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Abstract

This thesis aimed at developing innovative packggolutions for a miniature atomic clock
and other microsystems in the cm-scale, i.e. soraeVainger than what is practical for full
"chip-scale" device-package integration using clesm technologies for fabrication of
microelectromechanical systems (MEMS). Besides -defined and robust mechanical
attachment, such packaging solutions must prowitiahle electrical interconnection with
the other system components, and, if needed, addltfunctions such as local temperature
control, insulation from electrical magnetic or f@nature perturbations, chemical separation
(hermeticity).

In order to accomplish this objective, differentckaging technologies and modules were
developed, fabricated and characterized in thedrafrthis thesis, with particular emphasis
on the packaging of a miniature double-resonand®) (Dbidium atomic clock, which is an
ideal demonstration platform given the associadegd variety of requirements.

First, the possibility of encapsulating the reaetRb metal in ceramic / glass substrates using
soldering was explored, with the aim to achievepdnand reliable fabrication of miniature
atomic clock elements such as the reference cdltfza Rb lamp. After a thorough literature
review investigation of the metallurgical interacts between rubidium and materials used in
packaging such as solder (Sn, Pb, Bi..) and thiok-metallizations metals (Ag, Pd, Au,
Pt...), an innovative design for a Rb reference (@ithensions 10 x 12 mfhis presented.
The cell is based on a multifunctional low-temperatcofired ceramic (LTCC) spacer,
closed by two glass windows allowing light transsies and acting as lids. Bonding is
achieved by low-temperature soldering, avoidingoskpg Rb to high temperatures.

The use of LTCC as the main substrate materidRfovapor cells in principle allows further
integration of necessary functions for the Rb laanp reference cell, such as temperature
regulation, excitation / microwave resonator elgds, impedance-matching passive
components (lamp), and coil for static magnetitdfgeneration (reference). In this work, to
test the hermeticity of the bonding, a pressures@ewas integrated into the cell by replacing
one of the glass windows by a membrane comprigingtagrated piezoresistive Wheatstone
bridge. In this frame, a new lamination techniqoe ETCC is proposed. The technique
consists in applying a hot-melt adhesive on tophef LTCC green tape, and allows good
bonding of the tapes even at low lamination presstinis technique is particularly attractive
for the lamination of LTCC microfluidic devices orembrane pressure sensors, because the
low pressure applied during lamination does noedffthe shape of the channels in a
microfluidic device, or the membrane of the senSdre resulting cells are shown to be
hermetic, and a Rb response could be measuredebgrdject partners. However, heating
resulted in loss of this response, indicating Rpleteon by undesired reactions between Rb
and the sealing metals or contaminants. This résgldbmewnhat in line with studies made in
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parallel with the present work on low-temperatunglium thermocompression bonding.
Therefore, although the results are promising hrroptimisation of metallizations, solders
and package design is required.

An important generic function that may be integiaiteto LTCC is temperature control. In
this frame, a multifunctional LTCC hotplate was idasd, fabricated and studied. This
device allows controlling the temperature of anyeob in the cm-scale, such as the
abovementioned Rb vapor cells (reference or lamg)ather temperature-sensitive elements
used in miniature atomic clocks such as lasersgrapddance-matching passive components.
Full thermal analysis, mathematical calculationsitd-element simulations and laboratory
experiments were performed. The excellent strubtlivaand modest thermal conductivity
of LTCC make it much better suited than standaudhala for integrated hotplates, resulting
in conduction losses in the LTCC structure beingalsrnoompared to surface losses by
conduction and convection. It is therefore conctud&at insulation and/or vacuum
packaging techniques are necessary to achieve iaptifow-power operation.

Although we have seen that LTCC is an excelleregrdted packaging platform, there are
some limitations for carrying relatively massivengmnents such as the DR atomic clock
resonator cavity structure, which in general isokdsmetal part. Therefore, an alternative
hotplate technology platform, was developed, baeedthe combination of standard
fiberglass-reinforced organic-matrix printed-citcbbard (PCB), combined with thick-film
alumina heaters. The PCB acts as high-strength.ctisty and readily available mechanical
carrier, electrical interconnect and thermal ingarlaand the thick-film heaters provide local
temperature regulation, with the high thermal catidity of alumina ensuring good local
temperature uniformity. Therefore, such a hybridBP&,0; platform constitutes an
attractive alternative to LTCC hotplates for benggrerating conditions.

In conclusion, this work introduced several innox@atpackaging solutions and techniques,
which were successfully applied to various deditateodules carrying the elements of
miniature atomic clocks. Beyond this applicatidmede developments allow us to envision
efficient packaging of a wide variety of new minigt devices. Also, new areas for further
investigations are suggested, such as long-ternallonegfical interactions of alkali metals

with solders, hermeticity, optimization of tempewat distribution and thermal insulation

techniques, as well as reliability at high-tempemad and under severe thermal cycling.

Keywords: Miniature atomic clock, electronic packaging oficrosystems, LTCC
technology, low-pressure lamination.
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Abstract (Italiano)

Lo scopo di questa tesi era di sviluppare soluziomovative per il packaging di un orologio
atomico in miniatura ed altri microsistemi di dinseni nell'ordine di qualche cm, quindi
leggermente piu grandi di un microsistema “chiplecacompletamente assemblato in
camera pulita. Oltre a ben definite e robuste cssinai meccaniche, tali soluzioni di
packaging devono garantire un’affidabile intercasiene elettrica tra tutti i componenti del
microsistema e, se necessarie, altre funzioni cdonoentrollo della temperatura locale,
isolamento e schermatura da perturbazioni eled@richnagnetiche, ermeticita.

Al fine di raggiungere questo obiettivo, nel comioquesta tesi differenti tecnologie di
packaging sono state studiate e differenti moduahos stati concepiti, fabbricati e
caratterizzati, con particolare enfasi sul packgginun orologio atomico double-resonance
(DR) a rubidio, che é una piattaforma dimostraitkeale per questa applicazione, data la
complessita del sistema e la grande varieta disggassociati.

Lo studio e iniziato con I'esplorare la possibildaincapsulare il rubidio, metallo alcalino
molto reattivo, tra un substrato di vetro e une@etiamica saldati tra di loro, con lo scopo di
proporre una procedura semplice ed affidabile pgorbduzione di importanti componenti
dell’orologio atomico, come la cellula di refereneala lampada Rb. Dopo un riesame
approfondito delle interazioni metallurgiche cheatono tra il Rb e i materiali utilizzati per
la saldatura (Sn, Pb, Bi...) e le tipiche metaflimai utilizzate nella tecnologia thick film

(Ag, Pd, Au, Pt..), la tesi presenta un designowativo per la cellula di referenza
(dimensioni di 10 x 12 mfi La cellula & costituita da un modulo in LTCC {0

Temperature Co-Fired Ceramics), saldato con duestiia in vetro che permettono il

passaggio del fascio di luce proveniente dalla Eaa@Rb o dal modulo laser.

L'utilizzo di un modulo LTCC nella cellula permetténtegrazione di importanti funzioni
supplementari, come il controllo di temperaturaggjiunta di elettrodi di eccitazione e di
risonatori per la lampada Rb, I'aggiunta di compunpassivi come filtri LC e bobine. Per
testare I'ermeticita della saldatura, un sensorgrdssione € stato integrato nel modulo
LTCC, rimpiazzando una delle finestre in vetro cana membrana di resistenze
piezoresistive collegate in configurazione ponte\heatstone. Nello sviluppo di questo
sensore abbiamo concepito una nuova tecnica pdanenazione LTCC. La tecnica
introdotta prevede 'applicazione di una colla &loasulla superficie di ogni strato di LTCC
durante la fabbricazione. Grazie alla presenzeadwmllla a caldo, € possibile ottenere una
buona interpenetrazione dei differenti strati LTEQ@na conseguente buona solidificazione
del modulo, anche applicando bassa pressione @utantaminazione. Questa tecnica Si
presta in maniera ottimale alla fabbricazione dépdsitivi microfluidici o sensori di
pressione a membrana in LTCC, in quanto la bas&ssione applicata durante la
laminazione non influisce sulla forma dei canaliun dispositivo microfluidico, o sulla
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membrana del sensore. Le cellule in Rb fabbricat® £rmetiche, la presenza di Rb é stata
comprovata dai nostri partner di ricerca. Tuttadiaiscaldamento della cellula provoca la
repentina perdita del segnale di Rb nella cellindicando probabile eccessiva reattivita del
metallo alcalino. Questo risultato € in linea cdirstudi effettuati in parallelo con il presente
lavoro sulla termocompressione dell’'indio a bassaperatura. Anche se i risultati sono
molto promettenti, un’ulteriore ottimizzazione delnetallizzazioni, saldature e del design
del modulo di packaging deve essere effettuato.

Un’'importante funzione generica che puo essergtata in un modulo LTCC e il controllo
della temperatura. Per questo motivo, una plaszaldante multifunzione in LTCC e stata
progettata, realizzata e studiata. Il dispositivbbiricato consente di controllare la
temperatura di qualsiasi oggetto di dimensioni ca®@ nel range di qualche cm, come le
summenzionate cellule di referenza Rb e altri efemiermosensibili usati nell’orologio
atomico, come i laser e i componenti passivi. Ualn termica completa, con calcoli
matematici, simulazioni agli elementi finiti ed esignze in laboratorio, & stata effettuata sul
modulo prodotto. L’'eccellente strutturabilita eneodesta conducibilita termica dellLTCC
rendono questo materiale molto piu adatto dellfalha standard per la fabbricazione di
moduli di riscaldamento, anche se tali placcheatdanti in LTCC presentano comunque
importanti perdite termiche, sia per conduzione piieconvezione. Si conclude pertanto che
un’efficiente isolamento termico e/o tecniche dtl@ging a bassa pressione sono necessarie
per ottenere buone performance.

Nonostante 'LTCC sia una soluzione eccellenteippackaging integrato di microsistemi,
vi sono limitazioni quando vi é la presenza di pomenti le cui dimensioni superano i cm e
relativamente pesanti, come la cavita risonantéonglogio atomico DR. Pertanto, una
soluzione alternativa per placche riscaldanti éassailuppata. Questa soluzione prevede la
combinazione di PCB standard organico rinforzatfibade di vetro con mini-riscaldatori in
allumina basati sulla tecnologia thick-film. Il PGBun supporto a basso costo e facilmente
reperibile, e ad alta resistenza meccanica; i nmcaldatori forniscono controllo di
temperatura locale e, grazie alla buona condui@li#irmica dell’allumina, assicurano buona
uniformita della temperatura. Pertanto questi BistPCB-ALO; costituiscono un’ottima
alternativa alla placca riscaldante LTCC in conmhzioperative benigne.

Questa tesi ha introdotto diverse soluzioni pepatkaging di un orologio atomico in

miniatura. Al di la di questa applicazione, i maduiesentati consentono di immaginare un
packaging efficiente per una vasta gamma di mistesii. Inoltre, nuove aree per ulteriori
indagini si sono aperte, come studi a lungo ternsuéinterazione metallurgica tra metalli

alcalini con saldature, ottimizzazione del contrali temperatura, tecniche per l'isolamento
termico, affidabilita dei sistemi ad alte temperate a diversi severi cicli termici.

Parole chiave: Orologio atomico miniatura, packaging elettronicod microsistemi,
tecnologia LTCC, laminazione a bassa pressione

iv



Acknowledgments

Acknowledgments

Writing the acknowledgments is something speciabu.yeel like at the end of a long
journey, an important step of your life is over. Mathings come into my mind: | have
crossed many persons during these years and wé#mdrik them for their participation, their
help or simply for their friendship....

| want to start with the two principal persons imoge of my success of today: my thesis
director, Prof. Peter Ryser, and my co-director, Dhomas Maeder. Prof. Ryser gave me the
possibility to start the PhD in LPM, a very welluggped lab with many stimulating ideas.
He was always available and ready to dispense eslvand not only from a scientific point
of view. He is a true example to follow for everydd#e, his values of honesty, work and
respect became my values as well. Dr. Thomas Maedethesis co-director, believed in me
also in the worst moments, even when nobody trustede anymore, neither myself. | will
never forget the words “Fabrizio....rigueur, rigueRtIGUEUR!!!”. During these four years
he was not only a simple co-director: he was forangofessor, a mentor, an example, a
coach, a motivator, a friend. My success is alnafishe success of these two persons: they
took, in 2009, a young engineer, polite and weipared, and they transform him into a
professional, a doctor with high technical skisire of himself and attached to important
values such as family and respect. | will be etéymadebted with them.

My colleague Conor Slater deserves also a specgtion. His large knowledge of the
electronic world was for me a source of inspirataord a motivation to improve and learn
more and more. His kindness and his availabiligyrare to find, and with his precious help |
solved many problems that | was not able to solvenpself, so a part of this PhD is also for
him! Thank you, “Engineer Slater”, and all the hest

Moreover, | gratefully thank:

- Prof. Farine Pierre André, Prof. Herbert Shea, Onristoph Affolderbach, Prof.
Dominik Jurkéw for kindly accepting to be the memshef the thesis jury for the
private defense and for having read my thesis;

- Dr. Yannick Fournier, who received me at LPM inyJ@D09 and taught me many
things, including LTCC circuit design and fabricatj

- My colleague Gael Farine: it was great to sharedfiiee with you, Gael, great
moments. | also thank you for the scientific distoss and opinion exchanges we
had;

- My colleague Bo Jiang: we worked in close collatiora for the low-pressure
lamination technique....it was a hard work, thanks e collaboration and the
support;



Acknowledgments

- Madame Karine Genoud, probably the best secretaypha world. She is able to
organize all our stuff in the lab, and she alwaysppses nice things such as
Christmas dinners or activities to perform togethidrese things enrich the lab of
team attitude and friendship, thank you!

- Dr. Vinu Venkatraman : the first year was hardboth, but finally we both arrived at
the end. Congratulations for your PhD, Dr. Vinu,dathanks for the close
collaboration and also for the nice funny momentgether. Almost all, thanks for
having encouraged me at the beginning of the PHiznweverything looked dark to
me!!

- Mr. Matthias Garcin: thank you for being always italdle to perform the work we
asked you in the best way. Even if you pretendettodd, we all know that you are a
very nice person!!!

- The Swiss National Science Foundation for funding r@search project and all the
members of the MACQS project for their participatiaiscussion, meetings and
aperos!

- Finally, all the members of LPM (and in particutagain Bo, Conor and Gael) for the
joyful moments spent together eating, drinking,ning, making sports, dancing and
so on..

| reserve these last lines for my family. Firstartks to my brother Massimo and to my
sister Silvia, for their continuous support througly years of study, for their precious
advices, for being always ready to help me and @sdhe nice and happy moments
spent together. Special thanks to Massimo for gl he gave me in many topics such as
informatics, in which | am not exactly the bestdatso for fixing my computer when it
doesn’t work!!!!

Thanks to my parents, Antonio Vecchio e Luisa DéisAsThe unconditional love that
you feel for me is something special. Even in tagkdst moments, when everything goes
wrong for me, | have these two persons that willagls love me and do everything to
help me. If today | am this kind of person, it isimly because of your education, for the
values and the love that you were able to trantmibe. So, really, there is no word to
express my infinite gratitude to you: | can alsp #$&t | am proud to be your son.

Finally, 1 want to mention my better half, Anabeléhanks for your support and your
encouragements during the bad moments. Thanksofar gmile, for your eternal good
mood, for being so special, and for the true lowa feel for me. Thanks for being you,
simply, my eternal love, my special, very, very orjant person... And, almost all,
thanks for giving me the most precious thing oflifey Alessandro. | love you both.

Vi



Ringraziamenti

Ringraziamenti

Scrivere i ringraziamenti e qualcosa di specialei.si sente alla fine di un lungo viaggio,
una tappa importante della mia vita é finita. Matse mi tornano alla mente: ho incorciato
diverse persone in questi anni e voglio ringraziate per la loro partecipazione, il loro aiuto
o semplicemente per la loro amicizia....

