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Silicon based 3D fin structure is believed to be the potential future of 

current semiconductor technology.  However, there are significant challenges still 

exist in realizing a manufacturable fin based process. In this work, we have studied 

the effects of hydrogen anneal on the structural and electrical characteristics of 

silicon fin based devices: tri-gate, finFET to name a few. H2 anneal is shown to 

play a major role in structural integrity and manufacturability of 3D fin structure 
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which is the most critical feature for these types of devices. Both the temperature 

and the pressure of H2 anneal can result in significant alteration of fin height and 

shape as well as electrical characteristics. Optimum H2 anneal is required in order 

to improve carrier mobility and device reliability as shown in this work. A new 

hard-mask based process was developed to retain H2 anneal related benefit while 

eliminating detrimental effects such as reduction of device drive current due to fin 

height reduction. We have also demonstrated a novel 1T-1C pseudo Static Random 

Access Memory (1T-1C pseudo SRAM) memory cell using low cost conventional 

tri-gate process by utilizing selective H2 anneal and other clever process techniques. 

TCAD-based simulation was also provided to show its competitive advantage over 

other types of static and dynamic memories in 45nm and beyond technologies. A 

high gain bipolar based on silicon fin process flow was proposed for the first time 

that can be used in BiCMOS technology suitable for low cost mixed signal and RF 

products. TCAD-based simulation results proved the concept with gain as high 100 

for a NPN device using single additional mask.  Overall, this work has shown that 

several novel process techniques and selective use of optimum H2 anneal can lead 

to various high performance and low cost devices and memory cells those are much 

better than the devices using current conventional 3D fin based process techniques. 
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CHAPTER 1 

Introduction 

 

 As the Complementary Metal Oxide Semiconductor (CMOS) based 

semiconductor technology advances towards 45nm and beyond, the planar CMOS 

transistor structure which has demonstrated remarkable resilience for the last 40 

years is now beginning to fail to meet Moore’s law [1]. Therefore, the industry as a 

whole has started searching for novel structure in order to keep the pace of CMOS 

scaling alive and vibrant. Among them, Multi-Gate Field Effect Transistor 

(MuGFET) devices (FinFET [2], Tri-gate [3], Pi-Gate [4] and Omega Gate [5]) are 

promising structures that could extend CMOS scaling to beyond 22 nm node [6] 

and replace the current CMOS transistor in either bulk or SOI (Silicon On 

Insulator) formats.  In the past, numerous transistor structures were pursued only to 

find out that they failed to meet the two fundamental criteria necessary to replace 

CMOS: better drive current at the same or lower leakage, and robustness in terms 

of manufacturability at a reasonable cost comparable to conventional CMOS. 

 

 The industry seems to have reached a consensus that MuGFET type 

structures may be the future workhorse of the nearly two trillion dollar electronic 

industry where performance has doubled every three years while keeping the cost 
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in control [6].  The fundamental feature of this new device is the fin-type silicon 

structures where the transport of carriers takes place along the sidewall (110) of Si 

fins unlike the top surface of silicon (100) in current CMOS-based technology. 

These types of structures have channels formed on the etched surfaces that are 

inherently rough.  Such rough surfaces reduce carrier mobility and are a concern for 

the reliability of the gate dielectric fabricated on these surfaces.   

 

In this thesis, I will outline a detailed experimental report that contains the 

following key topics: 

a) Hydrogen anneal experiments are performed to evaluate the effect of 

pressure and temperature on the structural integrity of the vertical surface of 

the Si fin which is critical for carrier conduction and can affect the device 

performance and reliability significantly. 

b) The effect of different hydrogen anneal on nano-scale Si fin structure and 

characteristics of tri-gate structures. 

c) A new hard-mask approach is demonstrated to improve the performance of 

a tri-gate type structure. 

d) A novel fin-capacitor structure of 1-transistor and 1-capacitor fin Random 

Access Memory (1T-1C fin-RAM) is realized by using optimized H2 

anneal. Detailed characterization of the process and device are shown for 

this case. 
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e) Also, a novel vertical fin-based high gain bipolar device integration is 

proposed that can be manufactured in a finFET process with minimum 

process variation and cost.  TCAD-based simulation results are provided to 

optimize the structure. This device can be used in BiCMOS process and can 

provide substantial benefit in wireless applications, particularly in single 

chip radio area. 
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CHAPTER 2 

Impact of Surface Preparation Prior to Hydrogen Anneal 

 

The channel conduction for a three dimensional Multi-Gate FET (3D- 

MuGFET) is on the sidewalls of the vertical fins formed by reactive ion dry etch, 

hence the formation of high quality silicon fins is crucial to the success of 

MuGFET device structure. The patterned fins are formed with plasma etching.  The 

sidewalls are inherently rough compared to Epi wafer surfaces. An attractive 

method to smooth the fin surface is H2 annealing [7, 8].  We found that the fin 

stability during H2 annealing is strongly influenced by pre-anneal clean processing.  

 

2.1 Experiment 

 

Standard Unibond SOI wafers were used to test the H2 pre-anneal clean 

processes.  The silicon film and Buried Oxide (BOX) thickness are 90 nm and 200 

nm respectively.  Multiple 40 nm fins were defined with KrF excimer (248 nm) 

lithography and RIE etch (Figure 2.1a).  Group one samples went through HF-last 

immersion clean and O3 free DI rinse (targeted thermal oxide removal = 5 nm) and 

were then immediately annealed for 300 seconds at 800oC in 600 Torr of hydrogen. 

Figure 2.1b shows damaged fins after the hydrogen anneal.  Group two samples 
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went through vapor HF (target oxide removal = 5 nm) and O3 free DI rinse to 

ensure hydrophobic silicon surfaces.  After the same hydrogen anneal, the fins are 

intact (Figure 2.1c). 

 

2.2 Results and Discussions 

 

It is known that the presence of oxide on silicon fin surface can cause 

damage to large silicon structures under high temperature vacuum anneal through  

Si+SiO2= SiO↑ 

[9]. These experiments have shown that for nanoscale fins, even a very thin native 

oxide was enough to cause damage to silicon. The HF-last immersion clean was not 

enough to provide a completely oxide free surface for these 3D fins. Vapor HF has 

been shown to produce hydrophobic surfaces for these small thin fins. 

 

 The presence of native oxide after wet HF dips on the fins surfaces cause 

damage to the fins under high temperature H2 anneal. An oxide free, hydrophobic 

fin surface is crucial for the survival of the thin fins under such H2 anneal 

conditions.  Traditional HF-last immersion clean is not adequate. Vapor HF clean 

provided the necessary hydrophobic surface to ensure the integrity of the fins 

through high temperature H2 anneal. 
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Figure 2.1a: 40 nm fins before H2 anneal 

 

 

 

Figure 2.1b: 40 nm fins, HF-Last immersion pre-clean fins are damaged after H2 

anneal. 
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Figure 2.1c: 40 nm fins, Vapor HF pre-clean, fins are intact after H2 anneal.

 

2.3 Summary 

 

It was also observed that cleaning before the hydrogen anneal is critical to 

preserve the integrity of the silicon line features. The silicon lines are destroyed if 

the prepared surfaces for hydrogen anneal is not completely hydrophobic. 
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CHAPTER 3 

Effect of Hydrogen Anneal on FinFET Structures 

 

As previously mentioned, hydrogen anneal is a well-known technique for 

smoothing the silicon surface as well as passivating dangling bonds [7]. Previous 

studies have been conducted at temperatures higher than 1000oC on bulk silicon 

trenches [10]. Hydrogen anneal on finFET devices has also been reported [11].  

However, to our knowledge, no comprehensive study on the impact of the anneal 

conditions has been done on nano-scale fin structures. The silicon-wide structures 

are not suitable for next generation 3-D device technology the industry is moving 

towards. Also, high temperature anneals result in significant and uncontrollable 

silicon loss which results in higher variation from device-to-device on the same 

chip.  

 

For the first time we report a systematic study of the impact of H2 annealing 

process conditions (temperature, pressure and time) on silicon fin structures as well 

as significant and crucial role of surface preparation prior to H2 anneal. Using an 

AFM technique [12], we studied the surface roughness changes with H2 anneal 

conditions as well as the fin shape transformations, facet formation and the 

reduction of fin dimension. 
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3.1 Experiment 

 

Silicon-on-insulator (SOI) wafers and bulk silicon wafers were used in this 

study.  For the SOI wafers, the silicon film and Buried Oxide (BOx) thickness are 

90 nm and 200 nm respectively.  60 nm fins were defined with KrF excimer (248 

nm) lithography and RIE etch (Figure 3.1).  The longitudinal directions of the fin 

lines were parallel to [011] direction and thus the sidewall surfaces were in the 

(011) planes. The samples went through a vapor HF pre-clean [13]. Then they were 

annealed in 100% hydrogen at various pressures from 15Torr to 600Torr and at 

temperature range from 600oC to 1000oC for 30 and 300 seconds in AMAT-

CENTURA tool.  The important experimental splits are shown in Table 3.1. 

