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This research effort mainly deals with the studies of interface properties and par-

asitic bipolar conduction on hot carrier degradation effects and the modeling of the

GAA (Gate-All-Around) MOSFET's in thin-film silicon-on-insulator (SOI) materials

and devices. It consists of three parts: In the first part, a contactless S-polarized

reflectance optical technique for mapping and determining the top Si film and buried

oxide layer thicknesses and an optical modulation technique for determining and map-

ping the interface recombination velocities and substrate carrier lifetimes in SIMOX

(Separation by IMplantation of OXvgenl.SOI wafers have been developed for use as

quality control and processing evaluation tools in the fabrication of ULSI circuits. In

the second part, the extraction of degradation parameters in the defective region after

hot carrier stress and the modeling of floating body effects in the partially depleted

(PD) SOI devices are presented. In the third part, A modeling of GAA devices and

the extraction of parameters are depicted.
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Mapping of the top Si film and buried oxide thicknesses in a SIMOX wafer was

performed by using a contactless S-polarized reflectance optical modulation (DBSPR)

technique. The DBSPR method is based on the S-polarized reflectance measured at

oblique incident angles in the SIMOX wafer. A theoretical model was developed to

extract the top Si film and buried oxide layer thicknesses from the DBSPR technique.

Mapping of the interface recombination velocities and substrate carrier lifetimes in

a SIMOX wafer was performed by using a contactless optical modulation technique.

The optical method is based on the modulation of transmission intensity of an in-

frared (IR) probe-beam by a visible pump-beam (hi/ >Fig) via free carrier absorption

in the SIMOX wafer. A theoretical model was developed to determine the interface

recombination velocities and substrate carrier lifetimes from the optical modulation

technique. The evaluation of implantation-condition effects on the defect formation

mechanisms in an annealed SIMOX wafer by using the DBSPR and the optical mod-

ulation techniques is also presented.

The extraction of degradation parameters in the defective region after hot carrier

stress in the PD SOI MOSFET's is discussed. Moreover, the developed model and

the experimental results reveal the aggravation of hot carrier effects on the parasitic

bipolar transistor conduction in the PD SOI devices. Using the two-piece model, the

degradation parameters in the defective region can be extracted. The modification of

kink behavior, breakdown voltage, and parasitic bipolar action after the hot carrier

stress is predicted by the developed models and observed in the experiment.

Modeling of the GAA devices was developed. The gate-all-around structure of

the GAA devices provides the enhancement of drain current and transconductance.

Due to the volume-inversion effect, the mobiUty is enhanced in the GAA devices.

Using the measured drain current versus gate voltage characteristics, the modeling

parameters can be obtained. Several current-voltage methods are employed to verify

the extracted parameters.
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CHAPTER 1

INTRODUCTION

In an MOS transistor, only the very top region of the silicon wafer is actually

useful for electron transport. The inactive volume induces only undesirable, parasitic

effects. SOI (silicon-on-insulator) structures emerged from the idea of isolating the

active device overlay from the detrimental influence of silicon substrate. The top sili-

con film thickness of SOI can be adjusted to meet the requirements of the performance

of any electronic devices.

The SOI technology is becoming increasingly important for many ULSI appli-

cations due to the many advantages of this technology such as being capable of

operating at high temperature, high speed, high packing density, radiation hardness,

and the lower fabrication cost of device isolation. In ULSI circuits the advantages of

thin film SOI device structure over its bulk silicon counterparts include high carrier

mobihty, sharp subthreshold slope, ameliorated short-channel effects, reduced hot-

carrier degradation, and increased drain current. In subquarter micron regime, the

ultra-thin-film CMOS/SIMOX technology is very promising for future low voltage

ULSIs [1]. Recently, the development of fully-depleted (FD) SOI devices fabricated

on ultra-thin SOI films has drawn great interest in SIMOX and bonded SOI wafers

for high-speed ULSI applications. This is mainly due to the reduction of parasitic

capacitances, body charging effects, threshold voltage shifting, latch-up effects, short

channel effect, and higher drive current ability. However, several device and material

problems need to be overcome before mainstream IC applications of these SOI mate-

rials can be fully realized. These include (i) floating body effects; (ii) heat dissipation



through the buried oxide (BOX) layer; (iii) the effects of back interface on device

reliabihty [2]; (iv) film thickness control in FD devices [3]; (v) the necessity of low

defect density, low cost ultra-thin film substrate (e.g., top Si film < 100 nm); (vi)

buried oxide integrity, and (vii) heavy metal contamination. As the SOI technology

enters the deep sub-micron CMOS regime, the supply voltage will be reduced be-

low 2 V [4]. The inherent low breakdown voltage due to parasitic bipolar action in

fully depleted(FD) devices, heat dissipation, and reliability problems will no longer

be much of a problem for low voltage (< 2.5 V) applications. For a ultra-thin-film

CMOS/SIMOX ULSIs, the high series resistance impairs the speed advantage. A

selective deposited material on the source and drain region is necessary [5]. Salicida-

tion on the source and drain may reduce drain/source parasitic resistance [6], but a

gate-to-source/drain leakage due to bridge [7] was observed. In addition, impurities

in the sources of silicidation metal (e.g. Ti, Co, W etc.) can thermally diffuse in

the later annealing. The stacking fault on the Si/Si02 interface induced by oxygen

implantation during formation of the SOI structure can be decorated by these heavy

metals. Also, source/drain implantation and active region doping are other possible

sources to introduce the contamination impurities. This intrinsic gettering becomes

generation-recombination centers in the back channel, and the leaking current in the

back channel may result an increased subthreshold swing and a deteriorated short

channel effect.

Thinner BOX layers offer a better control of short channel effects, improvement of

the quality of silicon overlayer, heat dissipation, and reduction of the wafer manufac-

turing costs. The advantageous reduction in parasitic capacitance offered by the SOI

is somewhat diminished by thinning of the BOX. However, the PISCES simulations

show that increased capacitances due to a thinner BOX layer are minor compared to

bulk junction depletion capacitance [8]. Production of SIMOX wafers with thin BOX

layers requires special processing techniques to achieve an integral insulating layer.



To optimize the integrity of the formed oxide layer needs further study.

This dissertation mainly deals with the study of interface properties and parasitic

bipolar conduction on hot carrier degradation effects and the modeling of the GAA
(Gate-All-Around) MOSFET's in thin-film siHcon-on-insulator (SOI) materials and

devices. There are three basic objectives: (1) To develop a contactless S-polarized

reflectance optical technique for mapping and determining the top Si film and buried

oxide layer thicknesses, and to develop an optical modulation technique for determin-

ing and mapping the interface recombination velocities and substrate carrier lifetimes

in SIMOX SOI wafers for use as quality control and processing evaluation tools in the

fabrication of ULSI circuits, (2) to extract the degradation parameters in the defec-

tive region after hot carrier stress and to investigate and modeling the floating body

effects in the partially depleted (PD) SOI devices, (3) to analyze the current-voltage

characteristics and to extract physical parameters for the GAA nMOS SOI devices.

Chapter 2 describes the theoretical and experimental aspects of the top Si film

and buried oxide layer thickness measurements on SIMOX samples by using a dual-

beam S-polarized reflectance (DBSPR) optical technique. A model for the DBSPR

technique was developed. It is shown that the top Si film and the buried oxide layer

thickness in SOI wafers can be determined by using a S-polarized He-Cd CW laser

(A = 442 nm) and a S-polarized He-Ne CW laser (A = 632.8 nm) as the incident light

source, respectively.

Chapter 3 presents a dual-beam optical modulation (DBOM) technique for de-

termining the interface recombination velocities and substrate carrier lifetimes in

thin-film SIMOX wafers. The DBOM method is successfully applied to determine

the front interface (Si/Si02) recombination velocities and the back interface (Si02/Si

substrate) recombination velocities and the substrate carrier lifetimes in SIMOX sam-

ples when a He-Cd CW laser (A = 442 nm) and a He-Ne CW laser (A = 632.8 nm)

are used as the pump beam, respectively.



In Chapter 4, the investigation of implantation-condition effects on the defect

formation mechanisms in the annealed SIMOX materials by using the DBSPR and

DBOM techniques described in Chapter 2 and 3 is presented. Different implantation

conditions such as implant energy, channeling, non-channeling, implant temperature,

and implant beam current are used in the study. An etch-pit method is also em-

ployed to compare the defect density in the top silicon film with the measured in-

terface recombination velocity. The correlation between the defect density and the

recombination velocity can be used to optimize the conditions of SIMOX fabrication.

Chapter 5 presents the effects of parasitic bipolar-transistor conduction on the

hot-carrier-degradation of SOI devices. An analytical model of parasitic BJT effects

on the PD SOI nMOSFET is presented for correlating the hot-carrier-induced aging,

and a modified lucky-electron model is developed for estimating the degradation of

SOI nMOSFET characteristics. The discrepancy between floating- and unfloating-

body connection in the hot-carrier-induced degradation is successfully explained by

the present model. The device aging was monitored mainly by changes in threshold

voltage, transconductance, and saturation current, and the corresponding degradation

parameters of aged devices were extracted from the measured /j, — Vgi curves before

and after stresses.

In Chapter 6, the modeling and parameter extraction of nMOS GAA transistors

in linear region are presented. The non-ideal GAA MOSFET's was modeled as a

parallel connection of one long-double-gate and two edge-gate transistors. Using

Poisson equation which considers both the depletion charges and minority carriers,

the current-voltage relationship and the expressions for the surface potential and

surface electric fields were derived in the regions near and below threshold. Due

to the volume inversion characteristics of the GAA devices, the surface potential at

threshold is no longer pinned at the classical limit (i.e., 2(f)F, where ^^ is the Fermi



potential) of strong inversion. The models allow for the parameter extraction of low-

field mobihty Ho, surface state density A^„, series resistance R,, and surface scattering

parameter 9 from the measured static current-voltage curves in the linear region of

the GAA devices. Finally, key conclusions of this work are given in Chapter 7.



CHAPTER 2

A NEW CONTACTLESS S-POLARIZED REFLECTANCE TECHNIQUE FOR
DETERMINING THE SILICON FILM AND BURIED OXIDE THICKNESS IN

SILICON-ON-INSULATOR MATERIALS

2.1 Introduction

Silicon-On-Insulator (SOI) technology is becoming increasingly important for a

wide variety of applications due to the many advantages of this technology such as

simple isolation, capability of operating at higher temperature, higher packing density,

radiation hardness, and reduction of parasitics. Nonuniformity in the thickness of top

Si film and buried oxide of the SOI wafers can result in fluctuation of the threshold

voltage in SOI MOSFETs. Moreover, both the Si film and buried oxide thicknesses

are important parameters for modeling [9] and process control of the SOI materi-

als and devices. The most commonly used methods for determining the SOI film

thickness are reflection interference spectroscopy, ellipsometry, scanning electron mi-

croscopy (SEM), and transmission electron microscopy (TEM)techniques. Although

other techniques such as threshold voltage method [10, 11] and high-frequency CV

method [12] have also been applied to determine the Si film and buried oxide layer

thicknesses in the processed SOI devices, these methods are performed on the fin-

ished SOI devices, and can not be considered as the nondestructive and contactless

techniques for screening the film non-uniformities of the starting SOI wafers and for

process monitoring. In this chapter, we report the development of a new contact-

less dual-beam S-polarized reflectance (DBSPR) technique for determining the film

thickness on absorbing and nonabsorbing films formed on the same semiconductor

substrate. The technique was applied to determine thicknesses of top Si film and

buried oxide layer in SIMOX wafers. The DBSPR technique can be combined with



the dual beam optical modulation (DBOM) technique developed by us earlier [13, 14]

as a nondestructive and contactless quality control tool for SOI technology.

2.2 Theory

In this section, we describe the DBSPR theory for determining the thicknesses

of top Si film and buried oxide layer (BOX) in a SOI wafer using the S-polarized re-

flectance measurements. As shown in Fig. 2.1, an S-polarized laser beam is impinging

at an angle of incidence 9^ on the surface of a SIMOX wafer. The total reflection

coefficient can be expressed as [15, 16]

r =
1 + rprie-'^i + ror2e-'(^i+'^2) -f- rir^e-'^^

(2.1)

where

47r

^1 = -j-^sitf cos $2 (2.2)

in
^2 = -j-^oxtox cos ^3 (2.3)

where rp, rj and rj are the Fresnel reflection coefficients at the air/Si film, Si film

/buried oxide, and buried oxide/Si substrate interfaces, respectively; Aj and A2 are

the phase changes that result from the double travel of light in the top Si film and

buried oxide layer, respectively; A is the wavelength of the incident light; tf is the Si

film thickness; t^^ is the buried oxide thickness; $2 and O3 are the refraction angles

in the Si film and the buried oxide layer, respectively; n^^ is the refractive index of

the buried oxide layer; n^, is the refractive index of Si film and n^i = N,i - jk, where

Nsi is the real part of the refractive index, and k{= ^) is the imaginary part of the

refractive index [17]; a is the optical absorption coefficient. The Fresnel reflection

coefficients rp, ri and r2 are given by

cos Oi — risi cos do
^° = fi\ T (2-4)

cos (fi -\- n„ cos 02 ^ '
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_ n^i cos 62 - Uq:, cos 63

Usi COS 62 + Tlox COS 63

Uox COS 63 - n,i COS 02 ,„ ^,
^2 = ^-^ r (2-6)

rio-c COS P3 + Tlai COS P2

2.2.1 Measurement of Top Si Film Thickness

As shown in Fig. 2.1, to determine the thickness of top Si film in a SOI wafer,

an S-polarized blue He-Cd CW laser (A = 442nm) is used to obtain the S-polarized

reflectance, and the total reflectance is measured by using a laser power meter. Equa-

tion (2.1) may be expressed as

ro + rie-'^'
f ~ ^T- (2.7)

1 + rorie-'^i ^ '

Equation (2.7) is an approximation of Eq. (2.1) by neglecting the back reflectances (r')

below the Si/buried oxide layer interface (r ss '•o+'"f~'
'

with r' « ri). Since the blue

light is mainly absorbed in the top Si film (a « 3x10^ cm~'^) [18], the approximation

can be applied to both thick film and thin film for certain angles of incidence. For

thin-film samples, Eq. (2.7) is valid over a wide range of incident angles (see Fig. 2.5).

Under this approximation, the error on the measured top Si film thickness is less than

5%, as shown in Fig. 2.6(b). It is found that this technique is adequate for measuring

the film thickness in semiconductor or SOI wafers with tf > 30nm.

The total reflectance R = r r* {* denotes the complex conjugate) can be ex-

pressed as

~
1 + RoRxt-^^ -f 2y/R^e-'> cos(JV: - So - Si) ^

^^

where X = ^ and h = —j^; u and v are given, respectively, by

2"' = N], -e- sin^ Bi + 0iV2 _ p _ gjj^2 Q^^2 + 4^2p (2.9)

2v^ = -N^- + e + sin^ 01 + ^{Nj. - P - sin^ ^1)2 + 4A^2j.2 (2. 10)

Note that u and v are the real and imaginary part of Ugi cos 62, respectively, Rq is

the calculated reflectance at air/Si film interface; Ri is the calculated reflectance



at Si film/buried oxide interface, and 60 and Si are the calculated phase angles of

Fresnel reflection coefficients at the interfaces of air/Si film and Si film/buried oxide,

respectively.

The top Si film thickness of the SOI wafers can be determined from the DBSPR

measurements using the expression given by

Rm-R = (2.11)

where Rm is the measured reflectance, and R is given by Eq. (2.8).

Since the blue light is mostly absorbed in the top Si film, the e-^'> terms in

Eq. (2.8) are negligible. Thus, Eq. (2.11) can be written as

^^^^^'-^--'2X'".'b^' = °-
' = "''•''' (^•'^)

where / denotes the different modes; A, B, and ^ are given by

A = cos(5o - «5i) - /?„ cos((^o + <^i) (2.13)

B = sin(<^o -Si) + Rm sm{So + 61) (2.14)

( = t8^n-\B/A) (2.15)

In the DBSPR measurement system, only two parameters, namely, the film thick-

ness tf and the film real part refractive index N,„ are unknown. Thus, tj and A^,,

can be determined from Eq. (2.12) by using the multiple angles of incidence in the

measurements. In this case, Eq. (2.12) can be expressed in terms of the functions G
and F as

G{tf) = F(A, A^„-,a,^i,/Ci) = F{\,N,i,a,e[,R^,) = F{X,N,i,a,el,R^s) (2.16)

where i?^i, i?^2, and Rm.3 are the measured reflectances at the angles of incidence

^1, O^, and ^1, respectively. Therefore, tf and iV„ can be extracted from Eq. (2.16).

