
 
 

IMPACT IONIZATION BASED 

TRANSISTORS: DESIGN, 

SIMULATIONS AND 

APPLICATIONS   

 

 

 

AVINASH LAHGERE 

 
 

 

 

 

 

 

DEPERTMENT OF ELECTRICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

AUGUST 2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2018

      



 
 

IMPACT IONIZATION BASED 

TRANSISTORS: DESIGN, 

SIMULATIONS AND 

APPLICATIONS 

 

by 

AVINASH LAHGERE 

 

Department of Electrical Engineering 
 

Submitted 

in fulfilment of the requirements of the degree of Doctor of Philosophy 

to the 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

AUGUST 2018



 

 

 

 

 

 

 
 

Dedicated  

to  

Dadi ji, Mommy, Papa, brothers, sister, my wife and all the teachers whom I came 

across at different stages during the last 27 years of my life.  

 

 

 

 

 



i
 

Certificate 
 

This is to certify that the thesis entitled Impact Ionization Based Transistors: Design, 

Simulations and Applications being submitted by Mr. AVINASH LAHGERE for the award of 

the degree of Doctor of Philosophy to the Department of Electrical Engineering, Indian Institute 

of Technology Delhi, is a record of bonafide work done by him under my supervision and 

guidance. In my opinion, the thesis has reached the standards fulfilling the requirements of the 

regulations relating to the degree.  

To the best of my knowledge, the matter embodied in this thesis has not been submitted to any 

other University or Institute for the award of any degree or diploma. 

 

  

 
Date:             Dr. Mamidala Jagadesh Kumar 

Place: New Delhi                            Professor 

                                                                                              Department of Electrical Engineering 

                                                                                              Indian Institute of Technology Delhi 

New Delhi - 110016, INDIA 

 

 

 

 

 

 

 

  
 



ii
 

Acknowledgements 
 

       Firstly, I would like to express my sincere gratitude to my advisor Prof. Mamidala Jagadesh 

Kumar for all his guidance, support, and encouragement. I thank him for his unwavering energy, 

enthusiasm, and interest in my work. He taught me how to question thoughts and express ideas. 

His patience and support helped me overcome many crisis situations and finish this dissertation. It 

has led me to become a better engineer and researcher. I would like to thank Dr. Mukul Sarkar, 

Dr. Manan Suri, and Prof. Neeraj Khare for serving on my dissertation committee. 

      I would like to thank my fellow Ph.D. students, Shubham Sahay, Avikal Bansal, Vijit Gadi, 

Jaspreet sir, Usham Dias, Chetan Ralekar, Akash Jain and Anshul Jaiswal for their valuable 

technical inputs during the initial phase of my work. I also would like to thank my master thesis 

supervisor Dr. Jawar Singh (at PDPM Indian Institute of Information Technology Design and 

Manufacturing, Jabalpur) for motivating me to pursue research as a career.   

      Last but not the least, I would like to thank my parents and my family members for their 

continuous love, care, and support, without which none of this would have been its worth.  

 

 

Avinash Lahgere 

 

 

 

 

 

 

 



iii 
 

Abstract 

 
      As the dimensions of the conventional metal oxide semiconductor field effect transistors 

(MOSFETs) are aggressively scaling down, the conventional MOSFETs have obtained amazing 

packaging density onto the same silicon wafer. However, the scaling of the conventional 

MOSFETs has reached its physical limits in particularly due to the subthreshold swing (SS), which 

is difficult to scale down below 60 mv/decade at room temperature. Thus, the static power 

consumption in integrated circuits (ICs) is progressively increasing with conventional MOSFET 

scaling. 

      The impact ionization metal oxide semiconductor (I-MOS) transistors have captivated 

immense attention due to its capability to overcome the physical constraints of the conventional 

MOSFET. I-MOS works on the principle of modulation of channel length or modulation of 

avalanche effect and shows very steep SS of the order of ~ 4 to 5 mV/decade. However, I-MOS 

has two major shortcomings: (i) higher supply voltage and (ii) poor gate oxide reliability due to 

hot carrier injection, which needs to be addressed for its commercialization. 

      Recently, the Bipolar I-MOS has been reported in the literature, which has symmetric doping 

in the source and the drain regions, unlike the conventional I-MOS. The Bipolar I-MOS has the 

ability to overcome the aforementioned challenges of the conventional I-MOS, which exhibits 

avalanche breakdown voltage of the order of ~ 2.85 V and better reliability in comparison to the 

conventional I-MOS. However, the breakdown voltage of the Bipolar I-MOS can be further 

reduced for memory applications. In addition, the presence of the snapback in the output 

characteristics of the Bipolar I-MOS can be explored for realizing 1-transistor (1-T) capacitorless 

DRAM. Therefore, this dissertation is focused on reducing the breakdown voltage of the Bipolar 

I-MOS and its application for realizing 1-T capacitorless DRAM. 

