation (3–7). 

ond the saturation voltage, the pinch–off point of the 

version layer will move toward to the source junction and result in the shortening of the effective 

cond

( )[ ] cdsatTHgsfoxeffDSAT EVKVVCWI ⋅−−−= 10µ

 

re Vdsat is the intrinsic saturation voltage. From equation (3–5), the drain current can be also 
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Equating equations (3–10) and (3–11), we can obtain the following equation: 
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Substituting equation (3–13) into equation (3–11), the saturation current IDSAT can be obtained. Then,

th  can be also determined by putting 

 

(b) Channel Length Modulation Effect 

 

As the drain bias is increased bey

in

ucting path of inversion carriers in the channel region. This channel length modulation effect 
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especially for short channel devices. The drain current in the saturation region can be expressed as: 
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    3–14) 

here ∆L3 is the channel length modulation factor in the channel region, which can be calculated by 
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w

using a pseudo–two–dimensional approximation method [39] and given as below. As shown in 

Figure 3–1, it is assumed that the channel current is uniformly distributed within the depths of d and 

tsi for the channel and drain edges, respectively. By applying the Gauss’s law to the rectangular 

boxes indicated in the dashed lines (1)–(4) for both the channel and drain edges, and differentiating 

the integrals with respect to x, we obtain the following equations for the channel and drain regions: 
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where V(x) (V’(x)) is the surface potential along the front (back) channel in the pinch–off region, 

f
FBgsgs VVV

the drain region, and Q  is the mobility charge density, which can be approximated by 

cnDSAT EWI µ/2 . Then, by assuming 
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here 

                                              
( ) ( ) 42

22
2

22
2

0,

0,

LxVGxV
dx

xVd

xLVGxVxVd

ds

dsat

∆<<+−=−

<<∆−+−=−

θθ

θθ

2

312dx

( )sisifox tC εθ =2 , d is the thickness of the channel inversion layer and can be obtained by w

( )BsiB QqTkd ε= , the bulk depletion charge density can be expressed by , and  

 

 

y applyi

e can obtain the soluti

                     (3–18) 

sing several mathematical manipulations, the following relation can be obtained: 

BQ  siBB tqNQ =

( ) ( )
 

 

B ng the following boundary conditions: 

( ) .

,
2

'
.

'
2

.
'

1

dsdsbibs
fox

box

fox

m

fox

siD
invfgs

dsatdsbibs
foxfoxfoxfox

invfgs

VVVV
C
C

C
Q

C
tqNVG

V
CC

d
CC

VG

−−−+−−−=

−
⎥
⎥
⎦

⎤

⎢⎣

−
=

φ

( )

1 'boxsiBmsiB VVVCtqNQtqN
⎢
⎡

−−−+−−−φ

 

 ( ) ( )

( ) ,,

,

,,

4

43

3

4

3

c
Lx

ds

LxLx

c
Lx

dsat

E
dx
dVVLV

dx
dV

dx
dV

E
dx
dVVLV

=⎟
⎠
⎞

⎜
⎝
⎛=∆

⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

=⎟
⎠
⎞

⎜
⎝
⎛=∆−

∆=

∆=∆−=

∆−=

,00 VV = +−

 

 

w ons of equation (3–17) and expressed as: 
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here 

                                          

dsatdsb VGVGQ −−+= 12w . From equation (3–19), the channel length modulation factor can 

                                                      (3–20) 

a lyt

nset of the saturation condition. 
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(3–7) into equation (3–14), the drain current in the 

aturation region can be expressed as: 
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3–2.2.3 I–V Characteristics in Subthreshold Region (Vgs < VTH) 

 

urce region is smaller than the 

doping concentration in the Si film, the subthreshold current of the SOI MOS transistor is mainly 

cont

    (3–22) 

where  

n is the carrier diff

Since the injection minority carrier concentration from the so

ributed by the diffusion of the minority carriers injected from the source edge. Due to the fact 

that the diffusion length of the minority carriers in the surface channel is much longer than the 

channel length, the I–V characteristics in the subthreshold region can be expressed as: 
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D usivity and sfφ  is the surface band–bending with respect to the source potential. 

The surface potential sfφ  can be analytically expressed in terms of external biases as shown in ref. 

[30]. However, the solution is not explicit to Vgs. For the purpose of efficient circuit analysis, it 

ntwould be preferable that the curre  equation can be expressed in terms of external voltage as well 

as the surface potential sfφ  expressed in terms of Vgs. Therefore, the Taylor’s series expansion 

method is utilized around the central bias of the weak inversion to meet this purpose. If the surface 

band–bending is equal to 8.0 invf ,φ , denoted as 0sfφ , the first order expression of V can be 

obtained as 

                                                                          (3–23) 
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From equations (3–22) and (3–23), we obtain: 

                                    (3–24) 

ias is increased near or beyond the threshold voltage, since the minority carrier density has 

                                  (3–25) 

oncentration for Vgs > Vgs0. Substituting equation (3–26) into equation (3–25), the channel 
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It is obvious that the above formula of the subthreshold current would be inaccurate when the gate 

b

exceeded the channel doping concentration. Therefore, the following approximation is taken for the 

channel inversion carrier concentration nch [41]: 
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                                                                          (3–26) 
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where ngs0 is the inversion carrier concentration at Vgs = Vgs0, and nx is the inversion carrier 

c

inversion carrier concentration can be expressed as: 

 

 

 

w 1<<xn0= gsnδ . 

Then, the diffusion current in the subthreshold region can be obtained as: 
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Since the channel conduction current is contributed by the diffusion current Isubth and the drift 

                        (3–29) 

e intrinsic gate– and drain–to–source voltages Vgs and Vds, respectively, are almost equal to the 

pact–Ionization Effect and Parasitic Bipolar Junction Transistor (BJT) 

 field in the 

inch–off region near the drain junction is increased significantly with the drain voltage. The 

chan

current IDS, the total current is therefore simply expressed as: 

 

                                                  ., subthDSTDS III +=

 

It is noted that the channel resistance is much larger than the parasitic source/drain resistances. So, 

th

external voltages VGS and VDS. Therefore, equation (3–28) can be expressed in terms of terminal 

voltages. 

 

3–2.2.4 Im

 

As the MOS devices operated in the saturation region, the longitudinal electric

p

nel conducting carriers drifting into the pinch–off region collide with the lattice, resulting in 

the generations of the electron and hole pairs. The generated electrons and holes move in the 

opposite directions as a result of the electric field. The electrons move toward the drain region and 

the holes move toward the source junction. Thus, it results in the extra electron and hole currents, 

the impact ionization current. Additionally, for a SOI MOS transistor with the very short channel, 

the current conduction within the parasitic BJT with its emitter at the source and its collector at the 

drain above the buried oxide cannot be overlooked. This is because that a portion of the hole current 

due to the impact ionization effect is directed vertically toward the buried oxide owing to the 

transverse electric field. As a result, in the area above the buried oxide in the Si film, an 

accumulation of the holes exists, which may lead to an activation of the parasitic bipolar junction 

transistor above the buried oxide.  

Thus, in the drain current model, the effects of the impact ionization and parasitic BJT should 
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be included [42] 

    

 is the collector–base leakage cu  with the emitter–base open in the FD 

OI MOS device,  and are used to account for the mechanism of the impact ionization 

   (3–31) 

e

fference between the 

perating temperature and ambient temperature can be described by the following equation [34]: 

) 

 

 te p r ur  a

 the device power dissipation and expressed as P = IDVDS, and Rth is the thermal resistance. Here, 
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hole current and the collector current in the parasitic BJT, M is the impact ionization factor, αi and βi 

are the ionization parameters, and Emax is the maximum longitudinal electric field and can be 

determined from equation (3–18). By setting x equal to zero, the maximum longitudinal electric 

field Emax that is the derivative of equation (3–18) with respect to x, can be expressed as 

 

                                                                       ( ).11max FEE −⋅=θ

 

3–2.3 Temperature Rise Model and Temperatur ep ndent Parameters e D

 

The relationship of the power dissipation in the channel and the di

o

 

                                                                          (3–32,0 DSDththl VIRPRTT ⋅⋅=⋅=−

where Tl and T0 are the new operati g m e at e nd ambient (room) temperature, respectively, P n

is

the thermal resistance Rth is given by 
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                                                                          (3–33) 
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where W is the channel width of the device, tbox and tsi are the thicknesses of the buried oxide and Si 

film, respectively, and kox and ksi are the thermal conductivities of the oxide and silicon, respectively. 

            (3–34) 

       

rom equations (3–32) and (3–34), the 

            (3–35) 

o determine the influen devices, the temperature 

ded to be con

irical linear relationship [43]: 
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shold voltages pe t

 the empirical temperature constant of the threshold voltage.                                        

Similar to the ref [37], by using the Taylor’s series expansion, we can obtain 
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where 0
DI  is the drain current without including the lattice temperature, and  
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T ce of the SHE on the characteristics of SOI MOS 

dependencies of the physical parameters are nee sidered. These important parameters 

included in the present analysis are the threshold voltage VTH, the mobility µn, and the impact 

ionization parameter βi. The dependence on the temperature of these parameters is well known in 

the refs. [43–45]. 

The variation of the threshold voltage with temperature can be described reasonably well by 

the following emp

 

                                       ( ) ( ) ( ),020 TTKT lVTV THlTH = −−

where VTH (Tl) and VTH (T0) are the hre  at tem ra ures Tl and T0, respectively, and K2  t

is
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The temperature dependence of the maximum low field mobility µn can be modelled by [44]: 

 

                                                                          (3–37) 

 

 a  te

e empirical temperature constant of the low filed mobility. 

dependent of temperature and use the 

follo

nd K4 is the empirical temperature constant of the impact ionization parameter. It is noted that K2, 

rain current model is verified with the 2–D numerical device 

simulator Medici [32] and experimental data for the SOI devices with different front gate oxide 

icknesses, silicon film thicknesses, buried oxide thicknesses and geometries. Figure 3–2 shows 

the c
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where µn (Tl) and µn (T0) are the low filed ility t mperatures Tl and T0, respectively, and K3 is  mob

th

Since several authors have shown that the temperature dependence of the impact ionization 

factor M is dominated by that of βi, we consider αi to be in

wing expression for βi [45]: 

                                                                          (3–38) 

 

( ) ( ) ( ),040 TTKTT lili −+= ββ

where βi (Tl) and βi (T0) are the impact ionization parameters at temperatures Tl and T0, respectively, 

a

K3 and K4 are the temperature relevant constants and can be extracted from the experiments. In the 

simulation, the drain current without the rise of the lattice temperature is calculated first, and then 

the lattice temperature Tl is obtained by using equation (3–35). Finally, the determined Tl is 

substituted to equations (3–36)–(3–38) to obtain the temperature–dependent parameters, and then 

the drain current can be calculated. 