Although different values of tf and A^,. are obtained from Eq. (2.16) due to the
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different modes given in Eq. (2.12), only one unique solution of tj and A^^, will satisfy

Eq. (2.16) under different incident angles, which is the sole solution of tf and iV,, for

the SOI wafer.

As an example, the thickness of top Si film for a SIMOX wafer was measured by

using this method. From Fig. 2.3(a) and (b), the reflectances i^^i =0.490, i?,„2 =0.485,

and i?m3=0.640 were measured at angles of incidence ^i=47°, 6[=18°, and 9l=57° on

sample-1, respectively, and the arrows indicate the possible solutions of tf and iV^,-.

The two lines in each mode are the "+" and "—
" solutions in Eq. (2.12). It is clearly

shown that the value of {tf, iV„)=(200nm, 4.73) gives the closest cross point in both

Fig. 2.3(a) and (b). Therefore, this set of {tf, A^„) yields the correct values of tf and

Nsi of the top Si film.

The multiple-angle of incidence method described above is tedious and time

consuming; it is highly desirable to use a single-angle of incidence method along with

numerical calculation of Eq. (2.11) to determine the Si film thickness across the entire

SOI wafer. The multiple-angle step is only performed in the initial measurement to

obtain the value of tf, which is followed by the single-angle measurements over the

entire wafer. This allows a quick determination of film thickness across the entire

SIMOX wafer.

2.2.2 Measurement of Buried Oxide Layer Thickness

We next discuss the measurement of buried oxide thickness in SOI wafers by the

DBSPR method. To determine the thickness of buried oxide layer in a SOI wafer, a

red He-Ne CW laser (A = 632.8nm) is employed to obtain the S-polarized reflectance

data. Using the value of tf obtained above, the buried oxide layer thickness tox is

calculated from the following two equations

Rm — Rtotal{Ol, A, tf,toxi riox, Ugi) = (2-17)



and
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Rtotal{6i A.tj, tox, rior, n„) = — (2.18)

where Rtotai is the total reflectance from the incidence of red laser beam, and

Ci = Ro{l + Rl + 2Ricos{X2-Si-62)} + 2Rie-'">{l-cosX2)

+ 2y/RoRie ''{cos(^o - *i + Xi) + cos((5o - 6^ + Xi + X2)

+ Ricos{X2-Xi-So-62) + Ricos(Xi + 6o + 6i)} (2.19)

C2 = l + Rl + 2Ri cos(X2 -Si- 62) + 2RoRie-^\l - cos X2)

+ 2y/RoRie-^{cos{Xi -So-Si) + cos(Xi + X2 - ^0 - ^2)

+ ilicos(^o-^2-Xi + X2) + ilicos(^o-^i -^1)} (2.20)

where Xj = 4wtfu/\ and X2 = 47r<o^^n2^ - sin^ ^i/A; S2 is the phase angle of

Fresnel reflection coefficient at the Si film/buried oxide interface. The value of tox

can be determined by using the multiple-angle of incidence and Eq. (2.17).

As an example, the oxide layer thickness for a SIMOX wafer is determined using

the above method. Figure 2.4 shows the measured values of Rm of 0.883, 0.896, and

0.925 at angles of incidence 32°, 41°, and 65° for sample-1, respectively. The cross

point {tox — 360nm) indicated by the arrow is the correct value of tox-

Similar to the Si film thickness measurements, the uniformity of buried oxide

layer thickness in the SIMOX wafer can be determined from the measured reflectance

at the angle of incidence Oi and the numerical solution of Eq. (2.17) using values of

tox obtained from the multiple-angle reflectance measurements.

2.3 Experimental Details

Figure 2.2 shows the schematic diagram of the experimental setup for the dual-

beam S-polarized reflectance technique. A 14 mW He-Cd CW laser (A = 442nm) and
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a 4 mW He-Ne CW laser (A = 632.8nm) are used in the experiment. Both laser beams

are focused to a beam size of about 2 mm diameter and polarized by the Dichroic

linear polarizers (with extinction ratios of < 1.6x10"^ for A = 442nm and < 7.6x10"^

for A = 632.8nm). The two laser beams are both reflected by half-silver coated mirrors

and then focused at the same spot on the surface of the measured sample. The S-

polarized reflectances are monitored by the laser power meter. Error in reflectance

measurement due to the fluctuation of laser power can be reduced by monitoring the

incident laser power intensity and reflected power intensity simultaneously. In the

experiment, the blue laser beam (A = 442nm) was used to determine the Si film

thickness tj and the red laser beam (A = 632.8nm) was used to measure the buried

oxide thickness tox- The multiple-angle reflectance measurement was first performed

using blue laser beam, and the same procedure was then repeated using the red laser

beam on the same spot of the wafer. Next, the single-angle reflectances of blue and

red laser beams were measured by scanning the laser beam across the entire SIMOX

wafer.

2.4 Results and Discussion

2.4.1 Measurement of Top Si Film Thickness

Si film thickness measurements were performed on both n- and p-type SIMOX

wafers with different top Si film thicknesses. From Eqs. (2.12) and (2.16), we calcu-

lated the thickness tf and the real part refractive index A^^, of the top Si film using

the measured values of Rm, Oi, the average value of optical absorption coeflScient [18]

a Rs 3x10^ cm-^, film imaginary part refractive index [15] k ss 0.1055, at A = 442nm.

The results for several SIMOX wafers are summarized in Table 2.1. For a thin-film

sample, the approximation of Eq. (2.8) may produce a larger error in reflectance
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data at certain angles of incidence, as shown in Fig. 2.5, but the error of film thick-

ness is much smaller than the reflectance error, as shown in Fig. 2.6(b). From the

single-angle reflectance measurements and the numerical solution of Eq. (2.11), the

micro-uniformities of the top Si film thickness for different samples were obtained.

The results are summarized in Table 2.3. In order to assess the accuracy of the values

of if determined by the DBSPR technique, we compare our measured values with

those determined by the conventional reflection interference spectroscopy measure-

ments, as shown in Table 2.3. Reasonable agreement was obtained between these two

methods.

Figure 2.8 shows the 3-D mapping of Si film thickness for sample- 1. The average

thickness is 198.8 nm and the standard deviation of thickness uniformity is about

1.5 nm. We scanned 300 points on each SIMOX wafer. Sample-2 and 3 are thick

film SIMOX wafers; the uniformity of top Si film thickness for both samples is not as

good as that of sample- 1. Similar results on the Si film thickness uniformity across the

entire SIMOX wafer were also obtained from the reflection interference spectroscopy

measurements for sample-1, 2, and 3.

Figure 2.5 shows the reflectance calculated from Eqs. (2.8) and (2.1), and the

measured reflectance at different angles of incidence for sample-1. The reflectance

obtained from Eq. (2.8) is equal to the total reflectance at the angles of incidence

of 18° and 46°. Within these equal-value angles of incidence, the measured Si film

thickness has the smallest error. However, the equal-value angles of incidence are

difficult to obtain if the Si film thickness is unknown. Figure 2.6(a) shows some

optimal angles of incidence over a wide range of Si film thicknesses. Although a

smaller error was obtained at angle 85°, a broadened beam spot on the surface of

the measured samples is undesirable for the measurements. For samples with smaller

film thickness, the largest error (peak-like shape) shown in Fig. 2.6(b) shifts to the

smaller incident angles. Hence, the ideal angle of incidence is between 55° and 68°
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over a wide range of film thicknesses.

Table 2.5 shows the statistical measurements of tf for several SIMOX samples.

Five measurements were repeated at each point. Values of the standard deviation of

the measurement results indicate the excellent resolution and reproducibility of this

method.

2.4.2 Measurement of Buried Oxide Thickness

Similar to the Si film thickness measurements, the buried oxide thickness can be

determined from Eqs. (2.17) and (2.18) using the measured values of i?^, di, tf, the

average value of absorption coefficient [18] a « 3.3x10^ cm~^, Si02 layer refractive

index citesze Uox w 1.46, Si film refractive index [15] n„ w 3.85 - jO.015 , and A =

632.8nm. The results for several SIMOX wafers are summarized in Table 2.2. Figure

2.6(c) shows the errors of buried oxide layer thickness as a function of incident angle

by using the measured values of tf in Eq. (2.17). The trend of errors is similar to that

of film-thickness measurements. From the single-angle reflectance measurements and

the numerical solution of Eq. (2.17), the micro-uniformities of buried oxide thickness

for different samples were obtained. The measured buried oxide thicknesses for several

SIMOX samples are listed in Table 2.4, which were found in reasonable agreement

with those determined by the elhpsometry method. It is better to use larger incidence

of angles, since the errors may be coupled to the measured values of tf. Similar to

tf measurements, using larger incidence of angles may reduce the errors over a wide

range of film thicknesses.

Figure 2.9 shows a 3-D mapping of the buried oxide thickness in sample-1. The

average thickness is 389.1 nm and the standard deviation of thickness uniformity is

6.2 nm. We also scanned 300 points in each SIMOX wafer. Sample- 2 and 3 have

the similar uniformity as sample-1. Moreover, the results of ellipsometry method also

show the similar uniformity for sample- 1, 2, and 3.



15

Unlike Si film thickness measurement, the measurement of buried oxide thickness

has no restrictions on the angles of incidence. The influence due to uncertainty of the

measured reflectance in the substrate (Aj = 2m7r, where m = 0, 1, 2, 3, ) does not

exist in this case since there are no cross points of total reflectance and the film-free

reflectance at any angles of incidence, as shown in Fig. 2.7. Also, Table 2.6 shows

the statistical measurements of to. for several SIMOX samples. Five measurements

were repeated at each point. Similar to the results of tf measurements, the excellent

stability and reproducibility were obtained in the DBSPR method.

The discrepancy of the measured values of BOX thickness between the DBSPR
and the ellipsometry methods (see Table 2.4) may be attributed to the presence of a

transition layer (SiO,) [16] between the BOX and the bulk Si substrate (see Fig. 2-10).

The BOX thickness was confirmed by the SEM (e.g., i,, of sample- 1 measured by

SEM varied between 340 nm and 360 nm as shown in Fig. 2-11) which indicated that

the ellipsometry method is more accurate than the DBSPR method. The recalculated

results revealed that the existence of the transition layer renders the measured BOX
thickness much closer to the measurement results of ellipsometry method than that

without consideration of the transition layer (e.g., the BOX thickness of sample 1

becomes 358.4 nm with a 12.5 nm transition layer presence). The total reflection

coefficient (including the transition layer) may be rewritten as Vtotai = D1/D2 where

Di and D2 are given as follows

Di = ro -f- rie-'^i + r^e-'^^^-^^^) + rorir^e"^^ + rorir3e-(^2+^3)

+ror2r3e""^3 ^ j,^j.^j.^^-i{Ai+A3)
_,. ^^^-.(Ai+Az-f-As)

(2.21)

+r2r3e-'^3 + ^jj^gg-XAj-^A^-t-As) ^ ^.^^^^^^.^^-ha^+a^)
(2.22)

where rj and rg denote the Fresnel reflection coefficients at the BOX/transition layer

and transition layer/Si substrate interfaces, respectively, and A3 is the phase change
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of incident light in the transition layer.

The thickness and refractive index of the transition layer can be determined by

the ellipsometry measurements. The ellipsometry method [16] is to measure the phase

change (A) and magnitude ratio (*) of the polarized lights (S and P polarized). Using

the measured A and ^ to fit the theoretical curves of the three layer structure (i.e., Si

overlayer, BOX
, and transition layer), the BOX and transition layer thicknesses can

be obtained. The DBSPR method can not distinguish the transition layer from the

BOX. Inclusion of the transition layer reduces the sensitivity of thickness variation of

top silicon film (see Figs. 2-12 and 13). From the previous report of Levy et al. [16],

the transition layer thickness varied from 12.5 to 25 nm and the refractive index

ranged from 2.4 to 3.1 for the transition layer/Si substrate interface and from 1.45

to 2.25 for the BOX/transition layer interface. The sensitivity of BOX thickness on

the transition layer thickness and refractive index is shown in Figs. 2-14, 15, and 16,

respectively.

2.5 Conclusion

In this work, a new contactless dual-beam S-polarized reflectance (DBSPR) tech-

nique for determining the top Si film and buried oxide thickness in the SOI wafers has

been demonstrated. Basically, the limitation of the DBSPR method in the ultra-thin

and thicker top Si film could be solved by using a dye laser (or multiple light source

with different wavelengths) as light source. The longer wavelengths can be used in

the thicker top silicon film structure. On the other hand, the shorter wavelengths

can be used in the ultra-thin film structure. In principle, there is no limitations

on the film thickness measurements of the two-layer structure. Except on very thin

layer, the uniform optical property of the boundary between layers is not valid. In

order to evaluate the DBSPR method, the advantages and disadvantages of the DB-

SPR, spectroscopic reflectance (SR), and spectroscopic ellipsometry (SE) methods
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are compared, and the results are summarized as follows:

• Advantages:

SE: nondestructive, quick, accurate, suitable for ultra-thin film and multiple

layer structure.

SR: nondestructive, suitable for thicker film measurements.

DBSPR: quick, nondestructive, simultaneous determination of top Si film and

BOX thicknesses, simple setup, and low cost.

• Disadvantages:

SE: stable light source intensity control; linear detector response to avoid gen-

eration of harmonics; control of the stray light; very thin layer is questionable;

thicker layer thickness measurements need multiple beams and angles of inci-

dence.

SR: thin film measurements need an extremely short wavelength as light source;

need different incident light source scannings; detector noise.

DBSPR: unable to be used in the samples with structure more than two layers;

a very short wavelength light source is needed for measuring very thin layer.

Although the DBSPR method has some weaknesses in the film thickness measure-

ments on SIMOX SOI wafers, it could be very suitable for use as a quality assessment

tool in the bonded SOI wafer fabrication when the transition layer is absent.
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Table 2.1 Measurements of Si film thickness and film real part refractive index

by multiple angles of incidence for different SIMOX samples.

h e\ e\ tf iV3,

Sample (degree) (degree) (degree) R^i Rm2 Rms (nm)

1 47 18 57 0.490 0.485 0.640 200 4.73

2 57 20 35 0.668 0.444 0.488 550 4.85

3 55 30 20 0.709 0.554 0.459 1660 4.84

Table 2.2 Measurements of buried oxide film thickness by multiple an-

gles of incidence for different SIMOX samples.

^1 Ox o; u.
Sample (degree) (degree) (degree) R^^ Rm2 Rms (nm)

1 41 32 65 0.896 0.883 0.925 360

2 48 34 63 0.804 0.742 0.835 400

3 41 34 50 0.701 0.670 0.660 430
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Table 2.3 Measured Si film thickness for different SIMOX samples.

Thickness
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Table 2.5 Statistical measurements of Si film thickness at different

points of the SIMOX samples. The first point (pt. 1) is located

at the center of the samples; the second and third points (pt. 2

and 3) are located, respectively, at the diagonal positions on

the edge of the samples.

Thickness



21

Incident Light

Figure 2.1: A schematic drawing of laser beams impinging on a SOI wafer

under the angles of incidence at 6i, O'^, and 6l and the cor-

responding total reflectances R, R' , and R" ; tf is the Si film

thickness; tox is the buried oxide thickness; Uox and n^, are the

refractive indices of Si02 layer and top Si film, respectively.
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Figure 2.2: Schematic diagram for the dual-beam S-polarized reflectance

measurement setup.
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Figure 2.3: Thickness curves of the thin Si film for sample-1 under the

angles of incidence (a) 47° and 18°, (b) 47° and 57°, with film

real part refractive index varying from 4.3 to 6.4, / is the mode
number given in Eq. (2.12).
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Figure 2.4: Rm — Rtotai vs. buried oxide thickness tox for sample- 1, which

is plotted over a wide range of tgx that fits Eq. (2.17) under

the angles of incidence 32°, 41°, and 65°.
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Figure 2.5: Plots of the reflectances vs. angles of incidence for sample-1;

solid line is the total reflectance calculated from Eq. (2.1);

dashed line is the reflectance obtained from Eq. (2.8).
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Figure 2.7: Dependence of the reflectances on the angle of incidence for

sample-1; solid line is the total reflectance; dashed line is the

reflectance calculated on the surface of film-free Si substrate.
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Figure 2.8: 3-D mapping of Si film thickness tj on the surface of sample-1.
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Figure 2.9: 3-D mapping of buried oxide thickness tox on the surface of

sample- 1

.
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<i>t

Incident Light

SiO.

