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Abstract  

Micro/nano-electromechanical (M/NEM) contact relays are widely investigated as 

volatile/non-volatile switching solutions to computing technologies (memory and logic) 

because they offer— abrupt on/off switching qualities, no off-state leakage currents and 

relatively insensitive to external conditions (temperature/radiations). However, despite these 

benefits, actuation voltages of such electrostatic actuated relays are typically high (~few tens 

of Volt) for electronics applications and question in contacts re-opening against contacting 

adhesion. In practice, pull-in is minimum actuating voltage required for the relay to be in 

contact position (ON-state), whereas adhesion signifies the voltage swing required for the 

contacts re-opening (OFF-state). But, in the extreme limit, adhesion determines whether the 

contacts re-opened or remain in contact once the actuating voltage is turned-off (0-Volt), 

which defines a complete hysteresis loop (HL). This effect sets the ultimate limit on 

switching threshold and is greatly influenced by the device hysteretic behavior (small/large 

HL). Therefore, low voltage is always a contradictory requirement in adhesion assisted 

volatile/non-volatile contact relays. In concert with this aim of finding solutions on low 

actuation voltage, this thesis presents research on such two essential but dissimilar properties 

of electro-mechanical system.   

This thesis is organized into three major themes proposed as follows. The thesis first 

discussed the practical issues of sacrificial-oxide (SOX) etching related implications: 

residual stress and SOX-cut. Such fabrication dependent imperfections in released MEMS 

are leading concerns for low pull-in relays. We present experiments on refractory transition 

metal (RTM) integration and demonstrate a verified solution using ns-laser based SOX-

releasing method. A detailed experimental exercise is performed which confirms >80% 

stress-recovery (residual bending reduces from 12.9 μm to 3.2 μm) and controlled 

molybdenum releasing properties. Another significant advantage is found in refining surface 

properties for example, reduce surface roughness (7.5 nm to 3.8 nm) and improved electrical 

conductivity of the Mo metal. The efficacy of using RTM, here, relaxed the restrictions on 

the application and could be translated into high temperature (T >150˚C) M/NEMS devices.   

Next, as a second half to the thesis, a controlled SOX-sidewall thickness filling (STF) 

assisted 2 Volt contact relay performance is presented which encountered much large 
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beyond pull-in adhesion (𝐹𝑠𝑝𝑟𝑖𝑛𝑔/𝐹𝑎𝑑ℎ >> 1). This profound intrinsic geometry effect is 

uniquely determined by STF of the deposited SOX layer and is experimentally verified. We 

used commercially adopted Si-SiO2 process rules and demonstrate a doubly clamped relay 

design featuring stable actuation (~230% driving efficiency) implies high 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 generation 

ability without increasing voltage and low pull-in (𝑉𝑃𝐼 = 2 Volt) which aid sharp ON/OFF 

hysteretic property (𝑉𝐻 = 0.9 Volt). We fabricate devices on tens of µm-scale below sub-

micron gap (~90-110 nm) and the entire experiment is performed at room temperature of 25 

˚C using single structural material (molybdenum) therefore, it offers a robust fabrication 

against thermal mismatch. One more benefit of using all metal relay is that the same material 

can be used for active devices and electrical interconnection, such that the integration efforts 

are significantly reduced.  

Then, ON/OFF hysteretic characteristics is harnessed, and a unified 

voltage−adhesion framework is implemented to assess the switching property in high 

temperatures. We collected a large amount of measurement data and verified our results. 

The established framework outcomes improve the understanding of how contacting 

adhesion (dominated by van-der-Waals force) beyond pull-in influences contacts’ re-

opening. A systematic experimental and theoretical evaluation of limiting adhesion between 

refractory molybdenum metal is presented for a range of temperatures (RT to 300 ˚C). The 

results confirm that the decreasing nature of pull-out voltage (13.9 V to 10.8 V) with 

increasing temperature ensures a large hysteresis window (4.7 V at 300 ˚C). The fabricated 

dielectric less metal relay design suppresses the nonidealities (no work function difference 

and no dielectric-charging) in analysing temperature dependent switching, which is a major 

improvement over the past approach.   