 

3–3 Verifications and Discussion 

 

In this section, the present d

th

omparisons of the calculated drain currents with the experimental data as a function of gate 

voltage for SOI MOS devices with different channel lengths, back gate biases and drain biases. It is 

clearly seen that a close agreement is obtained between the results obtained by the present I–V 
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model and experimental data in the above–threshold regions of devices operation. Figure 3–3 

emphasizes the subthreshold regime of operation for the devices with different channel lengths, 

back gate biases and drain biases. It shows a good agreement between the measured data and 

simulation results. Figure 3–4 shows the comparisons of the experimental dc output characteristics 

obtained from several fully depleted SOI MOSFET devices with the results obtained by the present 

model. It is seen that with the SHE in the model, an excellent agreement is found for all devices. On 

the other hand, the results predicted by the model excluding SHE show the significant deviations 

from the experimental data at large drain current and bias level. The large deviations of the drain 

current may result in significant error in the prediction of the drain conductance that plays an 

important role in the circuit design, especially in the analog circuit design. Therefore, the negative 

differential resistance in saturation region resulting from the SHE should be carefully considered. 

The fitting parameters of a SOI MOS transistor with L = 0.28 µm are given in Table 5. Likewise, in 

Figs. 3–5 and 3–6, we demonstrate a satisfying correspondence between the experimental data and 

modelled results in cases where SHE significantly influences the output characteristics of the SOI 

MOS devices. 

 

3–4 Conclusions 

roposed an analytical and physical–based threshold voltage model for 

eep–submicrometer fully depleted SOI MOSFET’s using three–zone Green’s function technique to 

solve

 

We have p

d

 the 2–D Poisson’s equation and adopting a new concept of the average electric field to avoid 

the iterations in solving the position of the minimum surface potential and to obtain a closed 

expression of the threshold voltage. The derived threshold voltage model is further linearized to 

obtain the drain–induced barrier–lowering factor with respect to the drain bias and incorporated into 

the derivation of the analytical I–V model. A complete analytical drain current model for the deep 

submicrometer SOI MOSFETs is presented to account for the effects of the parasitic series 

resistances, drain–induced barrier–lowering, channel length modulation, self–heating, impact 

ionization and parasitic bipolar junction transistor. Good agreements among the measured data, 2–D 

numerical analysis and the calculated results have demonstrated that the present threshold voltage 

model is accurate and reliable. Additionally, the calculated I–V characteristics in the below– and 

above–threshold regions are compared with the experimental data and excellent agreements are 

obtained. These verify the applicability of the developed threshold voltage model and I–V model in 

the device design and computer–aided circuit simulation for SOI MOSFETs in VLSI integrated 

circuits. 
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Chapter 4 

New 2–D Models for Th eshold 

 

4–1 Introduction 

Thin film, fully depleted silicon–on–insulator (FD SOI) CMOS has been becoming another 

major technology for the next generation of VLSI [50–52]. This is because that the FD–SOI CMOS 

transistors provide superior electrical characteristics over the bulk MOS devices such as reduced 

source/drain junction capacitances, increased carrier mobility, suppressed short channel effect, 

improved subthreshold slope and improved latchup immunity [53]. To keep with the progress in the 

process technology, the SOI MOS devices have been continuously scaled down, pushing the CMOS 

technology into the deep–submicrometer regime. However, as the gate lengths of MOSFETs keep 

shrinking, we observe the short–channel effects such as the serious threshold voltage roll–off due to 

the increased charge–sharing between the source/drain regions and channel, the increased off–state 

leakage current due to the higher sensitivity of the source/channel barrier to the drain bias or 

drain–induced barrier lowering (DIBL), and lower bulk punchthrough voltage. Therefore, the study 

of the short–channel effects has become a significant role for the down–scaling of the CMOS 

technology. Recently, lateral channel engineering utilizing halo or pocket implants [54–57] 

surrounding the drain and source regions in short–channel MOSFETs are proposed to suppress such 

short–channel effects. 

In order to correctly predict the short–channel effects, solving the two–dimensional (2–D) 

Poisson’s equation for the surface potential in the channel depletion region of SOI MOSFETs is a 

very important step. The analytical modeling of the threshold voltage of FD–SOI MOSFETs has 

reshold Voltage and Subthr

Current of Fully–Depleted Short–Channel SOI MOSFETs 

With Halo or Pocket Implants 
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already been performed by numerous authors [27–30, 58 and 59]. Veeraraghavan and Fossum [28] 

used a conventional charge–sharing scheme to develop the threshold–voltage model for the I–V 

characteristics. Young [27] and Pidin [58] utilized a parabolic–like potential distribution for the 2–D 

Poisson’s equation and developed an analytical model for the drain–induced barrier lowering. In a 

work by Woo [29], the 2–D Poisson’s equation was separated into a 1–D Poisson’s equation and a 

2–D Laplace equation. In a paper by Guo [30], a full 2–D analytical solution of the 2–D Poisson’s 

equation by means of the Green’s function technique was reported. However, these analytical 

models are not able to take into account the effect of halo or pocket implants for SOI MOSFETs. In 

the paper by Meer [59], an analytical threshold voltage model of SOI MOSFETs accounting for the 

halo implants was developed based on the three–zones Green’s function solution technique. 

Although a closed form of the threshold voltage is derived, it involves the infinite Fourier series 

terms and the calculation is too complicated to be further implemented in the derivation of the I–V 

model for a simulator like SPICE. 

In this Chapter, we present an analytical model for characterizing the DIBL, the threshold 

voltage and subthreshold current of the short–channel FD–SOI MOSFETs with halo or pocket 

implants in the thin silicon film. The potential distribution function is approximated by a cubic 

function and consequently the front/bottom potential functions at the active/oxide layer interfaces 

have been obtained by solving the 2–D Poisson’s equation with the appropriate boundary conditions 

and described in Section 4–2. The subthreshold surface potential model is suitable for FD–SOI 

MOSFETs with halo implants or uniformly doped profile in the silicon film. The front surface 

potential is used to monitor the DIBL in the short–channel SOI MOSFETs. Analytical expressions 

for the threshold voltage and subthreshold current of the MOS device including the short channel 

effects have been derived considering a wide range of device parameters and presented in Sections 

4–3 and 4–4, respectively. The calculated results of the subthreshold surface potential distribution, 

threshold voltage and subthreshold current for both deep–submicrometer and long–channel halo 

MOSFETs have been compared with the simulation ones obtained by using the Medici device 
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simulation software [32] and shown in Section 4–5. Conclusions are summarized in the final 

section. 

 

4–2 Two–Dimensional Subthreshold Surface Potential Model 

The schematic cross–sectional view of a fully depleted SOI MOSFET under consideration is 

show

 

                                             (4–1) 

here ρ(x, y) is the 2–D charge density in the silicon film and εsi is the permittivity of the silicon 

                                                (4–2) 

( )

 

n in Fig. 4–1, where L is the length of the channel region, L1 is the length of the halo region, 

and tf, tsi and tb are the thicknesses of the front gate oxide, silicon film and bottom oxide, 

respectively, and the gate, source and drain regions are made of n+–type polycrystalline silicon. The 

potential distribution function for the short–channel device may be obtained by solving the 2–D 

Poisson’s equation in the silicon film. Assuming that the impurity density in the channel region is 

uniform, and the influence of charge carriers and fixed oxide charges on the electrostatics of the 

channel region can be neglected, the 2–D potential distribution Ψ(x, y) in the silicon film can be 

obtained by solving the following Poisson’s equation, before the onset of strong inversion: 

 

                             

 

w

film. In the following analysis, the uniformly doped channel and halo are assumed for simplicity. 

Consequently, the 2–D doping profile Nsi(x, y) in the silicon film for long channel FD–SOI 

MOSFETs with halos, where the halo length L1 is smaller than L/2, can be defined as follows: 
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while for short–channel devices, where the halo length L1 is greater than L/2 and less than L, the 

                                       (4–3) 

here L1 is the length of the halo region, and NA and NB are the doping concentration in the halo 

 of Ψ(x, 

y) ca

                                                                          (4–4) 

here Ψs(x) is the surface potential and the arbitrary coefficients c1(x), c2(x) and c3(x) are the 

     (4–5) 

, 

( )
⎪
⎩

⎪
⎨

⎧

≤≤
≤≤−−
−≤≤

=
LxLN

LxLLNN
LLxN

yxN

A

BA

A

si

1

11

1

2
0

,

( )

2–D doping profile can be defined as: 

 

 

                                   

 

w

and channel regions, respectively. Figure 4–2 shows the schematic diagrams and the doping profiles 

of FD–SOI MOS transistors with halo as function of gate length. From this figure, it is seen that 

based on the definitions in eqs. (4–2) and (4–3), there are four different 2–D doping distributions 

present in the silicon film. Besides, it is also seen that the doping concentration in the channel 

region increases as the gate length decreases due to overlapping the halo regions [60], [61]. 

In the silicon film, the potential profile in the vertical direction, i.e., the y–dependence

n be approximated by a simple parabolic function as considered in [27] and [58] for the FD– 

SOI MOSFETs and may be given as: 

 

 

w

functions of x. In the MOS devices with halo implants, since the doping distribution in the silicon 

film is divided into three parts, i.e., for the case in Fig. 4–2(a), the potential functions in the channel 

and halo regions can be written as: 
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where Ψi (x, y) and Ψs,i (x, y) indicate the potential function and the surface potential in the region i
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respectively. From the energy band diagram in Fig. 4–3 of the SOI MOS structure in Fig. 4–1, the 

surface potential is Ψs ≡ [Ei(0) – Ef]/( –q) and the band bending at the silicon surface is sφ ≡ 

[Ei(0) – Ei(∞)]/( –q), where Ef is the extrinsic Fermi level of the silicon, and Ei(0) and Ei(∞) are e 

intrinsic Fermi levels at the surface of the silicon and in the silicon bulk, respectively. Then, we 

have the relation Ψ

 th

s(x) = sφ (x) – ΨFP(x) between Ψs(x) and sφ (x) at the front surface of the silicon 

film, where ΨFP(x) = VT·ln (x)/n[N

llowing 

boun

t the front gate oxide/silicon film interface is continuous for each region i and 

                                             (4–6) 

 

here VGS is the gate–to–source bias voltage,  is the front–channel flatband voltage in the 

                                                                         (4–7) 

) The electric flux at the bottom oxide/silicon film interface is continuous for each region i and 

                                                            (4–8) 

( )

i], VT = kT/q is the thermal voltage, and N(x) and ni are the doping 

concentration in the silicon film and intrinsic carrier concentration of silicon, respectively.  

The Poisson’s equation is solved separately in the channel and halo regions using the fo

dary conditions. 

1) The electric flux a

can be given as: 
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where Ψfs,i (x) = Ψs,i (x, 0) is the front surface potential along the channel length in the region i, εox is

the permittivity of the oxide, tf is the thickness of the front gate oxide, and 
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region i, and ΨFP,i is the difference between the extrinsic Fermi level and the intrinsic Fermi level in 

the region i and can be expressed as 
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can be given as: 

              

                               



where Ψbs,i (x) = Ψs,i (x, tsi) is the back surface potential along the channel length in the region i, tb is 

here VSUB is the substrate–to–source bias voltage, and  is the back–channel flatband voltage in 

ce potential at the interface of the different regions is continuous 

                                                      (4–9) 

                                              (4–10) 

) The potential at the source end is 

                                          (4–11) 

                                           (4–12) 

 

) and ci3(x) in eq. (4–5) can be deduced from the boundary conditions 

(4–6
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6) The potential at the drain end is 
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where Vbi = Ψnpoly ≈ Eg/(2q) is the built–in potential across the body–source junction, and VDS is the

drain–to–source bias voltage. 

