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Abstract

Recently locally strained devices have emerged as the main technique for carrier
mobility enhancement (e.g., SiN-capped devices). In this thesis, we investigated the
impact of silicon nitride (SiN) capping layer and the associated deposition process
parameters on the device characteristics and hot-electron degradation of strained
NMOSFETs. The SiN layer used to induce channel strain for mobility enhancement was
deposited by plasma-enhanced chemical vapor deposition (PECVD) by varying the flow
rate of N,, while fixing the flow rate of S1H: and NHj, to adjust the tensile stress of SiN
film. For comparison, we also fabricated devices with compressive SiN capping layer
using another PECVD system. We confirmed that the electrical characteristics of

devices with tensile SiN capping layer will be improved. In contrast, the compressive

I



SiN capping layer will degrade the device performance. We also found that the
deposition of the SiN does not worsen the poly-depletion effect due to the light thermal
budget. Furthermore, although the device hot-electron degradation is aggravated by the
SiN capping layer, the degradation can be alleviated by increasing the flow rate of No.
We thus conclude that the electrical performance and reliability can both be improved

by increasing N, flow rate for NMOSFET with tensile SiN capping.
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Chapter 1
Introduction

1-1 General Background and Motivation
1-1.1 Strained Channel Technology

The “Moore’s Law” was proposed in 1964 by Gordon Moore who was a
co-founder of Intel. The law states that the number of transistors integrated in a chip
will be doubled every two years. Although the period for one-fold increase in
transistor number is not precisely two years, for the past four decades the
power-dependence on time implicated by the law has been successfully applied to the
evolution trends of semiconductor industry. It can.be said that the Moore’s Law has
been playing the role of driver “to propel“and-advance the performance of the
integrated circuit (IC) performance. Furthermore, the Law may continue in the next
two decades as indicated by Morris Chang, the president of Taiwan Semiconductor
Manufacturing Company (TSMC).

The continuous shrinkage of device dimensions is the name of the game adopted
by the main-stream companies in the industry to follow and push the “Moore’s Law”.
The geometric scaling of Complementary Metal-Oxide- Semiconductor(CMOS) not
only increases the circuit integration density, but also enhances the transistor
performance. To address the short-channel effects, the device shrinkage has to be

three dimensional in nature. In other words, in addition to channel length and width



scaling, thinner gate oxide and shallower junction depth are also essential to the

development of a new generation of technology.

As evolving into the nano-scale era, severe short channel effects pose a big

barrier ahead. Lowering in power supply voltage and ultra-shallow doping profile for

source and drain junctions could help, but these measures are often accompanied with

a penalty of drive current degradation. In addition, the increase in substrate doping

concentration in order to reduce short channel effects causes mobility degradation.

Recently strain channel engineering has demonstrated its capability to address these

issues, and thus becomes more and more popular for practical manufacturing [1-4]. To

this date at least two major strain- channel technologies can be categorized. One is

accomplished by applying a high bi-axial'tensile strain to the channel region with a

SiGe virtual substrate [1]. Another approach is to apply certain unique techniques to

induce uni-axial strain in the channel [2-5]. The latter approach is more attractive

because it can be easily implemented in modern Si CMOS processes. Uni-axial stress

usually exhibits better performance enhancement when channel length becomes

shorter [10-12]

Bi-axial tensile strain improves both NMOSFET and PMOSFET drive current by

altering the band structure of the channel and can therefore enhance performance even

at aggressively scaled channel length. The biaxial tensile channel stress by growing a



Si channel layer on a relaxed SiGe substrate has been demonstrated. Drive current of
both NMOSFET and PMOSFET is enhanced by biaxial tensile stress when Ge is
incorporated by more than 20% in the relaxed SiGe layer. However, the yield issue
associated with high threading dislocation density (typically > 10* cm™) of the virtual
SiGe substrates represents a major obstacle for practical applications. In addition,
others concerns, such as high Ge content and up-diffusion, fast diffusion of n-type
dopants, and high wafer cost, further blight the situation.