Voglio iniziare con i due principali responsabiéldnio successo di oggi: il mio direttore di
tesi, il Prof. Peter Ryser, e il mio co-direttoleDottor Thomas Maeder. Il professor Ryser
mi ha dato la possibilita di iniziare il dottoradoricerca all'LPM, un laboratorio molto ben
attrezzato e con tante idee stimolanti. Era semiggonibile e pronto a dispensare consigli, e
non solo da un punto di vista scientifico. Il psfere € un vero esempio da seguire per la
vita quotidiana, i suoi valori di onesta, di lavagaispetto sono diventati anche i miei valori.
Il Dr. Thomas Maeder, il mio co-direttore di tebia creduto in me anche nei momenti
peggiori, anche quando nessuno aveva piu fiduciam@g nemmeno i0 stesso. Non
dimenticherd mai le sue parole " Fabrizio .... regaigore, rigore ! ". Durante questi quattro
anni Thomas non é stato un semplice co- diretterstato per me un professore, un mentore,
un esempio, un allenatore, un motivatore, un anilamio successo & dovuto a queste due
persone, ed € dungque anche il loro successo: haneso, nel 2009, un giovane ingegnere,
educato e ben preparato, e lo hanno trasformatm iprofessionista, un dottore con elevate
competenze tecniche, sicuro di sé e attaccato @riviahportanti come la famiglia e il
rispetto. Saro eternamente indebitato con loro .

Anche il mio collega Conor Slater merita una mengispeciale. La sua grande conoscenza
del mondo elettronico e stata per me una fontesdirdzione e una motivazione per
migliorare e imparare sempre di piu. La sua gertdee la sua disponibilitd sono rari da
trovare, e con il suo prezioso aiuto ho risolto tmqmioblemi che non ero in grado di risolvere
da solo, per cui una parte di questo dottoratochesua! Grazie, "Engineer Slater”, e buona

continuazione!
Inoltre, ringrazio di cuore:

- Prof. Farine Pierre André , Prof. Herbert Shea ., Omnristoph Affolderbach , Prof.
Dominik Jurkow per aver gentilmente accettato dees i membri della giuria tesi per la
difesa privata e per aver letto la mia tesi;

- Dr. Yannick Fournier, che mi ha accolto al’lLPM nelglio 2009 e mi ha insegnato
molte cose , compresa la fabbricazione di cirdtitCC;

- 1l mio collega GaélFarine: é stato bello condiveddufficio con te, Gaél, gran bei
momenti. Ti ringrazio anche per i dibattiti scidicti e gli scambi di opinione che
abbiamo avuto;

Vii



Ringraziamenti

- 1l mio collega Bo Jiang: abbiamo lavorato in saetbllaborazione per la tecnica di
laminazione a bassa pressione.... € stato un duood, grazie per la collaborazione e |l
sostegno;

- Karine Genoud, probabilmente la migliore segretal& mondo. Lei € in grado di
organizzare tutte le nostre cose in laboratoriqprapone sempre belle iniziative come
cene di Natale o di attivita da svolgere insie@ieste cose arricchiscono il laboratorio
di spirito di squadra e di amicizia , grazie!

- Dr. Vinu Venkatraman: il primo anno e stato difiicper entrambi, ma alla fine siamo
entrambi arrivati alla fine . Congratulazioni pktuo dottorato, Dr. Vinu, e grazie per la
collaborazione e anche per i momenti divertentcgvali insieme. Soprattutto , grazie
per avermi incoraggiato ad inizio del dottoratoaggio tutto sembrava buio per me !

- Matthias Garcin: grazie per essere sempre a didpaosie per eseguire il lavoro che ti
chiediamo nel migliore dei modi. Anche se fai fidlisessere cattivo, sappiamo tutti che
sei una brava persona !

- Lo “Swiss National Science Foundation” per aveafiniato il nostro progetto di ricerca
e tutti i membri del progetto MACQS per la loro te@ipazione, discussione, incontri e
aperitivi!

- Infine, tutti i membri dellLPM (e in particolarei ciuovo Bo , Conor e Gael ) per i
momenti gioiosi trascorsi insieme a mangiare, beoseere, fare sport, fare festa....

Mi riservo queste ultime righe per la mia famigli&razie a mio fratello Massimo ed a mia
sorella Silvia, per il loro continuo supporto dueain miei anni di studio, per i loro preziosi

consigli, per essere sempre pronti ad aiutarminm@mento del bisogno e per i momenti
piacevoli e felici trascorsi insieme. Un ringrazemo speciale a Massimo per l'aiuto che mi
ha dato in molte materie come l'informatica, in imuhon sono proprio il massimo, e anche
per aggiustare il mio computer ogni volta che namzfona ! !

Grazie ai miei genitori, Antonio Vecchio e Luisa Betis . L'amore incondizionato che

provano per me e qualcosa di speciale. Anche ngient piu bui, quando tutto va male per
me, avro sempre i miei genitori che mi amano e pefare tutto per aiutarmi. Se oggi sono
la persona che sono, é soprattutto grazie dellrav@slucazione, ai valori e all'amore che
siete stati in grado di trasmettermi. Davvero, nbsono parole per esprimere la mia infinita
gratitudine per voi: posso solo dire che sono digsg di essere vostro figlio .

Infine, “dulcis in fundo”, riservo le ultime righger la mia dolce meta, Anabela. Grazie per il
tuo sostegno e i tuoi continui incoraggiamentimementi difficili. Grazie per il tuo sorriso,
per il tuo eterno buon umore, per essere cosialpee per 'amore che provi per me . Grazie
per essere te, semplicemente. Sei il mio eternorgma mia persona molto, molto
speciale,... e, soprattutto, grazie per avermi datccosa piu preziosa della mia vita:
Alessandro. Vi amo entrambi.

viii



Table of Contents

Table of Contents

Y 0L = T TSRS i
P o1 i = Tt (7= = T T ) U iii
ACKNOWIEAGMENTS ...eeiiiiiiiiiiiiiiiiieeieeeet ettt mammns s e e seesessseeeesennne %
RINGIAZIAMENTI ..o Vil
TaDIE Of CONLENTS ...ttt ettt et ettt ettt e bt e e e e e e e eeaaeeeaaaaaeaeaeaeaeeeaees IX
List of abbreviations and SYMDOIS ..........ooi i Xiii
ADDIEVIALIONS ...ttt e e ettt e e e e e e e e n e e e e e e e e eaeeens Xiii
SYMDOIS .t e a Xiv
i [ o1 (o To 18 [ox (o] o P TP 1
1.1 Challenges in Microsystem Packaging ... 1
1.2 Overview of Miniature HOtPIAtES .. .. ...ttt 2
1.3 The MACQS PrOJECT .....uuuiiiiiiiiiiiimmmmmm e e e e e e e e e e e e e e e e e e e e e e e e e e aaeaaaeaaaaaaaaaaens 7
1.3.1 The objective of our laboratory in the Project................evvvvvvvvvevivivenininennnnnns 7..
1.4 THRESIS SIUCTUIE .....uiiiiiiiiiiiiieiittte e mmmmme e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e aaaaaaaaaaaaaaaaaeaas 8
2 SHAE OF T Al ..ttt e e e e e e e e e e e e e e e e e e e e aaeeas 11
2.1 History of TIMe MEASUIEMENT ..........uuuuriiuuiiiieieeeee e ses e as e s ee e e s e e e e e e seesnees 11
2.2 Atomic Clocks: Compromise between precision andethigions ................cceeeeee. 13
2.3 Double Resonance Atomic Clock: Principle of Funuitigg and Block Diagram..... 14
2.4 State of the art of Chip Scale Atomic CIOCKS ..., 17
2.5 LTCC Technology: What it iS.......ccovviiiiiiiiiieieeeeee e 21
2.6 LTCC Circuit ManUFaCIUING .........uuuruurummmmmn e eeeeeeeeeeeieeeieseeeaeeeeeseeeseeeeeseeeeaaeeeees 22
2.6.1 MaterialS INVOIVEd ..........cooiiiiiiiiiiiieee e 23
2.6.2 Slitting, blanking, pre-conditioning the green tape.............ccooeeeeeie e, 25
2.6.3 Via punching - laser CULtiNG.............oet e 25
2.6.4 Via filling — SCreen Printing........cccccciiirccneeee e 26
2.6.5 Stacking and [amination ..o 27
T T o o o PP PPPPRPPP 28



Table of Contents

2.6.7 POSt-firiNng and POSt-PrOCESSING ........uuunmmmmmmm e eeeeeeaeeeaaaaeaaaaaaeeeaaaea e e e e eeeeeaaas 30
2.6.8 Final inSPection and tESt ........c.cvviiiiiieeeeeereieeiieririierieiieieerneberereereene s enanneeees 30
2.7 Rubidium: Properties, behaviour & Dispensing methad...............cooeeeeeeeeeeneennn. 31

2.7.1 Summary of reaction of Rb with other elements............c.ccccviiiiiiiiiiiiiiiinnnne. 34
2.7.2 Review of Rb/Cs dispensing method...........ccooeveiiiiiiiiie e, 73
3 Reference cell of Atomic Clock: Design, Fabricatiomnd Test ...........c.ccoeeeeieieieeenn. 39
3.1 The Reference Cell: the Original Concept 1d€a .............uevvvvviviviiiiiiiriiiiiiininnn. 39
3.2 Metallurgical Interactions in the Reference Cels®yn..............oii 41
3.2.1 Interactions between Rb and metallization metals............cccccevviiiiiiiiiiinnnnee. 41
3.2.2 Reactions between Rb and solder metals ...ccooceeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 43
3.2.3 Conclusions of the metallurgical literature anaysi.............ccoeeeeeieiieeeeeeeeenn. 49
3.3 Innovative and Practical Solution proposed for RIm#&Hing............ccoovvvvvviiiiiinnnneee. 49

3.3.1 Study of gas dissolution into the dodecane .....cccevvvvieeieeeeereeiiiiinnne... 05

3.4 Refined Design of the Cell and Test Modules Devetbp................eevvvveviiiniiininnnn. 54
3.4.1 Principle of functioning of the integrated presSSS@aSsOr ...........cooeeeeeeeeeeeeeeeennn. 55
3.5 Fabrication of the Cell............ooviiiiiiiee e 56
3.5.1 DesSigN Of LTCC SPACE ....uuuuuuiiiiie i seareteeaesevenesessssssssnnnnssnsnnnsnsssrnnsnnes 56
3.5.2 Fabrication of LTCC SPACET .....coiiiiieiieeeeee e 59
3.5.3 Fabrication of glass WINAOWS ........ccoooiiiiiiiiiiieececee e 60
3.5.4 Rb dispensing and SaliNg ........cccooiiiiieaaeeaieieiieiiiiiiiii e 60
I I Y= 1T N IS £ T PP 60
3.6.1 Procedure and melting profile ... 61
3.6.2 Wetting tests on LTCC SUDSErate..........cccceemmriiiiiiiiiiiiiiiiiiiiieieieeiieieeiieieieees 62
3.6.3 Summary of wetting tests 0N LTCC ......uuuiiimmmmeeeeieeeeeeeeeeeeeeeeeeeeeeee e Q7.
3.6.4 Wetting tests on glass SUbStrate .........occceeceeeeeieiieiie e, 67
3.6.5 Conclusions oOf the WEettiNG eSS ........... s e eereereie e 69
3.7 Test Bench for Testing the Hermeticity of the S®gli............covvviiiiiiiiiiiininnnne. 9.6
3.8 Results of the HEermetiCity TeSE.......iciiiiriiiiirii i 70
3.8.1 Reaction to pPressure Changes.......coooiiiccccccee e 71
3.8.2 Reaction to temperature Changes..........cccocveiereiririiiiiiiiiiieiiiieeieenerenenenee 75



Table of Contents

3.8.3 LONG-term MeEaSUIEMENTS ........cciiiiiiiiiieeee e e e e e e e e e een e 77
3.8.4 Discussion of the results of the hermeticCity tests.............uuvvvvvviiiiriiiiiniiininnnn. 80
3.9 Test Performed on Cells With RD ... cceeeee e, 80
.10 CONCIUSIONS ..ottt eeeeee et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e a e e e e e e e e e e e e aaaaeas 83
3.11 Possible Improvements to this TEChNIQUE ... e eevniiii e 84
4 New lamination technique for LTCC ... ... e 85
7t R [0 (o To [UTod 1o o ISP PPPPPPPRP 85
4.2 State of the Art of Lamination Techniques for LTCC.........coooviiiiiiiiiiiiiiiiiiiiiieeee, 87
4.2.1 Application of adheSIVe tape ..........euuiiiiiiiiiiiiiiieiieiieiee e 87
4.2.2 Application of SOIVENLS OF QIUES ..........et e 88
4.2.3 Application of a sacrificial layer or of an insenfaterial .............ccccceeviiiiiiininnnns 89
4.2.4 Conclusion: need to introduce a Nnew teChNIQUEe..........ccooveiiiiiiiiiiiiiieieee, 90
4.3 Basic Idea of the Developed Technique.....ccoooioiiiiiii e, 90
4.4 Composition of the Adhesive Layer..........cccccoeiiiiiiiiee, 92
4.5 Fabrication Parameters ... 93
4.6 RESUITS ... et e e 95
4.6.1 DeNSIfICALION ....cciiiiiiiiiiiieiie e e e e e e 95
4.6.2 MeMDIrane flatnNeSS........cuuiiiiiiiiiiiieetmr oo e e e e e e e e e e e e e e e e e e e e e e e e aaae e 96
4.6.3 Effect of the adhesive layer on the piezoreSigh&ste .............eevvvvvevvvivvverinennnns 98
4.7 Conclusions and OULIOOK ............oooiiiii e 99
5 Thermal StUdIES ON LTCC......uiiiiiiiiiiiiiiieeme et e e e 101
5.1 INEFOTUCTION ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaas e e e e e e e e e e aaens 101
5.2 Design and Fabrication of the LTCC Heater .......co..uviiiiiiiiiiiiiiiiiiiiiiiiiiiiiinens 102
5.2.1 Concept and design Of the deVICE .......... . eereererrriireiiriiireeiirienieninen. 102
5.2.2 Fabrication and description Of the deViCe...ccucueiiiriiiiiiiiiiiiiiiiiiiiiiiiiniiiienannd o2
5.3 Thermal Analysis of the Designed DEVICE.... . eeeeeieiiiiiiiiiiiiiiiiiieieieeeeee e 105
5.3.1 Physical and thermal analysiS.........coooooriiiriii e 105
5.4 Thermal Simulations Performed ...............cumeeeieiiiiiiieieeee e e 110
5.4.1 Simulation of the effects of free CONVeCHioN.............coooviiiiiiiiiiiiieien ) 611
5.5 EXPerimental RESUILS...........cuuiiiiiiiiiiimrrerens s eeea e e e e eeeseennnns 117



Table of Contents

5.5.1 Thermal conductivity measurement SYSteM ... .o veveerremememmmemnnnnennnnnennnnns 119

5.5.2 Best heating performance — experimental configomati...............cccceeeeriennnnns 120
5.5.3 Comparison between the best heating performancéhandeal one.............. 122
5.6 Discussion Of the RESUILS ............oooii e 123
5.7 CONCIUSIONS ...ttt e e e e e e e e e e e e e e e 124
6 Packaging Solutions Provided for MiCrOSYStEMS.............uuuuiiuieiiiiiiiiiiiiiiiiiniiennnns 125
6.1 INEFOAUCTION ...t e e e e e e e e bbb e e e eeeees 125
6.2 The Frequency-stabilized Laser ... 125
6.3 Integrated Mini-lamp Module ... 128
6.3.1 Alternative Solution for the Packaging of the Rmistamp.............c.ccceeee 131
6.4 Miniature Double-Resonance AtomiC ClOCK ......cccceeiiiiiiiiiiiiiieee 513
6.4.1 Refined packaging system for miCcrowave Cavity.............cccccccvvvvieieienenennnn. 136
6.4.2 The assembled miniature atomic clock demonstrator...............ccccceveveeen. 140
6.4.3 Performance and comparison with the device cuyamtithe market ............ 141
A o] (o] 1§ 1[0 ] o - ST PPU PP PPPPPPPPPPPPI 145
7.1 SUMIMEANY ettt ettt e e ettt eeeee e s e e e e e e e ee s bbb e e e e e e eeeabeaan s rannnneeeeeeeeesnnnns 145
7.2 Hermetic package for Rb vapor Cell......... o eeeeemimimiiimiiiiiienne 146
7.3 Low-pressure, low-temperature lamination of LTCC........ccooooiiiiiiiiiiiiee, 146
T4 LTCC NOPIALE ... 147
7.5 Applications and PCB-ceramic hybrid hotplate faglpayloads..........c.cccccoeeee. 148
RETEIENCES ... et e e et e e e e e e s e e eas 151
CUITICUIUM VLA .t e et ennnnnen 167