 

 The in-line top down profiles of the samples were observed using scanning 

electron microscope (SEM) (AMAT NanoSEM) and 3D line profiles were taken 

using an atomic force microscope (AFM) (VEECO X3D CD-AFM).  The end of 

the line roughness and profile verification was done with AFM. 
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Table 3.1: Test conditions for important samples  

 

3.2 Results and Discussions 

 

Initial hydrogen anneal was carried out at 1000oC and 40 Torr for 300s. At 

such a low pressure and high temperature, silicon atomic diffusion was observed.  

As a result, narrow silicon lines without any hard-masks would disappear (Figure 

3.2). The disappearance of fins inspired a series of hydrogen anneals test conditions 

on both bulk and SOI wafers.   

Pressure Temperature Substrate 

Sample 1 40T 1000 ° C Bulk 

Sample 2 15T 900 ° C SOI 

Sample 3 15T 800 ° C Bulk 

Sample 4 600T 900 ° C Bulk 

Sample 5 600T 900 ° C SOI 

Sample 6 600T 800 ° C SOI 

Sample 7 600T 700 ° C SOI 

Sample 8 600T 600 ° C SOI 
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Figure 3.1: 40 nm fins before H2 anneal. 

 

 

 

Figure 3.2: The fins are damaged by 1000oC 40 Torr H2 anneal. 
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3.3 Impact of the Hydrogen Anneal Temperature 

 

The disappearance of narrow lines inspired a series of hydrogen anneals test 

conditions on both bulk and SOI wafers. All narrow lines disappeared at a low 

pressure and high temperature (1000ºC anneals 40 Torr) for bulk silicon due to 

surface self-diffusion of silicon atoms. Wider lines, however, survived with corner 

rounding, consistent with the published literature [10]. Figure 3.3a shows AFM 

scan of fin surfaces before and Figure 3.3b shows same for after H2 anneal.  It is 

evident that the H2 anneal smoothes the fin surface and rounds the sharp corners. 

The effect of temperature on surface roughness is shown in Figure 3.4.   
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Pre-Anneal

Width: Top  90.7 nm 

Middle 87.0 nm  

Bottom 84.6 nm

  

Figure 3.3a: Pre anneal: significant sidewall roughness post RIE fin etch. 
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Post-Anneal: 600 Torr, 900°C, H2, 300 sec
Width:      Top  60.3 nm

Middle 73.6 nm

Bottom 72.3nm

 

Figure 3.3b: Post anneal: fin width decreases and surface roughness improves with 

H2 anneal. 

 

Figure 3.4:  H2 anneal at 800oC and 600 Torr provides smoother surface than that 

of at 600ºC. 

Sidewall RMS: 0.76Å
600 Torr, 800°C, H2, 300 seconds

Sidewall RMS: 2.66Å
600 Torr, 600°C, H2, 300 seconds
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The higher the temperature, the smaller the fin surface roughness is. The 

etch fin surfaces RMS roughness is 4.59Å.  After the 800oC, 600Torr anneal, the 

surface roughness is reduced to 0.76Å.  This compares to epi wafer surface 

roughness of 0.39Å, and non-epi wafers roughness of 1.0Å, measured with the 

same AFM setup. Furthermore, the original rectangular fins tend to become 

rounded at higher temperature as shown in Figure 3.5 and 3.6.   

 

 

 

Figure 3.5: H2 anneal at 800oC and 600 Torr cause faceting in the SD region and 

reduces roughness. 

 

 

 

 

8000C 6000C
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Figure 3.6: More corner rounding is observed with increase in anneal temperature. 

 

The explanation of the above effects is as follows: Atoms on the surfaces 

are much less stable - they not only lack the advantage of lattice stabilization but 

also have dangling or broken bonds. Thus, the overall system is thermodynamically 

unstable, and driven to maximize crystal volume and minimize surface area. For an 

etched fin structure, the H2 anneal lowers activation energy required for atoms 

seeking more thermodynamically stable positions. The fins have the tendency to 

become cylindrical. This also explains the shortening of the fins illustrated in 

Figure 3.3. Fins annealed at high temperature showed significant faceting (Figure 

3.7). The amount of faceting is also a strong function of anneal temperature.  

Faceting is pronounced for anneals temperature above 800°C at a hydrogen 

pressure of 600 Torr. The facets are lined up to the (100) surfaces.  

 

 

8000C 7000C 6000C

Reduce Temperature on SOI wafers at 600Torr
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Figure 3.7: At 600Torr, less faceting is observed at lower temperature. 

 

3.4 Impact of the Hydrogen Anneal Pressure 

 

When the H2 anneal pressure is reduced, silicon atom diffusion is enhanced.  

When a low pressure is combined with high temperature, the integrity of the nano 

scale fin can no longer be maintained, as in the case of our initial experiment 

(Figure 3.1b). The acceleration of silicon surface migration with reduction of 

pressure is shown in Figure 3.8.   Both samples were annealed at 800°C. There is a 

more pronounced shape transformation than for the 15 Torr sample. Such a 

reduction in surface diffusion at higher pressure is likely due to higher density of 

absorbed hydrogen [14]. The diffusivity of silicon atoms is known to be small with 

hydrogen-terminated surface [15].  Thus with properly designed anneal conditions 

such as 60 nm wide fin of 60 nm height annealed at 800°C and 600 Torr for 300 

seconds one can form cylindrical fin shapes as shown in Figure 3.9.  

9000C 8000C 7000C

Reduce Temperature

9000C 8000C 7000C

Reduce Temperature
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Figure 3.8: The diffusion coefficient of silicon increases with decrease in pressure. 

 

 

Figure 3.9: Cylindrical fin by designed anneal conditions. 

 

3.5 Summary 

 In this study we observed that surface roughness of fin structures improves 

with H2 anneal for SOI substrates as well as on bulk silicon. We have seen that 

hydrogen anneal done at higher pressure (600 Torr) can reduce fin silicon loss. 

However, at the same time fin morphology change takes place at higher pressure. 

Lower temperature (900ºC or below) also results in reduction of fin loss. The 

800°C anneal results in a rounded cross-section and formation of facets running up 

Bulk: 600T,  800°C Bulk: 15T,  800°C
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to the source-drain (SD) pads, particularly with longer anneal-duration. The thermal 

budget plays important role in faceting and fin shape transformation. At around 

800°C temperature, a high pressure anneal can provide smooth (similar or smoother 

than cleaned polished Si) while at 600°C, the fin surface is almost 4 times rougher 

using same pressure condition. 
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CHAPTER 4 

Comparison of Tri-gate FET Characteristics for Various Hydrogen 

Annealing Process Conditions 

 

As it was shown in previous chapters that the temperature and pressure of 

the H2 anneal play a significant role in the width, height and the surface smoothness 

of the fin structure. Therefore, the anneal temperature and pressure ought to 

influence the device characteristics. In this chapter, it will be shown for the first 

time, that the tri-gate Multiple-Gate-FETs device performance suffers a loss of fin 

width and height during the high temperature anneal that is necessary to improve 

surface roughness [16]. Therefore, even though, the mobility is improved by H2 

anneal, the effective drive current of the device is reduced due to fin height 

reduction as a result of the H2 anneal. 

 

4.1  Experiment 

 

Tri-gate MOSFETs were fabricated on Standard Unibond silicon-on-

insulator (SOI) wafers with 88 nm of silicon film and a 145 nm buried oxide 

(BOX) thickness respectively. Lithography and reactive ion etch (RIE) with a resist 

trim were used to define 65 nm fins. The annealed samples underwent a vapor HF 
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pre-clean [13] and were annealed in 100% H2 at pressures at 600 Torr and 780oC to 

820oC for 300 seconds.  A 2 nm in-situ steam-generated (ISSG) oxide was grown. 

Then 200 nm of amorphous silicon was deposited, implanted with phosphorus, 

patterned and RIE trim-etched to form transistor gates with dimensions down to 65 

nm. The dopants were activated in N2 at 1000°C for 10 seconds. Ti silicidation and 

conventional Al/Si metallization completed the process. 

 

 

H2 Anneal
Sample 1 None
Sample 2 780°C 600 Torr 300 sec
Sample 3 820°C 600 Torr 300 sec

 

Table 4.1: H2 anneal splits. 

 

 

4.2 Results and Discussions 

 

 Split conditions for this experiment are shown in Table 4.1. Figure 4.1 

shows that drain current-gate voltage (Id-Vg) characteristics of no-anneal and 780ºC 

annealed transistors are similar for a Leff of 150 nm including the subthreshold 
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slope, which is about 60mV/dec. This suggests that the device is fully depleted.  

Surprisingly, the transistor drive currents are similar with no drive current 

improvement due to the hydrogen anneal. 
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Figure 4.1: Comparison of Id-Vg data for both Vd=0.05V and Vd=1.2V for no 

anneal and 780°C anneal for 150 nm device. 
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 This apparent disconnect is due to silicon loss in the fin structure that 

effectively reduces the fin height as described in our earlier publication [16]. Due to 

the transistor’s effective width loss, it appears that the H2 anneal did not improve 

the drive current. However, the drive current per effective width improves by about 

9%. Figure 4.2a shows a scanning electron microscope (SEM) cross section with 

no anneal (65 nm); Figure 4.2b shows the 780ºC annealed fins (59 nm). 