      The first device that is proposed is the charge plasma N-P-N impact ionization MOS (I-MOS). 

The proposed device is made on lightly doped P-type silicon film using the charge plasma concept.  

The proposed device does not have metallurgical junctions and needs no chemical doping for 

creating the source and the drain regions. Therefore, the proposed device combines the benefits of 



iv
 

the Bipolar I-MOS (low avalanche breakdown voltage and immunity towards the hot carrier 

injection) and a junctionless field effect transistor (JLFET) (low thermal budget process). The 

proposed charge plasma N-P-N I-MOS exhibits excellent electrical characteristics such as a low 

avalanche breakdown voltage compared to the conventional Bipolar I-MOS, which is due to the 

enhanced current gain mechanism. Moreover, the proposed device also obviates the need for 

complex ion-implantation and annealing or thermal diffusion processes, which makes the device 

fabrication simpler. 

      The second device that is demonstrated is a bandgap-engineered silicon-germanium bipolar I-

MOS. The silicon-germanium Bipolar I-MOS employs a low-bandgap material Si0.6Ge0.4 in the 

channel region by keeping the source and the drain semiconductor material as silicon in 

comparison to the conventional Bipolar I-MOS. The use of low-bandgap material Si0.6Ge0.4 in 

existing conventional Bipolar I-MOS results in a lower breakdown voltage due to higher impact 

ionization rate. Moreover, the same device is extended for realizing a 1-T capacitorless DRAM. 

In a silicon-germanium Bipolar I-MOS based 1-T capacitorless DRAM, the 1-state current level 

is triggered by the excess hole charge generated into the body due to impact ionization. 

      The third and the final device that is investigated is a 1-T capacitorless DRAM using laterally 

bandgap engineered Si-Si:C heterostructure Bipolar I-MOS. The proposed device features a high-

K gate dielectric, a metal gate, and an epitaxially grown Si0.99C0.01 source/drain regions. The lattice-

mismatch between the Si:C source/drain and the Si channel results in strain effect, hence, the 

proposed 1-T capacitorless DRAM memory cell exhibit enhanced memory characteristics, 

particularly, the sensing margin, and the retention time.  

      The work presented in this thesis demonstrates the possible potential of Bipolar I-MOS in 

different applications where the steep subthreshold slope is an essential requirement. 

 

 

 



 

सार 
 

पारंपररक metal oxide semiconductor ट्ांजिस्टर (MOSFETs) के आयाम आक्रामक रूप से स्केल कर रह ेहैं, पारंपररक MOSFET ने उसी 

जसजलकॉन वेफर पर अदु्भत पैकेजिंग घनत्व प्राप्त जकया ह।ै हालांजक, परंपरागत MOSFET का स्केजलंग जवशेष रूप से सबथ्रेस्ड जस्वंग (SS) के कारण अपनी 

शारीररक सीमा तक पह चं गया ह,ै िो कमरे के तापमान पर 60 mV/decade से नीचे स्केल करना मजुककल ह।ै इस प्रकार, एकीकृत सजकि ट (IC) में जस्िर जबिली 

खपत पारंपररक MOSFET स्केजलंग के साि क्रजमक रूप से बढ़ रही ह।ै 

      Impact ionization metal ऑक्साइड सेमीकंडक्टर (I-MOS) ट्ांजिस्टर ने पारंपररक MOSFET की शारीररक बाधाओ ंको दरू करन ेकी अपनी 

क्षमता के कारण अत्यजधक ध्यान आकजषित जकया ह।ै आई-एमओएस चैनल मॉडुलन या breakdown voltage प्रभाव के मॉड्यलेूशन के जसद्ांत पर काम करता 

ह ैऔर ~ 4 से 5 mV/decade के आदेश के बह त तेि एसएस जदखाता ह।ै हालांजक, I-MOS में दो प्रमखु कजमयां हैं: (i) उच्च आपजूति वोल्टेि और (ii) 

गमि वाहक इिंेक्शन के कारण खराब गेट ऑक्साइड जवश्वसनीयता, जिसे इसके व्यावसायीकरण के जलए संबोजधत करन ेकी आवकयकता ह।ै 