Xii



List of Abbreviations and Symbols

List of abbreviations and symbols

Abbreviations

ATBC Acetyl Tributyl Citrate

CPT Coherent Population Trapping

CTE Coefficient of Thermal Expansion

DBD Dielectric Barrier Discharge

DR Double Resonance

EC Ethylcellulose

HTCC High Temperature Co-Fired Ceramics
HTCR Hot Temperature Coefficient of Resistance
LGR Loop Gap Resonator

LTCC Low Temperature Co-Fired Ceramics
MCM Multi-Chip Module

MEMS MicroElectroMechanical System

MLC Multi-Layer Ceramic

PCB Printed Circuit Board

PEG-400 Polyethylene glycol (molecular weight ~ g/mol)
PVB Polyvinylbutyral

RMA Rosin Mildly Activated

SMD Surface Mounted Device

TEG-EH Triethylene glycol bis (2-Ethylhexanoate)
VCSEL Vertical Cavity Surface Emitting Laser

Xiii



List of Abbreviations and Symbols

Symbols

h Convection film coefficient

H Henry's coefficient

k Thermal conductivity

L Length

Nu Nusselt number

p Pressure

P Power

Pr Prandtl number

Q Heating power

Ra Rayleigh number

S Cross section

T Temperature

p Electrical resistivity

o Standard deviation, electrical conductivity (degieg on the case)
(7 Allan variance

o(7) Allan deviation

oy Flexural strength (rupture stress)

Xiv



Chapter I: Introduction

1 Introduction

This thesis aimed at developing integrated packagmlutions and miniature heating plates
in the cm-scale. In this introduction, after a lriglance of the issues involved with
microsystem packaging, an overview of miniature@latés is given. Low-Temperature Co-
fired Ceramic (LTCC) is widely used for this apption, as it combines good efficiency and
relative low manufacturing cost. However, accordinghe user’'s needs, such hotplates may
be not the best solution, especially when a heawcd should be temperature-stabilized.
After introducing LTCC heating plate, the concepao innovative hotplate developed in the
frame of this thesis is presented, and finallytdehnological and scientific objectives of this

thesis are given.

1.1 Challenges in Microsystem Packaging

Micromachined sensors and microsystems have mamdisant progress during the past
two decades and many devices have been successfagnted or commercialized for a
large number of applications, such as pressureosem@d transducer for automotive and
industrial processing applications [1]-[4], accelaeters and inertial sensors for consumer
applications [5]-[9], microsystems for industriabpess control [10], [L1ther devices are
acquiring a large volume of commercial market, sashMicroelectromechanical systems
(MEMS) for optical communications systems (optiddEMS) [12]-[15], MEMS for
wireless communication systems (RF MEMS) [16], [If]d biomedical microsystems [18]—
[20]. All these applications need a reliable, stadhd low-power packaging solution, which
often causes an improvement of the performancéefmicrosystem [21]. Several are the
technological challenges related with the packagniga microsystem. These can be
categorized under four general topics:

- Mechanical attachment

- Electrical connection

- Temperature control

- Encapsulation and protection

Figure 1. 1 shows an example of an efficient paicigagolution for a microsystem.
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Hermetic/Vacuum Sealed Cavity

Hermetic Coatings

% o
& Encapsulated Sensor
o

=

® - Exposed Sensor

[e) A

i)

Active Circuit

Feedthroughs

Figure 1. 1: Packaging and interconnection for a merosystem. Image taken from [22].

In particular, the elements of a microsystem neeld attached mechanically to the main
body with a robust connection, and reliable eleatriconnections must be provided.
Moreover, some components need to work at a wélhele temperature. Some parts of the
microsystem may need to be encapsulated or hemtigtisealed; in some instances a
vacuum medium which is stable over many yearsgsired (such as in the reference cell of
an atomic clock). Often, the packaging should Iséstant to harsh environments (such as for
a MEMS for space technology); in other cases, @dseto be compatible with the media it
operates in (as for example in biomedical micramysi). In this thesis, there is a review of
the current technologies used for the packaging oficrosystem, with particular emphasis
on mesoscale (cm-scale) systems. After the glateahture review, we focused our attention
on different mesoscale systems: the packaging mements of such microsystems were
stated, and finally we provided an efficient pacgkggsolution which ensured mechanical

attachment, electrical connection, thermal cordwrad protection of the sensible parts of the
microsystem.

1.2 Overview of Miniature Hotplates

Miniature hotplates are widely used in microelegite and in particular in microsystems or
systems-on-a-chip, whenever there is the need docal [temperature regulation (see for
example [23]-[32]) . A miniature hotplate mainlynsists of a small substrate with an
electric heating resistor integrated on it. Usyaityis also equipped with a temperature
sensing resistor, which provides a precise measnerof the actual temperature and
therefore allows precise temperature control. MEMiSroheaters, with lateral dimensions
ranging from ca. 20 um to 500 pm, typically useatipum heating and sensing resistor in

2
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form of serpentine. The use of one single resistuch acts as heater and temperature sensor
at the same time allows a significant reductiothef dimensions of the hotplate. Because of
its very small size, which limits the surface Iss$g convection and radiation, the power
consumption of a MEMS microheater is very redudedan achieve temperatures of 500°C
with less than 1 W input power [24], [29]. Such teea are designed to control the
temperature of devices in the mm scale; when aecblpf larger dimensions must be
temperature-stabilized, a MEMS microheater becaime®xpensive to fabricate. Moreover,
MEMS heaters are too fragile to carry a heavy dewlthenever there is the need to control
the temperature of a device in the cm scale, dtineis of hotplates, still miniature, but not in
the MEMS scale, are used, and this particular afe@search was the main topic of this
thesis. The work presented here focuses on diffes@ntions for miniature hotplates in the
cm scale. Such hotplates consume more power in @oson to MEMS, and, due to their
larger dimensions, natural convection in air becoare important factor; therefore thermally
insulating the hotplate becomes a stringent remerdg to get a satisfactory heating
performance in terms of power consumption. In gpscific area (miniature hotplates in the
cm scale), one possible solution, widely used dlndtiated in the literature with various
examples, is to use LTCC (Low Temperature Co-fitedamic) technology (for more details
about LTCC technology, see chapter 2). LTCC teatmglas highlighted by Dr. Fournier in
his thesis [33, p. 18] came to fill a technologigab, between MEMS and macrosystems.
Before the development of LTCC technology, in theye1980’s, there was a dimensional
gap between MEMS (20 to 500 um) and macrosysteram (R cm on), covered only to a
limited extent by classical thick-film technology ceramic / glass substrates, and that gap is
now well covered by LTCC, which allows easy fabtima of devices in the range 1 mm to
several cm. LTCC is a particular material, mainbnstituted by a mixture of ceramics and
glass. In particular, LTCC is a dielectric substrédielectric constant between 6 and 7) with
relatively good thermal conductok € 3 W- m™- K™1). The modest dielectric constant of
LTCC and low loss at high frequencies, allow thedesipread of this technology to
microwave and HF circuits. Moreover, LTCC techngloghanks to its excellent 3D
structurability, gives the possibility to fabricatemplicated devices, with different shapes,
holes and cavities. With LTCC we can fabricate ialfer modules; therefore we can
integrate in one small device the heating resistoone layer and the temperature sensing
resistor on the other layer. Keeping these two elgmseparated allows a better and more
precise temperature regulation. Thanks to the mmeeti characteristics, together with
reduced fabrication cost, LTCC is now widely usedféibrication of miniature hotplates.
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L

1 mm

Figure 1. 2: Examples of LTCC hotplate. Images take from [34], [35]

LTCC hotplates are designed for controlling the gemature of small devices. One of the
limits of these heating modules is in fact the dexural strength of LTCC materials (for
example, for DuPont 951 green taper 320 MPa, [36]). This means that, in case this
hotplate constantly carries a relatively heavy deyior it is constantly submitted to a
mechanical stress, the lifetime of the LTCC hotplaecomes critical [37]-[39]. Another
physical issue related with the fabrication and 0§ TCC hotplates is the shrinkage
mismatch between the tape and the screen-printstggarhis aspect has been studied in
details by Dr. Birol in his thesis [40], and dissad in some of his publications [41], [42].
The alternative presented in this thesis is theeption of single or multiple hotplates using
a PCB as a mechanical support, and thick film ahanfALO3) heaters, bonded on the PCB
support (see Figure 1. 3 for an example). Thisesysoffers numerous advantages with
respect to the LTCC hotplate. In particular:

1. FR-4, the material used to fabricate PCB, is chaap very robust (flexural
strength = 550 MPa, [43]), so the system can vatigtigher mechanical stress with
respect to an LTCC hotplate.

2. FR-4, with its low thermal conductivity (Maueny iesated, in 2005,
k=0.25 W- m™- K?, [44], while other research yields very similadues, see for
example [45], [46] , is not only a support for #hestem, but it gives the possibility to
create different thermally independent zones (se@Xample Figure 1. 3, a hotplate
with three independent thermal zones). The creatiodifferent thermal zones is
further promoted by the presence of holes to batserate the different zones.

3. Al,0shas higher thermal conductivity than LTCIC(30 W- m™- K™, [47]), which
ensures a better temperature homogeneity withihelaged part;
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4. Thick film circuit is easier and cheaper to fabtecwith respect to an LTCC module.
Table 1. 1 compares the properties of LTCC and FR4:

LTCC (DuPont 951) Standard FR-4
CTE (ppm/K) 5.8 14to 17
Thermal conductivity (W m™- K™ 3 0.25
Young’'s Modulus (GPa) 120 24
Density (g/cr) 3.1 1.9
Flexural strength (MPa) 320 550
Relative permittivity 7.8 4.8
Dissipation factor (at 3 GHz) 0.006 0.012

Table 1. 1: Comparison of the properties of LTCC D®ont 951 and standard FR4. LTCC data are taken
from [36]. FR4 data are taken from [43], [44], [48]

So, from the above consideration, we can understhad this system combines the

advantages of a PCB substrate (robust, cheap, algrmather insulating, easy to machine)

with those of a ceramic element (good thermal cotaiu easy fabrication, stable, well-

defined characteristics). An example of a multipteplate based on PCB and hybrid heater,
developed in the frame of this work, is illustratedrigure 1. 3.
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Hybrid mini heaters bonded (flip-chip) on the PCB support

. Hybrid
mini-heater

Figure 1. 3: The yellow is the PCB support which aaoptionally carry some electronics. The identical
thick film mini-heaters are flip-chip soldered on top of the PCB support. In this case, three differet
ideally independent temperature zones are created {, T2, T3), so we have a triple hotplate. The laer

T3 is stabilized by two heaters connected in series

This system has some drawbacks. In particularptapr issue is the difference in thermal
expansion of the two materials involved: the Cagffit of Thermal Expansion (CTE) of
FR-4 is between 14 to 17 ppm/K (as shown in Tabl&) 1while the AJO3; has a CTE of ca.

6 ppm/K, [47]. This means that at high temperatihe different dilatation of the two
materials may cause excessive stresses that naydehe rupture of the system [49]-[51].
Moreover, the FR-4 cannot withstand continuousipgderatures higher than ca. 200°C. In
order to overcome the first problem, the ceramiatérs should be designed to be small
enough, in order to limit the differential therndilatation; in case a large zone must be
heated, more heaters can be connected side byrsitee same zone, such as the zone T3 in
the Figure 1. 3. Another important issue that sthdug taken into account is that many
important physical properties of FR-4, such asrtiardilatation, thermal and electrical
conductivity, permittivity, may change because oms factors such as ageing, humidity
penetration and presence of solvent in the enviemmTherefore, these systems are not
always perfectly reproducible, and, when desigtimg) kind of hotplate, one should take into
account this, and ideally estimate and validateptinesical properties of the hotplate through
thermal simulations. However, using the due falioceprecaution, these systems become an
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alternative to the LTCC for many applications where temperatures to achieve are below
ca. 180°C, and they are particularly attractive nvtiee device to be temperature-stabilized is
relatively heavy, because in this case an LTCClatgpnay not withstand the weight of the
device. In the frame of this thesis, we were inggahasked to provide accurate temperature
control for devices in the cm scale. For each cafter a specific analysis, we chose the best
suited technology, given the requirements and §pations.

1.3 The MACQS Project

Most of the work of this thesis was carried outhe frame of the Miniature Atomic Clocks
and Quantum Sensors (MACQS) research prbjdtte overall objective of this project was
to develop reliable, ideally batch-fabricable prs®s to fabricate the key components of a
Double Resonance (DR) Rubidium Compact Atomic Cl¢ick more details about the
structure of the DR Rubidium Atomic Clock, seedaling chapter). The ambitious objective
at the beginning of the project was to integratedHferent components fabricated in a first
clock demonstrator. The DR Atomic Clock uses atingdéy large (in the cm scale) resonance
cavity to apply a magnetic field which is resonauith the frequency of the light emitted by
the alkali atoms at their hyperfine transition. Tgresence of this large cavity in the atomic
clock, make this system larger in volume with resge the other atomic clock using the
Coherent Population Trapping (CPT) technique, inctwhthe cavity is not present. The
advantage is that DR allows a typically five tinmester short-term stability with respect to
CPT [52]. The project involved different laboratsj each one with a different area of
expertise, and each one with a different task, tdilsis common objective.

1.3.1 The objective of our laboratory in the project

The technological objectives of our lab, LPM, ire tame of the MACQS project, were
mainly two:

1. Develop an efficient solution for the packaging othe atomic clock, providing
proper interconnection of the various parts and loal temperature control of
some elements of the system;

2. Develop a new and innovative design for the referee cell, using low-
temperature sealing techniques.

In order to accomplish the first objective, variomsniature hotplates based on LTCC
technology or on the alternative composed by thB P@hick-film mini-heaters presented in
Figure 1. 3, were designed and tested. Accordinthéoparticular needs, we adopted the

1  Swiss National Science Foundation "Sinergia" g&RSI20-122693/1
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technology that better fitted the application. InD& atomic clock, the temperatures to
achieve do not exceed 130°C, and the device todmhpe-stabilize are in the cm-scale, so
we are exactly in the case where the use of thexgeas is particularly attractive.

In order to accomplish the second objective, eigdoiv-temperature solder pastes were
investigated as a sealing solution instead of thdittonal anodic bonding, which involves
high temperatures and needs long time to be peerrtherefore causing an important
evaporation of the alkali metal during the seafpngcess.

A Ph.D. thesis is not only technology, but it is stip science. So, beside the pure
technological challenges, this thesis had also someial scientific aspects that had to be
studied. The scientific objectives of this theserev

Study the metallurgic interactions between Rb and @mmonly-used solder
materials and other metals such as Ag, Pd, Auhis metallurgic investigation is
needed to estimate the capability of the fabricateftrence cell to keep the
hermeticity without degradation by interdiffusiof Rb into the metals which may
potentially constitute the sealing ring,

Advanced thermal investigation and modeling of th& TCC heating module and
its materials: LTCC dielectric itself, conductors, resistorsistthermal investigation
is needed to ensure the most precise temperatateocgideally the cell should be
temperature-stabilized with a precision of lessith®1 K) and estimate the influence
of conduction and convection losses to the hegtavger required.