In order to find out a solution to eliminate the problems of the biaxial strain
channel techniques, a number of uniaxial strain.channel techniques have been
proposed. In this aspect, channel strain can be engineered and optimized by modifying
the device processing and/or “structure, including those steps involving
contact-etch-stop-layer (CESL)[13], shallow trench isolation (STI)[14], source/drain
material[15], silicicidation [16], packing process[17], and so on. Furthermore, the
behaviors of carrier mobility under uniaxial strain depend on the strength of the strain
and orientation. Electron and hole mobilities respond to the complex
three-dimensional mechanical stress in different and opposite ways. The channel
tensile and compressive stress can be applied separately to NMOS and PMOS devices
to enhance performance, respectively. It has been shown that the mechanical stress

from a contact etch-stop SiN layer (CESL) over the gate electrode can significantly



affect the drive current. Depending on the deposition conditions, the SiN capping
layer can generate either tensile or compressive stress [18]. It thus can be applied to
the NMOS devices that benefit from tensile stress, as well as PMOS devices that
benefit from compressive stress. (Fig. 1.1)

The carrier distribution in energy valley, scattering rate, and effective mass are
the most significantly impact factors for mobility enhancement in strained-Si devices
(H= %, wherel/1 is the scattering rate and m" is the conductivity effective mass).
Strain enhances the mobility by reducing the effective mass and/or the scattering rate.
Both are important for mobility enhancement in.electrons [19]. However, only
effective mass change due to band-watping and repopulation [20] plays a significant
role in holes. For electron transports in bulk Si, the.conduction band is composed of
six degenerate valleys (A6) of the same energy, as illustrated in Figure 1.2 [21]. Strain
removes the degeneracy between the four in-plane valleys (A4) and the two
out-of-plane valleys (A2) by splitting them in energy. (Fig. 1.3) The energy difference
(AE) between A2 and A4 sub-bands determines the total population in each sub-band.
The enhancement caused by the splitting of conduction band can suppress inter-valley
phonon scattering [22]. The lower energy of the A2 valleys indicates that they are
preferentially occupied by electrons. The electron mobility is improved partly by

reducing in-plane and increasing out-of-plane effective mass due to the favorable



mass of the A2 valleys, which results in more electrons with an in-plane transverse

effective mass and out-of-plane longitudinal mass.

For holes, the valance-band structure of Si is more complex than the

conduction-band structure. The complex band structure as well as valence-band

warping under strain results in a much larger mobility enhancement of holes than

electrons. This is why strained-channel PMOSFETs is a key focus in advanced logic

technologies. Holes occupy the top two (the heavy- and light- hole) bands for

unstrained Si. With the application of strain, the hole effective mass becomes highly

anisotropic due to band warping, and.the energy levels become mixtures of the pure

heavy, light, and split-off bands. -Thus, the light and heavy hole bands lose their

meaning, and holes increasingly occupy the top band at higher strain due to the

energy splitting. To quantify the mobility enhancement of holes, changes of scattering

and effective mass depend on the altered valance band caused by the strain. From full

band Monte Carlo simulation [23], PMOSFETs with uni-axial compressive stress may

have lighter in-plane effective mass and thus show improved hole mobility. But, for

biaxial tensile stress, the effective mass is heavier than that in the unstrained case.

Thus the hole mobility enhancement is only possible through the reduction of

inter-valley scattering [24]. This effect becomes significant only when the strain level

is high enough (e.g.,Ge>20%). Reducing the intra-band acoustic scattering by altering



the density- of-states of the light- and heavy-hole bands is negligible for uni-axial

strain in Si, even at several hundreds of mega-pascal.

The mobility enhancement of uni-axial strain at high vertical electric field is

higher than that of the bi-axial case. This represents another advantage of uni-axial

strain over the bi-axial strain. Hole mobility at high vertical field would have different

behaviors between uni-axial compressive and biaxial tensile stress. The splitting of

light- to heavy-hole band caused by uni-axial and biaxial stresses has no significant

difference without considering surface quantization confinement. However, the

splitting of light- and heavy-hole bands caused by.bi-axial tensile stress would be

annulled at high electric field due to surface confinement [11]. In contrast, hole

mobility enhancement under uni-axial compressive strain is not annulled by surface

confinement, which represents a major advantage for MOSFETs operating at high

electric fields. The splitting magnitude of the surface confinement depends on the

relative magnitude of the stress altered light and heavy hole out-of-plane effective

masses. A recent report [11] showed the interesting result that the out-of-plane

effective mass of light hole is heavier than heavy hole for uni-axial stress and causes

the light to heavy hole band splitting to increase. On the contrary, for bi-axial stress

the previously-reported out-of-plane effective mass of light hole is lighter than heavy

hole and causes the band splitting to be reduced. This is why the bi-axial stress



degrades hole mobility enhancement at high vertical electric fields.