The constants ci1(x), ci2(x

)–(4–8) and are given as: 
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       (4–13) 

where Csi = εsi/tsi, Cf = εox/tf and Cb = εox/tb are the silicon film, front gate oxide, and bottom oxide 

                                      (4–14) 

here the expressions of the coefficients Ai, Bi, Ci, Fi, Gi, and Hi are given in Appendix A. 

           (4–15) 

 

–3 Two–Dimensional Threshold Voltage Model 

In general, for MOS devices with uniform channel doping concentration, the threshold voltage 

is de

                                                              (4–16) 

( )

capacitances, respectively. Substituting Ψi (x, y) from eq. (4–5) in eq. (4–1), and using the 

expressions of ci1(x), ci2(x) and ci3(x) in eq. (4–13), the front surface and bottom surface potentials 

in the region i, Ψfs,i (x) and Ψbs,i (x) can be expressed in terms of second–order nonhomogenous 

differential equations given by 
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According to [62], the analytical solution of the above differential equations can be obtained in the 

form 
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where the particular solutions Ψfsp,i (x) and Ψbsp,i (x), and the constants g1, g2, d1 and d2 are given in

the Appendix B. By using the boundary conditions (4–9)–(4–12), we can obtain the expressions of 

the coefficients ai1, ai2, ai3 and ai4 as shown in the Appendix C. 

 

4

 

fined as the gate–to–source voltage at which the minimum surface potential is ΨFP and 

expressed as 

           ( ) FPGSTH xVV Ψ=Ψ= 0,@ min
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i.e. 

                                                                         (4–17) 

l 

                                                                        (4–18) 

here xmin,1 and xmin,2 are the la  surface potentials in the halo and 

                                           (4–19) 

 

d xmin,2 can be obtained by 

diffe

                                                                         (4–20) 

ote that due to three regions of the device, i.e., for the case in Fig. 4–2(a), there are three values of 

where xmin is the lateral position along the channel region with minimum front surface potentia

Ψfs(xmin) in the channel. In the SOI MOS devices with halo or pocket implants, since the doping 

concentration is different in the channel and halo regions, the value of the Fermi potential depends 

on the lateral location within the silicon film. Consequently, the threshold voltages in the halo and 

channel regions, VTH,1 and VTH,2 , respectively, are defined as: 
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w teral positions of the minimum

channel regions, respectively. Then, the threshold voltage of the FD–SOI MOSFET is defined by 

the maximum of these two voltages 

                              

Equation (4–19) ensures the 2–D analytical model to calculate a threshold voltage for which the

front gate/silicon interface of FD–SOI MOS transistor is just inverted. 

Next, the positions of the minimum surface potentials xmin,1 an

rentiating eq. (4–5) with respect to x at y = 0, and solved by 
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N

xmin in the solutions of eq. (4–20). However, since the drain–to–source bias voltage VDS is positive 

for an n–MOS device, the lateral position of the minimum potential xmin,1 will always be located 

near by the source region. Therefore, only the channel and halo region near by the source side 

needed to be considered. 
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It may be observed that the closed form solution of the lateral position of the minimum surface 

pote

                                                                         (4–21) 

hen, the thres aximum of 

–4 Subthreshold Current Model 

In the subthreshold region of SOI MOSFET operation, the depletion charge is much larger than 

the i

ntial xmin is not possible in this case. However, for different values of VGS and VDS, xmin may be 

obtained by solving eq. (4–20) numerically. Consequently, it is clear that explicit expressions for 

both the threshold voltages VTH,1 and VTH,2 can be deduced from eq. (4–15) by replacing VGS and 

Ψfs,i by VTH,i and ΨFP,i, respectively, where i = 1 or 2, and expressed as: 

 

                                                                         (4–22) 
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T hold voltage of the FD–SOI MOS transistor is obtained by taking the m

eqs. (4–21) and (4–22). 
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nversion carrier, thus the diffusion current component is expected to be dominant. However, 

since the potential distribution in the silicon film varies along the channel, the drift current 

component may contribute to the subthreshold current flow. Based on the drift–diffusion current 

theory, the electron current density in the n–MOSFET can be expressed as 
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                                                                         (4–23) 

here n(x) is the electron density along the channel length, and Dn is the electron diffusion 

 

w

coefficient, which can be related to the thermal voltage VT and electron mobility µn through Einstein 

relation as Dn = µn·VT. Multiplying eq. (4–23) by an integrating factor of exp(– ( )xfsφ /VT), the right 

hand side of the equation can be transformed into an exact derivative. With the boundary conditions 

in eqs. (4–11) and (4–12), we can obtain 

 

 

                                 (4–24) 

he subthreshold current can be obtained by integrating the current density over the cross section of 

                                              (4–25) 

here W is the device channel width and d is the effective channel thickness, which can be 

                                                (4–26) 

here NAV is the effective doping density within the channel, 

                                        

 

T

the conducting channel, yielding 

                           

 

w

estimated as the distance from the surface to the position where the electrostatic potential has 

changed by VT [63]. According to the Gauss’ Law, the vertical component of the electric field at the 

surface, VT/d, is equal to Qdep/εsi, where Qdep is the depletion charge. Thus, the effective channel 

thickness d can be obtained as 
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layer capacitance. Note that the effective channel thickness given in eq. (4–26) is only valid for the 

case of 0/. <<− θφ GTinvfs V , i.e., the weak inversion and depletion operations. The effective doping 

profile  can be approximated by an effective channel concentration Nwithin the channel AV 

developed based on the voltage–doping transformation [64]: 

 

                                                                         (4–27) 

here v is a fitting parameter. Substituting eqs. (4–24), (4–26) and (4–27) into eq. (4–25), the 

–5 Results and Discussion 

To verify the proposed analytical model, the 2–D device simulation software Medici [32] was 

used

Ψ(x, 0) as a function of 

norm

( ) ( ) ( ) ( ) .//2/2 2
1 LVvVqLLNNNN biDSsiBABAV ⋅+⋅−⋅−⋅+= ε

 

w

subthreshold current can be obtained. 

 

4

 

 to simulate the surface potential distribution within the silicon film. A set of fully depleted 

n–channel SOI MOS transistors is implemented in Medici having uniformly doped channel, halo 

and drain/source regions. In this section, we have presented some numerical results to demonstrate 

the DIBL in short–channel SOI MOS transistors with halo implants and its effect on the threshold 

voltage variation considering a wide range of parameters of the devices.  

In Fig. 4–4, the variation of the front surface potential Ψfs (x) = 

alized position (x/L) along the channel has been shown for different gate lengths and drain 

voltages. The doping profiles of the halo and channel regions of the MOS devices in Figs. 4–4(a) 

and 4–4(b) belong to the case in Fig. 4–2(c), where halo implants overlap the channel region and 

make the channel doping concentration increase. From Figs. 4–4(a) and 4–4(b), it is observed that 

for a fixed gate length, as the drain–source voltage VDS is increased, the minimum front surface 

potential is elevated which results in the considerable reduction of the channel barrier. Further, for a 
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fixed value of VDS, the minimum front surface potential is also increased with the decrease in L. 

Although the lateral position of the minimum front surface potential shifts toward the source side 

with the increase in VDS as well as with the decrease in L, it remains almost at the middle of the 

channel region for small values of the drain voltages. The increase in the surface potential at the 

drain side due to the increased VDS lowers the channel barrier height, i.e., the potential difference 

between the channel and source regions, of the device that is well known as the DIBL in the short 

channel MOS transistor. From the figure, it is also observed that DIBL for L = 0.06 µm is more than 

that for L = 0.09 µm indicating that the effect is more significant if the gate length reduces to deep 

submicrometer region. In Fig. 4–4(c), (d) and (e), the doping profile of the halo and channel regions 

of the devices belongs to the case in Fig. 4–2(a). From these figure, it is seen that due to the 

presence of the halo region with doping concentration higher than the channel region, the barrier 

height remains unchanged as VDS is increased, where the barrier is the potential difference between 

the source side halo and source regions. Hence, the halo region near the source side is “screened” 

from the changes in the drain potential, i.e., the drain voltage is not absorbed in source side halo, 

but in drain side halo. Furthermore, it is clearly seen that the shift in the position of the minimum 

front surface potential is almost zero irrespective of the applied drain bias. This is a clear indication 

that the DIBL effect is considerably reduced for the FD–SOI MOSFET with halo implants. A good 

agreement is achieved between the numerical simulations and model predictions, that shows the 

validity of the proposed analytical model. 

The surface potential profiles Ψfs (x) against the lateral position in channel x for the halo 

devices with gate length as the parameter are shown in Fig. 4–5. It is seen that the barrier lowering 

effect due to the scaling down of the gate length of the halo devices is small. From the figure, it is 

also seen that as the doping concentration in the halo region is increased, double–hump appears in 

the deep–submicrometer devices as well as long channel halo devices. Further, it is clearly seen that 

at the fixed gate length and drain bias voltage, the drain side surface potential of the devices with 

lower halo doping concentration elevated more due to the more serious electric field encroachment 
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from the drain side. On the other hand, the surface potential near by the source side is lower in the 

devices with higher halo doping profile and this may increase the threshold voltage consequently. 

Comparisons between the surface potentials of halo SOI MOS devices obtained by the present 

model and Medici simulator are also shown in Fig. 4–5, and a good agreement is obtained. 

The surface potential profiles Ψfs (x) as a function of normalized position (x/L) along the 

chan

ainst the gate length L has been plotted in Fig. 4–7 for different silicon 

film 

 been plotted in Fig. 4–8 for different front 

gate 

nel length for the halo MOSFETs of L = 0.09 µm with the length of the halo region L1 as a 

parameter is shown in Fig. 4–6. From the figure, it is seen that the position of the minimum surface 

potential, locating in the source side halo region is shifted toward the source side as the length of 

the halo region is reduced. Moreover, it is observed that the surface potential minima for the three 

cases are not the same. The minimum surface potential is shifted to a higher value as the length of 

the halo region is reduced. This happens because the average doping concentration in the silicon 

film controlled by the gate is increased as the length of the halo region L1 is increased. For the fixed 

channel length and halo doping profile, as the length of the halo region is decreased from 0.035 µm 

to 0.015 µm, the off–state current Ioff is increased from 1.84 pA/µm to 59.6 nA/µm, obtained from 

the 2–D numerical analysis. 

The threshold voltage ag

thicknesses tsi. It is observed from the figure that the dependence of the threshold voltage on 

the gate length can be considerably reduced by reducing the thickness of the silicon film. Further, 

with thinner silicon film, the depleted charge in the silicon film controlled by the gate at the onset of 

the inversion is reduced and this makes the threshold voltage decrease. Therefore, FD–SOI 

MOSFETs with thinner silicon film may be used for designing the low–power digital circuits for 

which devices with lower threshold voltage are needed. 