Figure 2.10: A schematic drawing of laser beams impinging on a SIMOX
SOI structure with transition layer. Where tox2, "oxi, "0^.2,

and A3 is the layer thickness, refractive indices, and incident

light phase change of transition layer, respectively.
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Figure 2.11: The SEM result for sample 1.
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Figure 2.14: The sensitivity of tox to transition layer thickness {nox2 = 2.4
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CHAPTER 3

DETERMINATION OF INTERFACE RECOMBINATION VELOCITIES AND
CARRIER LIFETIMES IN SOI MATERIALS BY A CONTACTLESS OPTICAL

MODULATION TECHNIQUE

3.1 Introduction

Recently, the development of fully-depleted (FD) SOI devices fabricated on ultra-

thin SOI films has drawn great interest in SIMOX and bonded SOI wafers for high-

speed ULSI applications. This is mainly due to the reduction of parasitic capacitances,

body charging effects, threshold voltage, latch-up effects, soft error rate, and the lower

fabrication costs of device isolation. However, several device and material problems

need to be overcome before mainstream IC applications of these SOI materials can

be fully realized. These include (i) floating body eff'ects; (ii) heat dissipation through

the buried oxide layer; (iii) the effects of back interface on device rehabihty [2]; (iv)

film thickness control in FD devices [3], and (v) the necessity of low defect density,

low cost ultra-thin film substrate (e.g., top Si film < 100 nm). As the SOI technol-

ogy enters the deep sub-micron CMOS regime, the supply voltage will be reduced

below 2 V [4], the floating body effect, heat dissipation, and reliability problems

become less significant. On the other hand, the fluctuation of SOI film thickness,

which influences the threshold voltage, drive current, and latch-up voltage on the FD

SOI devices, will have less important effect on the partially depleted (PD) devices

with nonuniform channel doping and source/drain extension-halo instead [4]. One of

the bottlenecks in the widespread use of the SOI technology is the availability of low

defect density, low cost ultra-thin film SOI substrates. Although the optimization

on ion-implantation and annealing conditions has significantly reduced the disloca-

tion density and improved the interface property of SIMOX materials, it is highly

37
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desirable to develop a contactless and nondestructive diagnostic technique for rou-

tine screening of the SOI wafers prior IC fabrication. Although several methods such

as capacitance [19, 20], dynamic transconductance [21, 22], threshold-voltage [23],

microwave lifetime measurement [24], surface photovoltage (SPV) [25], photolumi-

nescence scanning (PL) [26], atomic force microscopy (AFM) [27], and transmission

electron microscopy (TEM) [28] are available for characterization of SOI material

quality, these techniques do not offer a direct means for determining the interface

recombination velocities in SOI materials. In this chapter, we report a contactless

dual-beam optical modulation (DBOM) technique [13, 14] for determining the sub-

strate carrier lifetimes and interface recombination velocities in SIMOX wafers. Ba-

sically, This DBOM technique is to continue the previous works of Dr. Yang. The

consideration of multiple reflection of the pump beam inside the top silicon film and

the BOX layer was added into this technique. In addition, the refractive index of the

pump beam inside the silicon film was corrected. Moreover, the multiple-pump-beam

incidence at different oblique angles was developed for interface recombination veloc-

ity measurement. The DBOM technique can combine with the contactless dual-beam

S-polarized reflectance (DBSPR) method [29] developed by us for quality control and

defect study in SOI materials.

3.2 Theory for DBOM Technique

In this section, we describe the theory for determining the front-interface recom-

bination velocity {S2), back-interface recombination velocity {S3), and the substrate

carrier lifetime (r,) in a SIMOX wafer by using the DBOM technique. As shown

in Fig. 3.1, a CW laser is impinging upon a p-type SOI substrate, the excess elec-

tron concentration An in the Si substrate can be obtained by solving the continuity
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equation

D d^An An
" dx^

+ Gix) =

with boundary conditions given by

dAnD

-D.

ox

dAn
x=0

dx
X=tl

D,
dAn

dx

= SiAn{0)

= S2An{tf)

= S3An{tf + tor)

X=tox+t/

and the generation rate G{x) can be expressed as

(3.1)

(3.2)

(3.3)

(3.4)

G{x) = aTi<f>Q cos ^2(1 -R- T)t-°"= in the top Si film (3.5)

G{x) = aTj4>o cos ^2re-^(^+'/) in the Si substrate (3.6)

where a, t), (J)q, R, and T are the absorption coefficient, quantum efficiency, photon

flux, total front surface reflectance, and back-interface transmittance at a given pump-

beam wavelength, while, £>„, tf, to^, r, and ^i are the diffusion coefficient, top Si film

thickness, buried oxide (BOX) layer thickness, excess carrier lifetime, front-surface

recombination velocity in the SOI wafer, respectively. Note that both R and T can

be determined by using the DBSPR method [29].

The excess electron concentration in the top Si film (Anj) and the Si substrate

(An2) can be obtained by solving Eq. (3.1)

Ani(x) = a//</>o(l -R-T) cos 62
X—t)

Dn{a^ - ^)
Cie 'f + Cae ^/ - e

—ax \

An2(x)
0(T](l)oT COS 02

Dnia' - iV)
S L

aDn + SsX _(fzi!rtlff»

Dr, + 5*3

- e"'*^^"^'^^'"^^)

(3.7)

(3.8)

where

^ _ 1 i^Dn + Sr)i^ - S2) - (aPn - S2)i^ + 5:)e-^'^^"-^»

2 ^{Sr + S2) cosh(^) + iS^S2 + ^) sinh(i;^)
(3.9)
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Co =_
1 {aPn + 5:)(f^ + 5^) - (a£>, - S,){%^ - S,)e-^''^''^^^^

(3.10)
2 ^{S, + 52)cosh(^) + {S,S, + f )sinh(|^)

where 62 is the refraction angle of the incident pump beam in the top Si film; Lj

y/DnTj and L, = \/D^ are the diffusion lengths of excess minority carriers, and

Tf and T, are the minority carrier lifetimes in the top Si film and the Si substrate,

respectively.

When the pump beam is turned on, the excess carriers are generated in the top

Si film (AA^i) and Si substrate (AA^2) which tend to modulate the IR transmitted

intensity. Under low injection condition, the transmitted intensity of the probe beam,

AA^i, and AA^2 can be expressed as [30]

I = lo exp (^ANiafc + j^' (cT„no + <TpPo)dx

(3.11)

where

AN, = /"An.M..= -^"-f;^)t°Jo Dn{a^ - j^

cos Q-r

)

L/Ci(l - e"^/ ) - L/C2(l - e^/ ) + -(e""'/ - 1)
a

(3.12)

and,

AA^o = / An2{x)dx
'tf+tc

ar}(f>oT cos $2

\ L<

(3.13)

where /q, no, and po are the transmitted intensity, electron concentration, and hole

concentration in the absence of pump-beam excitation; d is the sample thickness;

CT/c — crn + (Tp is the total optical absorption cross-section of electrons and holes with
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a„ = 1 X 10-i«A2cm2 and a^ = 2.7 x lO-^^A^cm^ [31], respectively, and A is the

wavelength of the probe beam.

The fractional change in the probe-beam transmitted intensity A/// (with A/ =

I — Iq) can be expressed as

,
/A/ \ A/

= -crjc <

ar]{l- R-TUoCOs02 / -Ll 1l

'',

Based on the facts that for ultra-thin Si film, with highly absorbed pump-beam

(a > 4 X lO^cm-^), low front surface recombination velocity (^i ^ lO^cm/s [32]), low

film carrier lifetime (t/ ?a 1 to 2 orders of magnitude smaller than bulk Si [33, 34]), and

higher interface trap density in SIMOX [21, 22, 23] (about one order of magnitude

higher than that of the thermally oxidized silicon [18]), the following assumptions

prevail in the ultra-thin film SIMOX wafers: (i) tf/Lf < 1, (ii) aLf^aL^ > 1, (iii)

aDn > Su (iv) Dl > S1S2LJ, (v) aZ)„ > S2. Using these assumptions, Eq. (3.14)

becomes

A/ f
/^(l-e-'z)— = -(Tf,ri cos e2(l>0 {{l-R- T)Tf ^ j-

+ T (a)(rai)} (^•^^)

It should be noted that if the thickness of Si film is much smaller than the

width of excess carrier distribution (e.g., tj < Lf), the gradient of excess carrier

concentration along the x direction (as shown in Fig. 3.1) due to the diffusion process

is very smaller, then, Eq. (3.1) may no longer be suitable for describing the mechanism

of excess carrier recombination. In Appendix A, we derived the excess carrier density
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(ANi) in the top Si film for ultra-thin film SOI wafer. The result is identical to the

part of Si film shown in Eq. (3.15).

As shown in Fig. 3.1, to determine the front-interface recombination velocity S2

in a SOI wafer, a He-Cd CW laser (A = 442 nm) is used as pump beam. Since the

blue light is mainly absorbed in the Si film (see Fig. 3.3), and for an ultra-thin Si film

with 5*1 -f- 5*2 > tf/Tf (see Fig. 3.4 and 3.5), the ^2 can be deduced by eliminating the

second term in Eq. (3.15) under different incident angles 9i and 6[

(

A/i Af2 \ -1

^^ h )

(^fcV^Ol COS ^21^1 CrfcTI(l)02 cos ^22^2 /

X Ml-e-")]( ''^;_"^' - '"^;^"^'
)

(3.16)

where subscripts 1 and 2 are the measured parameters corresponding to incident

angles 61 and 9^, respectively. Si is in the order of 10^ cm/s for a well-passivated

silicon surface [30, 32].

To determine the excess carrier lifetime t, in the SOI substrate, a He-Ne CW
laser (A = 632.8 nm) is used as the pump beam to illuminate on the back surface of

the SOI wafer. Since the reflectance Rr of a. not well-passivated silicon surface can be

determined by the known rms values of surface slopes m and surface roughness a [35]

and Si substrate of SOI wafer, the fractional change of the transmitted probe-beam

intensity can be expressed as

T^ / aPn + Sr
'

and the substrate lifetime t, is obtained from Eq. (3.17) using the back surface re

combination velocity of 5^ w 6 x 10'*cm/5 [36]

A/
—j- = (TfcT)<l)o cos 62(1 - Rr) (3.17)

- ' — ^ ' '

(3.18)
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where
A/

A={ 1
\Sras/D^

aiMocosO^il - Rr)J aDn + Sr ^ ^>

Similar to the determination of 52, the back-interface recombination velocity ^3

is obtained by measuring r, and using a He-Ne laser (A = 632.8 nm) as pump beam.

Since the He-Ne laser is mainly absorbed in the Si substrate (see Fig. 3.3). The ^3

can be determined from Eq. (3.15) under different incident angles

where

K = h h
\<T}cr}<l>Ol COS^2l(l -Rl- Ti) (Tf,TI<f)02 cos $22(1 - R2 - T2)

a
f

Ti T2 Y'

where subscripts 1 and 2 are the measured parameters corresponding to incident

angles 9i and 9[, respectively. Note that the above analysis can be applied to n-type

SOI wafers as well provided that the parameters for electrons are replaced by holes

(i.e., Dn by Dp and t„ by Tp etc.).

3.3 Experimental Details

Figure 3.2 shows the schematic diagram of the DBOM experimental setup. A

tungsten lamp, which is used as the probe beam, is passing through an IR filter (a

low-doped Si wafer) with a cutoff wavelength of about 1.1 /zm, and is focused to a

beam size of about 4 mm diameter. A 14 mW He-Cd CW laser or a 4 mW He-Ne

CW laser was used as the pump beam which is lined up with the probe beam in the

experiment. Both laser beams are focused to a spot size of about 2 mm diameter and

polarized by the Dichroic linear polarizers (with extinction ratios of < LGxlO""* for

A = 442 nm and < 7.6x10"^ for A = 632.8 nm). Both probe beam and pump beam are
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chopped at 405 Hz for synchronous detection by a lock-in amplifier. The pump beam

is reflected by half-silver coated mirrors and then focused into the same spot as the

probe beam on the measured sample. In the experiment, the substrate carrier lifetime

T3 was measured by using an IR probe beam and a He-Ne laser pump beam impinging

on the back surface of the SIMOX wafer. The rms values of the surface slope m and

the surface roughness a were measured by using Sloan Dektak II surface profiler to

obtain the reflectance. The IR transmitted beam intensity / was first measured using

the chopped probe beam and a lock-in amplifier. The change in the transmitted

intensity A/ was measured by using the chopped pump beam superimposed on the

probe beam which was not chopped, and the resulting IR transmitted intensity was

measured by using a lock-in amphfier.

To determine the back-interface recombination velocity Sz, the probe and pump

beams were impinging on the front surface of the measured sample with the different

oblique incident angles of the pump-beam excitation. The measurements of / and

A/ are the same as in the determination of r,. Values of R were measured by using a

laser power meter. For different angles of pump-beam excitation, the measurements

of /, A/, and R are carried out in a similar procedure.

The front interface recombination velocity ^2 was determined by using the He-

Cd laser as pump beam and using the same procedures as described above. The

S-polarized reflectances of pump beam were monitored by a laser power meter to

determine the front surface reflectance R and the back-interface transmittance T of

the SIMOX wafer.
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3.4 Results and Discussion

3-4.1 Measurement of Front Interface Recombination Velocity

Front interface recombination velocity measurements were carried out in both

n- and p-type SIMOX wafers with different top Si film thicknesses, annealing tem-

peratures, and oxygen implant doses. From Eq. (3.16) and the values of R and T

obtained by the DBSPR method [29], we calculated the front interface recombination

velocity using the measured values of A/, / at the angles of incidence Oi = 23° and

9i = 63°, the average value of optical absorption coefficient a « 3 x 10^ cm~^ [18],

(Tfc « 9.5 X 10-i«
cm'' [31], rj ^ 0.5 [18], (l>o « 7.48 x 10^^ cm-^s-'' at 0^ = 23°,

and 4>o « 4.62 x 10^^ cm-^s-'' at e[ = 63°. The results for several SIMOX wafers

are summarized in Table 3.1. From the results, it is noted that the multiple implant

sample has a larger defect density in the front interface than that of the single implant

sample . This is consistent with previous work reported by Venables et al. [37].

For a thick-film {tj > 5000A) SIMOX wafer with small film lifetime [tj < O.Sfxs),

Eq. (3.16) may not give a good estimation of the front-interface recombination veloc-

ity, as shown in Fig. 3.4 and 3.5. Under such condition, a shorter wavelength pump

beam (e.g., UV laser) can be employed to obtain the film lifetime (t/). The front-

interface recombination velocity can be determined by substituting this measured ry

mto Eq. (3.15) and using the blue He-Cd laser as a pump beam and using different

incident angles (e.g. 0i and 9[) [13].

Figure 3.6 shows the mapping profile of the interface recombination velocities

(^i + ^2) for sample-MI3. The average value is 325 cm/s. For a well passivated

silicon surface [30, 32] ^i is about 100 cm/s, while ^2 was found to be 225cm/s. We

scanned 300 points on each SIMOX wafer and divided the 4" SIMOX wafer into 60

squares in the DBOM measurements. Thus, the area of each square represents the

average value of five measurements. From Fig. 3.6, it is shown that the uniformity of
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front-interface recombination velocities in sampIe-MI3 is lower near the center region

than the upper edge region of the wafer. Sample-Mil and SI2 have the similar results

as sample-MI3.