      हाल ही में, साहहत्य में Bipolar I-MOS की सूचना हमली है, हिसमें समहमत डोह िंग है, source और drain के्षत्रों में।  रिं रागत आई-एमओएस की उ रोक्त 

चुनौहतयों को दूर करने की क्षमता, िो प्रदहशित करता है ~ 2.85 V के आदेश का हहमस्खलन टूटना वोल्टेि और तुलना में बेहतर हवश्वसनीयता  ारिं ररक आई-एमओएस। 

हालािंहक, हिधु्रवीय आई-एमओएस का बे्रकडाउन वोल्टेि आगे हो सकता है स्मृहत अनुप्रयोगों के हलए कम हकया गया। इसके अलावा, आउट ुट में स्नै बैक की उ हस्िहत 

हिधु्रवीय आई-एमओएस की हवशेषताओिं को 1-ट्ािंहिस्टर (1-टी) कै ेहसटरलेस को महसूस करने के हलए खोिा िा सकता है DRAM। इसहलए, यह शोध प्रबिंध 

हिधु्रवीय के बे्रकडाउन वोल्टेि को कम करने  र कें हित है आई-एमओएस और 1-टी कै ेहसटरलेस डीआरएएम को साकार करने के हलए इसका आवेदन।| 

        प्रस्ताहवत  हला उ करण charge plasma N-P-N impact ionization MOS (I-MOS) है। प्रस्ताहवत हडवाइस charge plasma 

अवधारणा का उ योग करके हल्के ढिंग से डॉ  हकए गए P-type हसहलकॉन हिल्म  र बनाया गया है। प्रस्ताहवत हडवाइस में मेटलहििकल ििंक्शन नहीं हैं और इसके हलए 

कोई रासायहनक डोह िंग की आवश्यकता नहीं है source और drain के्षत्रों का हनमािण। इसहलए, प्रस्ताहवत हडवाइस के लाभ को िोड़ती Bipolar I-MOS (कम 

breakdown वोल्टेि और hot carrier injection की ओर प्रहतरक्षा) और एक junctionless field effect ट्ािंहिस्टर (JLFET) (कम िमिल बिट 

प्रहिया)। प्रस्ताहवत चािि प्लाज़्मा एन- ी-एन आई-एमओएस उत्कृष्ट हवदु्यत हवशेषताओिं िैसे हक कम हदखाता है  रिं रागत हिधु्रवीय आई-एमओएस की तुलना में हहमस्खलन 

टूटने वोल्टेि, िो हक के कारण है बढाया वतिमान लाभ तिंत्र। इसके अलावा, प्रस्ताहवत हडवाइस भी आवश्यकता को रोकता है िहटल आयन-इम्प्लािंटेशन और एनीहलिंग या 

िमिल प्रसार प्रहियाएिं, िो हडवाइस बनाती हैं हनमािण आसान है। 

     प्रदहशित हकया गया दूसरा उ करण एक बैंडगै -इिंिीहनयर हसहलकॉन-िमेहनयम हिधु्रवीय आईएमओएस है। हसहलकॉन-िमेहनयम हिधु्रवी I-MOS एक कम बैंडगै  

सामग्री Si0.6Ge0.4 को हनयोहित करता है हसहलकॉन के रू  में स्रोत और नाली अधिचालक सामग्री को रखकर चैनल के्षत्र  ारिं ररक हिधु्रवी I-MOS की तुलना में। कम 

बैंडगै  सामग्री Si0.6Ge0.4 में उ योग करें मौिूदा  ारिं ररक हिधु्रवी I-MOS के  ररणामस्वरू  उच्च प्रभाव के कारण कम बे्रकडाउन वोल्टेि में  ररणाम होता है 

आयनीकरण दर। इसके अलावा, एक ही हडवाइस को 1-टी कै ेहसटरलेस डीआरएएम को साकार करने के हलए बढाया िाता है। एक हसहलकॉन-िमेहनयम हिधु्रवीय आई-

एमओएस आधाररत 1-टी कै ेहसटरलेस डीआरएएम में, 1-राज्य वतिमान स्तर प्रभाव आयनीकरण के कारण शरीर में उत् न्न अहतररक्त छेद चािि से हट्गर हकया िाता है।  



 

      िािंच की गई तीसरी और अिंहतम हडवाइस बाद में उ योग करके 1-टी कै ेहसटरलेस डीआरएएम है बैंडगै  इिंिीहनयर सी-सी: सी हेटरोस्ट्क्चर हिधु्रवीय आई-एमओएस। 