The threshold voltage against the gate length L has

oxide thicknesses tf. From the figure, it is observed that the threshold voltage of the MOS 

transistor is lower with thinner gate oxide. This happens because that a MOS transistor with a 

smaller thickness of gate oxide has a larger value of gate oxide drive capacitance. The effect of the 
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halo doping concentration NA on the threshold voltage has been plotted against the gate length and 

shown in Fig. 4–9. In this figure, it is seen that the threshold voltage is increased as the doping 

concentration in the halo region is increased. Figures 4–10(a) and 4–10(b) show the surface 

potentials of the devices with non–overlap and overlap halo regions, respectively. For the halo 

devices with non–overlap halo regions, i.e., the case in Figs. 4–2(a) and 4–2(b), the threshold 

voltage is determined by the minimum surface potential in the source side halo region. From Fig. 

4–10(a), it is seen that increasing the halo doping concentration will increase the doping profiles 

and decrease the minimum surface potential in the source side halo region. This would increase the 

threshold voltage of the devices with non–overlap halo regions. Similarly, from Fig. 4–10(b), it is 

observed that due to the threshold voltage is determined by the minimum surface potential in the 

channel region for the halo devices with overlap halo regions, i.e., the case in Figs. 4–2(c) and (d), 

increasing the halo doping concentration will increase the doping profiles and decrease the 

minimum surface potential in the channel region, and consequently increase the threshold voltage. 

The threshold voltage against the gate length L has been plotted in Fig. 4–11 for the MOS 

devi

bias voltage may be also used to control the threshold 

volta

ces with different channel doping concentrations NB. From the figure, it is observed that for the 

devices with gate length L ≥ 2L1, the variation of the threshold voltage with respect to the change of 

the channel doping profile is very less. This happens because the lateral position of the minimum 

surface potential is located in the source side halo region and related to the halo doping 

concentration. However, for the gate length L < 2L1, the increase of the channel doping 

concentration would decrease the minimum surface potential in the channel region and increase the 

threshold voltage as shown in the figure. 

Beside the device parameters, the 

ge of the MOS device. Figure 4–12 shows the effect of the substrate bias VSUB on the threshold 

voltage plotted against the gate length. It is seen that for the long–channel halo devices (L > 2L1), a 

more negative substrate voltage biased results in the increase of the threshold voltage. However, for 

the short–channel halo devices (L < 2L1), the effect of the substrate bias VSUB on the threshold 
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voltage is less due to the high doping concentration in the channel region. Therefore, it may be 

observed that biasing at a negative substrate voltage may be a better choice to reduce the DIBL 

effect which may substantially improve the threshold voltage degradation. The effects of the 

drain–source bias voltage VDS on the threshold voltage of the MOSFETs against the gate length L 

are shown in Fig. 4–13. From the figure, it is observed that the threshold voltage of the device may 

be shifted to a lower value if VDS is changed from VDS = 0.05 V to VDS = 2.5 V. In other words, for a 

fixed value of the gate–source voltage, the normally–off device may be turned into normally–on by 

increasing the drain–source bias voltage VDS. The above results have been compared with the 

simulation results obtained by the Medici device simulators and a closed agreement is achieved 

between the two. 

 Figure 4–14 shows the plot of subthreshold current ISUB against the gate–source voltage VGS 

ith 

tentials obtained by the present model and 

w VDS as a parameter. It is observed that although the MOS transistor is with halo regions, the 

subthreshold current is increased with the increase in VDS due to the increased electric encroachment 

from the drain region and small value of channel length. The calculated results have been compared 

with the Medici software and a good agreement is achieved for the gate length down to 0.06 µm 

that shows the validity of the proposed analytical model. 

 Figure 4–15 shows the comparison of the surface po

Medici as a function of normalized position along the channel with halo doping concentration NA as 

a parameter. It is observed that at the fixed VGS, the surface potential of halo MOS device with 

higher halo doping concentration is shifted to lower level and results in an increase in the channel 

barrier height. The effect of the halo doping concentration on the subthreshold current is show in the 

plot of ISUB vs. VGS in Fig. 4–16. It is seen that the subthreshold current of the MOSFETs with 

higher halo doping concentration is lower due to the increased barrier height. Figure 4–17 shows the 

off–state current Ioff against the channel length L with halo doping concentration NA as a parameter, 

where Ioff = ISUB at VGS = 0 V. It is seen that with the fixed NA, the Ioff is increased with the decrease 

in L due to the short–channel effect. Further, it is observed that for the fixed channel length L, Ioff is 
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decreased with the increase in NA due to the lower minimum surface potential and higher channel 

barrier height. 

 Figure 4–18 shows the effect of the channel doping concentration NB on the surface potential 

–6 Conclusions 

New 2–D analytical models for the 2–D potential distribution, threshold voltage and 

subth

as a function of normalized position (x/L) along the channel length. It is seen that the location of the 

minimum surface potential remains almost the same and only a small variation of the surface 

potential occurs in the channel region (L1 < x <L2) as NB is varied due to high doping concentration 

in the halo regions. Owing to the high halo doping concentration, the effect of the channel doping 

concentration NB on the subthreshold current ISUB is very small and can be observed from Fig. 4–19. 

In this figure, it is seen that only a small increase in the subthreshold current as NB is increased from 

5 × 1017 cm-3 to 7 × 1017 cm-3. The above results have been compared with the 2–D numerical 

simulation and a closed agreement is obtained between the two. 

 

4

 

reshold current for short–channel FD–SOI MOSFETs with halo or pocket implants have been 

presented in this paper. Analytical expressions have been obtained for both the surface potential, 

and threshold voltage by solving the Poisson’s equation with the appropriate boundary conditions. 

Subsequently, together with the conventional drift–diffusion current theory, an analytical model of 

subthreshold current is also developed for halo–implanted SOI MOSFET devices. Numerical results 

for the surface potential, threshold voltage and subthreshold current have been presented for both 

overlap halo and non–overlap halo cases. The proposed surface potential and threshold voltage 

model are also appropriate for the conventional MOSFETs without halo implants. The effects of the 

different device structure parameters such as the gate length, silicon film thickness, front gate oxide 

thickness, halo doping concentration and channel doping concentration, and different bias 

conditions such as substrate and drain voltages on the threshold voltage of the device are also 
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demonstrated. The calculated results of the presented analytical models have been compared with 

the simulation results obtained by the Medici device simulation software and a good agreement 

obtained between them shows the validity of the present analytical models of the surface potential, 

threshold voltage and subthreshold current. To the best of our knowledge, these are the first 2–D 

models for the FD–SOI MOSFETs with halo or pocket implants, considering subthreshold surface 

potential, threshold voltage and subthreshold current at the same time. 
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Chapter 5 

A New Small–Signal M odel and Parameter 

 

–1 Introduction 

of the radio–frequency integrated circuits (RFICs) are typically implemented by 

GaA

uency (GHz frequency range) and lower voltages, a major 

requ

 for an accurate RF model, several fundamental analyses on 

MOS

OSFET M

Extraction Method for RF IC’s Applications 

5

The majority 

s or silicon bipolar technologies [65], [66]. Due to their high unity–gain cutoff frequency (ft), 

GaAs devices and BJTs have been generally used in high frequency applications. However, 

continuously scaling down of the minimum channel length and the consequent increase of ft have 

made CMOS technology become an attractive one in applications for analog and RFICs [67]. With 

another advantages (i.e., high integration level and low cost budget, etc.) over GaAs and silicon 

bipolar technologies, CMOS technology is a good candidate to meet the demand of wireless 

telecommunication system in the future. 

 As circuitry operates at higher freq

irement for RF circuit design is the availability of RF MOS transistor model to describe the 

circuit behavior accurately. Besides, the establishment of an accurate parameters extraction method 

relevant to the RF model is essential. 

In order to meet the requirement

FETs high frequency characteristics have been developed, as described in [68]–[70]. As 

MOSFETs operation frequency approaches VHF and beyond, the parasitic components 

geometry–related (e.g., inductance, capacitance and resistance) play important roles in their high 

frequency performance. Therefore, the nature of gate region–RLC distributed network and 

substrate parasitics should be considered in the development of RF MOS model. Some conventional 

models [71]–[73] replaced the gate region with a single resistance, and this would cause inaccuracy 

in predicting the gate related noise at high frequency [73]. Besides, in several models [74]–[76], the 
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substrate parasitics were not taken into account, and this would hurt their accuracy in the prediction 

of output characteristics (i.e., output impedance [77]). In addition, several conventional models 

[77]–[79] excluded the nonreciprocal capacitance considering the charge conservation [80], and this 

would result in a significant error in predicting the imaginary parts of 12Y  and 21Y . 

Except for the development of an accurate RF model, a r ted par eela am ters extraction 

meth

el well describing the 

distr

apter is organized in the following manners. In Section 5–2, a new and accurate high 

frequ

–2 Small Signal RF MOSFET Model 

In this section, a new and analytical small signal RF MOSFET model including distributed 

odology is indispensable. Several methods of extracting small–signal equivalent circuit 

parameters from the S–parameter measurement data have been reported [78], [81] and [82]. 

However, most of them require complex curve fitting and optimization steps. 

In this chapter, we propose a high frequency analytical MOSFETs mod

ibuted effects of the gate region and including substrate parasitics and nonreciprocal 

capacitance. Besides, a direct and accurate parameter extraction method for the proposed model 

including gate–related parameters, substrate–related parameters and nonreciprocal capacitor is also 

proposed. This study focuses on the development of a physics–based small signal MOSFETs model 

and an accurate parameter extraction approach by Y ­parameter analysis from measured S ­

parameters. 

This ch

ency MOS transistor model is briefly described. This section begins with the assumptions and 

definitions, which are useful for the model development, and follows by describing the closed–form 

modeling equations. In Section 5–3, an accurate and direct method for the extractions of the 

parameters of small signal equivalent circuit is presented and explained in detail. In Section 5–4, 

both the proposed model and related extraction method are verified by the experimental data. 

Finally, the conclusions are summarized in Section 5–5. 

 

5
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gate 

5–2. Approaches and Assumptions 

To accurately describe the fact that the signal travels across the gate in the form of incident and 

refle

on remains the same along the gate width. 

rim ete

                                  (5–1) 

network, substrate parasitics and nonreciprocal capacitance is proposed. At first, the relative 

approaches and assumptions are briefly described and defined, respectively. Then, the derivation 

details of model equations will be described. 

 

1 

 

cted EM waves [74], we use the concept of transmission line theorem to model the distributed 

nature of the gate region and the delay it causes in charging the gate capacitance. In addition, for the 

sake of simplicity and calculation efficiency, we add a lumped resistance to the bulk terminal to 

account for the substrate coupling effect. We also use the nonreciprocal capacitance to take into 

account the different effects of the gate and drain on each other in terms of charging currents [80]. 