3.4.2 Measurement of Substrate Lifetimes

The substrate lifetimes were determined from Eqs. (3.17), (3.18), and (3.19) using

the measured values of m, a. A/, /, the average value of optical absorption coefficient

a « 4.1 X 10^ cm-' [18], Cf, « 9.5 x IQ-^* cm'' [31], ij « 0.85 [18], and <t>o
« 4.02 x 10^^

cm-^s-' at 9i = 23°. Values of /?, in Eq. (3.17) were calculated using Eqs. (27)

and (39) given in Davies' report [35] with the measured values of m and a. The

results of the calculated Rr are listed in Table 3.2. The measured substrate lifetimes

for several SIMOX wafers are summarized in Table 3.1. Sample-SI has a lower r,

than other SIMOX samples tested. This may be due to the heavy metal impurity

mtroduced in this SIMOX wafer during the single oxygen implantation process. The

heavy metal impurities are gettering in the Si substrate during the post implantation

annealmg [38, 39]. The gettering impurities degrade the substrate lifetime.

Figure 3.7 shows the mapping profile of the substrate lifetimes for sample-MI3.

The average value is 10.8 //s. We also scanned 300 points on each SIMOX wafer. From

Fig. 3.7, a uniform distribution of substrate lifetime was observed and the lifetimes

are higher near the center region than the edge region of the wafer. Sample-Mil and

SI2 have similar uniformity profiles as sample-MI3.

3-4.3 Measurement of Back Interface Recombination Velocity

Similar to the front-interface recombination velocity measurements, the back-

interface recombination velocity can be determined from Eqs. (3.20) and (3.21) using

the measured values of r„ A/, /, the average value of optical absorption coefficient

a « 4.1 X 103 cm-' [18], aj, « 9.5 x 10-i« cm^ [31], ;, « 0.85 [18], <f>o « 4.02 x 10^^
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cm-^'s-'' at ^1 = 23°, and 4>o « 9.96 x lO^^ cm-^s-' at e[ = 63°. Values of R
and T in Eq. (3.21) were obtained from the DBSPR method [29]. The results for

several SIMOX wafers are summarized in Table 3.1. It is noted that sample-SIl has a

higher back-interface recombination velocities than other SIMOX samples. This may

be attributed to the post-implantation annealing induced by the copper diffusion

from the Si surface into the buried oxide and Si substrate, with copper impurities

precipitated in the back interface (e.g. intrinsic gettering) [38, 39] of the SIMOX
wafer.

Figure 3.8 displays the mapping profile of the back interface recombination ve-

locities for sample-MI3. The average value is 59.8 cm/s. We also scanned 300 points

on each SIMOX wafer. From Fig. 3.8, the back-interface recombination velocities are

lower near the central region than in the edge region of the wafer.

Finally, the statistical measurements of r„ ^3 ,and Si + S2 were performed on

the different points for several SIMOX samples (see from Table 3.3 through Table

3.5). Five measurements were repeated at each point. Values of the standard devia-

tion of the measurement results indicate the excellent stability and reproducibility of

the DBOM method. The determined r„ ^3, and ^i maybe sensitive to temperature,

back-side surface roughness, top Si film thickness, or BOX thickness. From the calcu-

lation results, T, is not much sensitive to temperature, backside roughness, and rough

surface recombination velocity (see Figs. 3-9, 10, and 11). While, the back-interface

recombination velocity is sensitive to temperature and BOX thickness (see Figs. 3-12,

13, and 14). For the front-interface recombination velocity, the measured values are

more sensitive to tj than to ^^^ (see Figs. 3-15 and 16).

3.5 Conclusion

In this work, a contactless dual beam optical modulation (DBOM) technique for

determining the front-and back-interface recombination velocities and the substrate
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carrier lifetimes in SIMOX wafers has been demonstrated. For ultra-thin film, the

limitations are (i) t/ > 10"^ sec, (ii) r, > 10"^^ sec, and (iii) interface recombination

velocity smaller than 10^ cm/sec. In general, tj varies from 0.1 to a few //s, and

Ts > Tj [33, 34]. The interface recombination is ranged from several tens to hundreds

of cm/sec [21, 22, 23] {s = avthirkTBu [75] where Dn is the density of interface

states). The most commonly used methods to determine the carrier lifetimes are

the photocoductivity and the SPV methods. While, the interface recombination

velocity is usually determined by capacitance and conductance techniques [19]-[23].

The advantages and disadvantages for the photoconductivity decay, SPV (surface

photovoltage), and DBOM techniques are described as follows:

• Advantages:

Photoconductivity decay: traditional method; simple.

SPV: nondestructive; sample preparation is simple; steady-state method; im-

mune to slow trapping and detrapping.

DBOM: contactless and nondestructive; simple for sample preparation; steady-

state method; suitable for thin-film structure measurements.

• Disadvantages:

Photoconductivity: thicker samples (at least several /xm) to decouple surface

and bulk recombination; contact necessary; and transient method.

SPV: contact method; sample thickness needs much thicker than the diffusion

length; SCR (space charge region) width must be smaller than the diffusion

length; stray capacitance must be controlled for good signal-to-noise ratio.

DBOM: sensitive to the variation of top silicon film thickness and the BOX
thickness.

This method is especially useful for quality control and defect studies of the SOI

wafer manufacturing. Using this technique, the interface properties and the quality
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of SOI wafers can be evaluated versus processing and growth parameters. Thus, the

contactless DBOM technique described in this work may be used to obtain optimal

manufacturing process for the SOI materials.
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Table 3.1 Substrate lifetimes, front-interface recombination velocities, and back-

interface recombination velocities measured by DBOM method for several

SIMOX samples.

tf tox Dose Anneal Resistivity t^ Si + S2 S3

Sample (A) (A) (cm"^) (°C, h) (type, »-cm) (/zs) (cm-.s~^) (cm-;;-^)

MIl^^ 2004 3479 1.8E18 1310,5 p,10-20 23.26 174.40 44.70

SI2 5300 3900 1.8E18 1285, 6 n, 6 7.39 242.63 95.99

MI3t 1870 3744 1.8E18 1285,6 p 10-20 10.79 324.87 59.79

f multiple implant wafer with doses of 0.5, 0.5,0.8 x 10^^ cm"'^.

Table 3.2 Measured reflectance R^ of

the back surface for differ-

ent SIMOX samples.

Sample m -^ Rl

Mil 0.0456 0.3557 0.2371

SI2 0.0460 0.3311 0.2371

MI3 0.0495 0.3454 0.2371
n

—

A = 6328^1 is the wavelength of the

incident pump beam.

^ Rr = Ro x Rrei whcrc Rq is

the reflectance of a well passivated

Si surface, and Rrei is the relative

reflectance [35] obtained from the

measured m and a.
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Table 3.3 Statistical measurements of substrate lifetimes at dif-

ferent points of the SIMOX samples. The first point

(pt. 1) is located at the center of the samples; the

second and third points (pt. 2 and 3) are located, re-

spectively, at the diagonal positions on the edge of

the samples.
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Table 3.5 Statistical measurements of front-interface recombina-

tion velocities at different points of the SIMOX sam-

ples. The first point (pt. 1) is located at the center of

the samples; the second and third points (pt. 2 and 3)

are located, respectively, at the diagonal positions on

the edge of the samples.

SI + S2

(cm/s)
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Incident Light

Figure 3.1: A schematic diagram of pump beams impinging on a SOI
wafer under different angles of incidence at 61 and 6^ and the

corresponding total reflectances R and R , transmittances T
and T

; ^/ is the Si film thickness; tox is the buried oxide

thickness; Uox and n,, are the refractive indices of Si02 layer

and top Si film, respectively; 5i, ^2, r/, and Ani{x) are the

recombination velocities, minority carrier lifetime, and minor-

ity excess carrier concentration in the top Si film, respectively;

S3, Ts, and An^ix) are the recombination velocities, minority

carrier lifetime, and minority excess carrier concentration in

the Si substrate, respectively.
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Figure 3.5: Ratio of (i//r/)/(5i + S2) in Eq. (3.15) for different top Si

film thicknesses and film lifetimes with 51 + 52 = 150 and 250
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Figure 3.9: The sensitivity of substrate carrier lifetimes to temperature.
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CHAPTER 4

CORRELATION OF IMPLANTATION DEFECTS WITH DETERMINED
INTERFACE RECOMBINATION VELOCITIES AND CARRIER LIFETIMES IN
ANNEALED SIMOX SOI MATERIALS BY USING A CONTACTLESS OPTICAL

MODULATION TECHNIQUE

4.1 Introduction

The development of low-power and high-speed ULSI circuits fabricated on ultra-

thin film SOI wafers has recently drawn great interest. Key to the success of low-power

and high-speed applications will be the availability, cost, and performance advantage

of quality SOI material meeting the requirements of low-power and high-speed ULSI

circuits. SIMOX (Separation by IMplantation of OXygen) is a promising candidate

for low-power, high-speed, and high density ULSI circuit applications [6]. A quality

Si-overlayer is crucial for such applications. Although the multiple low dose implanta-

tion and annealing sequences have been applied to reduce the threading dislocations

in the Si-overlayer, the drawbacks of multiple low-dose implantation include time con-

sumption, expense, and yield reduction, as well as a possibiUty for increased metal

contamination. The use of single-dose implant SIMOX is economically feasible and

has proven satisfactory for large demonstration circuit fabrication [42]. In order to

make the SOI technology widespread use in mainstream IC applications, the reduction

of defect density in the Si-overlayer of single-dose implant SIMOX wafers is inevitable.

There are two possible sources of defect formation in the top silicon film: (i) evo-

lution of defects from the as-implanted state and (ii) creation of point defects during

high temperature annealing (HTA). That is, defects are created at the uppermost part

of the Si-overlayer due to silicon interstitial (Si/) migration at the surface [43, 44],

and defects are formed near the front-interface due to the strain gradients generated

69
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in densification of the buried oxide (BOX). The growth defects at the uppermost part

of the Si-overlayer are mainly small dislocation loops which evolve to threading dislo-

cations and segments [44]. The formation of pairs of threading dislocation attributes

to small loops pinned at the Si/BOX interface. The defects growing near Si/BOX in-

terface during HTA is due to the reconstruction of silicon when the Si02 precipitates

dissolve [44, 45]. Stacking faults may form under certain conditions. These defects

degrade the device performance. In addition, the interaction of Si/ with BOX during

HTA is of great interest, because point defects play a key role in interface defect kinet-

ics [46]. Although several dislocation studies [47]-[51] were performed under different

implantation conditions, a general discussion on defect formation mechanisms and

their relation to carrier lifetimes in high-dose implant SIMOX is of interest. In this

work, we determine the interface recombination velocities and substrate carrier life-

times of annealed SIMOX wafers under different implantation conditions by using the

DBOM technique. The correlation between the formation of defects and the interface

recombination velocities and substrate carrier lifetimes under different implantation

conditions can be obtained for improving the wafer quality of the single-dose implant

SIMOX materials.

4.2 Experimental Details

Four sets of SIMOX samples were prepared for this study by oxygen implantation

into silicon wafers using an Ibis 1000 implanter. The wafers were annealed at 1310

°C for 5 hours in a 95.5% Ar ambient. The first and second sets of samples were

used for implant energy, channeling and non-channeling studies. Six n-type samples

were prepared for these two sets, and the implant energies were ranging from 155 to

185 keV with an implant temperature of 580 °C. The top Si film thickness varied

from 124.4 to 196.3 nm for different channeling wafers and 201.1 to 248.8 nm for non-

channeling wafers. The BOX thickness varied from 353 to 354.4 nm for channeling
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wafers and 360.1 to 369.5 nm for non-channeling wafers. The third and the fourth

sets of samples were used for implant temperature and beam current studies. There

are three p-type samples in each set with the implant dose of 1.70 x 10^* cm^^ and the

implant energy of 175 keV. The implant temperature ranged from 540 to 640 °C for

the three different lots, with the top Si film and BOX thickness ranging from 197.1

to 178.5 nm and 387.8 to 392.7 nm, respectively, for samples of the third set. The

implant beam current ranged from 45 to 65 mA for the three beam current lots, with

the top Si film and BOX thickness ranging from 183.4 to 179 nm and 377.3 to 383.8

nm for samples of the fourth set.

In this experiment, the DBOM technique [40, 41] was employed for determining

the interface recombination velocities and substrate carrier lifetimes. The measure-

ments of interface recombination velocities were carried out with the incidence of

pump beam at Oi = 23° and d'l = 63°. For the measurements of substrate-excess-

carrier lifetimes, the pump beam was incident at 9i = 23°. First, the substrate carrier

lifetime r, was measured by using an IR probe beam and a He-Ne laser pump beam

impinging on the back surface of a SIMOX wafer. The rms values of the surface slope

m and the surface roughness a were measured by using Sloan Dektak II surface pro-

filer to obtain the reflectance. The IR transmitted beam intensity, /, was measured

using the chopped probe beam and a lock-in amplifier. The change in the transmit-

ted intensity A/ was measured by using the chopped pump beam superimposed on

the probe beam which was not chopped. The resulting IR transmitted intensity was

measured by using a lock-in amphfier.

To determine the back-interface recombination velocity, S3, the probe and pump

beams impinged on the front surface of the sample with different oblique incident

angles of the pump-beam excitation. The measurement procedures for / and A/

were the same as in the determination of r,. Values of R were measured by using a

laser power meter. For different angles of pump-beam excitation, the measurements
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of /, A/, and R were carried out in a similar procedure.

Finally, the front interface recombination velocity, 5*2, wa^ determined by using

the He-Cd laser as the pump beam and using the same procedures described above.

The S-polarized reflectances of the pump beam were monitored by a laser power meter

to determine the front surface reflectance, /?, and the back-interface transmittance,

r, of the SIMOX wafer.

4.3 Results and Discussion

Before discussing the implantation effects and results, the etch-pit method and

the formation of dislocations in SIMOX wafer are described briefly as follows.

The etching rate of a chemical solution depends distinctly on the crystallographic

orientation. The etching rate is significantly affected by local stress caused by defects.

In regions near dislocations, chemical etching proceeds more rapidly compared with

perfect regions. As a result, etch pits that often have crystallographic symmetry

are formed on the sample surface. Etch pit is commonly observed with an optical

microscope, which gives rise to the differential interference contrast due to the etched

features on the sample surface.

Three types of simple dislocation in the diamond lattice are (i) screw dislocation

( A dislocation that has its axis perpendicular to its Burgers vector is called a pure

edge dislocation), (ii) 60° dislocation (A 60° dislocation that has its axis 60° to its

Burgers vector is called a 60° dislocation), (iii) pure edge dislocation (A dislocation

that has its axis parallel to its Burgers vector is called a screw dislocations).

If the dislocation lies entirely within the crystal, the dislocation line forms a closed

loop, which is referred as a dislocation loop. Most of the dislocation line is of mixed

type, partly edge and partly screw. The dislocation may move inside the crystal by

slip (e.g., applying shearing forces in the opposite direction to the top and bottom of

the crystal will result in prismatic dislocation loops) and or climb (since the edge of
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an extra half-plane consists of a row of atoms having incomplete lattice boding, atom

can easily be added or removed from these sites. A climb force can be produced as

an elastic stress applied to the extra plane of a dislocation F/L = -ah where b is the

Burgers vector and a is the stress).

The dislocation formation mechanism in SIMOX structure is not fully under-

stood. The dislocations may be divided into as-implanted and HTA (high-temperature-

annealing) induced. Here the as-implanted effects are discussed first.

The dislocation formed in implantation maybe come from (i) ion implantation and

(ii) silicon oxidation into silicon dioxide. In ion implantation, the implant collision

cascades produce the silicon interstitial (Si-> Si/-|-V). And, in the internal oxidation

(2.25 Si-f2 0, -^ 1.25 Si/-|-Si02), the Si/ is also produced after the oxidation. The Si/

will either form dislocations or migrate toward the surface and incorporated there.

During implantation the formed oxide precipitates block Si/ diffusion to the surface.

Hence, the internal oxidation is the main source for emission of Si/ and creation of

stress.

After HTA, threading dislocations are formed by (i) evolution of defects in the

as-implanted state and (ii) creation of defects during annealing. The as-implanted

defects near the Si overlayer surface will agglomerate the Si/ (from internal oxidation)

and evolve it into threading dislocations. The internal oxidation will densify the BOX

and will emit the Si/. Moreover, if the annealing temperature is inhomogeneous, the

stress may be induced and then the dislocations generated.