 

 

 

Figure 4.2a: As-etched sample. 



 

24 
 

 

Figure 4.2b: Annealed sample at 780ºC. 

 

 

Figure 4.3 consists of the Id-Vg characteristics of no-anneal and 780ºC 

annealed transistors for a minimum gate length of 70 nm. Both devices exhibit 

short channel effects, however, the device without the anneal display worse short 

channel behavior than the annealed device. This is more evident in the Ion-Ioff curve 

between these two processes in Figure 4.4. This is most likely due to different 

process characteristics of these two devices, particularly corner rounding of the H2 

annealed devices (Figure 4.2b) that can help reduce the peak field as well as stress-

induced phenomena.  
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Figure 4.3: Comparison of Id-Vg data for both Vd=0.05V and Vd=1.2V for no 

anneal and 780ºC anneal for 70 nm device. 
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Figure 4.4: Ion/Ioff for anneal/no anneal condition with and without width 

correction. 

 

 

 Figure 4.4 summarizes the before and after width corrected Ion vs. Ioff 

behavior for no-anneal, 780ºC and 820ºC annealed transistors. It shows that in both 

cases, 780ºC provides the best Ion-Ioff characteristics for minimum length 

transistors probably due to a reduction in body thickness with the 820ºC anneal.  
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Figure 4.5: New tri-gate process with that retains the effective width of the device. 

 

 

 In order to circumvent this effective width reduction in a conventional tri-

gate process, a hard-mask based tri-gate process was introduced. The hard-mask-

based process can retain the integrity of the fin structure as well as provide the 

benefit of a H2 anneal. In this process, the active fin structure is patterned and 

etched and annealed with a hard-mask on. The hard-mask is stripped off before the 
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gate process and thus the top corners are rounded without silicon loss (Figure 4.5). 

The detail of this process technique and its benefit to the finFET device will be 

discussed in chapter five. 

 

4.3 Summary 

 

 In tri-gate type MuGFET transistor processes, the benefit of a H2 anneal can 

be greatly diminished due to the reduction in the transistor’s effective width 

resulting from silicon loss from the fin.  A novel hard-mask based H2 anneal 

process has been developed to reduce the issue of silicon loss significantly while 

retaining the physical device width of the tri-gate FET. 
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CHAPTER 5 

Tri-gate FET Device Characteristics Improvement Using a 

Hydrogen Anneal Process with a Novel Hard-Mask Approach  

 

During fin structure formations, the fin etch process degrades the interface 

quality of the side wall [17] as we discussed in earlier sections. In previous studies 

[7, 18], it has been shown that a hydrogen anneal reduces oxide trap density and 

smoothes the sidewall surfaces. As a result, carrier mobility is improved and gate 

leakage is reduced. However, this experiment did not provide a detailed study of 

the effect of temperature and pressure on device performance.  Earlier data, 

presented in previous chapters, demonstrated that the temperature and pressure of 

the H2 anneal play a significant role on establishing the fin structure’s width and 

height, as well as surface smoothness, they ought to influence the device 

characteristics [19].  

 

In chapter four, we showed that the performance of a tri-gate device suffers 

from loss of fin width and height during the high temperature H2 anneal that is 

required to improve surface roughness. This seriously degrades transistor drive-

current due to a decrease in the effective width of the transistor, thereby, offsetting 

the improved mobility-driven drive current gain. A novel HM based process 
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technique has proven to be very promising in resolving this issue by providing 

improved device characteristics as compared to the standard or non-HM hydrogen 

anneal process. Adjustment of fin height using thicker silicon and a H2 anneal does 

not provide a valuable solution since higher aspect ratio makes the fin etch difficult 

and the fin height (i.e., width of the transistor) variability is increased (with 

rounded top). These characteristics are detrimental to circuit performance. 

 

5.1 Experiment 

 

 Tri-gate MOSFETs were fabricated on standard Unibond silicon-on-

insulator (SOI) wafers with a final silicon film thickness of 66 nm and 145 nm 

buried oxide (Box), respectively. Hard-masks consisting of 200Å of silicon nitride 

with a pad oxide were deposited on the silicon. For both standard and new HM 

based processes, lithography and a reactive ion etch (RIE) with a hard-mask trim, 

defined the 45 nm thick fins. This hard-mask was then stripped off for standard tri-

gate devices prior to further processing, but retained for our new HM process. The 

samples went through a vapor HF pre-clean [13] and were annealed in 100% H2 at 

pressures of 600 Torr and temperature 780oC for 300 seconds for both the 

traditional and for our new HM process. At this point, the hard-mask was stripped-

away for the new HM method devices. The unique feature of our HM based 

process is that a tri-gate device has a HM for fin definition, and the HM is removed 
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from top of the fins after the hydrogen anneal and just before the gate module 

process is started. A 2 nm in-situ steam generated (ISSG) gate-oxide is grown. 

Then, 200 nm of amorphous silicon gate electrode was deposited, implanted with 

phosphorus, patterned and RIE trim-etched to form transistor gate lengths down to 

60 nm. The NMOS dopants were activated at 1000°C for 10 seconds in nitrogen. 

Nickel silicidation and conventional Al metallization were used to complete the 

process.  

 

5.2 Results and Discussions 

 

In order to circumvent the effective width reduction due to H2 anneal in a 

standard tri-gate process, a HM based tri-gate process is introduced that can retain 

the integrity of the fin structure as well as provides the benefit of a H2 anneal. In 

this process, as described earlier, the active silicon structure of 20-fins is patterned , 

etched and annealed at 780ºC in 100% H2 with a hard-mask in place. The hard-

mask is stripped off before the gate oxide formation process and thus the top 

corners are rounded without silicon loss. Figure 5.1 shows the cross section of two 

devices based on the standard process and the new hard-mask, using Transmission 

Electron Microscope (TEM) for both long and short channel devices.  
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Figure 5.1: Comparison of the fin heights for tri-gate devices. Starting from the 

left, no-anneal, new hard-mask based process annealed at 780°C and conventional 

no hard-mask H2 anneal at 780°C, long channel at the top and short channel at the 

bottom. New hard-mask-based tri-gate process shows better retention of fin 

effective width in the device. 
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It clearly shows that with the hard-mask process, the fin height is retained. 

Without HM process (i.e. the standard process), the fin height degradation is about 

9% in the middle of fin, as observed from the picture for long channel device. 

While for short channel device the height reduction is about 28% at the middle of 

the channel.  This translates to about 15-20% range effective height reduction for 

short channel device for non-HM or standard process. The non-annealed fin 

structure demonstrates that HM process retained the same fin height as non-

annealed fin. The height reduction is reduced towards the source/drain region and 

the effective height reduction is also less for long channel devices as reported in 

chapter four. This is due to the fact that after fin-etch, the broken bonded silicon 

atoms tend to diffuse towards higher volume source/drain area, thus shortening the 

fin height when there is no nitride cap on top of fin during H2-anneal process. This 

is not possible during photo-lithography since the nitride cap-layer is used during 

lithography and etch in both cases. However, we only see fin height reduction in 

the non-HM process.   
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Figure 5.2: Transconductance of 70 nm devices with 2 nm EOT. The hard-mask-

based process shows higher linear transconductance. 
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 Figure 5.3: Comparison for devices non hard-mask and new hard-mask based 

process for various gate lengths with 2 nm EOT. The hard-mask based process 

shows higher linear transconductance. 

 

 

Hard-mask based process has higher transconductance as shown in Figure 

5.2. Figure 5.3 shows the peak transconductance (Gmax) difference between these 

two processes as a function of gate length. Since Gmax is roughly proportional to 

mobility and effective width for the same transistor gate length, the long channel 

device (500 nm) Gmax difference (~7%) very well corresponds to device width 
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difference (~9%), thereby suggesting that mobility remains the same between these 

two processes. For short channel device, the Gmax delta is about 19%, which also 

closely correlates to the effective width reduction in non-HM process.  This data 

suggests that mobility is not affected by the new HM based H2 anneal process in 

any adverse way.  

 

Figure 5.4 shows the drain current-gate voltage (Id-Vg) characteristics of the 

standard and the new hard-mask-based H2 annealed transistors at 780°C with gate 

lengths of 500 nm and 70 nm devices.  For similar threshold voltage, both the non-

HM and HM process based transistors exhibit similar subthreshold characteristics 

and drain induced barrier lowering (DIBL).  This also confirms that intrinsic short 

channel and subthreshold behavior are similar between these two processes. 
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Figure 5.4: Id-Vg of 500 nm and 70 nm devices with 2 nm EOT for Vd=0.05V and 

Vd=1.2V. H2 anneal done at 780°C, 600 Torr in 100% H2 for 300 seconds. The 

hard-mask based process shows better device characteristics. 
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Figure 5.5: Gm max based threshold voltage comparison for devices no hard-mask 

and new hard-mask based process for various gate lengths. 

 

The Gmax based threshold voltage (Vth) is shown in Figure 5.5, and the 

overall short channel effect (SCE) related Vth roll-off looks reasonably good 

(~30mV). The long channel device is fully depleted as seen from Figure 5.4 and Vth 

difference can be attributed to the thinner body for non HM transistor (~16 nm) vs. 