In strained-Si NMOSFETs, the strain will induce valence band offset. The

negative valence band offset makes the Fermi level closer to the conduction band,

thus, the band offset lowers the threshold energy and makes the channel depletion

shallower. The fact that the threshold voltage shift caused by bi-axial tensile stress is

larger than the case with uni-axial tensile strain has been reported for NMOSFETs

[25]. This is because the bi-axial tensile stress induces more band gap narrowing than

uni-axial tensile strain case. Similarly for PMOSFETs, larger shift of light-hole band

edge under bi-axial tensile strain leads to larger sshift in Vth than the case with

uni-axial compressive strain [26].

1-1.2 Hot Carrier Effects

The knowledge of mobility enhancement in strain-Si is well known. It is found

that it can effectively boost the driving current, but the issue of reliability remains a

concern. In this aspect, device degradation induced by hot electrons represents one of

the most critical reliability issues in deep sub-micron NMOSFETs [5-6], and have

been widely investigated [7-8] previously. The degradations in terms of threshold

voltage shift (AVy), drain current degradation (Alps), and transconductance

degradation (AGy,), are observed in the accelerated stress test.

If device dimensions are reduced while keeping the supply voltage relatively



unchanged, the lateral electric field in the channel increases significantly. The

inversion layer charges will be accelerated more significantly, resulting in the

generation of hot carriers, which may lead to undesired defect formation when they

release energy at the channel/oxide interface or in the oxide. The mechanisms

mentioned above are called hot-carrier degradation. It causes a time-dependent

degradation of various MOSFET parameters, for example, threshold voltage, linear

transconductance, subthreshold slope, and saturation slope, and saturation current.

The locations of damage region due to hot-carrier stressing were found to be

adjacent to the drain of the device. The lifetime of the device is impacted by the

spatial non-uniformity of this damage. The damaged locations and extent depend on a

number of factors like device geometry, the duration and conditions of stress, oxide

thickness, and drain extension structure. It was reported that the length of damaged

region is more or less independent of channel length [27], its influence on device

performance becomes more significant as the device is shrunk. This causes a dramatic

increase in the percentage of drive current degradation as channel length becomes

shorter under the same stress conditions.

1-2 Motivation
As mentioned above, the SiN layer can be used to induce channel strain for

mobility enhancement [3][20]. However, in typical SiN capping processes abundant



hydrogen spicies will be incroporated into the channel which may significantly affect
device reliability. In particular for NMOSFETs, despite the dramatic improvement in
device performance with tensile SiN capping, their hot-carrier relability is, however,
compromised. In one of our group’s previous studies, we characterized the NMOS
devices capped with a highly tensile SiN stressor layer. Although the stressor indeed
showed improvement in carrier mobility and device drive current, we found that the
extra hydrogen species incorporated during SiN deposition has undesirable influence
on hot carrier reliability [9]. To reduce the impact of hydrogen without compromising
the induced strain remains an important task. This motivates us to carry out this study
intended to develop optimized SilN/deposition conditions using plasma enhanced
chemical vapor deposition (PECVD):system. The desirable SiN capping layers should
have the ability to induce suitable stress in the channel but have reduced hydrogen

content to avoid significantly degrading the hot-carrier reliability.

1-3 Organization of This Thesis

In addition to this brief introductory chapter, this thesis contains the following
three chapters and their contents are described below:

In Chapter 2, we briefly describe the process flow for fabricating the NMOS
devices with the SiN capping layer. We also present the characterization methods,

measurement setups and the stress conditions.



In Chapter 3, we show and discuss the improvement on device performance with

SiN capping layer by PECVD. The results on evaluating the hot carrier characteristics

of the locally strained devices are presented. Effects of strain on the hot carrier effects

are also discussed.

Finally, important conclusions generated from our experimental results are

summarized. Certain recommendations and suggestions for future work are also given

in this chapter.
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Chapter 2
Device Fabrication and Measurement
Setup