The measurements of interface recombination velocities and substrate-excess-

carrier lifetimes were carried out for four sets of samples used in this study. The

results for different implantation conditions are shown in Figs. 4-1 through 4-8.
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4.3.1 Implant Energy, Channeling, and Non-channeling Conditions

In Figure 4.1, the relationship between the defect density, the front-interface

recombination velocity, and the implantation conditions for the six wafers is shown.

The results indicate that a higher implant energy yields lower defect density and lower

recombination velocity in the Si-overlayer area. As the energy of implant decreases,

the quality of Si-overlayer degrades as measured by defect density and recombination

velocity.

Figure 4.2 presents the front interface recombination velocity versus implant

energy in the channeling (0°) and non-channeling (10°) implanted samples. Based

on the low recombination velocity values, the results reveal that higher energy (185

keV) and channeling implants lead to a better interface quality. The non-channeling

implant produces more damage to the interface than that of the channeling implants.

In the low energy implant, the implant range, R, was more shallow than that

of higher energy implant. Defects are created at the uppermost part of Si-overlayer

due to the Si/ migration to the surface [43, 44]. The semiloop dislocations introduced

during implantation annealed out the surface during HTA. Meanwhile, some semiloop

dislocations extended downwards to the front interface and formed pairs of threading

dislocations [44]. Most of the existing defects, created by implantation and located

near the front interface, become dominant if the Si-overlayer is thinned [44]. During

HTA, the Si02 precipitates at this zone are dissolved as

Si02 + 1.2Sii -^ 2.2Si + O2 (4.1)

The Si/ is provided by the formation of BOX at the front interface according to

2.2Si -h O2 ^ Si02 + l.2Sii (4.2)
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The dissolution of the Si02 precipitates and the absorption of Si/ is needed to bal-

ance each other. If the outdifFusion of oxygen occurs, the extra defects will be intro-

duced [52]. The reconstruction of silicon in this zone is a three-dimensional coales-

cence process which introduces dislocations in order to accommodate the translational

and rotational displacements. For a thinner Si-overlayer, the Si/ can easily migrate to

the surface. Hence, the dislocation loop is easily formed. In the channeled samples,

the implanted oxygen atoms travel down channels for the initial part of the implant

process, and are slowed down mainly by electronic stopping. A deeper oxygen atom

penetration results in less damage and a lower probability of oxide precipitation in

the Si-overlayer.

Figure 4.3 shows the back-interface recombination velocity versus the implant

energy in the channeling and non-channeling implanted samples. Contrary to the

front interface, the back interface indicates that a better interface quality is attributed

to the lower energy (155 keV) and non-channeled implant. In Figure 4.4, the substrate

carrier lifetimes versus implant energy for the channeled and non-channeled samples

are presented. Similar to the results of the back-interface recombination velocity

measurements, a better silicon substrate quality was obtained from lower energy (155

keV) and non-channeled implant. The results are consistent with Fig. 4.3 in that the

channeled implants produce more damage to the substrate than that of non-channeled

implants. A deeper oxygen atom penetration results in more damage to the silicon

substrate and Si island in BOX near back interface [47]. The higher energy and

channeled implants generate damage in the deeper region of the implanted samples.

Hence, a poor interface and silicon substrate quality is presented at the backside of

BOX.
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4.3.2 Implant Temperature Conditions

Figure 4.5 shows the relationship between the defect density, the front-interface

recombination velocity, and the implantation temperature for the three SIMOX wafers.

The results show that higher implant temperature yields a low defect density and

lower recombination velocity in the Si-overlayer region. As the implant temperature

decreases below 590 °C, the quality of Si-overlayer degrades as measured by defect

density and recombination velocity. The results also show that defect density and re-

combination velocity decrease sharply when the implant temperature is higher than

590 °C.

The amount of oxygen present in the Si-overlayer is strongly dependent on the

implantation temperature [53]. The concentration of oxygen interstitials in the silicon

can be estimated as [54]

[Oi] = 1.53 X e->°^^^/'=^ cm-^ (4.3)

where kT is the thermal energy. A higher dissolution rate of oxygen in the Si-overlayer

may result in a reduction of semiloop defects and producing of thermal donors dur-

ing the HTA treatment. A reduction of semiloop dislocations after HTA in higher

temperature (550-700 °C) implant has been observed by P. Roitman et al. [45]. From

the earlier works of Tuppen et al. [55] and Davis et al [53], amorphous silicon can

be formed near both sides of the BOX at a lower implantation temperature (< 500

°C). These regions may become polycrystalline zones after the HTA treatment. Our

results reveal that implant temperatures at 590 °C or greater may result in a good

active silicon layer.

Figure 4.6 illustrates the back-interface recombination velocity and substrate car-

rier lifetimes versus the implant temperature. Similar to the studies in the front inter-

face, higher implant temperatures produce a better back interface quality. The results

of the substrate-excess-carrier lifetime measurements exhibit a different trend from
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the measured results of back-interface recombination velocity. The measurements

reveal that the lower implant temperature (540 °C) yields a better silicon substrate

quality. The lower lifetime in the Si substrate is suggested to result from heavy metal

gettering [39]. Heavy metal is introduced during implantation and diffuses into the

Si substrate during HTA process. The BOX does not prevent the diffusion of heavy

metals [56] into the silicon substrate. Due to a better back-interface quality under

higher temperature implants, less gettering of extrinsic heavy metals at the interface

is expected. Hence, more heavy metals are presented inside the silicon substrate.

4.3.3 Implant Beam Current Conditions

In Figure 4.7, a plot showing the relationship between the defect density, the

front-interface recombination velocity, and the implantation beam current for the

three SIMOX lots is presented. The results show that the lower implant beam current

yields lower defect density and lower recombination velocity in the Si-overlayer region.

As the beam current of implant increases, the quality of the Si-overlayer degrades

as measured by defect density and recombination velocity. The high beam current

implant produces more damage to the interface than that of the lower beam current

implants. In the high beam current implants, more damage is expected to form near

the surface of the implant samples [57]. A large quantity of half loop dislocations is

created in the Si-overlayer for the higher beam current implants which form threading

dislocations during the HTA [45].

Figure 4.8 illustrates the back-interface recombination velocity and the sub-

strate carrier lifetimes versus the implant beam current. Contrary to the studies

in front interface, a higher beam current produces a better back interface quality.

The substrate-excess-carrier lifetime measurements show a different result from that

of the back-interface recombination velocity. The measurements reveal that the lower

beam current yields a better substrate quality. The poor back interface quality found
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in lower beam current implants maybe attributed to the oxygen deficiency and a

greater number of Si islands generated in the BOX near the back interface will result.

The quality of the silicon substrate is influenced by the heavy metal gettering and

the quality of back interface.

Finally, the defects and the relationship to the measured recombination parame-

ters will be discussed here. The formation defects in the Si overlayer of SIMOX wafers

maybe attributed to the crystal strain around dislocation cores, the dangling bonds of

different dislocation types, and the known trapping which occurs with metallic point

defects (see Fig. 4-9). Under low injection, the lifetime and surface recombination

velocity are expressed as l/crvthNt and avthNu, respectively, where Nt and Nh are

the defect density in the bulk and at the interface, respectively. The dangling bond

or electron trapping is consistent with the faster recombination results. That is, the

dangling bond acts as the trapping center. In the history of defect examination in

SIMOX material, there are several kinds of defects which have been identified. The

most common type of top Si film defects is the threading dislocation (see Fig. 4-

10) [45]. These typically result through the initial half loop formation which grows

in diameter to eventually intersect the Si surface and the BOX interface, resulting in

the characteristic threading dislocation pair formation (see Fig. 4-11) (extending from

surface to BOX interface) [45]. Threading dislocations, even up to 10^ cm'^ density,

have not been shown to adversely affect device performance [58]. Although the crys-

tal strain extends for several hundred nm around the dislocation core, there has been

no published correlation between device failure and dislocation density. However, if

there are any metals present, chances are the dislocations will getter the metals to

the dislocation sites. Then, the device performance will be hindered, as metals are

known to trap and kill lifetimes [75]. Another type of dislocation that has recently

been discovered, under certain implant and anneal conditions, are pyramidal stacking

faults (not the standard tetrahedral stacking faults found in the bulk silicon!) (see
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Fig. 4-12). These very small stacking faults will form at the BOX interface if and when

the BOX is slightly under-implanted [59]. With a slightly increased oxygen dose, the

pyramidal stacking faults will be absorbed by the growing BOX thickness. Thus, this

emphasizes their extremely small size and extremely proximity to the BOX interface.

Dislocation types have been classified through standard Secco chemical etching and

SEM (threading dislocation pairs resulting from loop expansion) (see Fig. 4-11), and

TEM has shown the pyramidal stacking faults when the material is underdose with

oxygen (see Fig. 4-10). The TEM may result in a misleading of defect counts as the

defect density below 1 x 10'' cm"^ [60]. There are other types of dislocations, but

these have been eliminated in the most recent SIMOX material [61]. Each type of

dislocations behaves differently with respect to etch pit density. For the threading

dislocations, the etch pit pairs are visible at about 1000 from the interface and all

the way to the interface as the etch continues. For the stacking faults near the BOX

interface, the etch pits appear as a singular pits and only at the last 250 to 150 from

the BOX interface [61]. The density of the threading dislocations is a function of dose

(the thicker the BOX, the greater the dislocation density). The pyramidal stacking

fault density is rather constant provided that they appear at all.

4.4 Conclusion

In this work, a study of defects in SIMOX wafers under different implantation

conditions has been carried out by using the DBOM technique. Using this tech-

nique, the quality of SIMOX wafers can be evaluated versus processing and growth

parameters. The measurement results reveal that higher energy, channeling, higher

temperature, and lower beam current implants may result in a lower front-interface

recombination velocity and a lower Si-overlayer defect density. A better Si-overlayer

quality is obtained with those conditions. As described, the half loop dislocations and

interstitial point defects near the front interface play a decisive role in the dislocation
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formation in the Si-overlayer during HTA process. A minimization of the dislocation

loops formed in the Si-overlayer during implantation is the key factor to improve the

quality of the single-dose implant SIMOX wafers. From the results of back-interface

recombination velocity and substrate lifetime measurements, a better back interface

and silicon substrate quality is obtained under lower energy and non-channeling im-

plants. Although higher implant temperature and higher beam current implants may

result in a lower back-interface recombination velocity, the substrate carrier lifetime

measurements show the contrary tendency. A higher substrate carrier lifetime is ob-

tained under lower temperature and lower beam implants. This discrepancy may

attribute to the heavy metal gettering at the silicon substrate and the backside of

BOX after HTA treatment.
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Figure 4.11: The SEM shown threading dislocation pairs after etch-pit

etching.
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Figure 4.12: The TEM shown threading dislocation and pyramidal stack-

ing fault in the top silicon film.



CHAPTER 5

THE EFFECTS OF PARASITIC BIPOLAR-TRANSISTOR CONDUCTION ON
THE HOT-CARRIER-DEGRADATION OF SOI MOSFETS

5.1 Introduction

The hot-carrier-induced degradation is one of the major challenges for shrinking

further the size of bulk Si or SOI components into deep submicrometer dimensions.

The degradation of nMOSFET resulted in circuit failure maybe attributed to the

high electric field near drain/body junction. In SOI transistors, fully depleted (FD)

device exhibits less aging effects than that of PD devices [2, 62]. This was due to

the smaller maximum channel-electric field and vertical oxide field for the FD de-

vices [62]. The hot-carrier damage in subthreshold region due to the floating-body

effects has been investigated for PD devices [63]. Although no clear evidence has

been shown that the aging of SOI MOSFETs is more severe than that of the bulk

Si counterparts, the degradation mechanisms are more complex. These include (i)

not only the front gate oxide but also the buried oxide and related interface may be

damaged [2, 64, 65]; (ii) interface coupling allows the front channel to sense the pres-

ence of defects at the opposite interface [2]; (iii) the field maps are different, and (iv)

floating body effects may come into play. The purpose of this work is to investigate

the latter aspect by revealing the main consequences of stresses conducted in floating-

and unfloating-body modes. In next section, an analytical model of parasitic BJT

effects in PD SOI nMOSFET is presented for correlating the hot-carrier-induced ag-

ing, and a modified lucky-electron model is developed for estimating the degradation

of SOI nMOSFET characteristics. A comparison of the degradation between floating

and unfloating-body modes are presented. The defective parameters are extracted by

93
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using the measurements of Us - Vgi characteristics before and after stresses. Finally,

the aggravation of aging in floating-body mode is obtained, and some possible solu-

tions in processing and device structure to alleviate the aging effects in the PD SOI

nMOSFET's is discussed.

5.2 Theory

5.2.1 Parasitic BJT Effects

In this section, the parasitic BJT effects in the PD SOI NMOSFET will be

discussed. The models of parasitic-current components, body potential for body

floating and unfloating, and front-gate threshold voltage are depicted.

Figure 5.1 shows the various current components in a partially depleted (PD)

floating body (FB) SOI nMOSFET with lateral parasitic BJT conduction. The

source, body, and drain behaves as emitter, base, and collector, respectively in the

parasitic BJT. In the saturation region, the substrate-hole current {Isub) is generated

by the impact ionization of channel (/e/.), collector (/c), and generation current {Ig)

near the drain-body junction, the hole current generated by the channel current is

given as (see Appendix B)

hhm = [Mch - \)Ich (5.1)

with

Mch-\ = ^^''p{-§^)+ J
c^oe-^'^'y'dy (5.2)

C = Vd,- Vdsat - Vidd (5.3)

where M^h is the impact-ionization multiplication factor of MOSFET part, oq =

1.4 X 10« cm-i,
/?, = 2.4 x lO^V/cm [66]; Vds is the drain voltage; VLdd is the voltage

drop in the LDD region, / is the characteristic length of the MOSFET; L„„, Nd and
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Sy2 are the width, doping concentration, and the electric field of LDD, respectively;

L,at is the width of velocity saturation region; r; is a fitting factor accounted for the

nonuniform lateral electric field distribution induced by the drain voltage, and Vi,at

is the drain saturation voltage which is described in Appendix B. The hole current

attributed to the parasitic BJT collector current Ic (see Appendix C) is given by

Icm = iMb-l)Ici + iM,H-l)Ic2 (5.4)

Mk-l = 1.18(y,,-He)e^ (5.5)

where Mb is the impact-ionization multiplication factor of the parasitic BJT part [67];

Vbe is the body-source junction potential, and Na is the body doping concentration.

The hole current generated by the generation current in body-drain depletion region

is given by

Ig = Milgl (5.7)

where Igi is the generation current originated from the quasi-neutral body/drain

junction [32] and can be written as

, qn^W^bWits, - X,)
hi - IT (5.8)

(5.9)

where n, is the intrinsic carrier concentration; W is the channel width; Xd is the body

depletion depth; Web is the depletion width in body-drain junction; (j)t is the thermal

voltage, and Tg is the carrier generation lifetime and can be expressed as a function

of the low concentration lifetime tq and the body doping concentration Na [68]

'• = l+ivJlxlO" <«•""

The total substrate-hole current is

isuh = hhrn + Icm + Ig (5-1 1)
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From Fig. 5.2, the total drain current is given by

Id» = M,h{Ich + Ic2) + Mblci + Ig (5.12)

In the floating body, the substrate-hole current is equal to the base current of

parasitic BJT (see Fig. 5.2). The body potential Vbe is obtained by solving eqns. (5.11)

and (B1)-(B3) and given as

V, = 2^, In
I

JllVR^*'.- (Ml - °^) + ^^ tS
) (5.13)

where fci, k2, ks, and k^ are given in Appendix C; aj is the transport factor of the

parasitic BJT.

In Figure 5.2, when the body is unfloating, a part of the body current If,b flows

through the body resistance Rb to the ground. In order to include the distributed

nature of the body resistance, the Rb is extracted by experimental measurements [69].