1.4 Thesis Structure

This thesis report is constructed in the followinagy:

Chapter Il introduces the state of the art of time-measuréndevices, giving
particular emphasis to the atomic clock, whichoislate the most modern and precise
device conceived to give a time reference. The temapontinues with LTCC
technology, describing the novelties and advantéggsit brings, and the procedures
to fabricate LTCC circuits and 3D structures. Hyathere is a description of
elemental rubidium (together with the other metadiikali elements); its chemical
and physical properties are introduced in ordaurtderstand the issues that we may
encounter when trying to hermetically encapsulateMioreover, together with a
concept idea for the design and fabrication ofréference cell, there is a literature
analysis of the metallurgical interactions betweehidium and the materials that
may potentially be used for the sealing;

Chapter Il presents our innovative design for the cell, idolg an LTCC spacer to
add special functions to the cell. Low-temperatueectic solder alloys were used to

8
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hermetically seal the Rubidium. In order to prokie hermeticity of different solder
alloys and other bonding techniques, various t@ste carried out using an electronic
test bench. The results of these tests were alsmided in Chapter 3.

Chapter IV presents an innovative LTCC lamination techniqust thie developed
during our research to fabricate membrane presseansors. This technique, an
improvement to the standard thermocompression igaénallows the application of
low pressure during lamination, and may theref@@$ed to produce LTCC pressure
sensors avoiding the typical membrane deflectioa tduexcessive pressure applied
during the lamination. The fabricated pressure @msnsvere used to monitor the
pressure inside the reference cell of the atonockcl The proposed technique is an
innovative, efficient and practical solution fomanating delicate LTCC structures,
avoiding the deformation of cavities or holes.

Chapter V describes the LTCC multifunctional heating platerieated in the frame
of this research. In order to estimate the powersomption of the device, an
extensive thermal investigation was carried oud, @so finite-element modeling was
performed; the influence of conduction and conwectn the heating is studied. The
objective was to estimate the amount of heatinggravsed by our LTCC module to
heat the atomic clock components, in order to atalthe suitability of the designed
device for low-power operation of the miniatureraio clock.

Chapter VI introduces the different packaging solutions predidor the atomic
clock components. The packaging solutions inclideuse of LTCC technology, or
standard thick film modules, or PCB. In most ca#les,packaging solution provided
allowed to reduce size and/or power consumpticenadiready existing microsystem.
In other cases (like for the Rb Double Resonanamodstrator), the packaging
solution allowed achieving proper and efficient wection of the key blocks of the
microsystem, together with local temperature cdntro

Chapter VII makes a summary of all the results achieved witloatook on the
possible future improvements of the techniquesdawices described in this thesis.
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2 State of the Art

This chapter will introduce the fundamental consepeeded for understanding the
work of this thesis. The first introduced topictle atomic clock: what it is, how it
works, and the actual state of the art. Next, LT@Chnology is introduced and
discussed: what it is, the procedure to follow rdey to produce LTCC circuits and 3D
structures, and, the advantages it offers with eespo other technologies. Finally, we
describe the Rb atom, since it will be used inr#ference cell: its physical properties
and its chemical behavior will be illustrated.

2.1 History of Time Measurement

The concept of time exists since the beginningfefih the world, and human being is
actually governed by this concept. Philosopherstisatytime is part of the fundamental
structure of the universe, a dimension independéetvents, in which events occur in
sequence. For sure, time is the concept to medbereluration of an event. Since
thousands of years, Man invents and fabricatescds\able to measure and keep track
of time (Figure 2. 1, [53], [54]): the ancient E¢igms divided the day into two periods
of 12 hours each, and used large obelisks (Figudapto track the movement of the
Sun (so-called shadow clocks). The Ancient Greekented the water clocks (they
called itclepsydra (Figure 2. 1b) literarily water thief), also erapéd by the Ancient
Persians, to measure time. Another ancient deuvigglayed to measure time is the
candle clock, used in China and Japan (Figure)2. 1c

Figure 2. 1: (a) a shadow clock, in which the obelk is used to follow the movement of the sun and
have indication of the time elapsed [54]. (b), anutflow water clock, in which time is measured by
the regulated air flow of the water into the vessdb3]. (c), a candle clock, in which a burning canle
is used to measure the time [54].

11
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Through the centuries, Man invented ever more sbighted devices to measure time
ever more precisely: the first clock in the histomhich was able to transfer the
rotational energy into intermittent motions wasrdduced by Ancient Greeks i3
century BC [55]. Arabic engineers in the™dentury improved the idea of water clocks,
adding gears and weights which had the functionirtee the clock [56], [57]. The
invention of watches was encouraged by the innomatbrought by the verge
escapement mechanism [58] , which was used to dnedirst mechanical watches.
This mechanism consisted of a crown escaped wheatrge which had two flags
called pallets, and a balance in the shape of &whe

Balance wheel

Pallet
E—— Verge
Pallet
Contrate
wheel

Crown or escape wheel

Figure 2. 2: The verge escapement mechanism was thes of the first clocks. Image taken from [58]

Watches based on this idea were invented in Euiogel" century, and became the
standard devices to measure time. The first wattlased on the verge escapement
mechanism were not carried in the pocket, but weireg from a chain draped around
the neck [59]. They were followed by spring-poweoback and pocket watches in the
16" century. The introduction of pendulum clock if"icentury considerably improved
the accuracy and precision of time measurementdsvin modern age, during the"20
century, the electronic quartz oscillators [60],1][6were invented: they use the
mechanical resonance of a vibrating crystal of geézctric [62] material to create an
electrical signal with a precise frequency; thejfrency is then used to measure time.
However, a crystal oscillator’'s resonance frequetiegends on a number of external
factors, such as humidity, vibration, radiatiomttkan cause the clock to either speed
up or slow down. Finally, in modern age, atomicc&m [63], [64] were invented and
achieved a new fundamental breakthrough in timesorement. Atomic clocks are
devices which measure time in a very accurate eyt frequency stability is given in

12
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terms of Allan variance and Allan deviation [65hel Allan variance, usually denoted
as o(z) is defined as one half of the time average of dheares of the differences
between successive readings of the frequency davigampled over the sampling
period, commonly denoted as

62(1) = 5 Oss — )? me-2.1

In Eq. 2. 1 is the observation time and is then-th fractional frequency average over
the observation time. The Allan variance dependshentime period used between
samples: therefore it is a function of the sam@eqal, likewise the distribution being
measured, and is displayed as a graph rather thisngle number. A low Allan variance
is a characteristic of a clock with good stabilityer the measured period. However,
since it is presented as a number and not as & dyidgn deviationo(t) is universally
preferred to give indication of the stability ofoatic clocks. The Allan deviation is
simply defined as the square root of the Allanaace:

o(7) = \/02—(.[) Eqg. 2.2
The Allan deviation of the Cs NIST fountain atorslock, which is the most accurate
atomic clock in the world, is reduced down to -4G#° over an observation time of 1s
[66]: this means that this device does not gailose a second in 20 million years! Man
has accomplished the mission started thousandsarfyago: to fabricate a device able
to measure the time in the most accurate way.

2.2 Atomic Clocks: Compromise between precision and
dimensions

Different models of atomic clocks were reportedtire literature, which exploits
different techniques to measure time and frequehcgeneral, atomic clocks use the
frequency of the electromagnetic radiation thattetes emit when they change energy
level to measure the time. All atomic clocks pravidighly accurate and stable
frequency reference, but their frequency stabi&jlan deviation) is directly related
with their dimensions. The already cited Cs founfagquency standard (Figure 2. 3a),
with an Allan deviation of <40%° is the most accurate frequency reference in the
world, but has a volume of severaf Bnd consumes hundreds of watts of power. It is
important to specify that for portable applicatipasch as GPS and navigation systems,
the size and the power consumption of the cloclcatieal aspects. Reducing these two
factors by providing an efficient packaging solatis a hot topic of research and it is
also the principal area of interest of this thedis.the last decades, the so-called Chip
Scale Atomic Clocks (CSAC) [67], were introduceche$e devices provide precise
time and frequency standards for portable appboati such as navigation and digital
communication systems and data synchronizapéi-[70]. Even if they are called
“Chip Scale Atomic Clock”, only the single consant parts of these systems really
have the size of a chip, but the overall physicskage (including connections,
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shielding and electronics) of these devices isldeger than this: the smallest atomic
clock reported in the literature so far occupia®iime of 12 mm, consumes 195 m\W
of power, and has a short term frequency stahilftyix10'* [71], but this is for the
physics package only, without the electronics irdegl. The smallest atomic clock
available in the market was developed by Symmatricand has a stability of 28 a
volume of 16 criiand a power consumption of 110 mW (Figure 2. 8hy this is with
all the electronics integrated.

commercialized by Symmetricom. Image taken from [73

2.3 Double Resonance Atomic Clock: Principle of Functioning
and Block Diagram

Atomic clocks use the electron’s transition frequiea (the microwave signal that
electrons in atoms emit when they change energjdi\vas a frequency standard for its
timekeeping element. This frequency is used to teleccally stabilize a crystal
oscillator's RF frequency; therefore, the stabibfyatomic structure is transferred to the
clock’s tick rate. Alkali metals (and in particul®&b and Cs) are commonly used as
references in atomic clocks for a simple, practiczdson: because of their single
valence electron, their microwave frequencies asilye accessible. The MACQS
project aimed to develop a Double Resonance (DRjdium Compact Atomic Clock
[67], [74]. This clock uses the transition betwemvo hyperfine states of'Rb as
frequency reference. The ground state of Rb id s two hyperfine levels by the
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magnetic-dipole interaction between the single medeelectron and the nucleus. These
two hyperfine levels are labeled by the total aagmhomentum quantum numbEr

(F =1, F = 2). Each hyperfine level is then further splitoirseveral Zeeman sublevels,
labeled by the quantum numbe¥. The so-called 0-0 transition, between the 2,
m..= 0 andF = 1, mx. = O states, with a frequency of = 6.8347 GHz, is the transition
used in a Rb Double Resonance (DR) atomic clocktabilize the oscillations of a
crystal oscillator. This 0-0 transition is prefetigecause its frequency is not affected by
stray magnetic fields. Figure 2. 4 illustrates fhtysical phenomenon.
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Figure 2. 4: The ground state of 87Rb is split intdwo hyperfine levels, labeled by their total
quantum number F. The hyperfine levels are further split into seveal Zeeman sublevels, labeled by
the quantum number m;.. The transition between the twan;.= 0 sublevels produces a radiation of

6.8347 GHz, used to stabilize a crystal oscillata’frequency.

The double resonance atomic clock consists of aéweimple modules. First, a light
source produces light resonant with &b absorption line. The next part is the
reference cell, which contains the alkali atomtheir metallic vapor state together with
a buffer gas. The light is directed to the refeeenell, and the alkali metal atoms are
ground-state polarized. The clock transition isedetd by applying a microwave field
to the atoms; this is done via a microwave cawtyother fundamental element of the
DR atomic clock), which is placed around the refeee cell. The light power
transmitted through the cell has a narrow dip, edusy the resonance itself, as shown
in Figure 2. 4. The frequency of a voltage-conegdlhuartz oscillator is then locked to
this narrow dip using phase-sensitive detectiontwBen the light source and the
reference cell, afPRb filter is placed, to filter out th&Rb absorption lines from the
light which is then sent to the reference cell.sThilter is particularly useful because,
due to a coincidence in nature, the absorptionsline® Rb F=2 state are nearly
degenerate with those 81Rb F=3 state. Thus, th&Rb filter can eliminate th€=2
spectral component from tH&Rb light beam, so when the filtered light beam hesc
the®’Rb atoms contained in the reference cell, it pegfeally excites atoms out of the
F=1 state. The easy and efficient filtering of thght beam is one of the principal
advantages that the use of Rb offers with respeitte use of Cs in the reference cell of
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an atomic clock. Cs has only one stable isotopdpsalocks based on this metal no
filtering is possible. As a result, Rb clocks arerexcompact and cheaper than Cs cells,
while Cs-clocks have a better stability. Figuréb2llustrates the structure of a DR Rb
atomic clock.

Reference cell in
microwave cavity

/

- !

/ / | J\\/ | -
37Rb light source 325Rb Photodiode

filter

Correction
Signal

Figure 2. 5: The structure of a DR Rb atomic clock.

The atomic clock is a complex structure, and sévam the engineering challenges
involved in the fabrication of such device. The riaéition becomes still more

challenging in the case of a Chip Scale Atomic €ldecause we add the complexity
of being small in all the parts we develop and dbricate a low-power consuming
device.

Our laboratory, LPM (Laboratoire de Production Migrchnique), with a vast expertise
in thick-film and LTCC technology, electronic pagkag and microfabrication, was

involved in the already described MACQS (Miniatukéomic Clock and Quantum

Sensors) research project. This research projadiedtwith the goal to propose new
techniques to batch-fabricate the key componentsa dbouble Resonance (DR)
Rubidium Compact Atomic Clock, and, ideally, pugéther the fabricated components
to constitute a working atomic clock demonstraboithis context, the research effort of
LPM (and therefore my personal effort also) wasugmd on the following two

objectives:

1. The development of the reference cell using sokkaling, a quick, low-
temperature bonding technique which should minineizaporation of the alkali
metal during the sealing process;

2. The realization of the electronic packaging, inbarection and temperature
control of the various parts of the atomic clock.

Several are the issues related with the fabricaifahe reference cell. First, this system
must be filled with non oxidized rubidium. Rubidium a very reactive metal,
especially with oxygen and water. This makes thedhag of this metal very
challenging and the fabrication becomes criticabireover, the encapsulation of the
alkali metal must be completely hermetic, avoidiagy air penetration into the
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packaging, otherwise the rubidium will react witle toxygen and loose its properties.
Inside the cell, together with Rb, a buffer gascanmonly added. Since the alkali
atoms loose their spin polarization when collidimgh the cell walls, the function of
the buffer gas is to reduce the mean free path.

Regarding the second objective, the packaging efctmponents of the atomic clock,
the major issues were related with the temperatangrol: in fact, some parts must be
stabilized at a very precise and well-defined terajpee (for example, the reference cell
works at 70°C), and high precision is wished, ijed.01°C. The difficulty is
compounded by the fact that the different partghaf atomic clock have different
working temperatures and, being a miniature systeencomponents are very close to
each other. Therefore, efficient thermal insulatimust be provided, so that the
temperature of one part does not affect the tenyreraf the other parts of the system.

2.4 State of the art of Chip Scale Atomic Clocks

Considerable effort has been devoted in recentstitoethe fabrication of low-power,
chip-scale packaged atomic clocks. The effort taiatirize and to reduce the power
consumption of atomic clocks is due to the fact theow-dimension, low-power device
may be used in important applications such as ®sgelbase stations and telecom
networks and in portable equipment for navigatind positioning.

In 2004, Knappe et al. [75] presented the firstiature atomic clock. This clock was
based on the Coherent Population Trapping (CPThnogy: this means that the
presence of the large resonance cavity is not neiadde atomic clock, and this allows
significant reduction of the dimensions. The disadage is that the stability of such
clocks is usually five times less than the DR-baateanic clocks. The physics package
of the miniature atomic clock presented in 2004 Kiyappe et al. was based on
microelectromechanical system (MEMS) fabricatiowhteques; in particular, the
reference cell (filled with Cs) was fabricated wsemodic bonding [76] of borosilicate
glass and Si. The heater used consisted of a pktnacture made from a film of
indium-tin oxide (ITO) deposited by photolithograpbn a thin glass substrate. The
total volume of the clock was only 9.5 mnits fractional frequency instability was
2.5x 10" at 1s of integration and the total power dissigatvas 75 mW, mainly
dominated by the power required to heat the cell the VCSELSs. It is important to
specify that this system was not yet a fully fuortl compact frequency reference. It
lacked a local oscillator and the miniaturized coln¢lectronics to stabilize the cell and
laser temperatures and lock the laser wavelendta.physics package of this clock is
showed in Figure 2.6.
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1

Figure 2. 6: Physics package of the miniature atoroiclock presented by Knappe in 2004: (1),
Schematic assembly, (2), Photodiode assembly, (&l assembly, (4) Optics assembly, (5) laser
assembly, (6), the full atomic clock physics packagpresented. The black lines all indicate 1 mm.
Image taken from [75].