In order to describe the distributed nature of the gate region, a MOS transistor is viewed as an array 

of discrete transistors connected in parallel via gate resistances along the gate region, as illustrated 

in Fig. 5–1. The related small signal equivalent circuit is shown in Fig. 5–2 which is based on the 

three–terminal configuration. In a three–terminal configuration, the substrate is tied to the source, as 

in most high frequency applications [73] and [83]. This model is suitable for the case of zero 

source–substrate bias in circuit. Before developing expressions for the Y–parameters of the MOS 

transistors, the following assumptions have to be made: 

1) Assumption 1: It is assumed that the DC bias conditi

This means that only AC small signals applied at the gate region needed to be considered. With this 

assumption, the discrete MOS transistors illustrated in Fig. 5–1 have the same small signal 

parameters (e.g., transconductance mg ; drain–bulk transconductance mbg , etc.). To make the 

model equations clearly, we use the p e–notation to stand for the param rs per width (i.e., X’ is 

used to represent the variable X per unit width). 

                                       W
RgRg ='
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                                                                         (5–2) W
CC d= g

gd
'

                                                                         (5–3) W
C

='C gs
gs

                                                                         (5–4) W
' gg m
m =

where W  is the channel width, gR  is the gate resistance, gdC  and gsC  are the gate–to–drain 

tion 2: This assumption states that the electric field along the width of the device is 

In order to develop an analytical model easily, the average voltage at the gate 

                                                      (5–5) 

here 

capacitance and gate–to–source capacitance, respectively, an mbg  is e transconductance of 

substrate. 

2) Assump

d  th

significantly less than the fields existing along the channel length. Note that this condition is valid 

in most devices used for RF applications where the gate width W is normally larger with respect to 

the gate length L. 

3) Assumption 3: 

region is expressed as: 

                   

 

w v  is the average voltage at the gate region, and is the voltage at the location x along 

                                                                        (5–6) 

–2.2 Analysis for New RF MOSFET Model 

In the primary step, we will decouple the feedback loops and find the loadings caused by the 

feed

5–2 is too complicated to be analyzed directly. 

)(xv  

the gate region. Thus, the total current flowing in the channel can be expressed as: 

 

.)(1
0∫ ⋅=
W

dxxv
W

v

.)(
0

'∫ ⋅⋅=
W

mm dxxvgvg 

 

5

 

back networks at the input and output terminals. Then, the derivation of Y–parameters of 

MOSFETs will be expressed in the secondary step. 

1) Step 1: The circuit configuration shown in Fig. 
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Nevertheless, if the circuit is viewed as a dual–feedback circuit in which gdC∆  is the local 

shunt–shunt feedback element forms the first feedback loop (i.e., loop A), where xC '  

represents the gate–drain capacitance of the section ∆x at the gate region, and dbC ,  

xCgb ∆⋅'  are the local shunt–shunt feedback elements form the second feedback loop (i.e., loop B), 

xCC '  represents the gate–substrate capacitance of the section ∆x at the gate 

region,  becomes much easier to solve. The feedback loops A and B are illustrated in 

Fig. 5–3, where V

 C gdgd ∆⋅=∆

sbC , subR  and

then the circuit

           (5–7) 

 

                      (5–11) 

              (5–12) 

tr e a

substrate capacitance, respectively

Th al s nt– eed ck theory mentioned above, the circuit in Fig. 5–2 can 

where gbgb ∆⋅=∆

1 and V2 represent the output voltage relative to ground (e.g., Vds) and the voltage 

along the gate width shown in Fig. 5–2, respectively. By local shunt–shunt feedback theory [84], the 

loading effects at the input and output terminals caused by the feedback networks shown in Fig. 5–3 

can be expressed in the Y–parameter representation as follows. 

             gdloopA sCY =,11

                        (5–8) xsCYY gdloopA ∆⋅== '
,12 loopA

                                                                        (5–9) 

                       (5–10)   

−,21

 

 

 

         

where, dbC , sbC  and are the drain–to–subs at cap citance, source–to–substrate capacitance  gbC  

and gate– – , '  and ' are the gate–to–drain capacitance 

per unit width and gate–to–substrate capacitance per unit width, subR  is the substrate resistance, 

and bC  is the sum of gbC , dbC  and sbC . 

en, with the loc hu shunt f ba

to gdC gbC  

bsub

gbdbsub
loopBloopB CsR

x
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1,21,12
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be tr

compo nts and presse

                                               (5–13) 

                                        

                    (5–16) 

here ∆x is an infinitesimal section of the gate width. 

eters, the complete small–signal equivalent 

 

                                                                       (5–17) 

                        (5–18) 

hich are subject to the boundary conditions 

ansformed into the one in Fig. 5–4. In Fig. 5–4, some components (i.e., '
,12 loopAY , '

,21 loopAY , 

' ' '  and ' ) in the Blocks A and B are referred to as th

ne  ex d as: 

                         

,22 loopAY , ,12 loopBY , ,21 loopBY ,22 loopBY e per–unit width 

                                                                        (5–14) 

                                                                        (5–15) 

 

                             

                                                    

 

w

3) Step 2: In the derivation procedure of Y–param

circuit of Fig. 5–4 is analyzed as a two–port circuit with input at the gate and output at the drain 

and both the source and substrate terminals are grounded. Then, due to the distributed RC 

network along the gate region, the equivalent circuit can be analyzed by transmission line theory. 

Along the gate width, we have the transmission line equations in frequency domain as follows: 
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here . With the assumption (3), 
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hen, according to th ters of the equivalent small signal 

                                                                       (5–25) 

here is the sum of  and 

s put dmittance 

n

( )
 

                                 

( )( )
( ) A

B
WA

xWA
A
Bvxv gs +

⋅
−⋅

⎟
⎠
⎞

⎜
⎝
⎛ −=

cosh
cosh

( ) ( )( )
( )WARA g ⋅⎠⎝ cosh

where  

 

 

                                                                        (5–22) 

 

w '
gR  is the gate resistance per unit width and ''''
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the average voltage at the gate region and total current in the channel can be expressed as: 
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T e two–port circuit model, the Y–parame

circuit can be solved as follows: 
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gi  w is expressed as the current at location x = 0 and gC  gbC , gsC gdC . 

The above result clearly indicates that three coupling path influence the in  a . 

They are the ways from gate to source, gate to drain and gate to substrate through gsC , gdC  a d 

, respectively. Then, the parameter can be expressed as: 

11Y

gbC 12Y  
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o 

here is the transcapacitance (i.e., 

( )
                                                                     

( )
 

                                                                        (5–26) 

Equation (5–26) provides useful insight on the coupling paths of drain voltage to gate current. Tw

terms (term M and term N) in equation (5–26) describe the paths. Term M: the voltage applied to 

the drain couples to the distributed gate region through gdC . Term N: the drain voltage couples to 

the distributed substrate region and makes current flow through gbC  into gate region. In addition, 

the parameter 21Y  can be expressed as: 

 

 

                                                                      

 

                                                                        (5–27) 

 

w mC  gddgm CCC −= ) and is the drain–to–gate capacitance. 

ly, escribed by thre s ex

parame

dgC  

Similar the signal coupling paths are d e term pressed in equation (5–27). Term 

O: the voltage applied to the gate makes the current flowing in the channel, but due to the existence 

of gdC , the current flowing from the drain end must subtract the current flowing through gdC  

from ate region. Term P: the gate voltage makes current flow through gbC  and voltage d  

across subR , bsv , which is multiplied by mbg  to make current flowing into the channel. Term Q: 

the gate voltage makes the current flow through gbC  and voltage drop on subR , bsv , which makes 

current flowing through dbC  into the drain en in the opposite direct of . Finally, the 
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here is the conductance of drain–to–source. In equation (5–28), four terms describe the 
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ion method for RF equivalent circuit parameters of MOS 
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dsg  w

signal coupling paths. Term R: the voltage applied to the drain makes current flow into th

distributed gate region through loops A and B, and voltage drop on the gate region, gsv , which 

makes current flow out of the drain end through feedback loops A and B. Term S: the drain voltage 

makes current flow through loop A. Term T: the drain voltage makes current flow through db  and 

voltage drop across subR , sbC  and gbC , bsv , which makes current flow out of the drain end. Term 

U: the voltage drop v  due to the coupling effect as described in Term T is multiplied by  to 

make current flow into the channel. From the expressions of Y–parameters derived, how 

signal–coupling occurring through capacitive and resistive elements contained in Fig. 5–2 has been 

clearly explained. 

 

5–3 Parameter–Ex

 C

bs mbg

 

In this section, a direct extract

tr

rameters obtained from S–parameters analysis. All components in the equivalent circuit are 

extracted by the Y–parameters analysis and the relative analytical equations are derived from the 
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real and imaginary parts of Y–parameter expressions mentioned in section 5–2. The details of the 

equivalent circuit parameters extraction are described as follows. 

Due to the fact that mg  and dsg  are DC parameters, they can be obtained from the 

y–intercept of [ ]21Re Y  versus 2w  and y–intercept of [ ]22Re Y  versus  at low frequency, 

respe

    

       (5–30) 

rst term i

inates, can be approximated as follows:  

       (5–31) 

inate, can be approximated as follows:  

    

hen, 

2w

ctively and shown as: 

                          (5–29) 

                 

[ ] 021 2Re == wm Yg

 

Then, at low frequency, with the assumption tha n the parentheses of equation (5–26) t the fi

dom 12Y  
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Similarly, with the assumption that the f  irst two terms in the parentheses of equation (5–27)

dom 21Y  
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                                                                        (5–32) 

due to the fact that the real part of term ( ) ( )WAWA ⋅⋅tanh  is almost equal to 1 at low T

frequency, as shown in Fig. 5–5, gdC  can be obtained as:  

 

                        (5–33) 

i ed from a  q c  a d shown a  f

( ) ./]Im[]tanhRe[/]Im[ 1212 wYwWAYC =⎟⎟
⎠

⎞
⎜
⎛

⋅
⋅

−=
WAgd ⎜

⎝ ⋅

 

In addition, gC  can be ta n  11 t low fre uen y n  s ollows:  Y  ob
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                        (5–34) 

ith the extracted param it equation (5–25) to the 

can be obtained as: 

          (5–35) 

W eters gC , we can obtain gR  by optimization to f

experimental data 11Y . Then, in order to extract the transcapacitance mC , dgC  has to be extracted 

first. At low frequency, from equation (5–32), C  

 

              

dg  

( ) wYw
WA

WAYCg /]Im[]tanhRe[/]Im[ 1111 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅

⋅
⋅

=

( ) .h
WA ⎠⎝ ⋅

/]Im[]tanRe[/]Im[ 2121 wYwWAYCdg =⎟⎟
⎞

⎜⎜
⎛

⋅
⋅

=

 

( )Besides, based on the assumption that the te bsubdb CsRCCs +1  is extremely small for rm gbsubR2

equency up to 10 GHz, equation (5–28) can be re–expressed as:  

dditionally, at low frequency , equation (5–36) can be 

pproximated as [86]: 

fr
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1<<submb Rg . This assumption may slightly overestimate the values of  and , so they have 

nen , 

extracted. At from aginary and real 

     

                       (5–39) 

e  components,  and 

ollows: 

                                                                (5–40) 

here –term

dbC subR

to be corrected by optimization after substrate–related compo ts (i.e. gb , bC  and mbg ) 

 first, we determine the initial values of C  and R   the im

parts of 22Y  in (5–37) at low frequency, respectively, and shown as follows: 

 

               

C

db sub

    (5–38) [ ]( ) wYYC Adb ]Im[Im 22 −=

 

 

For the extraction of substrate– at d , subY  is first defined as gbC , bC mbgrel

f

 

        

w 3w s are negligible compared with the w –terms for operation frequency up to 10 GHz. 