HM based counterpart (~24 nm). It also has less depletion charge/ area, thus has 

lower Vth [20].  Similar trends are also observed for short channel devices where 

Vth is being affected by SCE effect along with the fin width. 
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Figure 5.6: Over-drive saturation current comparison for devices with no hard-

mask and new hard-mask based process for various gate lengths. 

 

 

Figure 5.6 shows improvement of saturation device characteristics as a 

function of gate length. The Ion is measured at constant Vth+0.85V in order to 

provide actual device performance improvement independent of Vth. The saturation 

current improvement is about 15%.  
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Figure 5.7: Ioff-Ion for anneal at 780°C with and without hard-mask. 

 

 

The Ion vs. Ioff characteristics demonstrate (Figure 5.7) that HM based 

transistor offers better device characteristics as compared its counterpart mostly due 

to effective width degradation of the non HM process device during H2 anneal.  

 

This is significant when device length is small due to the nature of silicon 

loss during hydrogen anneal [2], as shown in Figure 5.7. 
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5.3 Summary 

 

The benefit of a H2 anneal in a tri-gate transistor process can be greatly 

diminished due to the reduction of the effective width of the transistor resulting 

from silicon loss in the fin.  A novel but simple process of HM approach can retain 

the effective fin height, and significantly improve of tri-gate FET device 

characteristics. The device characteristics improvement for short channel device is 

considerably more than that of the long channel device primarily due to effective 

width retention of the HM process. 
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CHAPTER 6 

Fabrication, Analysis and Optimization of 3D Fin-

Capacitor for 1T-1C Pseudo SRAM Application 

 

Semiconductor volatile memory is a significant component of any ultra 

large scale integrated system on a chip. Two of the popular such memories are 

Static Random Access Memory (SRAM) and Dynamic Random Access Memory 

(DRAM). SRAM is a latch based static memory where the data is stored 

indefinitely as long as the power supply is on. On the other hand, DRAM is 

capacitor-based cell where the charge is stored either in the trench based or poly or 

metal stack (MIM) type structure. This type of memory needs a special refresh 

circuitry to keep the minimum level of charge in the capacitor due to constant 

discharge through different leakage mechanisms. 

 

In terms of speed and static nature of SRAM, SRAM memory is very 

popular and highly used in SOC. In fact, it is hard to find any SOC without SRAM. 

The biggest drawback of SRAM is its unit size. There are several types of SRAM 

cells: 6 transistors cell (6T) or 4 transistors & two resistors cell (4T). The most 

popular one is the six transistors based (6T) SRAM since it is compatible with logic 

transistor based process and does not require any special processing or mask. Due 
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to the need of six transistors to realize one bit, the density issue of SRAM is a 

nagging problem for any SOC design and the memory consumes a large chunk of 

the area that increases the cost of the die. 

 

On the other hand, DRAM is a much small cell and even with special 

refresh circuit, the bit density of DRAM is about 3-4X higher than SRAM. This 

density advantage of DRAM makes it the most commonly used stand-alone 

memory part in the industry for the last several decades. However, DRAM requires 

special processing to build the capacitor that makes it very complex and costly (15-

25%) to integrate DRAM with large SOC and DRAM based SOC remains a niche 

market.  

 

Recently a leading foundry is touting a 1-Transisror based planar SRAM 

technology that is compatible with CMOS logic process. In this structure, a pass 

gate transistor is in series with planar capacitor. This structure is competitive at 

0.18 µm and 0.13 µm against 6T SRAM and can provide density i.e. cost advantage 

over other DRAM or SRAM based SOC [21]. 

 

However, in 90 nm and below, this advantage has diminished significantly 

due to scaling limitations of this type of cell by gate oxide thickness and minimum 

amount of charge that need to be stored for reliable operation. 
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An excellent candidate for high density, embedded memory applications is 

1-transistor 1-capacitor pseudo static random access memory (1T-1C pseudo 

SRAM). Different types of this memory have been explored in recent years [22, 

23]. A three-dimensional (3D) field effect transistor (FET) structure provides a 

better opportunity to realize higher density 1T-1C pseudo SRAM that can be 

competitive against other memories. Due to the absence of any well and fully-

depleted nature of the transistor, fully-depleted silicon-on-insulator (FDSOI) multi-

gate FET (MuGFET)-based 1T-1C pseudo-SRAM cells can have improved soft 

error immunity, near ideal subthreshold swing and very low junction capacitance 

and leakage. Also, the pass gate can be smaller in size than other 1T-1C pseudo-

SRAM structures due to the double-gated nature of the device with no body effect 

[2]. These favorable characteristics of FDSOI-based 3D MuGFET device make it 

an ideal candidate for 1T-1C pseudo-SRAM applications [24]. This paper [24] 

describes a planar conventional CMOS-based embedded 1T-SRAM based memory 

that can satisfy the requirements of embedded SRAM. However, planar 1T-SRAM 

is not very scalable beyond 90 nm. In order to have a 5 fF/cell using 30A gate 

oxide based capacitor, the size of the capacitor is about 0.5 µm2. After adding 

transmission gate, the area would be more than 0.6 µm2. In 65 nm technology, the 

6T SRAM size is about 0.69 µm2 [25]. Therefore, a planar gate cap based DRAM 

is not area competitive against 6T SRAM bitcell.  
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The 3D nature of tri-gate fin-capacitor can provide higher unit capacitance 

that can eliminate very expensive stack or Metal-in-Metal (MIM) capacitor [26]. 

Therefore, this type of transistor/capacitor combination can offer a low cost 

alternative solution in high density volatile memory applications.  

 

The critical dimension of a 1T-1C fin-capacitor is its height as a 

considerably taller tri-gate fin is required for the capacitor structure in order to 

increase capacitance per unit cell area. However, a taller tri-gate can result in 

various processing issues from robust tri-gate fin structure to gap and fill with 

spacer and poly. Since the capacitor structure is wide and long, a taller tri-gate 

structure is less problematic for capacitors as compared to other logic and pass gate 

transistors where the tri-gate fin height, width and length can be small due to the 

transistor width and length requirements. Therefore, a process has to be developed 

to accommodate different height tri-gate fin structures on SOI substrate in order to 

meet the different requirements.  

 

A hydrogen anneal is required to improve carrier mobility in finFET 

structures [7]. It also causes significant tri-gate structural and electrical alteration as 

reported by recent publications [16, 19]. These papers showed that non-optimized 

temperature and pressure during the H2 anneal can result in complete destruction of 

silicon tri-gate fins whereas optimized temperature and pressure can lead to smooth 
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surface and improved carrier mobility. However, even an optimized H2 anneal can 

lead to effective height and width reduction of silicon fins which is more 

pronounced in the narrower tri-gate, i.e. smaller channel gates,  where the tri-gate 

fin height was reduced by as much as 30% [27].  In that paper, a new hard-mask-

based process was demonstrated that can retain the tri-gate fin height and width 

irrespective of channel length after H2 annealing. This process is critical for 

multiple channel-length-based systems on a chip (SOC), particularly in a 1T 

SRAM or a 1T-1C pseudo-SRAM where the tri-gate fin-capacitor structure can be 

significantly larger area than the pass gate transistors. Therefore, the H2 anneal-

induced effective tri-gate fin height reduction can be selectively used to optimize 

the tri-gate fin height to satisfy different device requirements.   

 

In this chapter, we present and propose for the first time a unique process 

integration of a 3D capacitor and a pass gate transistor for the 1T-1C memories that 

can allow multiple height tri-gate devices by utilizing selective H2 annealing using 

hard-mask approach. Silicon data for a 1T-1C pseudo-SRAM cell in 90 nm 

geometry are presented in order to demonstrate the viability of this dual height 1T-

1C pseudo-SRAM tri-gate cell fabricated by exploiting H2 anneal process to 

provide smallest cell with lower junction capacitance and leakage while 

maximizing the storage capacitance. A detail TCAD-based analysis (Taurus) of a 

1T-1C pseudo-SRAM cell with high-K and metal gate clearly demonstrates that the 
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1T-1C pseudo-SRAM cell can be significantly smaller than its 6T SRAM counter 

part using this very low cost manufacturing process technique. 

 

6.1 Experiment 

 

The 1T-1C pseudo-SRAM flow is based on bulk CMOS processes. The tri-

gate MOSFETs and the fin-capacitors were fabricated on standard Silicon on 

Insulator (SOI) wafers. The SOI wafers have a silicon film thickness of 88 nm and 

145 nm of buried oxide (BOX). The silicon thickness on the BOX was reduced 

using oxidation and etching, and 50 nm oxide was grown followed by a wet etch to 

a silicon thickness (and subsequent fin height) of 66 nm. Two hard-masks of 20 nm 

of silicon nitride with a thin pad oxide were deposited on the tri-gate silicon fins 

and 193nm lithography was used to define the tri-gate fins of 45 nm and 200 nm 

thicknesses for the tri-gate transistor and the capacitor, respectively. Then a 

reactive ion etch (RIE) with a hard-mask trim process defined the fin width for the 

hard-mask (HM). The samples then went through an ash and clean for removal of 

the photo resist and the nitride hard-mask was used during the silicon etch, 

stopping on the BOX to create the 45 nm and the 200 nm thick tri-gate fins for the 

tri-gate transistor and the capacitor, respectively. At this point, the pass transistor 

HM was removed while the capacitor HM still remained on the tri-gate fins. After a 

vapor HF pre-clean, the samples went through a hydrogen anneal in 100% H2 for 
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300 seconds at 780°C and 820°C, respectively. The HM for the capacitor was then 

stripped in hot phosphoric acid, so finally the fins for both the transistors and 

capacitors were ready for the tri-gate type structure. 