2-1 Device Fabrication and Process Flow

NMOSFETs used in this study were fabricated on 6-inch p-type (100) Si wafers
with resistivity of 15~25()-cm and the wafer thickness is 655~695 ¢ m. The p-type
well was formed first by BF," implantation at 100 keV and 1x10™"° ¢m™. Standard
local oxidation of silicon (LOCOS) process with channel stop implant (by BF,"
implantation at 120 keV and 4x10™" crin®) was used for device isolation. Threshold
voltage adjustment and anti-punch  through “implantation steps were done by
implanting 40 keV BF," and 35 KeV: B, respectively. After the growth of 3 nm-thick
thermal gate oxide, a 150nm undoped poly-Si layer was deposited by low-pressure
chemical vapor deposition (LPCVD), followed by gate etch process to pattern the film.
The source/drain (S/D) extension regions were then formed by As" implantation at 10
keV and 5x10™"* cm™. After a TEOS spacer formation, S/D regions were formed by P
implantation at 15 keV and 5x10™"° cm™. Then the substrate electrode patterning was
performed through lithography and etching processes, and the substrate junction was

formed by BF," implantation at 40 keV and 5x10™"°> cm™. Rapid thermal anneal (RTA)
y p

was then carried out in a nitrogen ambient at 900°C for 30 sec to activate dopants in

11



the gate, S/D, and substrate regions.

Afterwards, most samples were capped with a SiN capping layer (passivation
layer,) under different flow rate ratio of N2/SiH4 (1, 2 and 20), with a thickness of
300nm, by using a plasma-enhanced chemical vapor deposition (PECVD) system.
While some wafers were deliberately skipped of the SiN capping layer to serve as the
controls. The SiN deposition was performed at 300 ‘C with SiHs, N,,and NHj as the
reaction precursors. Then a 300nm TEOS was deposited for passivation by the same
PECVD system.

The SiN layers used in the abovefabrications exert tensile stress on the Si wafer
it capped. To confirm the effects of different stress types on electrical characteristics
of the fabricated devices, we also fabricate some devices capped with a compressive
300nm-thick SiN layer. The layer was deposited using another PECVD system.

After contact hole etching, normal metallization scheme was carried out. The
final step was a forming gas anneal performed at 400°C for 30 min to mend dangling
bonds and reduce interface state density in gate oxide/Si interface. Cross sectional
view of the fabricated device is shown in Fig. 2.1. The three different conditions of

the capping layers are listed in Table 2.1.

2-2 Measurement Setup

2-2.1 Electrical Measurement Setup

12



Current-voltage (I-V) and capacitance-voltage (C-V) characteristics were

evaluated by an HP4156A precision semiconductor parameter analyzer and an

HP4284 LCR meter, respectively. Temperature-regulated hot chucks were used to

control and fix the temperature at 25°C.

Charge pumping measurement is widely used to characterize interface state

densities in MOSFET devices [28]. This type of measurement is very effective

because it allows the exclusion of gate leakage contribution to the calculated interface

state densities presented in thin gate oxides and at lower frequencies [29-30].

Therefore, to accurately analyze interface staterdensities or bulk traps in the

dielectrics from charge pumping measurement results, we need to pay close attention

to the leakage current issue. The basic charge pumping measurement includes the

measurement of the substrate current while a series of voltage pulses with fixed

amplitude, rise time, fall time, frequency, and duty cycle is being applied to the gate

of the transistor (Figure 2.2), with source and drain connected to a small reverse bias,

and substrate tied to the ground. This seup allows us to apply three conventional types

of voltage pulse train to the gate electrode, as depicted in Figure 2-3, i.e., (a) fixed

amplitude sweep, (b) fixed base sweep, and (c) fixed peak sweep.

In this thesis, “fixed amplitude sweep” was used to calculate interface trap

density, and “fixed base sweep” was used to analyze the lateral distribution of

13



interface trap, respectively. Square-wave waveforms (f = 1MHz) were applied to the
gate, and the base voltage was varied to let surface condition from inversion to
accumulation, while keeping the pulse amplitude at 1.5V. A MOSFET with a gate area
of Ag gives the charge pumping current as [31]:

I = A TN, (2-1)

, and interface trap density (Nj;) could be calculated by using this formula.

2-2.2 Hot Carrier Reliability Measurement Setup

In our reliability measurement, the device was stressed with the drain voltage
biased at a highly positive voltage, and the gate biased at the voltage where maximum
I occurred to accelerate the degradation. So we must first measure the Isub-Vg
curve with the drain terminal biased at a fixed voltage to find Vs@Isuby,y, before we
performed the hot-carrier stressing. To monitor the degradation caused by the hot
electrons, the Ip-Vg characteristics at Vpg = 0.05 V (linear region) and charge
pumping current were measured before and after the stress. The degradations in terms
of threshold voltage shift (AVy,), interface trap density degradation (ANj), and
transconductance degradation (AGy,), were observed in the accelerated stress test.