In the subthreshold region, the base current of the parasitic BJT is approximately

equal to Ibb = Vbe/Rb [69]. Above saturation region, a part of base current is drained

into the ground and the body potential can be expressed as

y ^ 2<^ 1^ f -ks + v/^3- + 4(7... - Ibb){k,{l - ar) + fc.TM ^ .^

\ 2{kr{l-aT) + k2 + ks)
)

^^-^^^

As described in Appendix B, the initial front-gate threshold voltage Vto is given

by

%o = V,s. + 2MI +^^)-^- ^Vb. (5.15)

where Cm is the interface state density in the front interface and V'F — (i)t\n^ is the

Fermi potential. The increase in body potential influences the front-gate threshold

voltage Vti as

Vn = Ko + 7( V2V'F - Vbe - ^/Wf) (5.16)

for Vbe. < 2tj)F and

Vn = Vo + K{Vbe-2xl^F) (5.17)
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for Vbe > 2V'F, where 7 = y/2e^i^{l - 0/2Coxi is the body effect coefficient. (

(see eqn.(Bll)) is the charge sharing for the short channel effect; K is a linear fitting

factor determined experimentally [69] and is equal to -1.67 for this study.

5.2.2 Hot Electron Injection

In this section, the hot-carrier injection mechanism leading to oxide damage in

SOI nMOSFET will be discussed. The underlying physical factors of charge trapping

and interface trap generation will also be briefly reviewed.

In order for hot electrons to inject into gate oxide, hot electrons have to gain

sufficient kinetic energy from the high electric field near drain junction to surmount

the potential barrier of gate oxide and to redirect the momentum towards the gate-

oxide interface [70]. Based on quasi-elastic scattering probabilities of electrons, a

gate-injection current is approximately given by [70]

+ ^(/ci + /.)^(^m5..0e^ (5.18)

where,

V't = 3.2 - 2.59 X lO-'^^'i - 4 X lO-'S^if V for So^i >

= 3.2 - {Vd, - V,i - He) V for £0.1 < (5.19)

Here P{Soxi) is the probability that a hot electron travels to the gate oxide interface

without suffering any collision after undergoing a re-directing collision at varying

depths below the interface [70], ipms and 0,1 are the work function difference and

surface potential in the front channel, respectively, Ar(= 61.6nm) [70] is the mean

free path of hot electron to have momentum re-direction, and A(= 9.2nm) is the mean

free path of the hot electron [71].
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Interface states generation in nMOS devices was explained by the breaking of

silicon-hydrogen bonds by hot carriers injection and the diffusion of hydrogen atoms

inside oxide to form more silicon dangling bonds and hydrogen molecules [72, 73]. The

bond-breaking electron current density can be written as Ibb = {'^l^)I'Tubl^7'^

i

where m(= 3) [73] is the ratio of critical energy for interface-state generation to

impact ionization. The generation of interface states is strongly dependent on the

injected density of bond-breaking carrier, silicon-hydrogen-bonds density at the in-

terface, and the diffusion of hydrogen atoms inside the oxide. Water-related traps

such as high-temperature wet oxidation, silicon-nitride passivation, and the implan-

tation of dopants in source/drain and active regions, etc., are possible trap centers

for acceptor interface defects.

The trapping of negative oxide fixed charges can be derived by first-order chem-

ical approximation [74], and the expression is given by

= iVoxi(0)(l-e«/«0 (5.21)

where Noxi{0) is the maximum number of traps in which charges can be accommo-

dated; a is the capture cross-section of the traps, Vth and vj are the thermal velocity

and drift velocity of injected carriers, respectively. In order to correlate measured

quantity, eqn.(5.21) can be rewritten as

AVpfli = AV>Bi(0)(l - e'^/O') (5.22)

where A1/fbi(0) is the flat-band-voltage shift for A^o^i(O). The water-related SiOH

bonds are the plausible trap centers which can easily to capture electrons to become

negatively charged centers.
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5.2.3 Extraction of Degradation Parameters

In this section, the extraction of degradation parameters (e.g. threshold voltage

shift (AVfi), length of defective region (AL), interface-state increment (AiV.n), and

oxide-fixed charge (ANoxi)) in the defective region will be described.

The drain current in a front-channel SOI MOSFET operated in strong inversion

and linear region can be approximately expressed as

r _ CoxlWVdsfil
'' L[l + (^0 + R.,tirC..rW/L){V,, - Vn)V^''

~ ^"^ ^^'^^^

where ^o(~ 0.1 V"*) is the mobility degradation factor [75], Rsd is the series resistance,

and fii is the low electric-field mobihty [76]. The transconductance of the defective

MOS devices after stress is given by two-piece model [77]

where d and nd denote the transconductance {gm) and the channel conductance {G)

in the defective and nondefective region, respectively. The degradation parameters

AVn, AL, AA^.ti, and ATVo^ri can be obtained from the measured Id— Vg\ curves in the

strong and weak inversion regions before and after stresses [78]. The corresponding

shift of the front-gate threshold voltage after stress can be expressed as

AVn = (AyV.nV'^i + No^i)q/Co^i (5.25)

5.3 Results and Discussion

Test devices were n-channel, enhancement-mode, partially depleted MOSFETs

fabricated on the standard SIMOX substrates. The gate lengths were from 1.0 to

1.6 //m, the film thickness was 150 nm, the gate oxide thicknesses were ranging from

15 to 20 nm, and the doping level was above 2 x 10^'^ cm"^. The transistors had LDD

and 5-terminal configurations which allow the body to be either floating (open),
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unfloating or independently biased. The front channel was stressed for {Vg^,Vds)

bias corresponding to a maximum value of the substrate current (i.e. for the most

aggressive conditions of degradation). The device aging was essentially monitored

through changes in the transconductance, threshold voltage, and saturation current.

When the drain voltage is low enough for the bipolar transistor to be inactive, only a

very small amount of defects is generated at the front interface. The absence of any

back interface damage in the n-channel devices confirms the previous investigations [2,

64].

The parameters used in the simulations (Figs. 5.3 through 5.6) are W/L = 10

^m /1.4 fim, I„„=0.1 tim, tsi = 150 nm, to^i = 15 nm, Rb = 30kf), WE=2fim,

Ho = 550 cmVV-sec, ?7 = 1.2, Tg=^Q ns, and 7^= 10 ns. Figure 5.3 shows the simulation

results of the body potential and the front-gate threshold voltage for the floating-

and unfloating-body modes. The floating-body mode reflects higher body potential

increase which leads to a larger reduction of the front-gate threshold voltage than

that of the unfloating mode. The reduction of front-gate threshold voltage results in

a positive feedback between the current components and the quasi-Fermi potential

separation inside the body of SOI devices. Although the negative feedback is also

taking place in the impact ionization factor due to body potential increase, eventually,

the parasitic bipolar effects is more palpable in the floating-body mode. For Vds ^

7.5 V, the degradation is substantially accelerated by the increased lateral field. More

importantly, the bipolar action becomes possible, giving rise to additional damage.

The substrate hole current of bipolar part overwhelms that of the MOS part when

parasitic BJT activates (see Fig. 5.4). The larger the parasitic bipolar current, the

higher the injection carriers inject into the gate oxide, which results in more damages

for the floating-body mode than that of the unfloating-body mode (see Figs. 5.5 and

5.7).

Figure 5.6 presents the peak shape of the generated hole current versus front-gate
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bias. At higher gate bias the maximum channel-electric field decreases, and hence the

hole generation rate also reduced. Figure 5.7 shows a general trend: a more dramatic

degradation was always observed after stress conducted with the body floating than

after the equivalent stress (i.e. constant drain current) with the body unfloating. The

generation of negative charges at the front interface and their preferential location

within the drain spacer are clearly demonstrated by the transconductance curves of

Fig. 5.7 and by the comparison of Ids{Vd,) plots in the forward (S-D) and reverse

(D-S) modes (shown in Fig. 5.8). It has been shown that accumulation of the back

channel during stress will reinforce the floating body and bipolar action, and hence

reduces the whole degradation rate (shown in Fig. 5.9). The extracted degradation

parameters are listed in Table 5.1. Floating-body mode displays a more severe aging

effects than that of the unfloating-body mode.

The bipolar transistor is also responsible for electron injection into the buried

oxide [65]. Post-stress monitoring of the back channel shows that the current is lower

in the reverse-mode than in the direct-mode (shown in Fig. 5.10). The inhomogeneous

back interface defects are effective, not virtual as they subsist even if the front interface

defects are masked, by accumulating the top interface during the test (shown in

Fig. 5.10). We have pointed out that different features were observed when the

measurements were made under the body floating or unfloating condition.

A number of unusual post-stress measurements were made and will be discussed

in more detail: modification of the breakdown voltage and kink behavior, influence

of Vds scanning from to 7.5V and vice-versa on Ids{Vds) plots (see Fig. 5.11), etc.

It is noted that, after front-channel stress, the efficiency of the back-gate controlled

bipolar transistor is reduced in the reverse-mode of operation. This is explained by

the influence of newly created recombination centers on the bipolar gain. Figure 5.12

shows a possible hot-hole injection into the buried oxide (BOX) during the stress of

front transistor at the accumulation of back channel. For the BOX of SIMOX, the
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non-stoichiometric Si02 structure assists the injected carriers to be trapped inside

BOX. The subthreshold slope of the back transistor exhibits a nearly parallel shift

from the original slope. The injected carriers perform thermionic emission as well as

tunneling into BOX [79]. Figure 5.13 represents the power relationship between the

threshold voltage shift and the stress time {AVn = <"), where n is 0.335 and 0.352

for the floating- and the unfloating-body mode, respectively.

Finally, studies of the stress of the floating-body devices varying with the front-

gate bias and the channel length were made. The results of the extracted degradation

parameters are list in Table 5.2 and 5.3, respectively. The trend of front-gate bias is

consistent with the prediction of Fig. 5.6. For channel-variation stress, the discrepancy

of degradation parameters is small. Such situation is most likely attributed to the

fact that shorter channel length has larger current injection which may suppress

the parasitic bipolar gain as the high level injection occurs. We have also modified

SPICE to include the series association of the two channel regions (short defective

and long non-defective zones) [80]. This allows the successful simulation of the typical

properties of the degraded MOSFET: the transconductance overshoot and asymmetry

of the S-D and D-S characteristics.

5.4 Conclusion

From previous experimental and simulation results, an n-channel PD SOI MOS-

FET with floating-body connection encounters more severe aging effects than that

of the unfloating-body mode. Although floating-body PD SOI structure has several

advantages over the bulk CMOS (e.g., low-F^, current enhancement in low voltage

application [81], reduction of parasitic capacitance, simple isolation, capability of op-

erating at higher temperature, radiation hardness, etc.), the solutions in processing

and structure are necessary for the PD SOI devices to enter the mainstream IC tech-

nology. The possible solutions to reduce parasitic bipolar effects are (i) increasing
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the back channel doping to suppress current gain; (ii) decreasing the emitter (source)

Gummel number in the source junction; (iii) increasing the source to drain area ratio,

and (iv) using a body contact. Using the body contact will trade ofF the packing

density. Thus, a structure modification is employed to reduce the maximum electric

field near the drain junction: (i) increasing the doping in the n~ region of the LDD;

(ii) sloped-junction LDD [82], and (iii) halo structure with low-high active-region

doping [4]. Besides the solutions mentioned above, the reduction of hydrogen and

moisture contents during processing is another good approach.
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Table 5.1 Results of the degradation parameter extraction for the PD SOI
NMOSFET's after various periods of stress at Vds = 7.5 V, Vgi =
3 V, and V^2 = V. Here FB and GB are for the floating- and
unfloating-body stress, respectively.

Time
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Table 5.3 Results of the degradation parameter extraction

for the PD SOI NMOSFET's after various front-

gate voltage stresses at Vj, = 7.5 V, V^2 = V,
time =10^ sec and floating-body.

V,i
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Figure 5.1: Schematic diagrams showing current flow in the SOI nMOS-
FET's operated in the saturation regime.
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Figure 5.4: The parasitic hole-current components of the floating-body

SOI nMOSFET extracted from the simulation in Fig. 5.3.
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Figure 5.11: The U, - Vd, characteristics of the PD SOI nMOSFET mea-
sured under forward (0 -+ 7.5^) and backward (7.5 -^ W)
Vds scanning after the same floating-body stress shown in

Fig. 5.7.
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CHAPTER 6

MODELING AND PARAMETER EXTRACTION OF GATE-ALL-AROUND
NMOS/SOI TRANSISTORS IN LINEAR REGION

6.1 Introduction

Ultra-thin fully depleted (FD) silicon-on-insulator (SOI) with gate electrode on

both the front and backside of the silicon film exhibits some advantages over the stan-

dard thick film SOI counterpart, such as sharper subthreshold slope, higher transcon-

ductance [87], reduction of short-channel effects [88], elimination of undesirable tran-

sient and hysteresis effects [89], and good low frequency noise characteristics [90].

The presence of a thin gate oxide (see Fig. 6.1) in the backside of silicon film of

the gate-all-around (GAA) device is suitable for applications in radiation-hardness

circuits [91]. In addition, the good low frequency noise characteristic is particularly

desirable for analog circuit applications. The fabrication process of GAA devices is

almost identical to that of the standard MOSFET's with only one extra mask step

required [87].

Due to the geometric asymmetry, the non-ideal GAA transistor can be considered

as a combination of one long-double-gate and two edge-gate transistors connected in

parallel (see Figs. 6.1 and 6.2). The edge-gate transistors are responsible for the

early conduction and the presence of a hump in the subthreshold region [92]. Models

for the constant potential [93] and moderate inversion [94] have been derived for the

double-gate transistor structure in the regions below and near threshold by neglecting

the effect of interface defects. Although previous work by Balestra et al. [95] claimed

that the effect of interface defects is negligible, our experimental results revealed that

this effect is indeed important over the entire subthreshold region (see Fig. 6.4). An
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underestimation of the subthreshold slope occurs when the effect of interface defects

is neglected. In the strong inversion region, the amount of induced inversion charges

is much larger near the surface than at the center of silicon film [87]. Thus, the

mobihty degraded by the surface-roughness scattering [87, 76] reduces the advantage

of volume inversion. In this paper, models for the GAA SOI MOSFET operating

in subthreshold and moderate inversion regions are derived by taking into account

the effect of interface defects, while in strong inversion region model is developed by

considering the effects of parasitic resistance and surface scattering. Using our models,

the decoupling of surface scattering parameters from other device parameters such as

parasitic series resistance can be obtained by measuring the (/^ - Vg,) characteristics

in the strong inversion region. To verify our models, the extracted parameters were

employed in our models, and the simulated results were compared with the measured

{Id — Vgs) characteristics.

6.2 Theory

The GAA device may be considered as three MOS transistors with one long-

double-gate transistor and two edge-gate transistors (two edges of the silicon bridge

as shown in Figs. 6.1 and 6.2) connected in parallel. The long-double-gate transistor

will be discussed first, followed by the edge-gate transistors.

According to volume inversion characteristics of the double-gate structure in an

SOI MOSFET's [93, 95], the charge sheet model is inadequate to depict the charac-

teristics of the GAA device. Since both the depletion charges and minority carriers

are presented in the silicon film, the Poisson equation can be expressed as

^^ = q/es, (n^ + ^et^(-)-^(v)]/^.)
(6.1)

where ^(i, y) is the potential in the silicon film referenced to the Fermi level in the

neutral region of the equivalent bulk MOS transistor with a doping density of A^^;
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V{y) is the channel potential which is assumed to be independent of x; <l)i=kT/q is

the thermal voltage; csi is the permittivity of silicon; k is the Boltzmann constant; T

is the temperature, and n, is the intrinsic carrier concentration.

Due to the symmetry property of a GAA-device, the electric field is equal to zero

at the center of silicon film along the x-direction (see Fig. 6.1). Solving eqn. (6.1),

the conduction charge is given by

rtsi/2 /

= 2esi€s{y) - qNAtsi (6.2)

where tsi is the silicon film thickness; qNAtsi is the depletion charge, and £s{y) is the

surface electric field, which can be obtained by solving eqn. (6.1). The result yields

Ssiy) = j2qNA/es, (i<l>s
-

<i>c) + <i>i^ (e(*-^(^))/^. - e(^c-v(v))/0.)^ (6.3)

where
(f)^

is the surface potential, and (^c is the potential at the center of silicon film.