In 2007, the Symmetricom team presented the lasiore of their Chip Scale Atomic
Clock (CSAC) [77] using again CPT as the interragascheme. The total dissipated
power of this clock was 125 mW, the frequency ditgbivas 1.6 x 13° at 1 s of
integration and the total volume of the physicskpae was 15 ci The reference cell
of this clock was fabricated using a similar tecua than the previous described
system: a silicon body 2 mm square and 2 mm thiek anodically-bonded with a
transparent Pyrex window. The fabricated cell areddMCSEL laser were placed onto a
polyimide & = 0.2 Wm™K™) support structure which provided minimal thermal
conductivity, limiting conduction loss. On top dfet polyimide support, a Pt heater and
temperature sensor was patterned (upper suspen€ianthe lower suspension of the
polyimide heater system, bond-pads for flip-chipactment of the VCSEL were
patterned. An illustration of such heater is shawirigure 2. 7; this figure also shows
an illustration of the physics packaging as welhg#hoto of the final product.
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Figure 2. 7:(a) polyimide heater, lower suspensip with the bond pads for the flip-chip attachment
of the VCSEL. (b), polyimide heater, upper suspeneh, including the Pt resistive heater and
temperature sensor: (c) illustration of the physicgpackage of the clock. (d) photo of the final

product. Images taken from [78].

A further improvement of the miniature atomic cloglks presented by De Natale et al.
in 2008 [79]. They were able to fabricate a systeth a total volume of 1 cfwith the
electronics integrated, a power consumption of 3@ and an Allan deviation better
than 1 x 13%. They configured the system in a way so that tH@SEL and the
reference cell could share a common heater: thogvatl an important reduction of the
size and of the power consumption of the systerthifisystem, the heaters were again
MEMS-based, consisting of a Pt resistor pattermedop of an insulating material, so
they use the same concept illustrated in Figuré. Z.he reference cell of this system
was made out of single Si crystal, etched to fdindavity which contains metallic Cs
and anodically-bonded with a glass window. Figeu® shows a photo of the physics
package of the miniature atomic clock developethis/group.
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Figure 2. 8: Physics package assembly of the CSAlgveloped by De Natale et al. Image taken
from [79].

Finally, the MACQS (Miniature Atomic Clock and Quam Sensors) project started on
July 2009, with the objective to fabricate a DouRlesonance (DR) rubidium atomic
clock. This project aimed to use alternative apphhea (i.e. using Rb instead of Cs in
the reference cell, and using DR instead of CPTn&srogation scheme) for atomic
clock fabrication, without need to be smaller ottérewith respect to the already cited
systems. In a DR atomic clock the presence of gelanicrowave cavity (dimensions
ranging several cm) is needed, so the miniatudnatvel of the final system will not
be comparable with the already cited clocks, basetMEMS technologies, and which
use CPT as interrogation scheme. Neverthelessplifeetive of the MACQS project
was to introduce new fabrication techniques anavative designs to batch-fabricate
the parts of a DR atomic clock. The batch-fabraratllows to reliably and modularly
producing the different components, therefore drakly decreasing the production cost
of the system. In this well-defined size (mesasclie the size of a DR atomic clock),
ceramic technologies such as Low-Temperature @o-fiteramic [80]-[83] (see the
following for more details about this technology)eo several advantages, such as ease
of 3D structuration, capability for manufacturingispended heaters for local
temperature control and possibility to easily imétg active elements such as sensors.
The MACQS project aimed to use LTCC technologytfee packaging of the atomic
clock, in particular to design LTCC heaters for pamature stabilization of the cell and
of the VCSEL. This was something that was not gttech before the beginning of this
project, even if another European project, the MMEZ (MEMS Atomic Clocks for
Timing and Frequency Control & Communication) [8@5] started almost in parallel
with the MACQS project, and one of its objectiveaswo use LTCC technology for the
packaging of an atomic clock.
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2.5 LTCC Technology: What it is

It is time now to introduce the next concept, fuméatal to understand the work
accomplished in this thesis: LTCC technology [§&§]. LTCC (Low Temperature Co-
fired Ceramic) technology was developed by DuPanthe early 1980’s to fabricate
electronic circuits essentially for military systen87], [88]. This technology was
proposed as an evolution of the HTCC (High TempeeaCo-fired Ceramics), in which
the ceramic substrate was fired at a temperatgieehithan 1000°C, while for LTCC
substrates, thanks to the presence of glass ioefaenic, the firing peak temperature is
usually below 900°C (see the following for more ails). Essentially, commercial
LTCC composites are mainly constituted by a mixtirglass and ceramics, which can
be used for developing electronic circuits and pgaky systems and offers outstanding
performance especially for high-frequency apploati Because of the very low
achievable dielectric dissipation factors, LTCCidap became the standard platform
for high-frequency applications such as Blueto@h% GHz), wireless LANs (2.45 and
5 GHz) and broadband access connection systemsgl@S33Hz) [82], [89]-[91]. The
commercialization of the technology in the late @®8encouraged by manufacturers
such as DuPont, Heraeus and Ferro, broadened gleadion areas to avionics and
automotive industries [92]. An important featureL@iCC technology is that conductor
wires and passives may be integrated in the suéshy screen printing, bringing
different advantages over SMD (Surface Mountableié®) components, such as:

* Active/passive trimming of the resistors;

e Gain of space;

* Increased packaging efficiency and interconnecsiten
» Cost reduction.

Another very important advantage offered by the oSLTCC is that this technology
features excellent 3D structuration possibilitiesl @xcellent interconnection reliability
for high density packaging, therefore allowing sieduction of the device [33, pp. 14—
16]. In fact, with LTCC it is possible to easilyeate multi-layer modules (MLC,
Multilayer Ceramic) instead of the standard sirlghger board (MCM, Multi-Chip
Module) [93], [94]. In a standard thick film cird¢uivhich uses AlO; as substrate, the
components are flip-chip soldered, or attachedwine-bonded on one layer, which is
previously printed with electronic connection wit@sd resistors. It is also possible to
create a Multi-Chip Module on a standard thick fibmcuit, by printing a layer of
dielectric paste on top of a first layer of trackad then on the dielectric paste we can
print new tracks and passives. In this case, #ekércan communicate from one layer
to the other through electrical vias which cross direlectric layer. Although possible,
this process becomes rather impractical for vermppiex circuits, and does not allow
good 3D structuration. On the other hand, by stagknany layers of LTCC, it is
possible to integrate most of the active and passigctronic components on different
layers, forming a complex and high-density multdtional system in which the

resistors or capacitors may be embedded or bundzbtween the ceramic substrate
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[95], [96]. The components that, because of thempmlexity, cannot be integrated

(operational amplifiers, IC chips), may be flip gtgoldered or wire-bonded on top of
the LTCC module, as in the case of an alumina safilestFigure 2. 9 shows a standard
thick film circuit, compared with a multi-layer molke.

Printed Conductor
Printed Conductor /

= (b)

IC Chip

Figure 2. 9: (a) A simple microelectronic thick fim package in which the components are confined
into one single layer. (b), an advanced microeleainic package in which components are integrated
into multiple layers, and the IC chip is finally wire-bonded on the surface. Images taken from [33].

The outstanding properties of LTCC materials m#ds technology very attractive
also for microelectronics packages. In such pack#igere is the need of low dielectric
constant for a good signal transmission, low desgm factor, capability to withstand
high temperatures and high pressures, smooth surnéaysical and chemical stability,
low-cost when produced in series, and finally Cioefht of Thermal Expansion (CTE)
close to that of Si as most of IC attached on thissate are Si-based (CTE of Siis 2.6
ppm/K [97], while LTCC from DuPont DP951 has a CODE 5.8 ppm/K). LTCC
technology covers most of these requirements aakfibre it is widely used now for
microelectronics packaging and microsystems [838].[ Moreover, in recent years,
LTCC was employed in a wide variety of applicatidmesyond electronics, such as
fabrication of microtechnology devices and cerasgnsors [30], [31], [32], [33], [35],
[105], [106], fabrication of biomedical devices BlPmicrofluidic system$107]-[109].

2.6 LTCC Circuit Manufacturing

The manufacturing of an LTCC circuit requires nuower steps; however, all of them
are simple and repeatable. The quality of the fipedduct only depends on the
fabrication: it is necessary to pay careful at@mmtio the quality of the fabrication
process and make everything with the maximum pigtidut the required cleanliness
standards are much less stringent than for sildevices. In the following, we will

make a description of the manufacturing steps dLCT starting from the material that
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constitute the substrate and ending with the fimapection of a solid, resistant,
multifunctional highly integrated module.

2.6.1 Materials involved

As its name suggests, LTCC (Low Temperature Cofi@eramics) is a ceramic
material which is cofired together with screen-fgth thick film pastes at low
temperature (here, “low” means ca. 875°C). Durimg firing, when the temperature is
above ca. 700°C, sintering [110] of the substraieplens, leading to the formation of a
monolithic and dense device at ca. 850°C, and indua shrinkage from 0 to 18% in
the X-Y planar directions (the value of shrinkageXiand Y directions are usually not
the same) and from 15% to 44% in the Z directidnckiness) [111], [112]. The total
shrinkage depends on the particular LTCC compasitised, and sometimes it varies
also from one production batch to the other, e¥ehay contain the same green tape
(“green tape” is the term used to define the udfiktdCC tape). The impossibility to
precisely predict the shrinkage remains a limitatwb this technology, because it causes
dimensional uncertainty and lack of repeatabilitythe fabrication. However, new
trends show that Heraeus manufacturer was ablabrachte an LTCC green tape with
almost no X-Y shrinkage [113] (total X-Y shrinkageless than 1%), while there are
techniques to constrain the shrinkage of the tapeng the sintering. The most
attractive technique in this sense was describe®ddye in 2005 [114]: he combined
during lamination the green tape with an alreadyesed rigid substrate (sacrificial
layer). During firing, the sintered substrate siigantly limits the green tape lateral
shrinkage (total shrinkage was less than 0.5%).oljective of his research is to get a
repeatable fabrication process, so all the efforfocused to get zero X-Y shrinkage
during firing. The LTCC substrate (which is the swate where all the active
components are placed onto) consists of three mamponents, mixed in different
ratio:

* Ceramic material;
+ Glass;
» Organic binder.

The actual LTCC tape is formed, using the abovetimead materials, following the
tape casting [115]process. The addition of glass ine ceramic is important to lower
the sintering temperature [116]. The organic vehich which the glass and the
ceramics are dispersed, is comprised of a polynienider which is initially dissolved
in a volatile solvent during the fabrication of ttegpe, and other optional constituents
such as plasticizer, release agents and stabilemegts [86, pp. 105-110]. The binder
provides strength and toughness to the unfired, syreounding the glass and ceramic
particles, but it is also partly responsible foe final shrinkage of the tape after firing:
the less is the amount of binder, the less willHeedimensional change of the tape. The
volatile solvent, whose function is to dissolve thieder, is then driven off right after
the tape casting. The commercial LTCC is therefor@vided without this solvent
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Finally, the plasticizer determines the plasticiygrkability of the LTCC green tape
(before firing). “Cofire” means that the ceramicbstrate is fired together with the
metals or other layers deposited on it. Since itiregfpeak temperature is below 900°C,
there is the possibility to integrate in an LTCGQCcuit metals with high electric
conductivity, such as Ag and Au, because their ingelpoint is still safely above the
firing peak temperature of the LTCC. These metals ased for the electrical
connections on the substrate, because in thisacge®d electrical conductivity of the
constituent material is wished in order to decraaselosses. Alloys of Ag-Pd, Ag-Pt,
usually with an important content of Pd or Pt, al® integrated in an LTCC circuit,
mainly to provide migration- and solder-resistamtface conductors. These alloys are
used for the heating meanders, where a relativadi lklectrical resistivity of the
constituent material is wished: in this case, ahéigresistance with respect to the
connection wires is in fact necessary to ensural loeating. Moreover, pure Pt is also
integrated in an LTCC circuit: because of its wdkfined TCR (Temperature
Coefficient of Resistance), it is used as constitueaterial for a temperature sensing
resistor. All these metals and alloys, as showhable 2. 1, have a relative low melting
point, bounded by Ag. Therefore, “Low” in LTCC udlyameans a firing temperature
of the tape compatible with Ag, i.e. < 900°C, wihreasonable margin below its
melting point; this is possible thanks to the pneseof glass into the ceramic, which
ensure high sintered density of the substrate weiitive low temperature. This is the
principal advantage of LTCC with respect to the ieimand earlier developed
technology, HTCC (High Temperature Co-firing Ceramil17]-[119]. HTCC, based
on an aluminum oxide substrate {B%) uses, in alternative to noble metals, high-
melting elements such us Molybdenum (Mo) and Twerg$WV), with manganese (Mn)
as a reactive bonding element. However, these seéale lower electrical conductivity
with respect to the noble metals, which resultshigher high-frequency conductor
losses, and the firing process takes place in ahy@togen environment incompatible
with many functional materials. Alternatively, spdized HTCC modules with Pt
conductors may be fired in air, but the associdtiggh costs confine them to niche
applications.
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Substrate Conductors used
Material Firing Material | Melting Electrical
LTCC temperature point resistivity at
(°C) (°C) 20°C
(nQ-m)
Glass / cerami¢ 900 to 1000| Cu 1083 16.78
mixture Au 1063 22.14
Ag 960 15.87

Ag-Pd 960 to 1555 | 15.87 to 30
Ag-Pt 960 to 1186 | 15.87 to 30

HTCC | Alumina 1600 to| Mo 2610 53.4
ceramics 1800 W 3410 52.8

Mo-Mn | 1246 to 1500| 53.4 to 100

Table 2. 1: Summary of the materials used in LTCC ad HTCC technology.

2.6.2 Slitting, blanking, pre-conditioning the green tape

The ceramic LTCC green tape is provided in largangties. Therefore, the desired
amount of tape to be used is cut away from the uelhg a blade (Figure 2. 10).
Afterwards, the tapes are pre-conditioned in thenoat relatively high temperatures,
usually around 120°C, for 15 to 30 minutes. Thertted preconditioning treatment
drives off any residual solvents and releases argsthat may be attributed to the tape
casting operation [120].

Figure 2. 10: Slitting from the starting roll, blanking and pre-conditioning of the tapes.

2.6.3 Via punching - laser cutting

Vias can be punched on the single tapes using aifisp@unching machine, or,
alternatively, cut out by a laser. The same laser lme used to create channels, holes
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and cavities on the tape. Figure 2. 11 shows a@estion of the LTCC tape before and
after the process of via punching.

‘—E

Figure 2. 11: Via punching.

2.6.4 Via filling — screen printing

The vias of each layer are filled with a specifimductive paste, consisting of pure Ag
or Ag-Pd, Ag-Pt, or, in case high reliability isetd, Au. There are specific via filler
machines which are able to quickly realize thisrapen. The other main components
of the circuit (connections and resistances) cordispecific thick film pastes which
are developed to be physically and chemically cdiblgawith the LTCC tape [121];
they are deposited on the tapes by screen-prifit@®]. The screen-printing principle is
illustrated in Figure 2. 12. A screen is a poroune fwoven mesh supported by an
aluminum frame [123]. The density of the mesh, iimber of lines per inch, is an
important factor: the smaller the mesh number, Itrger is the size of the hole,
therefore allowing greater volume of ink depositidine image of the layout to be
printed onto the substrate is deposited over theesc The LTCC tape to be printed is
placed at a small distance to the screen, ontduemirsum porous table connected to a
vacuum pump. The vacuum pump, through the pordeeohluminum table, applies a
negative differential pressure to the tape, avgidiny movements of the LTCC during
the printing process. Finally, a squeegee passé&s thie mesh, applying pressure,
forcing the paste to be deposited on top of the C®Dbstrate by passing through the
holes of the mesh.

Squeegee
"X —>
wact
—> &b
Thick-filmpaste LTCC substrate

A I I A A

Vacuum

Figure 2. 12: Screen-printing process.

The screen-printed paste is first leveled at antbiemperature and then dried at a
precise temperature, indicated by the manufactiyeically between 80 and 120°C).
The drying process solidifies the paste by drivafitthe solvents that were added to the
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paste for improving its rheology and printabilifinally, an accurate inspection of the
quality of the printing is advisable.