 

A 2 nm (physical) in-situ steam generated (ISSG) gate oxide was grown, 

and a 200 nm amorphous silicon gate electrode was deposited. An etch-back of the 

amorphous silicon resulted in a 100 nm thick gate electrode. A 50 nm silicon 

nitride hard-mask was deposited, patterned, and RIE trim-etched to form gate 

lengths of 90 nm for the transistors and 10µm for the capacitors. 

 

Arsenic (As) was used for lightly doped drain (LDD) implants. A 50 nm 

silicon nitride layer was deposited and etched to form spacers. Then As was 

implanted to form the source and the drain regions.  The NMOS dopants were 

activated at 1000°C for 10 seconds in nitrogen via a rapid thermal anneal (RTA). 

Nickel silicidation was used for poly gate processes.  Aluminum metallization was 

used to complete the process.    
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6.2 Using H2 Anneal to Reduce Tri-gate Height for Pass Gate 

Transistor 

 

Figures 6.1a and 6.1b show different H2 anneal temperatures vs. resulting 

tri-gate fin height and width reduction. As the H2 anneal temperature is increased, 

the effective height and width are increasingly reduced [16].  Figures 6.1c and 6.1d 

illustrate how an H2 anneal at optimum temperature of 780°C can cause a 

significant reduction of both the tri-gate fin height and width without a hard-mask 

process [27].  It is observed from these figures that effective height and width 

reduction for wide and long tri-gate fin is very low.  This phenomenon can be used 

to obtain shorter and more robust thin tri-gate fins for the pass transistors while 

maintaining taller and wider tri-gate fin capacitors. Also, an H2 anneal can be 

applied using selective hard-mask (i.e. hard-mask only on top of capacitor and not 

on the pass gate) process to maintain capacitor height and width while selectively 

reducing the pass gate height and width. 
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Figure 6.1: (a) SEM pictures showing that an 800°C H2 anneal at 600 Torr for 300 

seconds resulted in significant reduction of fin height, ~30%. An SEM on (b) 

shows that a 600°C anneal for the same atmospheric pressure and time as above, 

results in no change in the fin height. The TEM cross section in (c) is for a fin 

annealed at 780°C with hard-mask and shows that the reduction of fin height is 

very low (<10%). This TEM is taken after hard-mask strip, and (d) represents TEM 
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cross section of fin annealed without hard-mask at the same 780°C in H2 at 600 

Torr for 300 seconds and shows about 30% reduction of the fin height. 

 

 

 

An earlier paper [19] also reported that an optimized H2 anneal does not 

degrade any critical device characteristics such as short channel effects, 

subthreshold characteristics, threshold voltage dispersion, mobility etc. It also 

demonstrated that variability of the tri-gate fin height and width is about the same 

for H2 anneals, with and without a hard-mask. Therefore, the tri-gate fin-based 

capacitor height can be kept of 125 nm where an optimum H2 anneal can reduce the 

pass transistor tri-gate fin height to less than 90 nm for a 60 nm gate length for a 

1T-1C pseudo-SRAM cell based on Figure 6.2 cell schematic.  Figure 6.3 shows a 

TEM cross section of narrow the tri-gate with a height of 113 nm and width of 57 

nm which is even taller than height required for a pass gate.  
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Figure 6.2: 1T-1C pseudo SRAM cell schematic based on the tri-gate pass gate 

and the capacitor structure (not to scale). Maximization of the capacitance and 

optimum transistor characteristics can be achieved from a layout based on this 

schematic, a hard-mask on the capacitor structures and no hard-mask on the 

transistor with selective H2 anneal. 
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Figure 6.3: Narrow fin of 110 nm in height. Based on the aspect ratio, a higher fin 

height is achievable for wider fins. 
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6.3 Characterization of Tri-gate Capacitor and Transistor With 

and Without Hard-Mask  

 

Figure 6.4 shows a 1T-1C pseudo-SRAM cell layout which can be used 

with a capacitor tri-gate fin height and width of 66 nm and 200 nm, respectively. 

The scanning electron microscope (SEM) cross section of the tri-gate fin capacitor 

is shown in Figure 6.5. The capacitance-voltage (CV) characteristics for poly plate 

with 2 nm (physical) ISSG (hydrogen annealed at 780°C) are shown in Figure 6.6 

which shows an on-state capacitance of 12.8fF/µm2. The efficiency of the capacitor 

area can be further improved by increasing the tri-gate fin height. This type of 

structure can be fabricated by selective H2 anneal where a hard-mask is used over 

the tri-gate fin capacitor to retain maximum capacitor area while it is removed from 

over the pass gate transistor in order to reduce its height. This will ensure a robust 

tri-gate structure for a narrow pass gate while maximizing the capacitance for the 

capacitor of 1T-1C pseudo-SRAM cell.  
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Figure 6.4: Layout for a single 1T-1C pseudo SRAM cell for characterization of 

pass gate transistor and capacitor (not to scale). 

 

The leakage current for the 2 nm physical gate oxide thickness capacitor is 

plotted in Figure 6.7, where leakage is less than 0.2pA/bit. The time-dependent 

dielectric breakdown (TDDB) voltages (Weibull plot) for two different H2 anneal 

temperatures, 780°C and 820°C are shown in Figure 6.8a. The plot show better gate 

oxide integrity (GOI) for the 780°C anneal than for the 820°C anneal. This 

improvement is most likely due to optimum corner rounding of the tri-gate [28] at 

780°C. Gate leakage data also showed improved gate leakage for 780°C (Figure 

6.8b). 
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Figure 6.5: An SEM cross section of the tri-gate capacitor in a 1T-1C pseudo-

SRAM based cell. The height and width of the fin can be adjusted for maximizing 

the capacitor area to achieve desired capacitance. 
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Figure 6.6: Measured capacitance of fin-capacitor on 9 sites fabricated on monitor 

SOI wafers with variation in incoming silicon thickness. The on-state capacitance 

is 12.8fF/µm2.  
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Figure 6.7: Capacitor leakage current for fins with H2 anneal at 780°C at 600 Torr 

for 300 seconds. The capacitor leakage for 2 nm In Situ Steamed Generated oxide 

is as low as 0.2pA/bit. 
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Figure 6.8a: Time-dependent dielectric breakdown for 2 nm ISSG oxide with an 

H2 anneal at 780°C and 820°C shows that the oxide grown on the fins after 780°C 

anneal has better reliability compared to 820°C. 
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Figure 6.8b: Transistor gate leakage currents for 780°C and 820°C H2 anneal 

temperatures indicate that the devices annealed at 780°C have improved leakage. 

 

 

The pass gate characteristics are also critical for any 1T-1C pseudo-SRAM 

application. The transmission electron microscope (TEM) cross section of such 

pass gates shown in Figure 6.9 has a 66 nm tall, 26 nm wide tri-gate fin.  Figure 

6.10a presents the Id-Vg characteristics of this transistor with a gate length of 90 

nm, fabricated using a 780°C non-hard-mask H2 anneal. The device demonstrates a 

very good subthreshold swing (SS) of ~70mV/dec, while providing 0.4pA/bit using 
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a boosted gate technique (in negative gate voltage condition which can be applied 

with a charge pump). The high temperature (85°C) Id-Vg curves shown in Figure 

6.10a suggest an approximately factor of 4 leakage increase. The Id-Vd data in 

Figure 6.10b demonstrates good on-current characteristics of 800µA/µm. Superior 

Ion-Ioff characteristics will allow this structure based 1T-RAM to operate faster than 

its bulk counterpart while requiring less frequent refresh, thus less power.   

 

 

 

Img: 'E2631 070523006_6052205_01_GG8_rot_s.dm3' MAG: 29.5kX
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Figure 6.9: TEM cross-section of tri-gate fins for pass gate transistor. With fin 

silicon width narrowed down to a 66 nm tall, 26 nm wide tri-gate fin achieved from 

H2 anneal at 780°C at 600 Torr for 300 seconds. 
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Figure 6.10a: Pass gate Id-Vg characteristics of 90 nm gate for non-hard-mask 

process at 30°C and 85°C. The subthreshold swing for 30°C is 70 mV/dec. The 

leakage increases by a factor of 4 for the temperature increased from 30°C and 

85°C. 