Thus, the drain current can be expressed in terms of the long-double-gate transistor

width W, effective mobility fieff, conduction charges, and the gradient of the channel

potential along the drain-source direction (y direction)

By applying Gauss' law to the Si/Si02 interface, the gate voltage Vg, can be

expressed in terms of
(f)^, N^s, Cox, and the channel potential V{y) as

Vgs = Vfb + My) + 7^ + -7;

—

(6-5)

where Vfb is the flat-band voltage; Nss is the surface state density per unit area, and

Cox is the oxide capacitance per unit area.

6.2.1 Weak Inversion

From eqn. (6.1), it is noted that {(j)s
—

<f)c) can be approximated by Qb/SCsi [93];

where Qi, = qNAtsi is the depletion charge in the fully depleted silicon film, and
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Csi = f-si/tsi is the capacitance associated with the silicon film. Using the relationship

of surface potential {<f>,), lilm-center potential
{(f>,) and Tylor's series expansion of 4>,

at l.S^iT {<f)F = 4>t\n{NA/n,)) [96], eqn. (6.3) becomes

C(y) = J^qNA/es, (Qb/8Csi + 4>t^e(^-^*F-v{y))i4>, (i _ e-Q»I^Cs,<t>,)\ (g.g)

and

^s{y) = S'M + {4>s - l.5<f>F) {C:/2esi) (6.7)

where Q is defined as '-9^\^^^,,^^,

Using eqns. (6.5), (6.6), and (6.7) and a. > C,, {C,, = qN,,),
<f>, can be expressed

as

<t>s^{V,,-V;,)ln' + \.b<i>F (6.8)

where V;, = Vfb + 1.5,^^ + IMfC.JC,, + e5.f;(^)/a. and n* = (C,. + C:/2 +

In the weak inversion region, the {<)>,- (f>,) term is dominated in eqn. (6.3) [93, 95].

Thus, eqn. (6.2) can be reduced to

Now, assuming a constant mobility (i.e., n,ff = ^o, fio is the low field mobility),

which is valid in the weak inversion region, from eqns. (6.8) and (6.9), the drain

current in the linear regime can be expressed by

Idi = —fioj Qniy)dViy)

w
= —fioiCs,<f>tVd,e^^''^'-''9)/ni)-oMF)/<^t (1 _ e-Q6/(8C5.^0)

(6.10)

where L is the channel length; Vjs is the drain to source bias; V; = Vfb + l.5(f>F +
l.5(l>FCss/Cor + Qb/2Cox, and Ui ~ (C,^ + C,,)/(7ox (in the weak inversion Cox > Q).
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Due to charge sharing, part of the charges under the edge gate is controlled by

the long-double gate [97](see Fig. 6.2). A fraction of the depletion charges controlled

by the edge-gate transistor is

where Xd = ^5./2 and F = 1/2 for the fully depleted silicon film . In the ultra-thin

film SOI structure [W > VTe), the ratio of the depletion charge controlled by the

edge-gate transistor and the long-double-gate transistor is equal to tsi/^W.

Assuming that the edge-gate transistors have identical doping concentration,

oxide charge, and interface charge as the long-double-gate transistor, the drain current

of the edge-gate transistors in the linear regime can be expressed as

h2 = ^/xo4C5.<^tK(,e((^--^A)/"')-°-^*^)/^' (l - e-«^/(«^-'^')) (6.12)

Here We is the width of the edge-gate transistors; V^* is the V* with Qt replaced by

Qb {— Qbtsif^W). Thus, the total drain current is equal to the sum of the drain

currents of the edge-gate and long-double-gate transistors.

The interface state density can be extracted from the slope (Si) of logjo(/(f ) versus

VVgs

N,, = ^{[{\nlO)Se(f>t]-'-l} (6.13)

And the channel conductance gd is given by

gd = /xo4Cs,<^te^''/("^^')e-°-'*^/*'(A:;fcl + kk2) (6.14)

where

kkl = f (1 - e-<3^/(«^^-^')) e-^//("i*')
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6.2.2 Strong Inversion

Similar to the derivation in weak inversion, the long-double-gate transistor will

be discussed first, followed by the edge-gate transistors. Due to the volume inversion

mechanism of GAA devices [87, 93, 95], the conventional definition of threshold at

surface band bending of 2(t>F is inadequate. Therefore, the transconductance change

(TC) method [98] is employed to determine the threshold voltage. As shown in

Appendix D, the surface potential at threshold is given by

<l>, = 2<f>F + V{y) -h <^, In ^- ^

= 2<f>F^V{y) + /^,j>
'

(6J5)

Solving eqns. (6.2), (6.5), and (6.15), yields the conduction charge g„(y) and the

threshold voltage Vj

Qn{y) = 2a. {V,s -Vt- V{y)) (6.16)

and

Vt = 2<f>F + A4>+ Vfb + {2<t>F + A<^)^ + ^\/lTi (6.17)

where

'/ = -^ Co.<f>t/Qb + yJl + {Co,<l>t/Qbf (6.18)

In the double-gate structure, the y/TTv term in eqn. (6.17) is a correction factor of

the depletion charges at the threshold for the silicon film of the fully-depleted GAA
devices.

The edge-gate transistor has the similar conduction charge {Qne{y)) and the

threshold voltage (Vre) as the long-double-gate transistor except that Qb is replaced

by Q'b = Qbtsi/2W in eqns. (6.15), (6.16), (6.17), and (6.18).

In the strong inversion region, the amount of induced inversion charges is much

larger near the surface than at the center of silicon film [87]. Thus, the mobility
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is no longer constant along the channel, and an effective mobility degraded by the

surface-roughness scattering [87, 76] can be expressed as [76]-[101]

= lio/{l + [ei{Qn + ciQb)]) (6.19)

where 0i is equal to l/itsiSc', Ho is the low field mobility [76]; fisr is the mobility due

to surface-roughness scattering [99, 100]; Sc is the critical field often used in describing

the degradation of mobility with gate voltage [76], and a is a constant equal to 2 in

n-type devices at room temperature [102].

For small drain bias, using eqns. (6.4) and (6.19) and the conduction charges

Qn{y) and Qne{y) derived above , the total drain current is given by

where

V^ = VT-aQb/{2Co.)

/3o = Co^fioWJL

V^, = VTe-aQ'j{2Co.)

Now, including the series resistance at the source and drain (assuming R, = Rd)

and the domination of long-double-gate transistor in eqn. (6.20), the drain current

can be expressed approximately by

/, ~ 2Co.W^i,Js{V,s-VT)VdJL (6.21)

2HV,s - VT)Vi,

1 -f (^ -f- ^l3oRs){V,, - Vt) + e{VT - Vi)
(6.22)
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The gate transconductance, defined by ^„ = dld/dVg, = gmi + Qme « 9mh is given by

'""
[I + {9 + 4^oRs){V,, - Vt) + eiVr - V^)]'

^^'^'^^

where g^i and gme are the transconductance of the long-gate and edge-gate transistor,

respectively.

The low-field mobihty //q can be obtained by extrapolating the measured //e//

versus {Vg^ - Vt) (eqn. (6.21)) curve at Vg, = Vj. Rearranging eqn. (6.22) and

combining the measured value of //q yields

{V^s -Vt)V,. ^ g^^^^^ _ ^^^ ^ j^^^ ^^^^^
^ d

where

O + APqR,
, 1 e

The series resistance R^ and the mobility degradation factor 9 can be extracted from

the measured values of ^i and Inti in eqn.(6.24).

6.2.3 Moderate Inversion

The depletion approximation model developed in the weak inversion region is

not adequate for describing the current behavior near the threshold in GAA devices.

The increase of electron density is not limited to the region near Si/SiOj interface, it

prevails over the entire silicon film and piles up mainly near the interface as the gate

voltage is increased [91]. Both diffusion and drift currents contribute significantly to

the value of drain current. Using the first order approximation [94], the potential in

eqn. (6.1) can be approximated by the surface potential, and eqn. (6.1) becomes

^^^ = i (^^ + „,ef-^^(v)(*s./2-.)]M)
(g 25)

where n^ is the surface electron concentration which is equal to nf/NAexp{{4,s{y) -

y{y))l<l>t)- Solving eqn. (6.25) with the proper boundary conditions (e.g., £ = at
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the center of Si film, the potential and electric field in the surface, etc.) and Gauss'

law (eqn. (6.5)), the potential can be expressed by

ci>{x,y) = i^(i5./2-x)2 + Ci(W2-a:)

+ q/esi4>'tns/S]{y)e-''^'^^'''/'-^^/'^' + C2 (6.26)

where

Ci = -^^e-^'(^)'-/(2^') - g,/(2e5,)

C2 = — {Vg, - Vfb + q<l>tnJ{esiSs{y))
Til

X {esi/Co. {e-''^y)'s,l(2^^^ - 1) - cl>,n,ies{y)) - Q,l{2Co.) + CssV{y)lCo.]

and

e,{y) = -q<l>tns/{es,e,iy)) (e-^'(^)'^-/(2*') - l) + Qk/{2esi) (6.27)

My) = q<t>]nsl{ts,Sl{y)) + C2 (6.28)

From eqns. (6.2) and (6.4) and at low drain voltage (the channel potential is linear

along the channel), the drain current is obtained by using eqn. (6.5) and numerically

solving £s in eqn. (6.27), and the result yields

W
Id = YMf (2^5.^, - Qb) Vi, (6.29)

The transconductance g^ can be obtained by solving eqns. (6.5), (6.27), and (6.29),

which reads

"» = ^'lc„,,„V, _ ^^^_,_^l^ _Ĵ (6.30)

where

A similar expression of gm for the edge-gate transistor may be obtained by re-

placing Qi and W with Q[ and tsi, respectively in eqns. (6.27) and (6.30).
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6.3 Results and Discussion

The GAA devices were fabricated on the standard SIMOX substrates, as de-

scribed in [87]. The final silicon film thickness tsi is lOOnm for all the GAA devices

studied in this work. The gate oxide was formed at 850°C in wet O2 and annealed

at 800°C in N2, from which a final oxide thickness of 30nm was obtained. A channel

doping density of Na = 1 x lO^^cm"^ was obtained by using a boron dopant with

implant energy of 25KeV and a dose of 2 x lO^^cm"^. The static current-voltage

measurements were performed on these GAA devices using an HP 4145B parameter

analyzer.

6.3.1 Weak Inversion

The interface state density is determined from the slope of measured drain cur-

rent operated in the subthreshold region, as shown in Fig. 6.3. The interface state

density determined from Fig. 6.3 for different geometric GAA devices are summarized

in Table 6.1. Due to volume-inversion effect, the mobility is higher than that of the

surface-channel devices. This results in the overshoot of the transconductance by

more than two times of the standard SOI devices (see Fig. 6.8). Figure 6.4 shows the

subthreshold drain current for different geometric GAA devices. It is obvious that

the eifect of interface defects can not be neglected in these devices. The subthreshold

swing (i=s 66mV/dec at 300 A') is larger than those observed in references [92, 95]. This

larger subthreshold swing may be attributed to the early edge conduction and the

larger interface state density in the non-ideal GAA devices. To prevent the early edge

conduction, a threshold adjustment implant may be used around the edge area of the

GAA devices. The interface defects attribute to the micro-roughness at the interfaces

of air/Si and Si/buried oxide layer and stacking fault tetrahedra (SFT) in silicon

overlayer of SOI wafers. During oxidation, the micro-roughness will lead to oxide

defects [103] and the SFT will induce oxidation-induced stacking fault (OISF) [104].
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The OISF is a vacancy-type defect, and hence Si dangling and Si-0 stretch bonds

are easy to form at the Si/SiOj interfaces. The stack thermal oxidation [103] and the

high temperature oxidation [105] can be employed to amehorate such oxide-defect

problems. A comparison between the simulated and the measured values is shown in

region I of Fig. 6.7. Good agreement was obtained between the simulated and the

measured values.

6.3.2 Strong Inversion

In region III of Fig. 6.7, both the edge-gate and the long-double-gate transistors

are under strong inversion. Since the center of silicon film is still inverted even at

higher gate voltages, the conventional method for determining the threshold is no

longer valid. Instead of using the definition of band bending of 2(J)f, the surface

potential at threshold was derived in Appendix D by using the threshold voltage

determined at maximum transconductance change [98]. The extraction of the thresh-

old voltage is shown in Fig. 6.5. In order to confirm the measured value of Vj,

a different Id, — Vgs extraction method for determining Vj by the extrapolation of

^{^ga) = y/^dsldrn to V^, [106] was emploj'ed. The measured results are summarized

in Table 6.1. Good agreement was obtained between our method and that of refer-

ence [106]. At higher gate voltages, most of the minority carriers are piled up near

the Si/Si02 interface [87, 91]. As a result, the surface scattering of minority carriers

by the surface roughness and interface defects is increased. The surface scattering

degrades both the mobility and the transconductance. This degradation renders the

reduction of transconductance. In our model, the parasitic series resistance and the

scattering factor are considered. Figure 6.6 shows the extraction of surface scattering

factor 9 and series resistance R^. Using the low field mobility determined by extrap-

olating the measured /Ze// versus V^^ — Vj curve at Vgs = Vj, both 6 and i?, can

be easily decoupled. In order to confirm the measured values of /xq, 9, and i?,, a
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conventional method [107] for the determination of Rs by varying channel length was

employed to compare our method. Using the measured value of R^ in eqn.(6.24), ^o

and 6 can be obtained. The extracted values of //q, Ra, and for two different Id, — Vg,

extraction methods are listed in Table 6.1. Good agreement between the measured

results was obtained. In Fig. 6.7, the experimental and simulated results at higher

gate voltages were found in good agreement. The discrepancy at the saturation of

surface potential (w 2(f>F + 5<f)t [94]) is due to the discontinuity of the strong and

moderate inversion models.

6.3.3 Moderate Inversion

In region II of Fig. 6.7, the edge-gate transistors are in strong inversion. For the

long-double-gate transistor, neither weak nor strong inversion model is suitable for

describing the exponential characteristics of the measured drain current. Using the

developed moderate inversion model in the linear region and the extracted values of //q

and Ns3, good agreement between the simulated and measured results was obtained.

6.4 Conclusion

Analytical models for the subthreshold, moderate inversion, and strong inversion

regions have been developed for the GAA nMOS/SOI devices. For the non-ideal GAA

devices, the edge effects are considered. These models are valid over a wide range

of gate-voltage operation region. In our models, the minority carriers and depletion

charges are taken into account. Both the surface potential and surface electric field

are expressed explicitly including the effects of interface defects in the weak and

moderate inversion regions. In the strong inversion region, the effects of mobility

degradation and parasitic series resistance are considered. Due to volume-inversion

effect, the drain current and transconductance are enhanced. Using our models.
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parameters extraction is achieved by using simple dc current-voltage measurements.

The extracted parameters may be used in the evaluation of processing effects and the

performance of GAA devices.
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Table 6.1 Results of parameter extraction for different geometry-types of GAA SOI
MOSFET's using the current-voltage technique. All the GAA devices were
fabricated with Na = I x W^crn.-^, oxide thickness of 30nm, and silicon

film thickness of lOOnm.