When comparing the fabrication of an LTCC circuithathat of a classical thick film
element, this step is quite similar: in both LTC@ahick film fabrication, the screen
printing process is similar: the only difference tiee substrate where the paste is
deposited. In some case, the composition or thelabg of the paste used is different,
depending on the substrate where it must be degbsifor example, DuPont
manufactures special pastes whose printabilitycekent on LTCC.

2.6.5 Stacking and lamination

The LTCC sheets, once printed, are aligned andestiaone onto the other. The stacked
LTCC sheets are then laminated [86, pp. 154—-16B¢ purpose of the lamination
process is to transform several LTCC green shatisaisingle substrate (Figure 2. 13).

(a) (b)

Figure 2. 13: Lamination process: (a) the single {@s, screen-printed, before lamination. (b), after
the lamination, the single tapes become a unique Isstrate.

The traditional technique for lamination is themompression, which consists in
applying high pressure and elevated temperaturéstgreen tapes for a certain amount
of time. In the uniaxial lamination, performed inrdab using an uniaxial press, the
tapes are pressed between two heated metal plateisal values are 70°C, 200 bar
(20 MPa), for 10 minutes [124]. This is a delicafgeration: the high pressure applied
could cause problems with cavities and windows, wadl as higher shrinkage
tolerances. Another way is to use an isostaticgnesthis case, the stacked tapes are
vacuum packaged in a foil and pressed in hot watgsical values are 70°C, 350 bar,
10 minutes [6]. The isostatic press must be avoidedase the structure has internal
cavities, since it will surely deform them.
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The principle of thermocompression is the folloguidue to the elevated temperature,
the organic binder contained into the single grte@es becomes plastic, and the various
tapes are joined by interpenetration of the plasincler into the particles of the two
tapes. Moreover, the applied pressure forces ttase particles and glass from all the
tapes together. Therefore, high pressure is negessansure the excellent bonding of
the various tapes. Figure 2. 14 shows the tapesdahd after lamination.

(a) Ceramic particle Glass particle
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Figure 2. 14: (a) The tapes before lamination; (b}he tapes after lamination. Image taken
from [125].

A hot topic of research is the conception of nemitation techniques, alternative to
the thermocompression technique, which allow gomading between the tapes at low
pressure, by adding some solvents or adhesive tapesp of the tapes; see Chapter IV
for more details about this.

2.6.6 Firing

Once laminated, the LTCC module is usually firecainand sintering of the material
occurs. Often, the thick film pastes which wereesorprinted on top of the LTCC
green tapes are fired together with the substatteéemperatures below 900°C (co-
fired). Alternatively, the thick film pastes can pented on sintered LTCC sheets and
then fired separately (post-fired). The firing pgses is usually performed in two steps:
first, the organic vehicle is slowly driven off, cathen the module is further heated up
to the firing (sintering) temperature. The orgabirnout ends at a temperature of ca.
450 — 500 °C; it is a process which may have somawlthcks such as delamination,
bubble formation in correspondence with the passiwereased porosity of the LTCC
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tape. So, the heating rate at this stage mustdve shoreover sufficient time should be
given to ensure that the binder is completely drivaff at the selected dwell
temperature. Once the entire organic vehicle has bleiven off, the peak temperature
can be achieved with a high heating rate, andkés for some time, typically 20 to 30
minutes, to ensure the complete solidificationh&f LTCC tape. At this stage, the glass
melts, it wets and penetrates the void space bettfeeceramic particles and joins the
tapes together, enabling to achieve a strong 8traicture (viscous sintering, [126]).
Since the sufficient viscous flow of the glass he tkey mechanism to get a good
solidification of the system, in order to improveetsintered density of the LTCC
composite, it is necessary to control the softerpogmt of the glass, as well as its
volume and powder particle size to increase it&lily{127], [128]. The effect of the
firing profile on the sintering of the LTCC werevesstigated by Makarovic et al. [129].
In particular, the sintering temperature must beefcdly respected (it is usually
specified by the manufacturer), otherwise the faionaof internal pores in observed is
the composite. The pores are sometimes causedbifiaient sintering, and sometimes
by excessive sintering causing the occurrence ®igiin the material. When the glass
melts, the decomposition of batch materials suchydsoxides, carbonates and sulfates
may release large volumes of corresponding gasg£3, (BEQ; and SQ), with some CO
and CQ also possibly generated by oxidation of resid@abon. Most of these gases
are evacuated but a small quantity of gas formslesband remains in the glass or
dissolves inside the glass melt, creating the pobserved in Figure 2. 15. To prevent
the creation of pores, it is important to use raatarials containing little dissolved gas,
and reducing the time during the firing processeatperature ranges where the gas is
liberated. This is the reason why after the fitspsof organic burnout, the heating rate
should be faster.

(@) (b)

Figure 2. 15: Microstructure of glass/ceramics sirgred at different temperature: (a), 800°C, we
observe the pores due to insufficient sintering, wbh are angular. 1100°C, we observe the pores due
to excessive sintering, which are spherical. Imagésken from [86, p. 35].

During the sintering process, premature crystdlbraof the glass should be avoided,
as it hinders further densification of the materiathen glass crystallization happens,
some parasitic crystalline phases such as quadzcastobalite (forms of Si¢) are

precipitated and they alter the properties of #sulting LTCC: due to the presence of
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such crystalline phases, the control of importardpprties of LTCC such as CTE
becomes impossible. Therefore, densification showldcur before extensive
crystallization, which may set a lower limit on tiheating rate. Ideally, controlled
crystallization, i.e. of the right crystalline pleaand after densification, is initiated by
reaction with the ceramic, which diffuses in thasgl during the latter stage of sintering.
A typical such desired crystalline phase is antetim the glass, which results in a
mechanically strong and thermally stable glassmaramaterial with controlled
CTE [130]. Finally, the cooling of the module isrf@emed. The firing profile, which is
crucial for the quality of the final product, isvgn by the manufacturer[36], [131]. A
typical firing profile is illustrated in Figure 46.
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Figure 2. 16: An example of firing profile of LTCC.

2.6.7 Post-firing and post-processing

After firing, the LTCC module can be printed agaiith the passives (the resistors, for
example), or other pastes, which need to be firegasately (post-fired). Other

manipulations can be performed, such as wire-b@ndinIC chips, or soldering of

SMD components etc.

2.6.8 Final inspection and test

After firing, the module is inspected; the eledticonnections are tested. The module
is also cut to the final size. The overall procedior produce LTCC circuits, as already
explained, is mechanical and repetitive, but it deds to pay careful attention to all the
steps, which the LTCC tapes are clean without dilm, alignment during screen-
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printing and also stacking is precise, the tempeesat and pressure values are well-
defined, in order to ensure the good quality offthal product. The overall procedure
is illustrated again in Figure 2. 17:
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Figure 2. 17: LTCC manufacturing from a roll to a multifunctional module. Image taken from [80].

2.7 Rubidium: Properties, behaviour & Dispensing methods

It is time now to introduce and describe the mitailibidium and its place among
alkali metals. This description is important be@aume of our objectives in the
MACQS project was to develop the reference cethefatomic clock: this cell contains
Rubidium, so it is important to know the charadtcs of the element that we are going
to manipulate, also for ensuring long life to theaf product.

Rubidium is a chemical element whose symbol isIBbatomic number is 37 and it is
part of the alkali metal group of the period talale we can see in Figure 2. 18.
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Figure 2. 18: In the periodic table, Rb is presentvith the atomic number 37, on the column of the
alkali metals, together with Li, Na, K, Cs, Fr.

As all alkali metals, Rb has only one electronite valence orbit. This, and the
consequent strong magnetic-dipole interaction efvéilence electron with the nucleus,
causes the splitting of the ground state of Rb imio hyperfine levels [132]. The
hyperfine structure of their energy levels is comnfiar alkali metals, because of their
similar electronic configuration, and it is the $sea why they are widely used for the
reference base in atomic clocks. In particular Rl £€s are widely used in this
application: the use of Rb allows the fabricatidra@heaper and more compact device,
still providing good short-term stability. Rb claclre more compact with respect to Cs
atomic clock because of the easy and efficiergrfitiy of theF=2 spectral component
from the®'Rb light beam already explained in paragraph 2r8th@ other side, because
isotopic filtering of the light is impossible wit@is, these clocks are larger in volume,
more power consuming and more expensive with régoethe Rb clocks, but they
have better long-term stability [60]. Rb is silwercolor in its free unoxidized state, has
low density for metals (See Table 2.2), has a Iaiting point (See Table 2.2), it is soft
and easily worked in the solid state [133], Seel@ &b 2 for the physical properties of
Rb.

Melting point 312.46 K (39.31°C)

Boiling point 961 K (688°C)

Density 1.532 g-cnv

Critical point 2093 K, 16 MPa

Vapor pressure at 25°C 5.22- 10° Pa (3.92 10"torr)

Table 2. 2: Physical properties of Rb. Data takernrém [132], [134], [135].
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For the vapor pressure, it is valid the model presin [135], whose equation may be
re-written as:

Pv ) Tref Eg. 2.3
T

log1o (

atm

,wherep, is the vapor pressure in atmosphepagis the atmospheric pressuiieis the
temperature in K ané and T, are summarized in Table 2.3; the curve of the vapor
pressure of rubidium is illustrated in Fig. 2.19

A Trer [K]
Solid State 4.857 4215
Liquid State 4.312 4040

Table 2. 3: Values of constants and of T, to be used in Eq. 2.3 (vapor pressure of Rb).
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Figure 2. 19: Vapor pressure of rubidium followingthe model described by Eg. 2. 3. The vertical
dot line indicates the melting point. Graphic takenfrom [135].

The chemical properties of rubidium are consequesicigs electronic configuration
with only one electron in the valence orbit. So,isita strong reducing agent, its
electronegativity is very low, it is a good conducbf electricity and heat and its
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Young's modulus is low (considering that it is atale See Table 2. 4 for chemical and
other properties of Rubidium.

Oxidation state 1 (strongly basic oxide)
Electronegativity 0.82 (Pauling scale)
Atomic radius 248 pm

Crystal structure Body-centered cubic
Electrical resistivity at 300 K 13.32-10Q - m
Thermal conductivity 58.2W - nt - K*
Young’'s modulus at 300 K 2.4 GPa

Table 2. 4: Physical and other properties of Rb. Dta taken from [132], [135], [136].

2.7.1 Summary of reaction of Rb with other elements

Regarding his behavior in nature, Rb has extremmlent reactions with nhumerous
compounds; therefore improper handling can caussgetaus accidents, and its
manipulation for the fabrication of atomic cloclkefarence cell is a critical issue. In
particular:

1) Rubidium burns and usually explodes violently whencontact with water
[133]. The explosion is caused by the secondargticeaof liberated hydrogen
with the oxygen of the air. The following are tHeemical reactions that happen
when Rb is in contact with water:

2Rb + 2HO - 2RbOH + H + heat *
2H, + O, 2 2H,0 (**)
The heat liberated by reaction (*) is most likeliffecient to cause reaction (**)
to occur; the liberated hydrogen will be ignited by heat, causing an

explosion. When such an explosion occurs, the wtedametal is usually
scattered over a wide area, where it can caudeefutriouble

2) In air, and even more so in oxygen, metallic rulmdihas tendency to rapidly
tarnish. The tarnishing process is relatively duoiliorfinally leading to the
formation of an orange-yellow compound, the Rb @lexcommonly called Rb
superoxide, with the following chemical reactiod3], [137]:

Rb + Q 2> Rb(G, + heat (***)

Of course, when evolved in Rb superoxide, the atkatal loses all its original
properties. The resulting compound is still a pdulecorrosive agent and
attacks biological tissue (eyes, skin), clothingyd amany materials of
construction.

3) Rubidium does not spontaneously react with nitrold&3], because too much
energy is required to break the triple bond imawd for the formation of the
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azide N ions. The only alkali metal which spontaneouskycte with N is the
lightest of alkali, lithium (forming the azide LN Sodium azide (Naf) and
potassium azide (K§, while existing, are extremely unstable and te¢ad
decompose back into their constituent elements][1289]. Rb azide (Rbg)
can be constituted in laboratory and this compowfich is metastable in air, is
used to dispense Rubidium inside the referencesadl the following).

4) Halogens (fluorine, chlorine and bromine) tend donf ionic bonding with the
very electropositive Rb atom, forming halide salgh formula RbX, where X
is the halogen [140], as usual for alkali metals.

5) Rb reacts with carbon, in particular with graphfteming the carbide Rb{In
this compound, the Rb is only partially ionized {(BD%); upon exposure of
RbG to O, it undergoes extensive decomposition involvirgeélpulsion of the
alkali metal. Another possibility is when Rb is qoletely ionized in contact
with graphite, forming the carbide RpCThe metal-graphite bonding in this
case is stronger, and this compound is not extelysidecomposed by
interaction with Q[141].

6) Rb reacts with alcohols in basically the same mamsethe other alkali react
with water, but the reaction proceeds more slowB3], forming alkoxide salts
with evolution of H.

7) Expectedly, Rb does not react with noble gasesigeAr, Kr, Xe) [133].

The logical consequence of the first two pointtha rubidium must be kept away from
air and water during cell fabrication, otherwiseavitl either oxidize forming rubidium
superoxide (in contact with dry air), or progres$éytransform into RbOH (in contact
with humid air), or violently explode (in contacttiwv water). Moreover, once sealed,
the cell must be hermetic, avoiding all air ingregkich would oxidize the alkali metal.
The cell can contain, together with Rb, a buffes,gahich, as a consequence of point
3), can be nitrogen, or, as a consequence of pdjrdan be a noble gas (usually argon
is used,[142]-[144]). A deeper literature analysis on alkali metalsespnting tests
performed at temperatures which are significantighér with respect to our
application, gave us more detailed information altbe behavior of these metals in
different situations, and their compatibility witbomplex systems involving for
example the presence of ceramics and metals. ticyar:

» Alkali metals are not aggressive to Nickel (Ni) dnah (Fe) and also Ni-alloys
and many steels; after exposing these metals fpexdmum exposure time of
500 hours at 870°C, with various liquid alkali meténcluding cesium), their
surface does not present roughness or sign of rag¢ioet of the alkali metal
[145].

* Refractory materials (Niobium, Molybdenum, TantaJurifungsten and
Rhenium) and their alloys, after exposition wittiid alkali metals during 300
hours at 1000°C do not show significant changeheir structure and physical
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properties. They have low solubility in alkali mistaeven if a slight solubility is
observed at high temperatures (1000°C) [145].

« Similar studies on the eutectic system "NaK" (etitemixture of both alkali
metals Na and K) show that some high-temperatuszebialloys containing
precious metals (Ag, Au, Pt) are severely attackbdn exposed to liquid NaK
at 140°C for 500 hours. However, some braze alaygsnot attacked by liquid
NaK; in particular, the braze alloy composed by 8@30% Cu, 10% Sn is not
attacked, probably because of the presence ofirthe the system, which has
low solubility with alkali metals (see Figure 3. (fhase diagram RDb-Sn). Also
the alloy composed by 71.8% Ag, 28% Cu, 0.2% Lapparently resistant to
NakK, since after the exposition it lost some weidhit only in a minimal part
[146].

* The same research shows that liquid NaK is comigatiith silicones at room
temperature, but a degradation of the silicondogeoved at 140°C [146].

* The eutectic system NaK is compatible with the mgjoof common-use
polymers and plastic materials (saturated polyoefi polycarbonate,
polypropylene) and epoxy at temperatures below @48hd most probably also
at higher temperatures [146].

» Tests proved that the ceramic materials BeQOAIY,0s, exposed with liquid
Potassium (K), during 500 hours at 870°C, are ttacked by the alkali metal
[147];

* The same tests show that high temperature brazgsdiased on vanadium (V),
niobium (Nb) and zirconium (Zr), have a satisfagtbehavior when in contact
with potassium, even if, after exposition of thateyn for 500 hours at 870°C,
the braze presented a certain surface roughenuhgliasolution; the dissolution
is more evident when the concentration of oxygerthem chamber increased
[147].