2-2.3 Extraction Procedure of Lateral Distribution of Nit

The lateral distribution of interface state post hot carrier stress of all splits was

also discussed in this work. This method was built on [32] and the measurement setup

is shown in Fig. 2.4. The experimental procedures of this method are described below.

14



(1) Measure the Icp-Vy, curve on a virgin MOSFET from the drain junction (with the

source junction floating), and from it establish the Vy, versus Vi(x) relationship[32]

near the junction of interest.
(2) Record the Icp-Vy, curve after hot-carrier injection.

(3) The hot-carrier-induced interface state distribution, Nj(x), is obtained from the

difference of the Icp-Vj, curve before and after hot carrier stress.
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Chapter 3
Results and Discussion

3-1 Electrical Characteristics of Locally Strained NMOSFETs
3-1.1 Basic Electrical Characteristics

The stress measurements were performed on Si wafers capped with a blanket
SiN layer with different flow rate ratio of N2/SiHa. The results are showed in Table
3.1 It can be seen that the tensile stress becomes larger when N2/SiH4 flow rate ratio is
larger. This is reasonable as the thermal expansion coefficient of a deposited film
depends on the film’s composition which can be adjusted by varying the flow rate of
precursors.

Figure 3.1 shows Ip-Vp Characteristics‘of NMOSFETs for all splits of samples.
It can be seen that Tensile-SiN-capped  splits depict an obvious drain current
enhancement with respective to the control devices. Further, the enhancement
increases as flow rate ratio (N2/SiH4) increases. In contrast, current degradation is
observed for the Compressive-SiN-capped samples. Obviously the current
enhancement and degradation is straightly due to the strain type and magnitude of the
strain introduced by the SiN capping layer. The 1d-Vg characteristics of the same
devices are shown in Fig 3.2. We can see that the impact of SiN-capping layer
mentioned above also reflects on the result of transconductance (Gm). Fig 3.3 shows

that subthreshold swing of all SiN capping splits depicts similar value and is slightly
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lower than that of TEOS control. This is ascribed to the hydrogen species contained in

the SiN that tends to passivate the interface states, resulting in better subthreshold

swing among the splits. This is evidenced from the results of charge pumping current

(Icp), as shown in Fig. 3.4. Obviously, all SiN capping splits have lower Icp than

TEOS controls.

Fig 3.5 shows the percentage change in transconductance (Gm) of the

Tensile-SiN-capped and Compressive-SiN-capped samples with respect to the

controls, as a function of channel length. We can see that the drive current

enhancement reaches about 0.8%, 8.8%, and 15.4%rat a channel length of 0.4 um for

Tensile-SiN capped devices with N2/SiH4 flow rate ratio-of 1, 2, and 20, respectively,

while the device capped with compressive SiN shows about -12.6% degradation. It

can also be seen that when the channel length decreases, the strain effect enhances. In

other words, the strain is distributed locally near the source and drain, and the overall

impact becomes more significant as channel length is shorter. The capacitance-voltage

characteristics of the samples are shown in Fig 3.6. It can be seen that the oxide

thickness difference among all splits is negligible, indicating that the

above-mentioned results are not caused by the oxide thickness difference. The poly

depletion effect is not observed in the SiN-Capped devices. From our group’s

previous studies, poly depletion effect was clearly observed when LPCVD SiN was
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deposited to serve as the tensile strain booster. The LPCVD process was performed at
a medium temperature of 780°C which had a much lower solid solubility than high
temperature [33](e.g., 950 ‘C, the RTA temperature used in the fabrication to active the
dopants 1n the poly). Since the PECVD process was performed at 300°C which was so
low that the associated thermal budget would not affect the activated carrier
concentration, therefore the poly depletion effect did not get worse.

It is well known that the use of interlayer dielectric will increase RC time delay.
The dielectric constant of the deposited SiN film should thus be considered. Fig 3.7
shows the dielectric constant of different SiN film,it is clearly seen that there is no
distinct difference among all splits-of samples, thus these deposited films would not
worsen the RC-delay issue.

3.-1.2 Short Channel Effects

Threshold voltage (Vi) roll-off characteristics of the devices are shown in Fig.
3.8. The results are obtained at Vps = 0.05 V. It is shown that all samples depict a
reverse-short-channel-effect (RSCE). This can probably be explained by boron
segregation at the implant-damaged regions located near the edge of the channel.
Additional thermal budget may alleviate the reverse-short-channel-effect. It might be
related to the redistribution of dopants that effectively reduced the boron segregation

effect [34]. In this thesis, however, the passivation layer was deposited by PECVD
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operated at 300 °C, a temperature too low to redistribute the dopants in the channel, it
thus has negligible influence on this phenomenon.