The three-fold M/NEM system’s solutions obtained from the research shown here 

could be translated into high-temperature, low-voltage adhesion limiting relay performance 

and greatly impact their advanced electronics applications.  
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सार  

माइक्रो/नैनो-इलेक्ट्र ोमैकेननकल (एम/एनईएम) संपकक  रिले की व्यापक रूप से जांच की जाती है कंपू्यन ंग 

प्रौद्योनगनकयो ं(मेमोिी औि लॉनजक) के नलए अस्थिि/गैि-वाष्पशील स्थिनचंग समाधान क्ोनंक वे प्रदान किते 

हैं− अचानक चालू/बंद स्थिनचंग गुण, कोई ऑफ-से्ट  रिसाव धािा नही ं औि बाहिी स्थिनतयो ं

(तापमान/नवनकिण) के प्रनत अपेक्षाकृत असंवेदनशील। हालााँनक, इनके बावजूद लाभ, ऐसे इलेक्ट्र ोसै्टन क 

सनक्रय रिले के सनक्रयण वोले्टज आम तौि पि उच्च (~ कुछ दनसयो)ं होते हैं वोल्ट का) इलेक्ट्र ॉननक्स 

अनुप्रयोगो ंऔि संपकों में प्रश्ो ंके नलए संपकक  के स्थिलाफ नफि से िोलना आसंजन. व्यवहाि में, पुल-इन 
रिले के नलए आवश्यक नू्यनतम एकु्चएन ंग वोले्टज है संपकक  स्थिनत (ऑन-से्ट ), जबनक आसंजन इसके नलए 

आवश्यक वोले्टज स्थिंग को दशाकता है संपकक  पुनः  िुलना (ऑफ़-से्ट )। लेनकन, चिम सीमा में, आसंजन यह 

ननधाकरित किता है नक क्ा एकु्चएन ंग वोले्टज बंद होने (0 वोल्ट) के बाद संपकक  नफि से िुल जाते हैं या 

संपकक  में बने िहते हैं। जो पूणक नहसै्टरिसीस लूप (एचएल) को परिभानित किता है। यह प्रभाव अंनतम सीमा 

ननधाकरित किता है स्थिनचंग थे्रशोल्ड औि निवाइस नहसे्टिेन क व्यवहाि (छो ा/बडा) से काफी प्रभानवत होता 

है एचएल)। इसनलए, आसंजन सहायता में कम वोले्टज हमेशा एक नविोधाभासी आवश्यकता होती है 
अस्थिि/गैि वाष्पशील संपकक  रिले। ननम्न स्ति पि समाधान िोजने के इस उदे्दश्य के अनुरूप एकु्चएशन 
वोले्टज, यह थीनसस ऐसे दो आवश्यक लेनकन असमान गुणो ंपि शोध प्रसु्तत किती है इलेक्ट्र ो-मैकेननकल 

प्रणाली का। 

यह थीनसस ननम्नानुसाि प्रस्तानवत तीन प्रमुि नवियो ंमें व्यवस्थित है। थीनसस में सबसे पहले बनल-

ऑक्साइि (एसओएक्स) नक़्काशी से संबंनधत नननहताथक: अवनशष्ट तनाव औि एसओएक्स-क  के 
व्यावहारिक मुद्दो ंपि चचाक की गई। रिलीज़ नकए गए एमईएमएस में ऐसी ननमाकण-ननभकि िानमयां कम पुल-इन 

रिले के नलए प्रमुि नचंताएं हैं। हम दुदकम्य संक्रमण धातु (आि ीएम) एकीकिण पि प्रयोग प्रसु्तत किते हैं औि 

एनएस-लेजि आधारित एसओएक्स-रिलीनजं़ग नवनध का उपयोग किके एक सत्यानपत समाधान प्रदनशकत किते 

हैं। एक नवसृ्तत प्रायोनगक अभ्यास नकया जाता है जो 80 % तनाव-वसूली (अवनशष्ट झुकने को 12.9 माइक्रोन 

से 3.2 माइक्रोन तक कम किता है) औि ननयंनित मोनलब्िेनम रिलीनजंग गुणो ंकी पुनष्ट किता है। एक अन्य 

महत्वपूणक लाभ सतह के गुणो ंको परिषृ्कत किने में पाया जाता है, उदाहिण के नलए, सतह की िुिदिापन 