* The same research confirmed the compatibility ef atkali metal with some
plastic materials and polymers: manipulations wao@e using polyethylene
tubes, and they did not affect the compositiorhefalkali metal [147].

Therefore, a priori, from the above reported testscan affirm that rubidium should be
compatible with a system containing ceramics andalmeand that the use of some
polymers (such as a plastic micropipette) to madaipuliquid rubidium is allowed, at
least at low temperatures and for short times. dt@mon high-temperature braze
alloys containing precious metals may experimeobl@ms when in contact with Rb.
However, results on the alloy containing 10% oféare encouraging, because this alloy
did not show degradation when in contact with eigddak; therefore, using a tin alloy
for performing the sealing may be a possibility.
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2.7.2 Review of Rb/Cs dispensing method

The literature of atomic clocks presents severgtrigues to handle and dispense the
Rb during the fabrication of the reference cellse3e techniques to are mainly based on
three principles:

1) Dispense a droplet of pure alkali metal into the-farms by pipetting. The
alkali metal is kept in an anaerobic glove box, wehde sealing process is also
performed [71], [148], [149] .

2) Dispense a thin film of alkali azide RbMr CsN; into the cell. The RbN
compound does not form spontaneously, so it isgyeepin the laboratory [150].
The RbN is dispensed into the cell by thermal evaporatidliernatively,
CSEM Switzerland dispensed the Rbddmpound by dissolved it in water and
simply pipetting it into the pre-forms. After beirdispensed into the cell, is
decomposed into its constituent materials by cyoe&JV light [151] or by
thermolysis [152];

3) Laser activation of a latent small, pill-like sokkali source dispenser inside an
anodically bonded cell [153] .

The first technique is safe and straightforward,thae whole sealing procedure must be
performed in a glove box, which is not very praaitic

The second technigue introduces safety issuesubethe Rbbhland CsNcompounds
are highly toxic and explosive. Additionally, thegmit gases inside the cell after
sealing, which are absorbed by a getter whicht®duced into the system. The laser
activation technique elegantly solves the reagtipitoblem, but the problem of gas
emission is still present. The presence of a géttethese cells is therefore necessary,
but it will trap most of the gases present into ¢k, making this method difficult to
conciliate with the presence of a buffer gas ih@cell.

For these reason, we decided to develop an innevatethod to dispense Rb into the
reference cell. The method is described in deitaitte following chapter. The proposed
technique is based on the first described appr@aipetting of a droplet of pure alkali
metal into the pre-forms), but, thanks to the pneseof a protection solvent, the sealing
process does not need to be performed in the gloxe
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3 Reference cell of Atomic Clock: Design, Fabrication and
Test

In this chapter we will illustrate our original coapt idea for the fabrication of the reference
cell for an atomic clock. The metallurgical intetmns that happen between rubidium and
the metals that may potentially be introduced ie tthesign of the reference cell are
investigated, in order to understand the potertiedi of the proposed design. The chapter
then continues in detailing the procedure to diggerRubidium inside the cell and to
fabricate the reference cell for the atomic clog&ing an innovative low-temperature sealing
technique and a multifunctional LTCC spacer. Fipalthe chapter describes the tests
performed to find out the best composition for skaling ring and the tests carried out to

prove the hermeticity of the sealed cell.

3.1 The Reference Cell: the Original Concept Idea

In the development of a miniature atomic clockanting an alkali vapor cell that is reliable
and stable, yet also easily fabricated is argudi#ymost challenging part; it is a hot topic of
research and many different designs are proposethdnliterature [142], [154], [155].
Besides being small, the cell must be filled withadkali metal (Rb, used in this work, or
Cs), sealed, and heated during operation to genexasignificant vapor pressure. The
technology may be used both for the referencearellthe light source (Rb lamp). However,
alkali metals are very reactive with oxygen anderaand therefore they must be protected
from air before and during the sealing process, tliedresulting cell must be completely
hermetic in order to avoid its rapid degradatiohe Thost widely used approach to fabricate
a hermetic mini-cell is the use of anodic bondiig][to close the cells. The problem of this
well-known and standard sealing process is thaeduires relatively high temperatures
(~450°C) and long times (a few hours), which oftesuses evaporation or excessive
reactions of the alkali metal. In order to solvis hroblem, we investigated low-temperature
sealing techniques, and in particular the use tdatie low-temperature solder alloys [156]—
[160]. At the time we started the research, noipressattempts of realization of atomic clock
reference cell using solder as a bonding techniyeee reported, so this was a very
challenging and innovative topic of research. Imap@l with our research, Dr. Straessle
studied the possibility to use a different low-targiure bonding technique: she used
thermocompression of indium to bond two siliconsglapre-forms together, with Rb
dispensed inside it [161], [162]. The thermocomgias of indium is performed at low
temperatures (ca. 140°C) and allowed productioherimetic cells. The cells were kept
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several months in air, at room temperature, withgighificant oxidation of alkali metal
[163]-[165]. However, she reported in her theses\it still not published) that the cells
became inactive after 20 days if kept at 80°C [LG&jobably because the high temperature
accelerates the Rb-In interaction.

Our original idea at the base of the realizatiorthef cell was to bond two glass substrates
(the substrate must be transparent to allow tha& kgming from the light source to pass
through for exciting the alkali metal atoms) ussaider paste, with the rubidium collocated
in-between them. In order to realize a stable gkalsolder paste was dispensed on top of a
metallization ring (made of noble metals, to beirdsf), so that it will adhere and remain
located on top of such metallization, avoiding $igreading all over the substrate. The
bonding of both substrates that formed the refereredl (with the Rb in-between) is then
realized by melting the solder (see Figure 3. 1theroriginal concept idea of fabrication of
the cell, and Figure 3. 9 for the detailed andhedi design of the cell finally developed).

1) Metallizationring

Glass substrate 1 | Glass substrate 2
2)

Solder paste

—
e
— =

H
ﬁ

F
F

Figure 3. 1: Concept idea of the design and fabrit¢@n of the cell

40



Chapter Ill: Reference Cell of Atomic Clock: Design Fabrication and Test

3.2 Metallurgical Interactions in the Reference Cell System

The cell, conceived as above, is a system whicblveg metals of different nature and

behavior: the metallization ring is made of a nombletal (Ag, Ag-Pd, Au), the solder paste
(depending on which eutectic alloy will be prefeiyes an alloy of Sn, Pd, Bi, Ag, and in-

between there is the pure Rb droplet. A literatitely was carried out in order to evaluate
and establish the interactions between the vanmetals present into the system.

3.2.1 Interactions between Rb and metallization metals

First of all, the interaction between the rubidiamd the metals which may potentially be
used in the metallization ring were studied. Thgectve was to find a metal which is not
miscible with Rb, otherwise the diffusion of Rb dnthe metallization can cause the
degradation of the seal. Ideally, the system ofrttgal with rubidium should form neither
eutectics nor intermetallic compounds and the tvatats should ideally not be soluble into
each other at the working temperature of the rafexecell (ca. 70°C). If these three
requirements are met, we can be sure that Rb iyl stable in its original state for the
whole lifetime of the cell. The first metal that sveavestigated was gold, and it was found to
be a poor choice for the metallization, becaustheflarge solubility of Au into liquid Rb,
even at low temperatures. In fact, as we can sé®eiphase diagram illustrated in Figure 3.
2, we have 5mol% Au dissolution in Rb at ca. 380tKerefore, even at moderate
temperatures, the gold of the metallization ringuldodissolve significantly into liquid Rb.
Moreover, looking at the phase diagram of the systei-RDb, the formation of intermetallic
compounds is observed, such as AuRb;RFfuand AgRb [167], [168]. The formation of a
low-melting eutectic system formed by 98.6 mol%Rafbidium and 1.4 mol% of gold is
observed at an eutectic temperature of 312.48 Ie. fohmation of these compounds is not
desirable, because the presence of Rb into thé yalhprobably cause the failure of the
sealing, penetration of oxygen into the packagind the end of the clock operation. The
phase diagram of Au and Rb is illustrated in FigBre, and Table 3. 1 summarizes their
principal interactions.
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Figure 3. 2: Phase diagram Rb-Au shows solubilityfRb into Au. Image taken from [167].

Temperature of 5% dissolution of Au into Rb 380 K
Intermetallic compounds observed AuRDb (771 K)

(melting point) Au,Rb (~850 K)
AusRb (~1000 K)
Eutectic compounds observed (melting point) 98.686-A.4% Au (312.48 K)

Table 3. 1: Summary of interactions between Rb andu

Another possibility for the metallization is to usiver, so the interactions between Ag and
Rb were investigated. This system has been studlidetails, among others, by Kienast et al.
in 1961 [169]. They studied the interactions betwatkali metals and metals of group 11
(Cu, Ag, Au). They found that Ag and Rb do neitierm intermetallic nor eutectic
compounds. The two metals have very low mutuallsity at 100°C (lower than 0.1%).
The same study also confirmed the formation ofrmesliate phases between Rb and Au. In
1991, Predel and Madelung studied again the Ag-f&tem, without tracing the phase
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diagram, but confirming that no intermediate phagesformed and that the mutual solubility
of the two metals is lower than 0.1% [170].

Other metals that can be used for the metallizagien Palladium (Pd) and Platinum (Pt).
Also in this case, the phase diagram is not aviaiJdiut experiments showed that Rb has a
solubility limit below 0.1 mol% into both Pd and Bp to at least 900 K [168], and no
intermetallic compounds are observed between timesals.

Finally, the best choice for the metallization rirggto use an alloy of Ag-Pd, since the
formation of intermetallic compounds or eutectissbt expected between Pd and Rb, and
expected at high temperatures for Ag. Moreover stilability of the metal into liquid Rb is
expected to be lower than 0.1% at 70°C.

3.2.2 Reactions between Rb and solder metals

The next step was to study the interactions betwabidium and the metals which may
potentially be used for the solder ring. Again, tiigective was to find a metal which has
very low solubility into rubidium, i.e. a metal v do not diffuse into liquid rubidium at the
working temperature of the cell (ca. 70°C), in arttepreserve the purity of the alkali metal
avoiding to enrich it with impurities. The first ma investigated was tin (Sn). Studies
confirm the formation of intermetallic compoundsvbeen Rb and Sn which melt at very
high temperature [171] (Figure 3. 3 and Table 3ygically from 570°C for RbSn to 890°C,
which is the highest temperature of Rb-Sn liquidas,Rb,Sns), despite of the low melting
points of both pure Rb and pure Sn. The formatibthe intermetallics in this case is not
problematic as long as they do not affect the puitRb: in this case, the high melting point
of the intermetallic compound formed and their appace as line phases, i.e. essentially
stoichiometric compounds with a very low compositiange are the factors that suggest a
low rate of interaction of Sn and Rb, by formatminpassive compounds on the surface of
Sn. We cannot precisely establish a temperaturehnndorresponds to dissolution of 5 mol%
of Sn into Rb, because the left-hand side of tlagrim is only tentative: a dot line suggests
how the curve might look like, and in the case tited line is correct, the corresponding
temperature is ca. 600°C, so most likely high ehdiogensure that in our application Rb will
not contain significant Sn impurities. Moreovemvlmelting eutectics with significant Rb-Sn
intermixing are absent throughout the whole contposrange.
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Figure 3. 3: The Rb-Sn phase diagram . Image takefinrom [171] (RbSn, & RbSn, mistakenly swapped in
the diagram).

Temperature of 5% dissolution of Sninto Rb  Propaii00°C

Intermetallic compounds observed Compound Melting point
RbSn 507°C
RbSn 830°C
Rb,Srg 890°C
RbSn 570°C

Eutectic compounds observed (melting point) No

Table 3. 2: Principal interaction observed betweeiiRb and Sn.

Another possible material for the solder is Bism{B). The Rb-Bi system is not described
in the metallurgy literature; in alternative, wenceonsider the K-Bi and Cs-Bi systems,
which have been studied in the literature [173je torresponding phase diagrams of these
systems are shown in Figure 3. 4 and Figure 3né.tlae principal interactions between the
metals are summarized in Table 3. 3 and in Tabfe Booking at the periodic table shown in
Figure 2. 18, Rb is situated in-between K and G&éncolumn of the alkali metals, therefore
we can interpolate its behavior, which should hermediate between K and Cs. Looking at
the phase diagram of K-Bi, the presence of inteatietcompounds with high melting point
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(KBi; at 565°C and KBi at ~660°C) is observed. The temperature for 38salution of Bi
into K is ca. 280°C. No low-melting eutectics aleserved in the phase diagram.
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o
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Figure 3. 4: The K-Bi phase diagram. Image taken fom [172].
Temperature of 5% penetration of Bi into Rb ~250°C
Intermetallic compounds observed Compound Melting point
KBi> 565°C
~KsBi4 ~430°C
K3Bi» ~380°C
K3Bi ~660°C

Eutectic compounds observed (melting point) No

Table 3. 3: Principal interactions between K and Bi
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Looking at the phase diagram of Cs-Bi, formationirdermetallic compounds with high
melting point is also observed (the higher liquideiperature in this case is 635°C), while
no low-melting eutectic is reported. We cannot ey establish a temperature which
corresponds to the dissolution of 5% of Bi intauli] Cs, because the left-hand side of the
diagram is only tentative: a dot line suggests tloevcurve might look like, and in the case
that this line is correct, the temperature at whsél of Bi dissolves into 95% of Cs is

ca. 200°C.
Overall, Bi-Rb interactions are expected to be \&myilar to Bi-K or Bi-Cs, given the fact

both latter phase diagrams are almost the same.
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Figure 3. 5: The Cs-Bi phase diagram. Image takemdm [172].
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Temperature of 5 % dissolution of Bi into Cs ~250°C

Intermetallic compounds observed Compound Melting point
CsBi, 595°C
~CsBiy ~420°C
CsBi» ~500°C
CsBi 635°C

Eutectic compounds observed (melting point) No

Table 3. 4: Summary of the principal interaction olserved between Cs and Bi.

In comparison with Sn, Bi is probably less prefégabwith somewhat lower-melting
intermetallics and (presumably) higher solubilitliguid Rb.

Lead (Pb) is another potential metal that can leel Gisr the solder ring. Looking at the phase
diagram of Pb-Rb (Figure 3. 6 & Table 3. 5), thenfation of different intermetallic
compounds with high melting point is observed [1#BE liquidus curve has a maximum
temperature of 874 K (601°C). Dissolution of 5% Rif into liquid Rb is observed at a
temperature of ca. 700 K (427°C), but this is catyestimation (dot line on the right hand
side of the diagram only “suggests” the curve).ldl@-melting eutectic systems which may
affect the system are observed.
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Figure 3. 6: Phase diagram Rb-Pb. Image taken frorfiL73].
Temperature of 5% dissolution of Pb into Rb  Propai30 K / ~460°C
Intermetallic compounds observed Compound Melting point
P:Rb 665 K / 392°C
Pb:Rb 757 K/ 484°C
PRb, 783 K/510°C
PbsRby 829 K/556°C
PbRb 874 K/601°C
Eutectic compounds observed (melting point) No

Table 3. 5: Summary of the principal interactions lketween Rb and Pb.
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3.2.3 Conclusions of the metallurgical literature analyss

At the end of our theoretical investigation regagdithe design and the low-temperature
sealing technique proposed for the reference ¢ahe atomic clock, and in particular after

the metallurgical analysis of the metallurgicaédéture regarding the interactions between
Rb and the metals that can potentially be parthef reference cell, we can affirm the

following:

» Liquid Rb has low solubility and it does not forntérmetallic compounds or eutectic
systems with Ag and Pd, therefore these metaldearsed for the metallization ring
of the reference cell without affecting the pumtythe alkali metal and they will not
cause the degradation of the sealing. Gold musevmded, as it significantly
dissolves into Rb.

» Despite the low melting point of both Rb and tradfial solder metals (Sn, Bi, Pb,
Bi), these systems form intermediate compounds witlth higher melting points
than the pure metals; moreover, solder metals fgxpessibly Bi) exhibit very
limited solubility and very low levels of mixing i the alkali liquids. The
intermetallics formed are line phases, with esa#iptstoichiometric compositions,
with a trend to even ionic bonding in so-called tZiphases due to the large
electronegativity difference [174]. This indicatesmation of inert, passive layers on
the solder surface, with low interdiffusion.