Drain induced barrier lowing (DIBL) is another guide for evaluating the short
channel effects. We use the interpolation method to calculate DIBL effect for all splits
of devices. The results are shown in Fig. 3.9, basically no distinct difference among
different splits is observed. It points out that SiN capping layer does not complicate

the DIBL effect of the samples.

3-2 Hot Carrier Degradation :of Locally Strained

NMOSFETs

From the discussion mentioned:in Chapter 1, itiis-expected that devices with SiN
capping would encounter serious hot carrier degradation. Typical results of
hot-electron stressing for the control and three other splits are shown in Fig 3.10.
Channel length and width of the test devices are 0.5 um and 10 um, respectively. The
devices were stressed at Vps = 4.6 V and Vgs at maximum substrate current. The
Ip-V characteristics at Vps = 0.05 V were measured before and after the stress to
check the degradation caused by the hot electrons. As shown in Fig 3.10, the
degradation is the worst in the SiN-1 sample among all samples. Fig. 3.11 and Fig.

3.12 show shift of threshold voltage and generated interface state density as a function
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of stress time for all splits of samples, respectively, of hot-electron stressing at Vpg =

4.6 V and Vgg at maximum substrate current performed on all splits of devices with

channel length/width = 0.5um/10um. As can be seen in the figures, the effect of flow

rate of precursors in SiN deposition is significant. We can see that the device lot with

ratio of N2/SiH4=1 depicts the worst degradation in terms of the largest AVy. By

contrast, the lot with flow rate ratio N2/SiH4=20 apparently shows much improvement

in this aspect, although it also results in the largest mobility and on-current

enhancement. Increase in interface state generation (ANj;) shows the same trend. This

finding is interesting and important, and is ascribed.to the hydrogen content and the

dynamic transport of these hydrogen species by-the thermal cycles during processing.

It is well known that the breaking of Si-H bonds at:the interface is one of the major

reasons responsible for the hot-carrier degradation. The abundant hydrogen species

contained in the SiN definitely aggravate the reliability. Hydrogen atoms tend to bond

with nitrogen for nitrogen-rich film with increasing N, flow rate, N-H bonds are

thermally more stable than Si-H bonds [35]. This may result in less diffusion of

hydrogen species from the SiN to the oxide/channel interface. In addition, less Si-H

bonds is expected for flow rate ratio of N2/SiH4=20, since N, instead of NHj; serves as

the major nitrogen source. More evidences can be found in Fig. 3.13 and Fig 3.14. Fig.

3.13 shows the charge pumping current after 5000-second hot carrier stressing
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(Vo@Isuby,.x and Vps = 4.6 V) for the three splits of devices, and Fig. 3.13 shows the
increase in charge pumping current after the stressing. As mentioned above, the
hydrogen species contained in the SiN tends to passivate the interface states. More
H-terminated bonds at the interface are expected for the SiN-1 split, and these bonds
would dissociate and result in largest increases in charge pumping current shown in
the figures. In contrast, it is seen that the SiN-1 and SiN-3 samples exhibit less
generated interface states among the three Tensile-SiN-capped devices, implying

H-terminated bonds are dramatically reduced.

3-3 Analysis of the Distribution of Interface Trap Density

The measurement presented in Section 2-2.3' was used to extract lateral
distribution of interface trap state. It should be noted that the local Vy, and Vy, across
the MOSFET, are not uniform due to the lateral doping variation with a schematic like
that shown in Fig. 3.15. In order to detect the interface states, the pulse train during
the measurement must undergo alternate accumulation and inversion cycles. There
should be no Icp as the voltage level of the high-voltage (Vy) is lower than the
minimum Vy, under the gate. When Vj, starts to exceed Vy, at certain channel locations
under the gate, Icp begins to grow. From the profile illustrated in Fig. 3.15, before Vy,
reaches the maximum local Vth in the channel, interface states that contribute to Icp

are those residing near the drain side, owing to that fact that the needed electrons
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cannot yet flow to the drain side from the source.
We choose the control sample as an example. If we assume that interface state

density is spatially uniform along the channel, which can be written as

lopmax =0 F Ny W L (3-1)
where f is the gate pulse frequency, W the channel width, and L the channel length.
Because Vi, is not uniform, when Vj, reaches the maximum local Vy, in the channel,
only interface states residing near the drain side (like the shadow region in Fig. 3.15)
will contribute to Icp. In Fig. 3.16, the corresponding Icp (Vi) comes from the
interface states distributed between theigate edge and the position where its local Vy,
is equal to Vy, i.e.,

I, (Vi) =1 f N, W x (3-2)
where x represents the distance from the gate edge to the position where Vi, (x) = V.