(7.5 एनएम से 3.8 एनएम) को कम किना औि मो धातु की नवद्युत चालकता में सुधाि किना। आि ीएम के 
उपयोग की प्रभावकारिता ने, यहां एस्थिकेशन पि प्रनतबंधो ंमें ढील दी औि इसे उच्च तापमान ( ी > 150 
डिग्री सेल्ससयस) एम/एनईएमएस उपकिणो ंमें अनुवानदत नकया जा सकता है। 
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इसके बाद, थीनसस के दूसिे भाग के रूप में, एक एसओएक्स-एस ीएफ सहायता प्राप्त 2 वोल्ट 

संपकक  रिले प्रदशकन प्रसु्तत नकया गया है। गहिा आंतरिक ज्यानमनत प्रभाव जो नवनशष्ट रूप से जमा एसओएक्स 

पित के साइिवॉल मो ाई भिने (एस ीएफ) द्वािा ननधाकरित नकया जाता है, प्रयोगात्मक रूप से सत्यानपत नकया 

जाता है जैसे कम वोले्टज निजाइन, सीनमत आसंजन के स्थिलाफ समान पुनिाकपना बल की आपूनतक किने के 

नलए पािंपरिक रिले की तुलना में मजबूत संपकों को बंद किना/नफि से िोलना ( एफस्थरंग/एफएिीएच >> 1). 

हमने व्यावसानयक रूप से अपनाए गए सी-सी2 प्रनक्रया ननयमो ंका उपयोग नकया औि स्थिि सनक्रयण (~ 230 
% िर ाइनवंग दक्षता), कम पुल-इन (वीपीआइ = 2 वोल्ट) की नवशेिता वाले एक िबल कै्लम्प रिले निज़ाइन का 

प्रदशकन नकया, जो नहसे्टिेन क प्रॉप ी (वीएच = 0.9 वोल्ट) को तेज चालू/बंद किने में सहायता किता है। ). हम 

सब-माइक्रोन गैप (~90-110 एनएम) के नीचे दनसयो ंमाइक्रोन-से्कल पि उपकिणो ंका ननमाकण किते हैं औि 

पूिा प्रयोग एकल संिचनात्मक सामग्री (मोनलब्िेनम) का उपयोग किके 25 निग्री सेस्थियस के कमिे के 

तापमान पि नकया जाता है, इसनलए यह थमकल के स्थिलाफ एक मजबूत ननमाकण प्रदान किता है। बेमेल. सभी 

धातु रिले का उपयोग किने का एक औि लाभ यह है नक एक ही सामग्री का उपयोग सनक्रय उपकिणो ंऔि 

नवद्युत इं िकनेक्शन के नलए नकया जा सकता है, नजससे एकीकिण प्रयास काफी कम हो जाते हैं। 

नफि, चालू/बंद नहसे्टिेन क नवशेिताओ ंका उपयोग नकया जाता है, औि उच्च तापमान में स्थिनचंग 

संपनि का आकलन किने के नलए एक एकीकृत वोले्टज-आसंजन ढांचा लागू नकया जाता है। हमने बडी मािा 

में माप िे ा एकि नकया औि अपने परिणामो ंको सत्यानपत नकया। िानपत रूपिेिा के परिणाम इस समझ में 

सुधाि किते हैं नक पुल-इन से पिे संपकक  आसंजन (वैन-िेि-वाि बल द्वािा हावी) संपकों को नफि से िोलने 

को कैसे प्रभानवत किता है। तापमान की एक सीमा (आि ी से 300 निग्री सेस्थियस) के नलए दुदकम्य 

मोनलब्िेनम धातु के बीच सीनमत आसंजन का एक व्यवस्थित प्रयोगात्मक औि सैद्ांनतक मूल्ांकन प्रसु्तत 

नकया गया है। परिणाम पुनष्ट किते हैं नक बढ़ते तापमान के साथ पुल-आउ  वोले्टज (13.9 वी से 10.8 वी) की 

घ ती प्रकृनत एक बडी नहसै्टरिसीस नवंिो (300 निग्री सेस्थियस पि 4.7 वी) सुनननित किती है। नननमकत ढांकता 

हुआ कम धातु रिले निजाइन तापमान पि ननभकि स्थिनचंग का नवशे्लिण किने में गैि-आदशकताओ ं(कोई कायक 

फं़क्शन अंति औि कोई ढांकता हुआ-चानजिंग नही)ं को दबा देता है, जो नपछले दृनष्टकोण पि एक बडा सुधाि 

है। 

यहां नदिाए गए शोध से प्राप्त तीन गुना एम/एनईएम प्रणाली के समाधानो ंको रिले प्रदशकन को 