प्रस्ताहवत हडवाइस में एक उच्च- के गेट ढािंकता हुआ, एक धातु िार, और एक epitaxially उगाया Si0.99C0.01 स्रोत / नाली के्षत्रों। लैहटसहमस्मैच सी: सी स्रोत / 

नाली और सी चैनल के बीच तनाव प्रभाव में  ररणाम, इसहलए, प्रस्ताहवत 1-टी कै ेहसटरलेस डीआरएएम मेमोरी सेल प्रदशिनी बढाया स्मृहत हवशेषताओिं, हवशेष रू  से, 

सिंवेदन माहििन, और प्रहतधारण समय। इस िीहसस में प्रस्तुत हकया गया कायि हिधु्रवीय आई-एमओएस की सिंभाहवत क्षमता को दशािता है हवहभन्न अनुप्रयोग िहािं खड़ी 

subthreshold ढलान एक आवश्यक आवश्यकता है। 
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Fig. 3.6. Comparison of the impact generation rate (a) the bipolar I-MOS and (b) the 

charge plasma n-p-n I-MOS in the OFF-state condition (VGS = 0 V, VDS = 2.0 V). 
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Fig. 3.7. Comparison of the electric field contour plots of (a) the bipolar I-MOS and 

(b) the charge plasma n-p-n I-MOS in the OFF-state condition (VGS = 0 V, VDS = 2.0 

V). 
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Fig. 3.8. IDS-VGS characteristics of the charge plasma n-p-n I-MOS for different 

values of VDS. 
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Fig. 3.9. Impact of the source/drain metal work functions on (a) the IDS-VDS 

characteristics at VGS = 0 V and (b) the impact generation rate. 
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Fig. 3.10. Impact of the source side spacer length (LGAP) on the breakdown voltage 

and the impact generation rate of the charge plasma n-p-n I-MOS for VGS = 0 V. 
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Fig. 3.11. (a) Impact of the hot carrier injection near the drain side on the IDS-VDS 

characteristics charge plasma n-p-n I-MOS at VGS = 0 V and (b) the trapped electron 

density near the drain side due to hot electron injection. 
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Fig. 3.12. Hysteresis effect in IDS-VGS characteristics of the charge plasma n-p-n I-

MOS for different values of VDS. 
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Fig 4.1. 3-D view of (a) the conventional Si P-I-N I-MOS, (b) the Si Bipolar I-MOS 

and (c) the Si0.6Ge0.4 Bipolar I-MOS. 
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Fig. 4.2. The IDS-VDS characteristics comparison of the conventional Si P-I-N I-

MOS, the Si Bipolar I-MOS and the Si0.6Ge0.4 Bipolar I-MOS at VGS = 0 V. 
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Fig. 4.3. Contour plots of Si0.6Ge0.4 Bipolar I-MOS (a) the impact ionization rate and 

(b) the electric field at VGS = 0 V. 
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Fig. 4.4. The IDS-VGS characteristics of Si0.6Ge0.4 Bipolar I-MOS for different 

values of VDS. 
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Fig. 4.5. The impact of the channel length variation (LCH = LG + LOB) on (a) the IDS-

VDS characteristics and (b) the electric field below 1 nm Si-SiO2 interface of 

Si0.6Ge0.4 Bipolar I-MOS at VGS = 0 and keeping the ratio of LG : LOB = 1 : 1. 
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Fig. 4.6. The impact of the ratio of LG : LOB on the IDS-VDS characteristics of Si0.6Ge0.4 

Bipolar I-MOS at VGS = 0 and keeping the channel length LCH = 150 nm fixed. 
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Fig. 4.7. The impact of the germanium content (or X.composition) on the IDS-VDS 

characteristics of SiXGe1-X Bipolar I-MOS at VGS = 0. 
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Fig. 4.8. The impact of the temperature on the IDS-VDS characteristics of Si0.6Ge0.4 

Bipolar I-MOS at VGS = 0. 
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Fig. 4.9. The impact of the interface states on the IDS-VDS characteristics of Si0.6Ge0.4 

Bipolar I-MOS at VGS = 0. 
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Fig. 5.1. 3-D view of the Si0.6Ge0.4 Bipolar I-MOS. 59 

Fig. 5.2. (a) Hysteresis effect in IDS-VGS characteristics at VDS = 1.69 V and (b) the 

IDS-VDS characteristics at VGS = 0.12 V and VGS = 0.21 V, as shown in Fig. 5.2(a), of 

the Si0.6Ge0.4 Bipolar I-MOS. 