Comparing (3-1) and (3-2), we can derive

(3-3)

Fig. 3.17 shows the local Vy, versus distance X of the control sample. The local Vy,

decreases sharply as x is smaller than 0.07 um. We can therefore presume that the

drain junction is near X = 0.07 pm.

After 10 second hot carrier stress (Vg@Isubmax and Vps = 4.5 V), the

incremental charge pumping current (A4lcp) is extracted and shown in Fig. 3.18. Alcp
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at a certain Vj is proportional to the number of generated interface traps from the gate

edge to the point x, and can be expressed as

Al =qf WJ.OX N, (x)dx (3-4)

Therefore, Nit(x) generated by the hot carrier stress can be extracted using the

following formula:

dAl, 1 dAl,adv, 1

N, (x)=—=2 =
dx gfw dv, dx qf W

(3-5)

dv,
The relationship of d_xh versus X can be derived from Vy versus x, so the lateral

distribution, Nit (x), can be obtained from the measurement scheme mentioned above.

By utilizing the same procedure, the derived lateral profiles of the interface state
distribution with all splits, extracted by Eq: (3-5), are shown in Fig. 3.19. From Fig.
3.19, we can realize and compare-the damage region and amount of interface states
generated by hot carrier stressing. We‘can see that the damage region is confined
within the drain edge in all splits, which is reasonable since the degradation is
confined t the drain edge under the HC stressing. It is obviously seen that the SiN-1
samples show larger degradation than the other splits. These results were consistent
with the results and discussion mentioned in Section 3-2. In other words, the more
hydrogen species exist at the source/drain edge, the larger interface states are

generated, and therefore the worse degradation.
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Chapter 4
Summary and Conclusion

4-1 Conclusion

In this thesis, the effects of PECVD SiN process and the channel strain induced
by the SiN-capping layer on the device characteristics and hot-electron degradation
were investigated. Several important phenomena were observed and summarized as
follows.

Firstly, the channel strain induced by the tensile SiN capping layer over the gate
greatly boosts the drive current of short=channel NMOS devices. For example, as high
as 15.4 % enhancement is achieved for the SiN-capped: NMOS devices with a flow
rate ratio of N2/SiH4=20 at a channel length of 0.4 .um. This is ascribed to the large
difference in the expansion coefficient between SiN film and Si-substrate. Since
n-channel devices with a compressive SiN capping layer show lower Gm than the
control samples, it can be confirmed that either current enhancement or current
degradation can be observed by varying the strain polarity. In addition, we also find
that without the associated thermal budget, the deposition of the PECVD SiN capping
layer can not alleviate the reverse short-channel effect of the devices, and the
poly-depletion effect will not be enhanced. Finally, we find that the dielectric constant

for the SiN film grown with a flow rate ratio N2/SiH4=20 is not different from the
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other two splits with different flow rate ratio.

Secondly, hot-electron degradation is negatively affected when the SiN layer is

deposited over the gate. However, we find that the negative impact in reliability can

be alleviated by properly tuning the flow rate of SiH4 and N2. The hydrogen atoms

tend to bond with nitrogen for nitrogen-rich film with increasing N, flow rate,

resulting in less diffusion of hydrogen species from the SiN to the oxide/channel

interface.

In conclusion, we find that for the SiN-capped NMOS devices, the electrical

performance and reliability both improve with increasing N» flow rate. In other words,

SiN-capped devices with optimized SiN deposition condition can maintain enhanced

mobility while showing alleviated hot-cartier dégradation. Optimization of both SiN

deposition process and the film properties is therefore essential for the

implementation of uniaxial strain in NMOS devices.
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TABIE I Impact of 3D Strain Effects on CMOS Performance.
*Strain change = Increased tensile or decreased compressive strain

Direction CMOS Performance
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3D Strain Sensitivity of CMOS Current Drive

Fig. 1.1  Schematic illustration for 3D process-induce strain component[25]
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Gate

SiIN Passivation

Layer

(Flow rate ratio= N2/ SiH4)

Oxide
30A

Undoped
Poly-Si
15004

W/O (control)

Flow rate ratio:1
SIN 3000A

Flow rate ratio:2
SIN 3000A

Flow rate ratio:20
SIN 3000A

Compressive
SIN 3000A

Table 2.1 Split table of capping layer and oxide thickness.