सीनमत किने वाले उच्च तापमान, कम वोले्टज आसंजन में अनुवानदत नकया जा सकता है औि उनके उन्नत 

इलेक्ट्र ॉननक्स अनुप्रयोगो ंपि काफी प्रभाव पड सकता है। 
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Figure 1.1. Electromechanics of contact relay. (a) Conceptual schematics of a 3-T MEMS 

contact relay (Source: 𝑆, Drain: 𝐷, Gate: 𝐺). (b) Typical hysteretic I-V characteristics show 

relevant voltage and current ratings. This hysteretic switching due to electromechanical 

coupling is the base to the success of contact relays that mostly lies in between— hysteretic 

switching (electrical attribute) and van-der-Waals force interaction (structural attribute)   .  .  
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Figure 1.2. Schematically showing actuation sequences and threshold voltage definitions.  

(a) Actuated relay’s beam-position state (State: ‘1’- ‘2’ - ‘3’) and corresponding voltages. 

(b) Hysteretic switching happens because once relay switched from P1-P2-P3, switching 

back from P3-P2-P1 does not occur at the same VA → VG. It means that going down 

(actuation: P1-P2-P3) and coming up (release: P3-P4-P1) occurs at different voltages [13-14]. 

Thus, the VPO is different from the VPI i.e., VPI - VPO ≠ 0    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      6 

Figure 1.3. Contacting relays are now believed to be fabricated with new engineered 

concepts to achieve low threshold pull-in voltage (VPI). But low VPI performance in all metal 

design is challenged by many factors and few of them are inherently automated that needs 

further research exploration    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      9  

Figure 1.4. The first classified research problem explored in the thesis comprises SOX-

etching (release) variability impacts that causes residual stress and SOX-cut in released 

MEMS device. The low pull-in contacting relay fabrication is directly challenged by such 

detrimental effects that arises due to uncontrolled SOX-etching. In fact, imperfections in 

metal-MEMS is hard to control. (a-c) In actual release, such effects not only deviated VPI to 

a undesired range but it also makes VPI difficult to predict since both the stress in released-

part and the SOX-cut in sacrificial material is varies enormously (detailed in Section 1.3.2) 

(d) An inaccurate released MEMS impacted by residual stress and SOX-cut due to imperfect 

(untimed) SOX-etching as appeared in inset SEM results. (e) VPI impacted directly (∝ OOP 

deflection). We did not find yet a SOX-etching that control both stress and SOX-cut 

simultaneously with no uses of any high-temperature annealing and extra fabrication. Also, 

a certain amount of stress in the metal structural layer is always favored; so, it is useful if 

one is able to tune the stress instead of simply nullifying it. Therefore, a tunable process 

refinements are needed. To address this, a verified ns-PuLA based approach to fulfill the 

controlled SOX-etching requirements is proposed in Chapter 2, mainly targeting a reliable 

metal-process integration within thermal-budget limit     .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    16 

Figure 1.5. The second classified research problem explored in this thesis is whether or 

not the low-voltage performance is feasible without troubling adhesion-limit in a metal 

contacting relay. Thereby 𝑉H (= small/large) defined physically. (a) The ON/OFF volatility 

in switching is determined by matching of the constituent forces: 𝐹Elec → 𝐹spring → 𝐹Adh, 

wherein pull-in (∝ 𝐹Elec ↔ 𝐹spring) set the minimum voltage for relay to be in contact position 
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whereas adhesion (∝ 𝐹spring ↔ 𝐹Adh) signify voltage-swing required for the contacts re-

opening. Thus, adhesive force 𝐹Adh → 𝐹vdW is the upper limit. (b) But, lowering of VPI is 

always overlooked by this contacting adhesion limit and it is necessary to correlate electrical 

(VPI/VPO) and structural (FvdW) specifications simultaneously. Low pull-in has been reached 

using body-bias, but it troubles adhesion limit (i.e. moving pull-out curve in current-voltage 

to the left). (c) It causes the 𝑉𝑃𝑂 to shift past V = 0 axis, in fact a well defined VPO point 

implies finite 𝑉H. (Equation 1.3). Thereby, low pull-in relay implementation is always 

challenged by the effect of adhesion beyond pull-in. To address this ON/OFF implications, 

in this thesis in Chapter 3, a new relay concept which, due to its design, addresses and offers 

solutions in many critical aspects such as low voltage design, a rugged contacts closing/re-

opening against limiting adhesion (𝐹spring/𝐹Adh >> 1)    .  .  .  .  .  .  .  .  .  .  .  .  .  .  .      18  