 

 

 

The above data points were provided to demonstrate that a low cost hard-

mask process can provide differential height tri-gate fin structure with robust 
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device characteristics using an optimum H2 anneal condition around 780°C. The 

device characteristics and reliability data show tremendous potential to implement 

this process technique for advanced 45nm and beyond nodes, using a high-K and 

metal gate based process in order to realize very competitive 1T-1C pseudo-SRAM 

cell. 
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Figure 6.10b: Id-Vd characteristics of pass gate transistor for 90 nm gate. The 

transistor shows good on-current characteristics of 800µA/µm. 
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Figure 6.11:  A TCAD-based structure of a multi-fin capacitor 1T-1C pseudo-

SRAM based cell structure and the doping concentration of the pass gate and the 

fin-capacitor. The cell size is 0.083725µm2 (x=137 nm+2*30 nm while Y=365 nm 

+60 nm). 

 

 

This data also suggests that in order to make this 1T-1C pseudo-SRAM cell 

a compelling alternative to 6T SRAM, the high-K dielectrics will be needed in 

order to maintain a reasonable refresh timescale, the leakage current for the cell 

must be below 1pA/bit at 85°C with higher bitcell capacitance in the order of 

10fF/bit. This will lead to about 2-3ms refresh time which can offer substantial 

overall power benefit as compared to its 6T counterparts because even though high-

K based finFET 6T SRAM can reduce the gate leakage, 6T SRAM still has to 

grapple with the subthreshold and junction leakage currents of 3 transistors.  On the 

other hand, unlike a 6T SRAM, the boosted gate technique can be applied for the 
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1T-1C pseudo-SRAM to reduce subthreshold leakage significantly whereas the 

gate leakage in the capacitor is substantially reduced by high-K. 

 

 

 

Transistor 

height 

(nm)

Capacitor 

Height (nm)

work 

function 

(eV)

Well 

doping 

(/cm3)

cell 

capacitance 

(fF)

Leakge (pA) at 

85C (Vgs=-0.2V)

Drive current 

at 85C (uA)

Drive 

current at 

25C (uA)

66 66 4.8 1.0E+17 5.46 0.1 202 223

66 100 4.8 1.0E+17 7.99 0.1 202 223

66 150 4.8 1.0E+17 11.50 0.1 202 223  

 

Table 6.1: The 1T-1C pseudo SRAM cell attributes in 45 nm type technology 

geometry. A higher cell capacitance is achieved with a taller capacitor fin height 

and a good pass gate characteristics for a given planar cell area. Without this 

process, maximum capacitor height would be same as the pass gate height. If we 

restrict the pass gate height at 66 nm due to leakage and parasitic capacitance, then 

the cell capacitance would be about 40% of achievable cell capacitance using this 

technique. 
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Figure 6.12: Simulated low frequency CV characteristics of fin capacitor of 

various sizes. A higher capacitance can be achieved on the same chip for larger fin-

capacitor height for the same planer mask design. The capacitance for 66 nm, 100 

nm, 150 nm capacitor fin heights provide 5.5 fF, 8 fF and 11.5 fF per cell 

respectively for dielectric HfO2 and metal gate TaN-TiN. 
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Figure 6.13: Simulated pass gate leakage for High-K (HfO2) and metal gate (TaN-

TiN) at room temperature and 85ºC for the gate length of 60 nm. The leakage of the 

pass gate is about 0.01 pA/cell at room temperature and 0.1 pA/cell at 85ºC using 

boosted gate.



 

69 
 

1E-23

1E-21

1E-19

0 0.2 0.4 0.6 0.8 1 1.2

C
ap

ac
it

or
 L

ea
ka

ge
 (

A
)

Voltage (V)

Cap_leak_66nm_25C

Cap_leak_66nm_85C

Cap_leak_100nm_25C

Cap_leak_100nm_85C

Cap_leak_150nm_25C

Cap_leak_150nm_85C

 

Figure 6.14: Simulated capacitor leakage for a 40 Å HfO2 high-K and TaN-TiN 

metal gate. The capacitor leakage is low compared to the transistor gate leakage. 
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Figure 6.15: A constant current stimulus of 1 µA for mixed-mode simulation 

circuit using Taurus mixed-mode capability.
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Attributes Value Unit

Constant current (used in simulation) 1 uA/bit

Cell capacitance 11.5 fF/bit

Charging time ( based on Mixed-Mode simulation) 3 ns

Worst leakage  for refresh (~10x TYP current from Table 1) 1 pA/bit

Refresh time ((cell_cap*0.5)/cell_leakage) 5.75 ms

Average Leakage current/Mbit (3x of TYP) 0.3 uA/Mbit

Refresh current 0.5 uA/Mbit

Other currents 0.5 uA/Mbit

Total Current 1.3 uA/Mbit  

 

Table 6.2: The 1T-1C pseudo SRAM design with about 1.3 µA/Mbit standby 

current, the charging time for an 11.5fF cell capacitance is 3 ns and the fresh time is 

5.75 ms. 

 

 

6.4 Tri-gate 1T-1C Pseudo SRAM Comparison with Tri-gate 6T 

SRAM  

 

Recently finFET or tri-gate fin-based 6T SRAM has been proposed as the 

next generation solution for planar 6T cells [29]. The maximum area reduction has 

been being demonstrated to about 17% in 45nm technology [29].  Since SRAM 

area is constraint by the connectivity of six transistors and their respective design 

rules, the device width increase offered by the double gate transistors does not offer 

a very attractive solution given the complexity of the 3D process integration.  A 
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finFET or a tri-gate-based 1T-1C pseudo-SRAM has an advantage compared to 6T 

SRAM since the 1T cell area can be reduced considerably with increased aspect 

ratio of the tri-gate fin. Since the majority of the cell area in the 1T-1C pseudo-

SRAM is the 3D capacitor, any reduction of capacitor area either through high-K 

gate dielectric or increased tri-gate fin height can directly contribute to the cell area.  

 

High-K gate dielectrics have become a reality after a long struggle at the 45 

nm node and beyond [30]. A high-K dielectric in combination with appropriate 

metal gate will reduce the gate leakage significantly for the tri-gate fin-capacitor. 

This will improve the short channel margin for the pass gate transistor and reduce 

the junction leakage as well as the junction capacitance by allowing undoped 

channel. The smallest 6T cell in the industry with significantly pushed design rules 

in planar 45nm technology is about 0.25 µm2 [31, 32 and 33]. Using the finFET 

transistors, this can be at most decreased by 20% since 6T cell size is constrained 

by connectivity of transistors, metal, poly and active pitch for a given technology 

[34]. The above analysis shows that with increased tri-gate fin height and the use of 

high-K dielectric, the tri-gate based 1T-1C pseudo-SRAM can be substantially 

smaller than its 3D 6T SRAM counterpart (up to 3x size reduction). 

 

Multiple finger tri-gate capacitors can be built instead of a single tri-gate fin 

to maximize overall tri-gate fin surface area for higher capacitance/planar cell area. 
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The concept of selective H2 anneal using hard-mask only on capacitor to keep its 

height while allowing H2 anneal to reduce effective fin height for the pass gate will 

allow us to a desirable device that can offer maximum fin capacitor while 

minimizing junction leakage and parasitic capacitance and above all a small 1T-1C 

pseudo-SRAM cell. A Taurus-based device structure, based on selective H2 anneal 

is shown in Figure 6.11 and the device electrical and physical parameters are 

summarized in Table 6.1. The work function of TaN-TiN metal layers was obtained 

from recent paper [35] where the standard the Taurus HfO2 parameters were used 

in the simulation. The doping concentration of the pass gate and the capacitor is 

also shown in Figure 6.11. Three different fin heights for the capacitor were chosen 

in order to simulate the effect of H2 anneal while the pass transistor fin height was 

kept same (66nm). The low-frequency CV curve is plotted in Figure 6.12 which 

shows that an inversion capacitance of 5.5 fF, 8 fF and 11.5 fF per cell respectively 

for the three different capacitor heights. The cell length is 265 nm and the width is 

137 nm for all cases with 60 nm spacing between the cells. The area of the cell is 

0.083 µm2 which is about 3 times smaller than its 6T SRAM counterpart [16].  The 

leakage of the pass gate is less than 0.01 pA/cell at room temperature and 0.1 

pA/cell at 85ºC using boosted gate (Figure 6.13). The gate leakage for the tri-gate 

fin-capacitor is also shown in Figure 14 which is extremely low due to high-K and 

metal gate. These data show that using H2 anneal with the HM process, the 

transistor fin height can be kept 66nm while the capacitor height can be raised to 
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150 nm. This will allow us to increase the cell capacitance without increasing the 

parasitic capacitance and the transistor leakage. Based on the storage capacitance 

and the leakage/cell, the expected refresh time also can be reduced substantially 

and number of bits in the column can be increased by 200%. The bitcell 

capacitance of 11.5 fF can allow us to implement 128 bits/column with parasitic 

capacitance of about 6.5 fF in 45 nm geometry.   

 

A mixed-mode simulation circuit schematic using Taurus mixed-mode 

capability and constant current stimulus of 1 µA is shown in Figure 6.15. The 

bitcell charging time is about 3 ns while the pass gate voltage is boosted to 1.6 V. 