35




Gate

Source Drain

SIN

FOX —j-axide FOX

P-well

P-substrate

Fig 2.1 Schematic cross section of the local strained channel NMOSFET
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Fig.2.3 Schematic illustrations for the charge pumping measurement with (a) fixed
amplitude, (b) fixed base sweep, and (c) fixed peak sweep. The arrows indicated the

sweep directions.
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Fig. 2.4 The measurement setup of single junction charge pumping measurement
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Table 3.1 Gas flow rate and mechanical stress for different nitride films deposited by

PECVD.

S1H4 NH; N> Stress

(sccm)  |(scem)  ((scem)  [(MPa)
ISIN-1 50 6 S50 99
ISIN-2 50 6 100 300
ISIN-3 50 6 1000 498
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Fig. 3.3 Subthreshold swing of different splits of NMOSFETs. Channel length/width
=0.5um /10pm.
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Fig. 3.4 Charge pumping current for three splits of fresh devices with
channellength/width = 0.5um/10pum. Measurement was performed under
fixed amplitude of 1.5 V and frequency of 1 MHz.
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Fig. 3.5 Increase in transconductance versus channel length. The transconductance
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Fig. 3.6 Capacitance-Voltage (C-V) characteristics of different splits of NMOSFETs.
Channel length/width = 50pm /50pm.
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Fig. 3.7 Dielectric constant characteristics of different splits of NMOSFETs.
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Fig. 3.8 Threshold voltage roll-off as a function of channel length for different splits
of samples.
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Fig. 3.9 Drain induced barrier lowing (DIBL) for different splits of NMOSFETs as a
function of channel length. DIBL was evaluated by measuring the drain
current change as Vps was increased at some fixed gate voltage below
threshold voltage.
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Fig. 3.10 Subthreshold characteristics and transconductance of devices before and
after 5000sec hot-electron stressing. Channel length/width = 0.5um/10pum.
(a) Control sample. (b) SiN-1 Capped sample. (¢) SiN-2 Capped sample
(d).SiN-3 Capped sample
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Fig. 3.11 Threshold voltage degradation of hot-electron stressing performed at Vps
=4.6 V and Vgs at maximum substrate current on all splits of devices with
channel length/width = 0.5pum/10pum.

52



140
® Control
120 A SiN-1
& 0 X SiN-2 A
S 10F % SiN-3 A
o A
o X
3 80 | A X
o X
Z 6o} Ak x
= A
< & 1 ]
20 }
0 N
0 1000 2000 3000 4000 5000

Stress Time (sec)

Fig. 3.12 Interface trap density degradation of hot-electron stressing performed at
Vps = 4.6 V and Vs at maximum substrate current on all splits of devices
with channel length/width = 0.5pum/10pum.
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Fig. 3.13 Charge pumping current after 5000 second hot carrier stress (Vg@Isubpax

and Vpg = 4.6 V) for three splits of devices with channel length/width =
0.5pm/10pum.
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Fig. 3.14 Increase in charge pumping current after 5000 second hot carrier stress
(Ve@Isubyax and Vps = 4.6 V) for three splits of devices with channel
length/width = 0.5pum/10pum.
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Fig. 3.15 Non-uniform distribution of local threshold voltage and flat-band voltage

across the device caused by the variation of lateral doping concentration.
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Fig. 3.16 Derivation of the relationship between local threshold voltage and lateral
distance x from the single junction charge pumping data of the control

device.

57



o
N

[ W/L=10/0.5um

o
N

Local Threshold Voltage (V)
o o
N (@)

_O.4 2 2 2 2 8 2 a2 2 2 & 2 2 2

0.00 0.05 0.10

015 020 025 0.30

X (um)

Fig. 3.17 Extracted lateral profile of local threshold voltage near the graded drain

junction in the control sample.
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Fig. 3.18 Charge pumping current before and after 10 second hot-electron stressing
(Vo@Isuby,ax and Vpg = 4.6 V). Channel length/width = 0.5um/10um.
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Fig. 3.19 Lateral profile of interface state generation under three different SiN

capping flow rate ratio
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