The parameter mbg  can be obtained from the intercept of the relationship for ]Im[ subYw  versus 

 

2w  by equation (5–41) as follows: 

                                                                        (5–41) 

Then, bC  is obtained from the slope of the relationship for ]Re[ subY  versus 2w  and show2w n 

 

 determined by optimization to fit equation (5–36) to th

experimental data . The validity of the assumptions mentioned above (i.e.  at 

low frequency; 

as: 

                       (5–42) 
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checked after all parameters are extracted. 

 

 

5–4 Verification with Experiments and Result Discussion 

In this section, the proposed direct extraction approach was applied to determine the 

µm technology. To 

Y–parameters of RF MOSFETs, S–parameters were measured in the common–source 

configuration using an Agilent 851

 for an n–MOSFET device W/L = 105–µm/0.18–µm biased at 

parameters of the test device, which were n–MOSFETs fabricated by 0.18–

obtain the 

0C vector network analyzer and an on–wafer RF probe station. 

Before starting the measuring procedure, the calibration was performed on a ceramic calibration 

substrate using a SOLT calibration method. Besides, the measured data had to be corrected for 

parasitic capacitance of input/output pads and the resistances and inductances of connection lines 

using two–step de–embedding technique [85]. The parameter extraction approach had been 

performed on the n–MOSFETs with 0.18–µm length and 105–µm width. 

Figure 5–6 shows the extraction results of transconductance g  and channel conductance 

ds

m

g VVgs 1= and . The 

trans ve

as  w tained from

n in Fig. 5–6(b). In F

VVds 4.1=

conductance mg  was obtained from the y–intercept of ]Re[ 21Y  rsus 2w  at low frequency, 

shown in Fig. 5–6(a). In similarity, the channel conductanc as ob  the 

y–intercept of ]Re[  versus at low frequency, as show ig. 5–7(a), mbg  

can be obtained from the y–intercept of linear fit straight line of 

e dsg

22Y 2w  

][ subYw  versus 2w . In Fig. 

5–7(b), bC  ca tained fro  the slope of linear fit straight line of 

Im

mn be ob ]Re[2
subYw  versus  

Figures. 5–8 and 5–9 show the extracted parameters gbC , bC , gdC , dgC gsC , gR  

and subR s a function of frequency. They show that the extracted resistan acitances  

2w .

sbC , dbC , , 

 a ce c

frequency–independent and this result verifies that the proposed extraction approach is accurate and 

s and ap are
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reliable. Furthermore, due to the charge–conservation and non–reciprocity, dgC  is larger than gdC , 

as shown in Fig. 5–8. The extracted values of all parameters are summarized in Table 6. From the 

extracted parameters, the value of 222 is calculated to be 0.012 at 1 GHz, and the real and 

( )

bsubCRw  

imaginary parts of bsubgbdbsub CsRCCRs +12  are calculated to be × ×−

GHz, respectively, which are much smaller than the ones of 

5− 5−108  and 106.8  at 10 

dgm jwCg −  and . Besides, for 

the extracted parameters listed in Table 6, the assumptions used in the approxim  and 

cy up to 10 These

gdjwC

ations of 12Y

21Y  in the equations (5–31) and (5–32) are valid for frequen  GHz.  results verify 

the validity of the assumptions made in the extraction approach.  

In Fig. 5–10, the Y–parameters calculated with the extracted parameters are compared with 

measured data for two bias conditions: 1) VVgs 1= , Vds V4.1= ; and 2) , 

 contributes 

the accuracy in prediction. In Fi ng the nonreciprocal capacitance 

resulting in a significant error in matching is observed, especially for larger . This is 

because  increases with , being discussed latter.  

Figure 5–11(a) shows the gate bias dependence of the extracted capacitances for an 

 biased  for constant decreases due to 

the fact that the inversion status is getting stronger as increases. In other words, the ability of 

the inversion layer to protect the gate from the influence of the substrate is increasing as 

increases. In saturation region, is dominated by junction capacitance and almost constant at 

VVgs 6.0=

V4.1 . It is shown that a good agreement was obtained between the simulation results and 

measured data. From equation (5–27), it is known that nonreciprocal capacitance 

n–MOSFET  at VV = . As gate bias increases

Vds =

dgC

]Im[ 21Y  g. 5–10(c), excludi dgC  

]Im[ 21Y  gsV

dgC gsV

ds 4.1 dsV , gbC  

gsV  

gsV  

dbC  

fixed .  and  are composed of intrinsic capacitances ,  and overlap dsV gdC gsC gdiC gsiC

                                               64  



capaci es o , gsoC gd  is dominated by the overlap capacitanc gdo the saturation 

region because the communication from the drain to the rest of the device is cut off owing to the 

pinch–off region. Furthermore, dgC  and mC  increase with gsV  due to the increase of intrinsic 

capacitance. Figure 5–11(b) show the gate bias dependence of the extracted resistances for an 

n–MOSFET biased at VVds 4.1= . From the figure, it is shown that gR  and subR  remain almost 

constant as gsV  increa

The dr  bias depen

tanc  C e C  in 

dence of the extracted capacitances n  biased at 

=

substrate b

resis

–

 curves a

 

 

gd . C  

s 

ses. 

ain  for an –MOSFET

V1  is shown in Fig. 5–12(a). As dsV  increases, gbC  increases because the influence of the 

ias on the gate charge is increasing. Due to the increasing reverse bias between drain and 

substrate, dbC  decreases as dsV  increases. In the saturation, gsC  and gdC  are dominated by the 

overlap ca itances gdoC , so  and remain constant. Figure 5–12(b) shows the drain bias 

dependence of the extr d tances for an n–MOSFET biased at VVgs 1= . The extracted 

resistances gR  and subR  are almost constant as dsV  increases. T dependence of 

transconductance mg tained from Y–parameters measurement and conventional DC 

measurement for MOSFET is shown in Fig. 5–13. It can be seen that there is a good 

agreement between these two measurements. The results demonstrate that the DC–related and 

AC–related parameters can be extracted by the proposed method in the HF analysis simultaneously. 

This extraction method avoids the possible error occurring in the conventional DC extraction 

method for transconductance mg . This is because that conventional DC extraction method extracts 

mg  by differentiation of the I–V nd this may cause a significant error. 

Vgs

pac gC

acte

he bias 

 ob

an n

5–5 Conclusions 
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In this chapter, a new and accurate small signal model including distributed gate network, 

ubstrate network and nonreciprocal capacitance has been developed. Meanwhile, a direct 

extra

s

ction method for the parameters of the new model is also proposed. This model uses 

transmission line theorem to describe the distributed gate region, a single substrate resistance and 

relative capacitances to model the distributed substrate network and accounts for the nonreciprocal 

capacitance. In addition, an examination has done by using the measured data to verify the model 

and parameter extraction method. The extracted parameters are physical meaning and good 

agreements have been obtained between the simulation results and measured data. Furthermore, the 

extraction method was used to extract the transconductance mg  by Y–parameters analysis and 

verified by DC measurement data. The results demonstrated that the proposed extraction method is 

accurate and reliable. 
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Chapter 6 

An Efficient Method for Determining Threshold Voltage, 

Effective Inversion Layer Mobility, Series resistance, and 

Effective Geometries of MOSFETs by S–parameter 

Measurement 

 

6–1 Introduction 

Effective channel length and width, threshold voltage, inversion layer mobility and 

ances are the essential parameters of the SPICE–based submicron MOSFET 

mod

ch is based on the well–known gradual 

chan

d 

geom

source/drain resist

el. The extraction methods related to these parameters stand as a critical issue for technology 

characterization, device design and circuit level simulation. 

Due to the fact that the SPICE–based MOSFET model is developed from the analytical model 

for the drain current as a function of terminal voltages whi

nel analysis of inversion layer conduction [87], the most common parameters extraction 

techniques are developed based on the DC current–voltage measurements [88–90]. More recently, 

several capacitance–voltage techniques [91–93], small signal channel conductance technique [94], 

and S–parameters measurements [95, 96] have been also developed for the parameters extraction. 

In the development of submicron MOSFET models, such as BSIM4 [97], the parameters 

required are classified to several categories: DC–related parameters, AC–related parameters an

etry–related parameters, etc. The DC–related parameters include threshold voltage, mobility 

degradation coefficients, series resistances, etc. The AC–related parameters include junction model 

parameters, and overlap capacitance coefficients. The geometry–related parameters include channel 

length shortening and width narrowing parameters. 

Although using DC current–voltage measurements [88]–[90] is the most popular way to 
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extract the DC–related parameters, the AC–related parameters cannot be obtained at the same time. 

Besi

adation parameters θ1 

and 

 described in detail. In Section 6–3, the proposed extraction 

meth

des, the C–V measurement can be used to extract the AC–related parameters and several 

DC–related parameters (e.g., threshold voltage [91] and effective channel length [98]), but it cannot 

determine the series resistance [90]. Up to present, the methods using S–parameters measurements 

are aimed at the extraction of parameters of RF small–signal model [99–101] or single parameter of 

MOSFETs (i.e., effective mobility [96]). However, there is no method published to extract 

DC–related and AC–related parameters simultaneously by S–parameters measurements. Therefore, 

to develop an extraction method, by using S–parameters measurements, accompanying the 

extraction of AC–related parameters with DC–related parameters is essential. 

In this Chapter, a novel and simple method for accurately extracting the threshold voltage VT, 

sum of drain and source series resistance RT, gain factor βeff, and mobility degr

θ2 [102], [103] utilizing small–signal conductance gdsm between source and drain, as a function 

of gate bias, extracted from S–parameters measurements is proposed. The S–parameters 

measurements of test devices are performed with zero drain bias to eliminate the influences from 

the drain–bias related effects such as channel length modulation (CLM), drain induced barrier 

lowering (DIBL), and carrier velocity saturation. In addition, by carrying out the same procedure 

for devices with different geometries, the effective channel length Leff and inversion layer mobility 

µ0 can be also extracted. 

This Chapter is organized in the following manners. In Section 6–2, the theory of the proposed 

parameter extraction method will be

od is performed on the extraction of threshold voltage, effective channel length, source/drain 

series resistances, and inversion layer mobility for test devices with different geometries by 

S–parameters measurements. The comparisons of the results obtained by the proposed method and 

the other one with the experimental data are presented and discussed. The conclusions are 

summarized in Section 6–4. 
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6–2 Theory of the Extraction Method  

small–signal source–drain conductance gdsm by using 

–parameters measurements is described first. Then, both the MOSFET model adopted by this work, 

and 

igure 6–1 shows the small–signal equivalent circuit of a MOSFET [107], where Rg, Rs and Rd 

onnection parasitics. Besides, the parasitics 

of th

capacitance are used to model the intrinsic device. As mentioned in [104] and [105], the 

small–signal source–drain conductance determined from the real part of the (without pads and 

 

wher o the Z–parameters after de–em edding the influences of pad 

parasitics and interconnections. 