Table 6.2 shows that this structure will provide a 1T-1C pseudo-SRAM design with 

about 1.3 µA/Mbit standby current which is significantly lower than 45 nm SRAM 

cell leakage in low power (LP) process, particularly at 85ºC.  The refresh time can 

be hidden in clocking methodology during operation as described by [24], so that 

the memory will act like a SRAM rather than DRAM from an application point of 

view. 
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6.5 Summary 

 

 A novel process technique using a selective H2 anneal process has been 

proposed for fabricating competitive 1T-1C pseudo-SRAM cell.  Both TCAD and 

experimental data were provided to demonstrate the feasibility of this cell structure. 

This approach can be used to fabricate robust multi-finger tri-gate 3D capacitors 

using a low cost conventional CMOS tri-gate FET process with a high-K gate 

dielectric gate stack and metal gate, where the resulting cell size can be 

substantially smaller than its 6T SRAM counterparts. 
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CHAPTER 7 

Design, Fabrication and Analysis of Novel Low Cost 3D High Gain 

NPN Bipolar Devices Using Conventional Tri-gate CMOS Process 

 

Silicon-based CMOS technology has shown incredible resilience in 

morphing itself towards a regime nobody in the scientific community believed 

would be possible. It has pushed itself in the regime of high performance RF 

applications that have been dominated by III-V compound semiconductors such as 

GaAs and AlGaAs.  With the help of two siblings jointly working together, 

BiCMOS technology has allowed Si to impact high-speed mixed-signal and RF 

applications. 

 

As wireless applications explode in the global communication stage in 

numerous forms and functionalities, notably wireless handheld telephony, there is a 

great deal of interest among wireless semiconductor solution providers about  an 

integrated radio solution where high frequency RF solution (Power Amplifier) can 

be monolithically fabricated with mixed-signal and digital cousins such as IF and 

based-band digital signal processor. 
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This so-called “Single Chip Radio” (SCR) concept is extremely attractive to 

both the wireless semiconductor providers and equipment manufacturers due to its 

enormous potential of performance improvement as well cost and power saving.   

However, the path to SCR is marred by significant challenges due to very different 

aspects of RF and digital circuits.  III-V based PA (Power Amplifier) still 

dominates the RF markets, which cannot be integrated with Si based IF/Base-band 

processor. Si-based BiCMOS technology can be a viable candidate for 

monolithically-integrated SCR. However, the noise generated from base-band 

processors (which now runs up to 200MHz+  for 2.5-3G applications), is a killer 

for RF circuits which needs to detect µ-A range signals captured through a tiny 

antenna. 

 

This is why SOI-based BiCMOS is an excellent candidate for SCR 

applications where oxide-based substrate of SOI is fully capable of suppressing the 

base-band processor noise while BiCMOS can achieve RF performance in a 

monolithic environment. There is no better opportunity for FDSOI BiCMOS 

technology to take the central role in SCR. 

 

Bipolar is a critical active device even in a CMOS process where high gain 

bipolar is needed in order to realize some critical analog and RF circuits. The 

complexity to build high gain bipolar in CMOS process was the main obstacle to 
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integrate BiCMOS-based circuits in various mixed signal and RF applications. One 

of the biggest challenges of today’s SCR for handheld mobile applications is the 

integration of power amplifier (PA) with the rest of RF, power management and 

baseband portion of the radio. In recent years, SiGe technology has made 

substantial inroads into the PA market where GaAs technology was the king due to 

its lower cost [36]. However, even with substantial lower cost than its counterpart 

i.e. GaAs based PAs, stand-alone SiGe BiCMOS technology is still cost prohibitive 

for high volume, low cost solutions [37]. 

 

Thin-film SOI has been demonstrated as a technology of choice for SiGe 

BiCMOS-based products due to its superior characteristics in terms of substrate 

leakage, substrate capacitance, signal cross-talk, and latch-up as compared to bulk 

SiGe process. With the advent of tri-gate based 3D silicon device technology, the 

integration of high gain bipolar into tri-gate based process technology may offer a 

unique opportunity. It may allow us to realize cost effective BiCMOS-based mixed 

signal and RF products. 

 

In this chapter, we will discuss the realization of high gain NPN and PNP 

bipolar transistors using conventional MuGFET process with two additional masks 

for complementary Bipolar Devices (NPN and PNP).  TCAD-based simulation 

results for an NPN device show a gain over 100 can be obtained using this 
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approach with robust “Early Effect” and other bipolar characteristics. This low cost 

process technique can be used to develop tri-gate FET-based BiCMOS technology 

suitable for analog and RF-based semiconductor devices. The height and width of 

the fin can be different than that of finFET by using optimum H2 anneal which will 

enable us to optimize base width as well as base/collector doping level. 
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7.1 Process Flow Chart 
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7.2 Experiment 

 

The fin Bipolar Junction Transistor (fin-BJT) flow is a based on CMOS 

processes. The fin-BJT and CMOS can be fabricated on standard SOI wafers. The 

silicon height for the fin-BJT area can be increased in two ways. 

 

a. Thicker silicon on the SOI starting material can be used 

which is appropriate for the BJT base-collector area. In this case, a hard-

mask on the double litho–exposed BJT base area will protect the bipolar 

device areas (both NPN and PNP) and then appropriate hydrogen anneal 

can be used for reducing the silicon height for the CMOS device area. 

The other approach for the reduction of the CMOS is to grow oxide of 

appropriate height, selective to the BJT area and then strip off the oxide 

by wet etching. 

 

b. The second method to increase the BJT silicon height is to 

use the double litho exposure for NPN and PNP and remove the hard-

mask from the area. Then with hydrogen anneal and selective epitaxial 

growth of the collector and base can be done at desired height. 
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(a)

(b)

(c)

(d)

(e)

 

Figure 7.1: (a) The base-collector definition after the active etch of the fin-BJT. 

(b) Resist critical dimension on TEOS for isolation process 

(c) Etched TEOS isolation lines on fin-BJT silicon as well as on BOX at final CD 

(d) Magnification at FCD for TEOS isolation on silicon and sidewalls 

(e) FCD measurements 

 

 

The special NPN and PNP fin-BJT masks were not available during the 

fabrication process and evaluation was planned for the NPN transistors only. In our 

experiment, the SOI wafers have a silicon film thickness of 66 nm and 145 nm of 

buried oxide (BOX). At this point, a silicon epitaxy to final silicon thickness of 180 
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nm at the BJT area was done. Two hard-masks (HM) of 20 nm of silicon nitride 

with a thin pad oxide were deposited on the final silicon and 193nm lithography 

was used to define 3275 nm lines for the fin-BJT. Then a reactive ion etch (RIE) 

with a hard-mask trim and silicon etch defined the fin-BJT width for the hard-mask 

(HM). The samples then went through an ash and clean for removal of the photo 

resist. After a vapor HF pre-clean, the samples went through a hydrogen anneal in 

100% H2 for 300 seconds at 780°C. The HM for the devices was then stripped in 

hot phosphoric acid, so finally the fins for the transistors were ready for fin-BJT 

type structures. 

 

The collector was implanted with phosphorus and base was implanted with 

BF2 at 45 degrees in two stages for NPN transistors.  Then a TEOS oxide of 180 

nm was deposited, patterned, and RIE etched to form 250 nm isolation islands for 

the fin-BJTs, as in Figure 7.1. A 100 nm epitaxial silicon with proper pre-clean and 

hydrogen anneal was done for the emitter process. A 50 nm silicon nitride layer 

was deposited and etched to form spacers for the additional isolation for the fin-

BJT. Using the NMOS source/drain mask, arsenic was implanted to form the 

emitter of the BJT transistor and the contact area of the collector.  Since special 

mask for the base-collector epitaxy was not used, the PMOS source/ drain mask 

was used to etch and open the base contact area and implant with BF2 implant 

species for the fin-BJT devices. The dopants were activated at 1000°C for 10 
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seconds in nitrogen using a rapid thermal anneal (RTA). Nickel silicidation and 

copper metallization were used to complete the process. 

 

7.3 Test Structure Design, Layouts and Failure Analysis 

 

The test structures were laid-out in joint Advanced Technology 

Development Facilities (ATDF) and Customer Funded Project of Emerging 

Technology test vehicle. Figure 7.2 shows the picture of the fin-BJT layout for 

different structures. However, most of the device did not work due to a mask error 

which we were not able to fix since the line has been shut down after SVTC 

purchased ATDF. One of the devices did not have a mask error but was found to be 

shorted during bench test. However, after bringing the lot for bench test, outside the 

Fab environment, initially we noticed under the microscope that the metal one level 

copper was under polished and shorted the device and the bond pads. Since the 

wafers were outside the fabrication environment, we could not take them back to 

complete the copper polish. An alternative way to remove the excess copper was 

planned at this point. 
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Figure 7.2: Layout for various fin-BJT structures. One on the left is with single fin 

with three dimensional structures. The right one is for multiple fins for increase in 

the collector area as well as the emitter area. 
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A number of samples were started and etched with an HF-based solution to 

remove the extra copper. Unfortunately, the solution was too strong and etched off 

10K copper in less than 2 seconds. Then numerous samples were prepared to etch 

with the solution at various strengths and tested on a resistor structure to verify the 

successful copper removal from the top while keeping enough copper on the metal1 

lines. The 15 seconds and 25 seconds metal removal process indicated 

improvement in the copper removal rate and the final structure with 35 seconds 

dilute solution copper removal showed the bond-pad to bond-pad short for copper 

was successfully eliminated. However, the bench test data did not show any 

working fin-BJT. 