 

 

61 

Fig. 5.3. (a) Energy band diagrams and (b) the impact ionization rates below 1 nm 

Si-SiO2 interface for the Si0.6Ge0.4 Bipolar I-MOS at bias points VLU and VLD, as 

shown in Fig. 5.2(b). 
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Fig. 5.4. The IDS-VDS characteristics depicting hysteresis, snapback, read, and write 

modes along with cell window (ΔI–ΔV) of DRAM of the Si0.6Ge0.4 Bipolar I-MOS 

at VGS = 0.21 V. 
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Fig. 5.5. Memory characteristics of the Si0.6Ge0.4 Bipolar I-MOS at VGS = 0.21 V 

corresponding to the onset of steep IDS transition. 
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Fig. 5.6. Hole contour plots in (a) the program condition (State “1”) and (b) the erase 

condition (State “0”). 
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Fig. 5.7. Retention characteristics of the Si0.6Ge0.4 Bipolar I-MOS (a) the evolution 

of bit ‘1’ and bit ‘0’ and (b) the corresponding hole concentration for bit ‘1’ and bit 

‘0’ at T = 250C and T = 850C. 
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Fig. 5.8. Multiple sensing after the hold operation is enabled by the refresh property 

of the read at T = 250C. 
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Fig. 5.9. The endurance characteristics of the Si0.6Ge0.4 Bipolar I-MOS at T = 250C. 70 
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Fig. 6.1. (a) 3-D view of the proposed Si0.99C0.01 Bipolar I-MOS and (b) the valence 

band offset (ΔEV) and strain effect of the lattice mismatched structure are critical 

aspect enhancing the performance of the Bipolar I-MOS based 1-T capacitorless 

DRAM memory cell [24]. 
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Fig. 6.2. The Si0.99C0.01 Bipolar I-MOS energy band diagram and the carrier 

concentrations 1 nm below Si-SiO2 interface: (a) and (b) in the thermal equilibrium 

condition (VGS = VDS = 0.0 V) and (c) and (d) at VGS = 0.0 V, VDS = 2.5 V conditions. 
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Fig. 6.3. The output characteristics comparison of the conventional Si P-I-N I-MOS, 

the Si Bipolar I-MOS and the Si0.99C0.01 Bipolar I-MOS at VGS = 0 V. 
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Fig. 6.4. (a) The transfer characteristics and (b) the subthreshold swing of Si0.99C0.01 

Bipolar I-MOS at different values of VDS. 
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Fig. 6.5. The impact of the channel length variation (LCH = LG + LOB) on the output 

characteristics of the Si0.99C0.01 Bipolar I-MOS at VGS = 0 and keeping the ratio of 

LG : LOB = 1 : 1. 
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Fig. 6.6. The impact of the channel doping on the breakdown voltage and the impact 

ionization rate of the Si0.99C0.01 Bipolar I-MOS at VGS = 0 keeping the source and the 

drain region doping fixed. 
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Fig. 6.7. The impact of the temperature on the output characteristics of Si0.99C0.01 

Bipolar I-MOS at VGS = 0. 
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Fig 6.8. Hysteresis effect in the transfer characteristics of the Si0.99C0.01 Bipolar I-

MOS at VDS = 2.5 V. 
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Fig. 6.9. The output characteristics showing hysteresis, snapback, read, and write 

modes along with cell window (ΔI–ΔV) of DRAM of the Si0.99C0.01 Bipolar I-MOS 

at VGS = 0.16 V. 

 

 

85 

Fig. 6.10. Memory characteristics of the proposed 1-T capacitorless DRAM based 

on the Si0.99C0.01 Bipolar I-MOS at different temperatures (a) T = 300 K and (b) T = 

358 K keeping VGS = 0.16 V, corresponding to the onset of steep IDS transition. 
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Fig. 6.11. Hole concentration contour plots in the write condition (Write “1”) and the 

erase condition (Write “0”). 
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Fig. 6.12. Retention characteristics of the 1-T capacitorless DRAM memory based 

on the Si0.99C0.01 Bipolar I-MOS shows (a) the evolution of Bit ‘1’ and Bit ‘0’ and 

(b) the impact of the channel length on retention time at different temperatures T = 

300 K and T = 358 K. 
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Fig. 6.13. Comparison of the proposed 1-T capacitorless DRAM with various p-i-n 

architectures (TFET, FED, and Z2-FET) in terms of the retention time as a function 

of (a) channel length and (b) sensing margin. 
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