 

In this section, the extraction of 

S

the parameters extraction method will be presented. 

 

A. Extraction of gdsm from S–parameters measurements 

F

are series resistances; Lg, Ls and Ld represent the interc

e pads are modeled by the capacitors Cpg and Cpd in series with the resistors Rpg and Rpd, 

respectively. With the small–signal equivalent circuit shown in Fig. 6–1, gdsm, as a function of gate 

bias, can be derived directly from the Z–parameter data. In this work, the Z–parameters of test 

MOSFETs are obtained from S–parameters measurements, after de–embedding the influence of pad 

parasitics and interconnections, performed at various gate voltages while keeping the drain bias to 

be zero. Fig. 6–2 shows the equivalent circuit, which is valid for a gate voltage above pinchoff and 

at zero drain voltage [104–106], where a distributed channel resistance '
chR  and a distributed gate 

'

d

interconnections parasitics) at low frequency is regarded as the measured data g

gC  

Z22  

dsm and expressed 

as: 

                                                                    (6–1) [ ]
s

ds
d g

11

frequencylow
ddsm

RRZ
g

++
== 1Re 22

e the superscript d refe t  brs 

 

                                               69  



B. Descriptions Of MOSFET Model and Extraction Method 

Figure 6–3 shows the schematic circuit model of a MOS transistor, where g, d and s denote the 

 DC drain current and the small–signal 

sour

                                                                    (6–2) 

 

                                                                   (6–3) 

x is the gate 

apacitance per unit area, µeff is the effective inversion layer mobility, βeff is the gain factor, RT is the 

 

chan

                                     (6–4) 

 

conductance between source and drain terminals consists of the source/drain series resistances and 

the 

external nodes, while d’ and s’ denote the internal nodes. The

ce–drain conductance gdsm (including source/drain series resistance) of a MOS transistor in the 

linear region can be expressed as follows [89]: 

 

 ( ) ( )

 

 

 

 

where Weff and Leff are the effective channel width and length, respectively, Co

c

sum of source and drain series resistance, VT is the device threshold voltage, Vds and Vgs are external 

drain–source voltage and gate–source voltage, respectively (Vds = Vd’s’ + RTIds, Vgs = Vgs’ + RTIds/2). 

In the following extraction procedure, in order to avoid the drain–bias effects mentioned in 

Section 6–1, zero drain bias is set in the S–parameters measurement. This makes the intrinsic

nel conductance gds expressed as: 

 

                            

 

In actual small–signal conductance gdsm measurement, the inverse of the measured

inverse of intrinsic channel conductance. Hence, the measured small–signal source–drain 
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conductance gdsm can be expressed as 

 

 

                                                                    (6–5) 

 

er ob  

xpressed as follows [102], [103]: 

                                        (6–6) 

wher ters [102], [103]. 

Conventional extraction methods were developed in the past for the case θ2 = 0 [94]. The 

    (6–7) 

where 

  

irst and second 

rder derivatives, which can be expressed as: 

In SPICE–based model, the gate–voltage dependent curve of inversion lay  m ility µeff is

( )
.1

1
1

1

Tgseff
T

ds
T VV

R
g

R
−

+
=

+
β

( ) ( )

dsmg =

e

 

                         
.

1 2
21

0

TgsTgs VVVV −+−+
=

θθeff
µµ

 

e µ0 is the low field mobility, θ1 and θ2 are the mobility degradation parame

approximation θ2 = 0 implies that the current is always an increasing function of gate voltage. 

However, in a situation that for a MOSFET with thin oxide thickness, this assumption is incorrect, 

and the current can decrease at high gate voltages resulting in a negative transconductance [107], 

[108]. The reason for this effect is attributed to the strong dependence of the carrier mobility on the 

oxide surface roughness scattering. This mechanism is taken into account by the quadratic mobility 

dependence of gate voltage via the coefficient θ2. 

By introducing equation (6–6) into equation (6–5), we have the following expression: 
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Then, inverting equation (6–7) and differentiating once and twice results in the f

o
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                                                                    (6–8) 

 

           (6–10) 

Vgs  

ree parameters θ1, θ2 and RT are eliminated can be used to determine the threshold voltage VT and 

para

ct the 

mob

ation (6–7) to the measured data gdsm. 

echnology, the 
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                                                                    (6–9) (
 

From equation (6–9), the function F2 (Vgs) can be defined as follows: 
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From equation (6–10), the fact that the function F2 (Vgs) is a linear function of  which the

th

meter β0. For a given device, by the use of a simple straight–line fit to the numerically derived 

experimental quantity (β0/2)1/3(Vgs–VT) in the plot of function F2 (Vgs) versus Vgs, the threshold 

voltage VT and parameter β0 can be obtained from the x–axis intercept and slope, respectively. 

According to equation (6–8), the threshold voltage VT and parameter β0 determined above 

serves to generate a plot of the function F1 (Vgs) versus 1/(Vgs–VT)2 which can be used to extra

ility degradation parameter θ2. The parameter θ2 can be determined from the y–axis intercept of 

a best curve–fit of experimental data F1 (Vgs). 

After having threshold voltage VT, parameters β0 and θ2, the two remaining parameters RT and 

θ1 can be determined by optimization to fit equ

By performing the above extraction procedure for devices with several different geometries 

(i.e., drawn gate width Wdrawn and drawn gate length Ldrawn) fabricated by the same t

ionship between parameters β0 and Wdrawn, and the relationship between parameters 1/β0 and 

Ldrawn can be also obtained [109]. With the standard relationship between drawn gate length and 

effective gate length: Leff = (Ldrawn–∆L), and the one between drawn gate width and effective gate 

width: Weff = (Wdrawn–∆W) [90], where ∆L and ∆W are taken as constant in the same technology, the 
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parameter β0 can be expressed as: 

 

                                                                   (6–11) 

 

0 v sus  

e used to determine the effective values of W and L by linear extrapolation, respectively. From the 

d Discussion 

plied to determine the parameters of the test devices 

sing S–parameters measurement. S–parameters are measured in the common source–substrate 

conf

ce–drain conductance gdsm is determined from the real part 

of p

( )
( ) 00 µβ ⋅⋅

∆−
∆−

= ox
drawn

drawn C
LL
WW

From equation (6–11), the plots of parameter β0 versus Wdrawn and parameter 1/β er  Ldrawn can

b

plot of parameter β0 versus Wdrawn, the parameters ∆W can be obtained (with known value of Cox) 

from the x–axis intercept of the best–fit linear line for the experimental data. With the determined 

parameter ∆W, the parameters ∆L and µ0 can be obtained (with known value of Cox) from the x–axis 

intercept and slope of the best–fit linear line for the experimental data, respectively, from the plot of 

parameter 1/β0 versus Ldrawn. 

 

6–3 Experimental Results an

 

The proposed extraction method is ap

u

iguration using on–wafer RF probes and an HP 8510C vector network analyzer. The initial 

calibration is performed on a separate ceramic calibration substrate using a SOLT calibration 

method. Before the extraction procedure, the parasitic components of input and output pads and 

interconnections have to be removed. To remove on–wafer pad parasitics, a two–steps 

de–embedding technique is carried out by subtracting S–parameters of the open pad structure from 

S–parameters of the measured devices.  

The S–parameters measurements for test devices are performed at different gate voltages for 

zero drain voltage. The small–signal sour

arameter dZ22 , which excludes the parasitics of pads and interconnections by de–embedding 

technique. 
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The test d ces are n–MOSFETs with drawn gate length ranging from 0.35 to 20 µm, drawn 

gate width 

evi

ranging from 0.35 to 2 µm, and oxide thickness of 109 Å. All the parameters of the 

MOS

Ts with several drawn 

gate 

(6–8), the parameter θ2 can be determined from the y–axis 

inter

easurement using linear 

extra

ization to fit equation (6–7) to the experimental data gdsm shown in 

Fig. 

etermine the parameters ∆L, ∆W and µ0. Figs. 6–8(a) and 6–8(b) show the plots of 

para

FETs mentioned above are extracted by using equations (6–7)–(6–11). 

Figure 6–4 shows the measured data gdsm as a function of gate voltage for different drawn gate 

lengths. Fig. 6–5 shows the linear plots of F2(Vgs) versus Vgs for n–MOSFE

lengths. From this figure, the threshold voltage VT and parameter β0 can be obtained from the 

x–axis intercept and slope, respectively, of the best–fit straight line of the measured data for each 

device according to equation (6–10). 

Figure 6–6 shows the linear plots of F1(Vgs) versus 1/(Vgs–VT)2 for devices with different drawn 

gate lengths. According to equation 

cept of the best straight–line fit of the measured data for each device. 

Figure 6–7 shows the comparison of the threshold voltage, as a function of drawn gate length, 

obtained by the proposed method, and the one extracted from DC Id–Vgs m

polation method [90]. In this figure, the error bars show the 97%–confidence intervals of VT 

obtained by the present extraction method. The small difference between the values of VT obtained 

by these two methods makes the present method become the alternative of determining VT of 

MOSFETs in RF applications. 

With the extracted threshold voltage VT, parameters β0 and θ2, we determine the two remaining 

parameters RT and θ1 by optim

6–4.  

Next, we make use of the extracted values β0 of devices with different drawn gate lengths and 

widths to d

meter β0 versus Wdrawn, and parameter 1/β0 versus Ldrawn, respectively. In Fig. 6–8(a), we 

determine the parameter ∆W from the x–axis intercept of the best–fit straight line for the 

experimental data β0. In Fig. 6–8(b), the parameters ∆L and µ0 are extracted from the x–axis 

intercept and slope of the best–fit straight line for the experimental data 1/β0. 
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The extracted values of parameters VT, RT, µ0, θ1, θ2, ∆L, ∆W and β0 for test devices with 

different drawn lengths are summarized in Table 7. Theoretically, the parameters RT, θ1 and θ2 are 

inde

with Wdrawn/Ldrawn = 10 µm/ 0.5 µm. The inset in Fig. 6–9 shows the intrinsic 

chan

ves are shown as 

the s

pendent of gate length. In this work, it is seen to be the case for parameters RT and θ1 obtained 

by the independent parameter optimization on the measured data for different gate lengths, where 

even if the parameter θ2 is determined from the measured data, rather than optimization on the 

measured data. 

Figure 6–9 shows the plot of effective inversion layer mobility µeff versus gate bias Vgs for a 

MOS transistor 

nel conductance gds as a function of Vgs obtained from equation (6–5) with the extracted 

parameter RT. Due to the fact that effective inversion layer mobility µeff is usually extracted from the 

intrinsic channel conductance gds directly [90], with the relationship between gds and gate bias, 

extracted parameters VT, RT, ∆L, ∆W and the known Cox, µeff is determined through equation (6–4). 