Figure 1.6. The third classified research problem explored in this thesis in Chapter 4 is 

high temperature effects which is of two-fold nature, first, whether or not it is possible to 

builds relays beyond soft-metals that could be translated into high temperature devices, and 

second how to devise an approach to fulfil the requirements of switching quantification 

therefore 𝑉𝐻−variations (= small/large) can be predicted beyond 150 ˚C . The downside in 

contacting relays is this 𝑉𝐻 variations that arises from adhesion-voltage implication. (a) The 

ON/OFF hysteretic switching cycle is critical in contacting relays: first, it determine 𝑉𝐻  

values (essential for volatile switching), and second it control memory holding forcing 

property (essential for nonvolatile switching) at different temperatures. (b) We learned that 

when relay device operated in extreme conditions as there is no guarantee that the contacting 

van-der-Waals force (𝐹𝑣𝑑𝑊) in metal relays will be unchanged at  > 150 ˚C. (c) Another 

issues is in varying actuating performance due to temperature as appeared in the presented 

results (reproduced from [29]).  To address this temperature effects in contact relays, 

presented Chapter explored a self-assessment approach to detect variations in the hysteresis 

loop (HL). The hysteretic switching characteristics is harnessed, and an unified voltage-

adhesion framework is implemented to fulfil the requirements of switching quantification. 

Therefore, adjusting the HL and centering it on desired contacting adhesion (either volatile 

or non-volatile switching) can be carried out precisely to permit usage in extreme conditions    
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Figure 1.7. Thesis overview: Summary of the research contributions by this thesis    .  .    21  

Figure 2.1. (a) A representative MEMS and typical release scenario (before and after). 

Release is the final step to build free suspended movable part. (b-c) Structural differences 

between ideal and practical released MEMS. (d) An inaccurate released MEMS impacted 

by residual stress and SOX-cut due to imperfect (untimed) SOX-etching as appeared in the 
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Figure 2.2. Stability of refractory transition metals (RTMs) under rigid conditions is found 

to be larger than those of the noble metals. Marker coordinates shows softening temperature 

and Young’s modulus of each metals, and the marker colour represents its melting point and 

bracket values correspond to Brinell hardness [4, 8-9]     .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .     34  
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Figure 2.3. (a) Stress in metal-MEMS film: constant part and gradient part are overlayed 

[4]. (b) SOX-etching needs to be done but an uncontrolled etching yield out-of-plane (OOP) 

deflection for example in microcantilever beam (µ-CB). OOP deflection is function of radius 

of curvature (R) and arises due to stress gradient after final release    .  .  .  .  .  .  .  .  .  .  .   36 

Figure 2.4. The released µ-CB turned out to be flat, indicating an overall zero or tensile 

stress. However, in actual case OOP deflection (∝ 𝑅) constitutes by stress (mean and 

gradient) components. Inset shows a real time measured interferometry data of a µ-CB    .  . 
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Figure 2.5. An illustration of processing steps employed in standard CMOS-MEMS 

fabrication [1]. Step includes conventional to advanced micromachining and then packaging    
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Figure 2.6. (a-b) Exemplary µ-CB test devices with important dimensions. (c) Optical view 

of the fabricated molybdenum µ-CB array using low-temperature surface micromachining   
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Figure 2.8. Fabrication steps for the µ-CB chip. (a) Sacrificial oxide (SOX) growth on the 

silicon substrate. (b) Mo deposition by PVD on top of the SOX layer. (c) Lithography to 

define the µ-CB devices. (d) Mo etching followed by photoresist strip. (e) ns-Pulsed laser 
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Figure 2.9. (a) Results confirms ns-PuLA heating relaxed SOX etching window. This can 
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(200 mJ/cm2 to 350 mJ/cm2). (b) Resistance variation in PuLA operated molybdenum film 
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Figure 2.10. (a) Detected topography of the released µ-CBs and PuLA effect: (i) 200 

mJ/cm2, (ii) 350 mJ/cm2, and (iii) 400 mJ/cm2. (b) (Upper panel) Cross-sectional SEM 
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Figure 2.13. Measured surface roughness values on 300 nm molybdenum film. 

Characterized AFM images of ns-PuLA operated Mo films at laser energy: (a) 200 mJ/cm2, 
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