 

 

Figure 7.3: The TEOS isolation etch over-etched into the collector-base silicon due 

to poor selectivity and control of the etch tool. The pre-clean for the emitter epitaxy 

completely removed the TEOS isolation. 
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Figure 7.4: The supporting nitride spacer on the wall of the fin-BJT periphery. 

 

 

The SEM cross-section in Figure 7.3 of the fin-BJT device indicates that the 

collector-base area of the silicon was over-etched during the TEOS isolation 

formation. This reduced the total base-collector silicon height. It also etched into 

the buried oxide during the isolation formation time. Because of the exposure of the 

silicon under the BOX, we can see that the silicon under the buried oxide area had 

epitaxial growth during the emitter epitaxy process, as shown in Figure 7.4. During 

the same epitaxial silicon growth for the emitter formation, the HF based pre-clean 

was too strong and removed the TEOS isolation. As a result, the nitride spacer 

could not be formed as a second layer of isolation protection. However, we can see 
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the nitride spacer isolation was formed at the peripheral edge of fin-BJT structure 

where the buried-oxide was etched and removed during the TEOS isolation etch. 

The absence of the isolation for emitter to collector and base, eventually led to 

silicide formation on the emitter and isolation-base collector contact area and 

eventually shorting, and led to failure of the device. 

 

7.4 Possible Corrections to the BiCMOS Flow: 

 

Since the fab no longer supports the process for the fin-BJT, two wafers 

were processed through the first silicon epitaxy and scrapped. However, the 

following process could be followed for future work. The silicon thickness on the 

BOX can be reduced using oxidation and etching suitable for the CMOS devices. A 

thin oxide-nitride hard-mask can be grown on the wafers and using the dual 

exposure of the fin-BJT NPN and PNP masks, open the bipolar area and remove 

the HM. At this point, the fin-BJT HM can be removed while the MOSFET HM 

still remains on the tri-gate fins. Epitaxy of 250 nm silicon at the BJT area can be 

selectively grown after the photo resist is removed. The HM is wet-etched and the 

wafers will be ready for further CMOS-BJT processing (Figure 7.5). Two hard-

masks (HM) of 20 nm of silicon nitride with a thin pad oxide to be deposited on the 

tri-gate silicon fins and 193nm lithography can be used to define tri-gate fins of 45 

nm and 3275 nm thicknesses for the tri-gate transistor and fin-BJT, respectively. 
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Figure 7.5: Special NPN and PNP masks dual litho exposure for fin-BJT selective 

epitaxial growth using hard-mask. 

 

 

Then a reactive ion etch (RIE) with a hard-mask trim process defines the fin 

width for the hard-mask (HM). The samples then go through an ash and clean for 

removal of the photo resist. After a vapor HF pre-clean, the samples go through a 

hydrogen anneal in 100% H2 for 300 seconds at 780°C. The HM for the devices is 

then stripped in hot phosphoric acid, so finally the fins for the transistors are ready 

for tri-gate type and fin-BJT type structures. 

 

A 2 nm (physical) in-situ steam generated (ISSG) gate oxide can be grown, 

and a 200 nm amorphous silicon gate electrode is deposited. An etch-back of the 

amorphous silicon results in a 100 nm thick gate electrode. A 50 nm silicon nitride 
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hard-mask is deposited, patterned, and RIE trim-etched to form gate length of 90 

nm for the transistors and 250 nm isolation islands for the fin-BJTs, as in Figure 

7.6. Arsenic was used for NMOS lightly doped drain (LDD) implants. The LDD 

and Halo implants are to be blocked for the bipolar devices. The BJT module is 

implemented after this. 

 

 

Base

Collector

BOx

Isolation

 

Figure 7.6: The creation for the fin-BJT collector and base isolation. 

 

 

With the BJT-NPN mask, the collector needs to be implanted with 

phosphorus and base to be implanted with BF2 at 45 degrees with two passes for 

NPN transistors.  Steps can be similar for PNP module using a PNP mask. A 50 nm 

silicon nitride layer needs to be deposited and etched. This will form spacers for the 



 

91 
 

tri-gate device and isolation for the fin-BJT. Then arsenic needs to be implanted to 

form the source and the drain regions as well as the emitter of the BJT transistor.  

The BF2 implant for the PMOS source and drain region also to be used for the base 

contact region for the fin-BJT devices. The dopants were activated at 1000°C for 

10 seconds in nitrogen via a rapid thermal anneal (RTA). Nickel silicidation 

(Figure 7.7) and copper metallization can used to complete the process. 

 

 

 

 

Figure 7.7: Contact locations for fin-BJT. 

 

 

Since the device could not be fabricated as proposed above, TCAD 

simulation is presented for the same structure. 
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7.5 Simulation of 3D Fin-BJT Using Taurus Simulation 

 

A 3D fin-BJT Taurus based structure was generated in order to analyze the 

fin-BJT characteristics for different base width and doping conditions. Figure 7.8 

shows the fin-BJT structure. The doping profile used for this structure is shown in 

Figure 7.9 for the 3D structure whereas the 1D profile is plotted in Figure 7.10.  

Different based widths were used to study the gain as a function of collector current 

as shown in Figure 7.11. The data suggests that the base width of around 30 nm is 

optimum for the doping conditions used in the simulation. The emitter-base area 

used for various base is shown in Table 7.1. The Gummel plot for the base width of 

30 nm is shown in Figure 7.12 and output transconductance result is plotted in 

Figure 7.13. From these data, it is clear that high gain NPN Bipolar transistor with 

robust “Early effect” can be built using conventional finFET process with H2 

anneal and single additional mask. This new processing technique can lead to 

finFET based BiCMOS technology that can be used in analog and RF products. 
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Figure 7.8: A three-dimensional fin-BJT for simulation purpose.  

 

Figure 7.9: Fin BJT with net doping concentration. 
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Figure 7.10: The 1D doping profile for the fin-BJT 
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Figure 7.11: The gain vs. collector current information for various base widths. 

High gain is possible for base width 30 nm or less. A stable gain around 50 is 

possible for 35 nm base width. 
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Base 
width Base top Base side

Base 
total

emitter-
base 
area

24 348 348 696 10440
25 350 350 700 10500
26 352 352 704 10560
27 354 354 708 10620
28 356 356 712 10680
29 358 358 716 10740
30 360 360 720 10800
31 362 362 724 10860
32 364 364 728 10920
33 366 366 732 10980
34 368 368 736 11040
35 370 370 740 11100
40 380 380 760 11400
45 390 390 780 11700
50 400 400 800 12000  

 

Table 7.1: The emitter base area in nm-sq for various base-width in nm. 
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Figure 7.12: The Gummel plot for base thickness of 30 nm and emitter-base area 

of 0.0108 µm2. 
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Figure 7.13: The Early effect is shown in the above curve. The Early voltage for 

the 30 nm base is around 50 volts for VBE=1.1V. 

 

7.5 Summary 

In this chapter, we have demonstrated the fabrication scheme of a high gain 

bipolar junction transistor suitable for BiCMOS technology using a low cost 

CMOS based finFET process with only single additional mask. The gain of the 

bipolar device can be further optimized by base width, collector doping and fin 

height and width using H2 anneal that can be different than the CMOS fin height 

and width. Device simulations confirm the viability of the concept.  
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CHAPTER 8 

Conclusions and Future Work 

 

In this work, we have highlighted various challenges in the realization of 

next generation Si-based 3D CMOS and BiCMOS technologies that seem daunting 

at this time even though the potential to break through these obstacles is huge. 

There is no alternative material or technology in the horizon to replace Si as the 

principal material, and CMOS which is at the heart of the current semiconductor 

revolution.  On the other hand, scaling of CMOS technologies now becomes so 

prohibitively expensive that it is getting less and less economically viable. 

Therefore, efforts must be made to resolve technology and manufacturing 

challenges for 3D CMOS technologies which can reduce cost by providing 

comparable performance without scaling the technology.  

 

One of the key challenges for 3D structures is the development of 

manufacturable tri-gate fin with improved device characteristics. We have 

demonstrated that H2 anneal can not only improve the device structure and 

performance, it can also allow realization of competitive low cost memory cells and 

bipolar devices.  Future work in this area can be done in the following areas: 
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a) Further optimization of H2 anneal temperature, time and pressure to 

realize most optimum tri-gate device. Study of gate dielectric reliability with high-

K and metal based gate electrodes. 

b) Capacitor-less 1T DRAM cell and other advanced memory devices using 

tri-gate using optimized H2 anneal and other process techniques where memory cell 

fin can be separately optimized so that it will have no impact on logic and other 

analog fins. More circuit level investigation of these devices. 

c) Realization of nonvolatile memory (NVM) device using H2 anneal and 

other fin optimization techniques. Because H2 anneal affects fin structures and 

TDDB as demonstrated in this work, it will play a key role in optimizing NVM 

devices for the ultra high density NVM technologies. 

 d) Complementary NPN and PNP bipolar for BiCMOS technologies using 

these techniques as well as more experiments to optimize the high gain fin based 

bipolar and other related devices. 
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