Device W/L

A
B
C

fJ-o

(cm^/V-sec)

Vt
(V)

VTe

(V)
"4/5 723/714^ 1.23/1.19^ -0.123

4/3 669/677t 1.11/1.09^ -0.027

3/3 673/678^ 1.02/1.03^ 0.00

(eV-1cm-2
)

7.89 X 10^°

3.51 X lO^i

7.62 X 10^1

454/487^ 0.211/0.201^

148/126+ 0.140/0.159+

228/210+ 0.125/0.133+

t measuring R^ [107] first and then using this extracted R^ in eqn.(6.24) to obtain /^o

and 0.

t measured by the extrapolation of y/ljjgm to Vgs [106].
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Figure 6.1: (a) The three-dimensional schematic representation and (b)

the cross-sectional view of a GAA SOI MOSFET.
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Figure 6.2: (a) Schematic cross-sectional view of the edge of a GAA SOI
MOSFET showing the sidewall, front-side, and back-side de-
pletion regions, (b) The parallel connection of long-gate and
edge-gate transistors with parasitic resistance Rd and R^ of
a GAA SOI MOSFET; W and W, are the gate widths of
long-gate and edge-gate transistor, respectively, and L is the
channel length.
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Figure 6.3: The extraction of interface-state density A^,, (eqn. 6.13) by
fitting the slope of a measured subthreshold drain current.
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Figure 6.4: The measured subthreshold drain current of different GAA
transistors. The dot line represents the slope obtained in the

absence of interface defects.
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Figure 6.5: The extraction of the values of threshold voltage in a GAA
MOSFET by using the maximum transconductance change

(TC) method [98]. The arrows indicate the values of threshold

voltage.
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Figure 6.6: The extraction of parasitic series resistance R, and surface

scattering factor 6 (eqn. (6.24)) in the strong inversion region

of a GAA SOI MOSFET.
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Figure 6.7: A comparison of the measured drain current and the simu-

lation results using the extracted values of Nss, Ho, Rs, and
e.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In this dissertaion, a new contactless dual-beam S-polarized reflectance (DB-

SPR) technique has been developed for measuring the top Si film and buried oxide

thickness in a SIMOX wafer. Top Si film and buried oxide thicknesses of the SIMOX

wafers ranging from 0.2 to 1.6 fim and 0.36 to 0.44 //m, respectively, were determined

using the DBSPR technique. The if measurement results of DBSPR show an excel-

lent agreement with the values determined by the conventional reflection interference

spectroscopy method. Due to the presence of a transition layer between the BOX

and the bulk Si substrate, an error (~ 10%) will be resulted from the measurements

of tox in the SIMOX wafers. For the DBSPR technique, the inaccuracy was resulted

from the measurements of tox in the SIMOX wafers, but for the bonded SOI wafers

which do not contain the transition layer the DBSPR technique can be employed.

The main contributions of Chapter 2 are (i) to develop a new nondestructive dual-

beam S-polarized reflectance optical measurement method for determining if and iox

in SOI materials, (ii) to determine t/ and iox simultaneously by using the measured

reflectance data and numerical calculations, and (iii) the extracted t/ and tox em-

ployed to determine the reflectance (R) and transmittance (T) which as described in

Chapter 3.

The main contributions of Chapter 3 are (i) to develop an nondestructive dual-

beam optical modulation (DBOM) technique for determining the interface recombina-

tion velocities and substrate carrier lifetimes in SOI materials, (ii) the consideration

of the multiple reflections inside the top silicon film and the BOX, (iii) to decou-

ple the recombination effects in the top silicon film and the Si substrate by using

141
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dual-pump-beam (different wavelengths) and dual-angle incidence, and (iv) using the

back-side and front-side illuminations to decouple the back-interface recombination

velocities and substrate carrier lifetime. Mappings of the front- and back-interface

recombination velocities and the substrate carrier lifetimes for several SIMOX wafers

with different Si film thicknesses and oxygen implantation processes have been carried

out. This method is especially useful for quality control and defect studies of the SOI

wafer manufacturing. Using this technique, the interface properties and the quality

of SOI wafers can be evaluated versus processing and growth parameters.

The main contributions of Chapter 4 are (i) using the optical methods described

in Chapter 2 and 3, the implant effects (e.g., implant energy, temperature, beam

current, channeling, and non-channeling) on the defect density of high temperature

annealed single-dose-implant SIMOX wafers can be obtained and (ii) a strong corre-

lation between the results of the optical measurements and the etch-pit method was

obtained. This correlation reveals that the threading dislocation is the main defect

in the top silicon film [45]. The measurement results indicate that the higher energy,

channeling, higher temperature, and lower beam current implants have a better front-

interface quality. Contrary to the front interface, the back interface shows that the

lower energy, non-channeling, and higher beam current implants have a better inter-

face quality. Channeling and lower temperature implants produce more damage on

the back interface than that of non-channeling and higher temperature implants. Sim-

ilar to the back-interface recombination velocity measurements, the substrate carrier

lifetime measurements reveal that the lower energy, non-channeling, lower tempera-

ture, and lower beam current implants have a better substrate quality. An etch-pit

method was used to correlate the relationship between the Si-overlayer defect density

and the front-interface recombination velocity. The results indicate a closed relation-

ship between the interface quality (front-interface recombination velocity) and the

Si-overlayer defect density.
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The main contributions of Chapter 5 are (i) the parasitic BJT effects and exper-

imental results show that the FB PD SOI encounters more serious aging effects than

that of the GB mode, (ii) during the stress test on the front interface, the aging may

be induced at the back interface, (iii) after the parasitic BJT action, the bulk impact-

ionization will dominate the impact-ionization effect near the drain/body junction,

and (iv) a new model for the parasitic current components in the neutral and de-

pleted bases of the parasitic BJTs was derived. When the hot carrier degradation

takes place inside the PD SOI devices, the parasitic bipolar action was found to ag-

gravate the aging effects. The degradation of device characteristics is negligible prior

the parasitic BJT action. During the stress at accumulation of the back interface, the

floating body effects are reinforced, and the aging in the front-channel transistor is

accelerated. The kink voltage, parasitic bipolar action, and breakdown voltage were

altered after stress. Hot-carrier-induced interface defects and fixed charges are respon-

sible for modification of these device characteristics. From previous experimental and

simulation results, an n-channel PD SOI MOSFET with floating-body connection en-

counters more severe aging effects than that of the unfloating-body mode. Although

floating-body PD SOI structure has several advantages over the bulk CMOS, the so-

lutions in processing and structure are necessary for the PD SOI devices to enter the

mainstream IC technology. The possible solutions to reduce parasitic bipolar effects

are: (i) increasing the back channel doping to suppress current gain; (ii) decreasing

the emitter (source) impurity doping; (iii) using a body contact. Using the body

contact will trade off the packing density. Thus, a structure modification may be

employed to reduce the maximum electric field near the drain junction: (i) increasing

the doping in the n~ region of the LDD; (ii) sloped-junction LDD, and (iii) halo struc-

ture with low-high active-region doping [4]. Besides the solutions mentioned above,

the reduction of hydrogen and moisture contents during processing is another good

approach.
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The main contributions of Chapter 6 are (i) to develop analytical models for

the weak, moderate, and strong inversion for the GAA nMOS/SOI devices. Both

the depletion charge and minority carrier are included in the Poisson equation for

the case of below threshold conditions. In addition, the influence of interface states

was also taken into consideration (Eq. 6.5). A new derivation of the Ij — Vg^ charac-

teristics for the weak inversion case was carried out (Eqs. 6.6 to 6.10), (ii) the new

analytical model for the strong inversion included the parasitic resistance and the

mobiUty degradation factor (Eqs. 6.20-6.22). The derivation of threshold condition

in Appendix D is also new. Based on this model, the low field mobility, the mobility

degradation factor, and the parasitic resistance can be extracted from the measured

hs - Vgs characteristic curves (Eqs. 6.21-6.24), and (iii) to include the edge-gate con-

duction in the derivation (Eqs. 6.11-6.14 and 6.20). Based on this model, the hump

observed in the subthreshold region (see Fig. 6.8) may be explained. Due to the low

noise, higher mobility, enclosure structure, the GAA device is suitable for use in the

analog and radiation hardness circuit applications. These models are valid over a

wide range of gate-voltage operation region. In the models, the minority carriers and

depletion charges are taken into account. Both the surface potential and surface elec-

tric field are expressed explicitly including the effects of interface defects in the weak

and moderate inversion regions. In the strong inversion region, the effects of mobility

degradation and parasitic series resistance are considered. Due to volume-inversion

effect, the drain current and transconductance are enhanced. Using the models, pa-

rameters extraction is achieved by using simple dc current-voltage measurements.

The extracted parameters may be used in the evaluation of processing effects and the

performance of GAA devices.
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APPENDIX A
DERIVATION OF EXCESS CARRIER CONCENTRATION IN UNLTRA-THIN

TOP SILICON FILM

For the ultra-thin Si film SOI wafer, the photogenerated excess carrier concen-

tration gradient is usually very small along the direction of incident beam. As a

result, the diffusion process is negligible while the volume and surface recombination

processes will dominate the excess carrier decay in the top Si film. Thus, Eq. (3.1)

becomes

G{x) -— = (A.l)

where

1111
T rj tjIS, ^

tf/S2

=
T,

(^-2)

The total excess carrier concentration in the Si film can be obtained by solving

Eqs. (3.5), (A.l), and (A.2)

ftf

ANi = / Ani{x)dx = T}{l-R-T)4>oCose2T{l-e-'''f)

= r}{\-R-T)<f>ocos0j *^^^ ^"^''}
(A.3)
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APPENDIX B
DERIVATION OF IMPACT-IONIZATION MULTIPLICATION FACTOR AND

CHANNEL CURRENT IN MOSFET PART

In the saturation region, the impact ionization generated by channel current in

the pinch-ofF region of SOI MOSFET with LDD (lightly doped drain) structure can

be expressed as follow [79,80]

Me, - 1 = /
""

ar{€)%d£ + f
' M£)%d£ (B.l)

ai{S) = aoe^ (B.2)

a2iS) = aoe^ (B.3)

where Ssat-, £m-, and £d are the channel electric field at the start point of pinch-

off region {y = —Lsat), the body-LDD junction {y = 0), and LDD-drain junction

{y = Lnn), respectively, ao and /?,• are the ionization coefficients with the value of

1.4 X 10^ cm"^ and 2.6 x 10^ V/cm, respectively [62]. For small L„„, the channel

electric field £yi and £y2 can be expressed as

£y\ = t3a«COSh(
)

£y2 = £,atCosh{ ) smh(t///) (B.5)

L,.t = /sinh-^(-^[y,,-y,,,, + ^^^(cosh^-l)]l-L„„ (B.6)

where V{y) and Vjsat denote the channel potential in the pinch-ofF region and at the

point of starting pinch-off, respectively, / = iS^-^llL are the characteristic length of
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the SOI MOSFET, es, and tox is the dielectric permittivity of silicon and gate oxide,

respectively, tox\ is front-gate oxide thickness, Xj is the LDD junction depth, N^ is the

doping concentration in LDD, and 7/ is a fitting factor accounted for the nonuniform

lateral electric field distribution induced by the drain voltage. Generally, 8^ » S,at

and the first term on the right hand side of eqn. (B.l) can be expressed as [81]

•exp

where.

^ = Vds - Vdsat - Vldd

= Vda — Vdsat — £satl smh ; smh
/ /

+ ___(cosh— -1) (B.7)

Next, the channel current including the short channel effects (e.g., charge sharing,

drain-induced-barrier-lowing, and drain-induced-current-enhanced, etc.) is given as

follow [77]

Ich = WVsatQL,,t

Ot — —T M/ T/ (-^0x1 + Cb + Citl

(B.8)

+ 20^ + C~^^^ - ^^^/^-O (B.9)

AQc = {C.,, + Cb)Vdsat
- '-^ (B.IO)

where Vgi, VpBi, V-^i, C.n, and Coxi are the front gate voltage, flat-band voltage,

surface potential, interface state and gate-oxide capacitance, respectively, v^at is sat-

uration velocity, Cb is the depleted-body capacitance, X^ is the maximum depletion

depth controlled by the front-gate voltage, He is the body potential, ( = 2Vds/L^ is
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an empirical constant [82], Vdsat is the saturation voltage and listed in Reference [77],

and Qbeff is the effective depleted-body charge attributed to charge sharing from the

drain/source and can be expressed as

Qbeff = -qNAXd (-
Xj{Vbi - Vbe)Nd '

LXdEbiNA + Nd),

= -qNAXdjl-O (B.ll)

J, _ jq{Vb^-Vbe)NANd

Vbi is the build-in potential at the body-drain/source junction.



APPENDIX C
DERIVATION OF CURRENT COMPONENTS FOR PARASITIC BJT

In Fig. 5.1, the collector current of the parasitic BJT can be considered as the

combination of two currents from the depleted body and non-depleted body. The

emitter current of the parasitic BJT is given as

IeI = le + he + Irec

+ S^W{ts< - X,)e''-'»' (C.l)

for the quasi-neutral body and

!e2 = hd + hed

= f0rWX,e''^''^^ + k,X,l{ts.-X,)e''^'''^^ (C.2)

for the depleted body, where £)„ and D'^ are the electron diffusion coefficients in the

quasi-neutral and depleted body, respectively, Dp, Nd, and We are the hole diffusion

coefficient ,doping concentration, and width of the source region, respectively, tsi is

the silicon film thickness, r, is the carrier recombination lifetime, Wb = L - {W^,, -\-

W,,) is the width of quasi-neutral base, W^ = L - 2Z,„„ is the width of the depleted

base, VTie and W^f, are the depleted width in the body-source and body-drain junction,

respectively. The total emitter current Ie is equal to the summation of Iei and Ie2.
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The collector current can be obtained by using the transport factor o^^ =

cosh{j^) and the electron current transports through the body [32], and is given

as

Ic = ajh -\- led

= Ici + IC2

= {aTh-^ki)e^^'l'^' (C.3)

where L„ is the electron diffusion length in the quasi-neutral body.



APPENDIX D
DERIVATION OF SURFACE POTENTIAL AT THRESHOLD

Using the transconductance change (TC) method and eqns. (6.2), (6.5), and

(6.6), the surface potential at threshold may be obtained by solving ^ = ^ =
"'gs gs

and the results yield

d(f>s

dV^s

dV„l

9'

-1

f
-2Cs.X

f _ 4Cs,<f>tX

(1 + 2Cs./Co4y

\ Y^Q, J Co,Y

il+2Cs./C,4)

-))(^l+2C5,/a.^)
-3

^
iCsr^tX

^ ^ f4.Cs^(t>tX-

QbY^ QbV'
(D.l)

where X = e(^'-'^^-ny))lt>.^^ _ e-Q./(8C,.,.)) ^nd Y = ^\ ^ X{SCs.<t>t)IQi>.

Now solving S| = in eqn. (D.l) for Nj, > 1.1 x lO^cm-^ and ts, > lOnm

(^' ^ > 0), the surface potential at threshold is given by

4>: = 2<^F + V{y) + <f>tln

'Cox/(4Cs.) (C,.cf>t/Qt + yMMJOTTl)
I _ e-Qb/{8Cs,<i>t)

(D.2)

160



BIOGRAPHICAL SKETCH

Yun-Shan Chang was born in Keelung, Taiwan, R.O.C., on May 23, 1962. He

received the B.S. degree from the Department of Physics of National Central Univer-

sity in June, 1985. From August 1985 to June 1987 he served in the Taiwan Army.

After fulfilhng his mihtary service, he worked as a research assistant in the Plasma

Lab at the National Central University until July, 1989. His research topics were

deposit amorphous carbon film on glass and RF plasma metal sputtering.

He received the M.S. degree from the Department of Electrical Engineering of

the University of Memphis in May, 1991. At this time, his research topic was analog

circuit design.

Since August 1991 he has been working toward the Ph.D. degree in the Depart-

ment of Electrical Engineering of the University of Florida. From November 1992 to

December 1995 he was a research assistant in the semiconductor material and device

characterization laboratory at the University of Florida. His research topic is on the

investigation of the interface properties in thin-film SOI materials and the study of

the hot-carrier effects and submicron SOI device physics in SOI devices.

161



I certify that I have read this study and that in my opinion it conforms to
acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a dissertation for the degree of Doctor of Philosophy.

Sheng S. Li, Cnairman
Professor of Electrical Engineering

I certify that I have read this study and that in my opinion it conforms to
acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a dissertation for the degree of Doctor of Philosophy.

Gys Bosman
Professor of Electrical Engineering

I certify that I have read this study and that in my opinion it conforms to
acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a dissertation for the degree of Doctor of Philosophy.

Wilham R. Eisenstadt

Associate Professor of Electrical Engineering

I certify that I have read this study and that in my opinion it conforms to accept-
able standards of scholarly presentation and is fully adequate, in scope and quality,
as a dissertation for the degree of Doctor of Philosophy.

Mark E. Law
Associate Professor of Electrical Engineering

I certify that I have read this study and that in my opinion it conforms to
acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a dissertation for the degree of Doctor of Philosophy.

*^3{J~ tcc^-^-J*;

Robert Park

Professor of Materials Science and Engineering



This dissertation was submitted to the Graduate Faculty of the College
of Engineering and to the Graduate School and was accepted as partial fulfillment of
the requirements for the degree of Doctor of Philosophy.

December 1995

/-^ Winfred M. Phillips

Dean, College of Engineering

Karen Holbrook

Dean, Graduate School