In Fig. 6–9, it is seen that the extracted µeff by equation (6–4) has a significant raise with reducing 

Vgs just above VT. This is attributed to the failure of the approximation of inversion layer charges Qn 

using equation: Qn = Cox(Vgs–VT) while Vgs approaches VT [90]. Besides, according to the 

SPICE–based mobility model expressed in equation (6–6), µeff can be also obtained and shown in 

Fig. 6–9. Since the difference between the two sets of µeff obtained by equations (6–4) and (6–6) is 

within 2% in the strong inversion region, the µeff calculated by equation (6–6) using extracted 

parameters θ1 and θ2 should be a good prediction of actual mobility in this region. 

Additionally, the curves of experimental data gdsm as a function of gate voltage Vgs is compared 

to those calculated using equation (6–7) and the extracted parameters. These cur

olid lines in Fig. 6–10 and a good agreement is obtained over the range of Vgs where the 

experimental gdsm are used in the extraction procedure. In addition, simulated results Ids as a 

function of gate bias obtained from equation (6–2) with the extracted parameters are compared with 

the experimental data. The comparison results are shown in Fig. 6–11 for devices with different 

drawn gate lengths biased at Vds = 0.1 V. In these figures, a good agreement is obtained between the 
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experimental data and simulated results. 

 

6–4 Conclusions 

 

In summary, a simple and novel method using S–parameters measurement has been proposed 

r the simultaneous extraction of threshold voltage VT, sum of drain and source series resistance RT, 

gain

fo

 factor βeff, and mobility degradation parameters θ1 and θ2 of MOSFETs. In addition, by 

carrying out the extraction method for devices with different geometries, the effective channel 

length Leff and width Weff can be also obtained. The proposed method, based on the relationship 

between small–signal source–drain conductance and gate bias, is shown to provide good 

agreements to the experimental data. The advantages of this method are the accuracy and simplicity 

as well as a number of parameters can be obtained by a single measurement, and by using 

S–parameters measurement and avoiding DC drain bias, the influence of drain bias on the extraction 

of the parameters has been eliminated. 
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Chapter 7 

Conclusions 

 

7–1 Major Contributions of the Thesis

ions of fully–depleted SOI MOSFETs are presented. We 

cus the attention on the development for SOI MOSFET analytical models and the extraction 

meth

on of the fully–depleted SOI MOSFETs with 

2. 

d voltage model. A complete analytical I–V 

 

 

In this thesis, the detailed investigat

fo

od for the basic device parameters of MOSFETs. In device modeling, the threshold voltage and 

current–voltage equation in all operation regions for conventional fully–depleted SOI MOSFETs 

are analyzed. Furthermore, the analytical models of the threshold voltage and subthreshold current 

for the SOI MOSFETs with halo implants are also developed. In addition, a small–signal MOSFET 

model and a relevant parameter extraction method are presented for RF applications. These studies 

are verified by 2–D numerical analysis or demonstrated with the experimental data. The major 

contributions of the thesis are summarized as follow: 

1. With the aid of the Green function technique and the appropriate boundary conditions, the 

general solutions for the 2–D Poisson equati

arbitrarily doped profile has been derived. By using the concept of the average electric 

filed, the derivation of the analytical threshold voltage model is further simplified. 

Moreover, a modified factor is introduced to describe the DIBL effect from the 

source/drain junctions. The analytical threshold voltage model is shown to be in good 

agreements with the 2–D numerical analysis. 

To incorporate the DIBL effects into the development of I–V model, a DIBL factor is 

obtained from the previous analytical threshol

model of the fully–depleted SOI MOSFETs in all operation regions is presented. 

Furthermore, the temperature raise model is also incorporated for the temperature related 
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parameters.  

For the first time, an analytical 2–D threshold voltage model and a subthreshold current 

model for the 

3. 

fully–depleted SOI MOSFETs with halo or pocket implants are presented. 

4. 

the 

5. 

d is developed by using the S–parameters measurement 

 

7–2 Prop

 

By the approximation of the potential distribution with parabolic functions and the use of 

proper boundary conditions, the subthreshold surface potential distribution along the 

interface of gate oxide and silicon film is obtained. Furthermore, a simple quasi–2D 

threshold voltage model is developed. Then, with the drift–diffusion current equation, an 

analytical subthreshold current model is also derived. These derived analytical models 

have been verified with the numerical analysis and excellent agreements are obtained. 

A small–signal MOSFET model accounting for the distributed gate resistance, substrate 

network and nonreciprocal capacitance is presented. By using the feedback theory, 

transmission line equation along the gate region is solved with the proper boundary 

conditions. Then, with the help of the two–port circuit model, the Y–parameters of the 

equivalent small signal circuit are obtained. Moreover, an extraction method is also 

developed for the relevant parameters of the small signal model. The developed small 

signal model and parameter extraction method are confirmed by the experimental data 

with the frequency up to 10 GHz. 

For the purpose of extracting DC and AC parameters of the MOSFETs at the same time, a 

device parameter extraction metho

at zero drain bias voltage to avoid the drain bias effect. This method includes the 

extractions of the threshold voltage, effective mobility, series resistance and the 

geometries of the MOSFETs. In addition, the method has been applied to the experimental 

data and a good agreement is obtained. 

osed Future Researches 
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1. In the development of the threshold voltage model for advanced fully–depleted SOI 

MOSFETs, the quantum effect and poly gate depletion effect should be considered. As the 

2. 

halo or pocket implants have been proposed, the 

3. 

own 

4. 

e as the density of 

thickness of the silicon film decreases, the density of states becomes a staircase function 

of the energy, making the threshold voltage increase. Therefore, the quantum mechanical 

effect needs to be taken into account. 

Although the analytical models of threshold voltage and subthreshold current for the 

fully–depleted SOI MOSFETs with 

analytical compact model for the I–V characteristics with the reverse short–channel effect 

appropriate for all operation regions is lacked. As mentioned in Chapter 4, the process of 

the halo implantation has some benefits for the device design. Therefore, it is worth to 

develop an analytical I–V model to account for this effect, and the analytical model can be 

incorporated into the circuit simulator to obtain the more accurate simulation results. 

The developed parameter extraction method adopting S–parameter measurement is only 

suited for the devices with gate oxide thickness above 2 nm. As devices are scaled d

toward ultra–thin gate oxide thickness, the gate–related leakage current is significant and 

needed to be considered in the parameter extractions. The extraction error from the simple 

theory of the perfect gate insulator may underestimate the charge density in the inversion 

layer and consequently obtain the inaccurate effective mobility. Therefore, it is essential to 

extend the device parameter extraction method for the devices down to deep 

submicrometer regimes. Furthermore, it is also essential to obtain the bias dependence of 

the DC–related parameters, i.e., series resistance, effective geometry. 

Recently, the long–term reliability of the deep–submicrometer SOI MOS transistors has 

drawn considerable attention, and it is becoming an important issu

VLSI/ULSI chips increases with the shrinking design rules. With the exception of the 

threshold voltage shift, the hot–carrier induced interface traps and oxide–trapped charge 

greatly degrade the I–V characteristics. The future researches include (a) methodology for 
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modeling the electrical behavior of the transistors with hot–carrier induced damage, (b) 

analytical models developed for predicting the hot–carrier induced characteristics 

degradation, i.e., threshold voltage model, mobility model and I–V models. 

After the small–signal model and relevant parameter extraction method for the MOSFETs 

are developed, the applications of the small–signal model to the desig

5. 

n of the high 

 

 

frequency circuit is essential to prove its feasibility. Furthermore, before implementing 

into the circuit simulator, we must check the comparison of the model calculation results 

with the simulation by the current circuit simulator as the SPICE program. Once the 

prediction achieves the desired accuracy in the near future, the small–signal model may be 

introduced in a circuit simulator to aid the circuit design. 
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Appendices 

Appendix A: The coefficients of the sec nous differential equations. 

he expressions of the coefficients Ai, Bi, Ci, Fi, Gi, and Hi in eq. (4–14) are given as: 

                                 (A–1) 

eneral solution. 

) are expressed as: 
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Appendix B: Particular solutions Ψfsp,i (x) and Ψbsp,i (x), and the constants g1, g2, d1 and d2 of the 

g

The expressions of the particular solutions Ψfsp,i (x) and Ψbsp,i (x), and the constants g1, g2, d1 and d2 

given in eq. (4–15
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Appendix C: The coefficients of the analytical solution of the surface potential. 

The expressions of the coefficients ai1, ai2, ai3 and ai4 of the surface potential solution in the region i 

given in eq. (4–15) are presented as: 
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Parameters Value Unit 

L 0.28 µm 

W 7.83 µm 

tfox 10 nm 

tbox 347 nm 

tsi 94 nm 

µn 600 cm2/V·s 

α 2.5×10-7 cm/V 

β 4×10-5 cm/V 

η 0.046 1/V 

1 0.85  

1 0.85  

2 2×10-3 V/K 

1.15  

4 4800 V/cm·K 

α0 0.995  

Rth 1.953×104 C/W 

T0 300 K 

αi 1.2×10-7 cm/V 

βi0 2.3×106 V/cm 

K  

'K  

K  

3K  

K  
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Vgs (V) 0.6 1 
Cgs ) 1 11 (fF 02 8.9 
Cgd ) 58 60 (fF .5 .45 
Rg (Ω) 6.5 6.4 
gm (mS) 26.626 51.238 
Cdg ) 1 (fF 85 40.3 
Rsub (Ω) 59 60.7 
Cgb )  (fF 8.3 8 
gmb (mS) 3 3.543 .92 
Cdb (fF) 80.1 90 
Csb (fF) 1 188 85 
gds (m ) 1.3 3.608 S 433 

ble
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Wdrawn

(µm) 
Ldrawn 
(µm) 

µ0

(cm2V-1s-1) 
θ1

(V-1) 
θ2

(V-2) 
VT

(V) 
RT

(Ω) 
β0

(AV-2)
Tox

(Å) 
Leff

(µm) 
Weff

(µm)
10 0.35 395 0.17 -0.017 0.6585 60 4.43E-03 106 0.29 9.94 
10 0.4 395 0.165 -0.015 0.791 60 3.72E-03 107.9 0.34 9.94 
10 0.5 395 0.165 -0.015 0.861 60.1 2.84E-03 109.3 0.44 9.94 
10 0.6 395 0.165 0.88 60.1 2.32 109 0.54 9.94 -0.015 E-03
10 0.8 395 0.165 0.842 60.1 1.69 109 0.74 9.94 -0.016 E-03
10 1 395 0.165 -0.017 0.82 59 1.33E 109 0.94 9.94 -03
10 2 395 0.16 0.7916 59 6.7 104.6 1.94 9.94 -0.019 2E-04
10 5 395 0.16 -0.023 0.7429 59 2.60 106.3 4.94 9.94 E-04
10 10 395 0.165 -0.021 0.7367 59 1.31 104.6 9.94 9.94 E-04
10 20 395 0.165 -0.021 0.738 59.5 6.28E-05 109 19.94 9.94 
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   Fig. 6–7 
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