The above conclusions are very encouraging, suggeste proposed technique of soldering
on thick-film metallizations potentially may be ds® seal alkali metals such as Rb. Of all
solder metals, Sn is preferred, as it seems td i highest-melting intermetallics and have
the lowest solubility in Rb.

3.3 Innovative and Practical Solution proposed for Rb Handling

In this research, we developed a new, innovativactical and safe solution to handle, store
for long term avoiding oxidation, and dispense Rie inside the mini-cell. As previously
explained, Rb should be kept away from air and mwadieing all manipulations. In order to
protect avoid the oxidation of Rb, we store theahlknetal inside a large ‘pool’ of dodecane
(Ci2 alkane, [175] . The dodecane is hydrophobic, sioés not readily take up water and at
the same time it protects the Rb from oxygen. Fir& Rb is slightly heated up to its melting
point, and dispensed into the cell using a glassapipette, staying under the dodecane.
Then, the lid is placed onto the cell, and the ltegpassembly (in a small dodecane pool) is
rapidly transferred into a vacuum soldering chamlbed first progressively heated up to
80°C at 20 mbar of Nto gently evaporate the dodecane while avoidingight boiling.
After this step, the cell is heated up to the gsatdetemperature in the final desired
atmosphere, and thus the solder is melted to ee#iie sealing. This method prevents Rb
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oxidation during the sealing process, and allovey éandling under ambient conditions. For
long-term storage, the box containing the dodeqmw is simply closed and placed into a
glove box, where the dodecane provides additiomateption against residual moisture.
Stored in this way, the alkali metal maintainsoitigginal properties for ca. 90 days. Figure 3.
7 shows the storage and the dispensing techniguéafium.

1 Rb storage container

Glass micropipette

Dodecane e
Rb Cell platform

Figure 3. 7: A schematic diagram showing Rb storagand dispensing

3.3.1 Study of gas dissolution into the dodecane

The dodecane has been chosen to protect rubidicaube it does not readily take up water
or oxygen, so it should efficiently protect rubidiu The dissolution of gases inside the
dodecane was investigated, because if a signifiaardunt of gas diffuses into the liquid
solvent, when this will be placed in low-pressuma@sphere it will violently boil to evacuate
the gas particles diffused. The violent boilingtleé dodecane should be avoided, because it
will cause undesired movements of the glass liddiley to a poor bonding. Instead of
boiling, a gentle evaporation of the dodecane ghedl, which would avoid any movement of
the lid; the evaporation of the solvent can happelly when the amount of gas dissolved is
poor. Two cases were investigated: in the firsecghe dodecane is kept in the glove box (so
in N atmosphere), and in the second case the dodex&aptiin air at atmospheric pressure.
In both cases, the amount of gas dissolved intadhesnt was calculated.

The dodecane is kept into the glove box

In this case, the dodecane is in contact with K% (~1 atm) of essentially pure Bt 25°C
(298 K),as the glove box is kept only very slighfly 1 kPa) above ambient atmospheric
pressure. Henry's law [176] states that at a comgeanperature, the amount of a given gas
that dissolves in a given type and volume of ligigddirectly proportional to the partial
pressure of that gas in equilibrium with that lduMathematically, we can write Henry's
law, in its simplest form valid for low concenti@tis, as follows:

Pgas = Hgas *Cgas Eg.3.1
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, Where:

* pgasis the partial pressure of the gas (in the gasg)hasequilibrium with the liquid
* CgasiS the concentration of the gas in the liquid

* Hgasis the gas' Henry constant with respect to thadiduere dodecane)
The solubility of nitrogen in dodecane has beeemeied previously, in particular:

» Battino et al. [177], in their extensive 1984 revief N, solubility data in liquids
from many studies, retain a dissolved molar fractmf 0.123%, at 25°C and
101.3 kPa, which corresponds I, = 18.8 kPa/(mol/ff) and roughly matches the
general trend for Nsolubility in n-alkanes they report.

* From the high-pressure data of Gao et al. [178enaat somewhat elevated
temperatures (71, 104 and 138°C), we extract byditdown to low pressures and
25°C a rough estimate bfy, ~ 18.6 kPa/(moin®).

« From recent studies by Hesse, Battino et al. [1W8]getHy, = 17.7 kPa/(moin®) at
25°C.

The value retained in this research is the lattéich were performed with high accuracy
with well-controlled substances. The saturation cemtration of nitrogen in dodecane
corresponding to glove box (‘gh') storage is gilggn

py2 100

Eq. 3.2
= —==——="5.6mol/m3
CN2,gb Hy, 17.7 mol/m

We can now estimate the volume of nitrogen (expess the volume in the gaseous state)
stored at saturation per volume of liquid dodecateting from the equation of ideal gases
and substituting into it the relationships andwtakies calculated in Eq. 3. 1 and EQ. 3. 2 :

pgas'Vgas = ngaS'R'T

Hgas "Cgas Vgas = Cgas ' Vliquid "R-T

Vyas =R-T

=1L
Vliquid Hgas gas Eq' 3.3

, Where
* Ris the ideal gas constant, 8.31 J/mol/K
* Tis the temperature, here ~298 K

*  Lgas = VgadViiquid is the volume ratio between the "stored" gas dmdlifuid, also
known as the Ostwald coefficient [180], and is foygoressure-independent at low
pressures

For nitrogen in dodecane, we get:
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8.31-298 Eq. 3.4
Ly, = ————— =13.99 2
N2 ™ 17734 %

The dodecaneis kept in air (saturated by air)
We make the following assumptions:

* Temperature: 298 K (25°C)
* Pressure: 100 kPa (~1 atm)
* Relative humidity (RH) of air: 50%
» Composition of dry air: 78% N2, 21% 02, 1% Ar
* Independent (ideal) behavior of the gases witheetsp dissolution in dodecane, in
line with the conclusions of Battino et al. [177]
* Low-pressure limit, i.e. linear dissolution behavé@cording to Henry's law
* Negligibly low volume change of liquid dodecanenfrgas dissolution
Knowing that:

RH = Pvap Eqg. 3.5
Dsat

, Wherep,,,, is the pressure of the vapor present into the daniconsidered, anal,, is the
saturation pressure of air at the temperature dered (so at 298 K). The saturation pressure
of air at 298 K is 3.16 kPa [181], so we can caltaithe pressure of vapor into the humid air:

Prap = Psar * RH = 3.16- 0.5 = 1.58 kPa Eq.3.6

From Eq. 3. 6 we know that into ~100 kPa of humidwath relative humidity of 50%, we
have 1.58 kPa of ¥0 and 98.42 kPa of dry air. Knowing that the conipms of dry air is
78% of N,, 21% of Q and 1% of Ar. Table 3. 6 summarizes the presstitbeodifferent
gases in contact with the saturated dodecane, dsawethe corresponding Henry and
Ostwald constants.
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Gas Pressure Henry constant Ostwald coefficient
in dodecane in dodecane
Pgas [kPa] H gas [Pa/(mol/m?)] L gas

N, 76.77 17734 [179] 14%

O, 20.67 10'092 [179] 25%

Ar 0.98 8'884 [179] 28%

Water vapor (KO) 1.58 1'180 [182] 210%

Table 3. 6: The pressures of individual gases didsed in dodecane and their Henry and Ostwald

constants.

For G, and Ar in dodecane, we retain the same high-quatiirce as for N[179], noting
relatively good agreement with previous work for [083]. For HO, we use data for liquid-
liquid solubility, fitted by Tsonopoulos [182] bakeon data by Schwartzberg [184], by
considering, given the negligible solubility of dadne in water, that the liquid® phase is
thermodynamically equivalent to water in the gaagghat saturation pressure. Making the
assumptions of mutual independence of the gasés redpect to dissolution in dodecane
[177] and linear Henry behavior, we then calculiie molar concentration of the different
gases into saturated dodecane, and also expresstérms of dodecane volume (by
multiplying the corresponding Ostwald coefficient the molar fraction in humid air). The
results are shown in Table 3. 7.

Gas Molar concentration Volume of individual gas/volume ol
Cgas [MoOI/M?] saturated dodecane

N, 4.33 10.7%

0, 2.05 5.1%

Ar 0.11 0.3%

Vapor (HO) 1.34 3.3%

Total 7.83 19.4%

Table 3. 7: Molar concentration of the different gaes into saturated dodecane in humid air, and voluen
of the gas diffused in percentage of dodecane volem
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With respect to the first case, when the nitrogekept into the glove box and it is saturated
by pure N, there is more gas dissolved in the liquid dodecawerall, and this is the first
negative effect to keep the dodecane in air instéan glove box, in N atmosphere. Rather
than boiling, however, the major concern here igpiial attack of the Rb by£and HO, of
which significant concentrations may dissolve irdodecane. For these reasons, the
dodecane pool must be kept in the glove box, imtamsphere of pure nitrogen, and only
exposed to air briefly, during handling. Deaeratinay be performed upon returning to the
glove box, by the usual pumping/purging procedufehe airlock. To further decrease
oxygen and water impurities, absorbents such asNddhyenzophenone, CakHetc. may be
used.

3.4 Refined Design of the Cell and Test Modules Developed

The concept design presented in Figure 3. 1 waseckf because after some preliminary
sealing tests performed with such design, we factsthnical issue: the alkali metal moved
onto the sealing ring during the fabrication praecdsndering the formation of a stable joint.
Figure 3. 8 shows a non-working cell fabricated.

Figure 3. 8: A non-working reference cell producedollowing the first design presented in Fig. 3.1. fie
red circles highlight the Rb droplets, which movednto the sealing ring during the fabrication.

In order to solve this problem, we proposed fordbk an innovative structure composed by
Pyrex glass (top and bottom wall) and an LTCC medih-between spacer). The cross
section of the cell is illustrated in Figure 3. 9he LTCC spacer is equipped with a
Rubidium reservoir for better confinement of thdadl metal (Figure 3. 9c); the liquid
droplet is dispensed inside the reservoir, andviilsavoid any movement of the alkali metal
during the sealing. Moreover, in this work, a testiant of this spacer was produced, where
the bottom of the vapor cell cavity was closed vethintegrated pressure sensor, consisting
of an LTCC membrane carrying a thick-flm Wheatgtobridge and thus allowing
monitoring of the cell pressure (Figure 3. 9b). Dverall dimensions of the developed cells
are 10 x 15 x 3 min
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a Glass (top wall) Glass (top wall)

Solder Rubidium reservoir b

/Solder\ Rubidium reservoir
LTCC module
(reservair
bottom wall, T3) 20 mbar Saniheons
layer (T4)

Z \

Spacer
fayer (T5)

Aperture for Iight/

Glass (bottom wall)

Figure 3. 9: Schematic cross section of the finah) and test (b) vapor cells. (c), Top view of theTCC
spacer for the final cell, with the Rb reservoir. ¢l), top view of the glass top and bottom wall.

When producing the test modules illustrated in BigOc we faced another technical issue:
due to the high pressure applied during the langnathe membrane of the sensor was
deformed, and this caused lack of sensitivity aftdnoa not-working pressure sensor. In
order to solve this problem, we investigated andceoved an innovative lamination
technique for LTCC, which allows achieving an ele@ bonding between the tapes with a
low lamination pressure (3.5 MPa instead of 20 Mpplied using the traditional technique).
All this will be explained in detail in Chapter 4.

3.4.1 Principle of functioning of the integrated pressuresensor

In the test module, as explained, the bottom waillscsts of four piezoresistors connected in
a Wheatstone bridge configuration. This series ietqresistor is responsible for pressure
monitoring, and it is called the membrane of thespure sensor. Membrane pressure sensors
are described in details by Dr. Fournier in hisstb¢33], and main publications ([3], [185]).
For further details about the functioning of menmergpressure sensors, also see the patent
[186], and the publicationd87]-[190]. We can see in Figure 3. 10b, that after seabne,

side of the membrane is at atmospheric pressurde wihe other side is at 20 mbar
(adjustable low-pressure inside the cell). Thispuee difference across the membrane cause
a deflection of the resistors, as shown in Figuréc3
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Figure 3. 10: Schematic drawing of piezoresistiverpssure-sensing membrane integrated in LTCC
spacers, (a), before and (b), after sealing. Theswstors are connected in a Wheatstone bridge
configuration (c) and 5V are imposed across the lge.

From the unflexed (a) to the flexed (b) configuatithe resistance of R1-R4 changes due to
the strain in the resistive films. In particular2 Bnd R3 are under compression and R1 and
R4 are under tension. The resistors have origirth#ysame value of resistance (nominally);
therefore, if one applies 5V across the bridge wiirenmembrane is not flexed, the output
voltage Vo, should be nominally 0 V. When the membrane is fliexte geometry of the
resistors, and therefore their value of resistanti change, and this will cause a change of
the output voltage.

3.5 Fabrication of the Cell

The overall dimensions of the developed cells &re 15 x 3 mm The choice of the final
dimensions of the cell was due to a practical neag@ can also fabricate smaller cells (with
a width which may be decreased up to 1 mm), bstwhs not needed for this work. In fact,
using the Double Resonance approach for as intioygscheme, a microwave cavity of
dimensions ranging several cm is anyway needethénsystem. Making a smaller cell is
therefore useless because the total size of theemsywill not decrease. The fabrication
process of the cell consists in the following stejesign and fabrication of the LTCC spacer,
fabrication of the glass windows and finally dispieig of Rb and sealing.

3.5.1 Design of LTCC spacer

The LTCC spacers fabricated in this work for the/igioned mini-cells are rectangular-
shaped of dimension 14 x 10 x 2 mmith a vapor cavity of @5 mm.
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The different modules of the spacer are built uding different layers, designated T1-T5.
Table 3. 8 summarizes the function of the five faya photo of the different layers of the
LTCC spacer is shown in Figure 3. 11, and Figurg23shows the 3D structure of the spacer,
in which the different layers are stacked one d¢h&other and then fired to form a compact
module. T1 carries the metallization and the cquesing solder ring screen-printed on top
of it. The sealing ring consists of a regular ootagtotal side-to-side distance of 10 mm)
with four lateral dots (diameter 1.7 mm) which hake function to increase the mechanical
strength of the bonding. Two holes are presenthanlayer: a round one, which will be the
window for letting the light beam pass through, anttapezoidal one, for the Rb reservoir.
T2 is identical to T1, but consists of only "batél'CC, i.e. without metallization or solder:
stacked many times, it has the function to increhsethickness of the LTCC module. T3
only has the hole for the window, and serves as'ftbher" of the Rb reservoir. In the final
version of the cell, T3 is bonded to the glassdrotvall using the same sealing ring present
in T1. For test purposes, a sequence of T4 & T5 beaysed instead of T3; the bottom of the
cell is closed in this case by an LTCC membrang ({lith a screen-printed pressure-sensing
thick-film piezoresistive bridge on the bottom,. iceitside of the cell. T5 is used as a spacer
to protect the resistor and conductor on T4 fromtact and consequent sticking with the
alumina carrier during firing.

Layer Presen Presen Function of the layel
in the final cell in the test module
(Figure 3. 9a) (Figure 3. 9b)
T1 Yes Yes Sealingtop ring, Rb reservoi
and window light
T2 Yes Yes Stacked many times to incree
the thickness of the Rb
reservoir
T3 Yes No Sealing bottom ring and “flool
for Rb reservoir in the final cel
T4 No Yes Membrane pressure sen
T5 No Yes Prevent the T4 membrane frc
sticking with alumina during
firing

Table 3. 8: Description of the different layers thacompose the LTCC spacers for the final cell andoir
the test module.

57



Chapter IIl: Reference Cell of Atomic Clock: Design Fabrication and Test
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Figure 3. 11: Photograph of the five different layes T1 -T5. T4 and T5, the layers which corresponda
the membrane of the pressure sensor, are presentlgrin the test module.

Figure 3. 12: 3D view of the five different layersvhich compose the LTCC spacer (in the test module).

In the test module, one side of the membrane i®mupdrtial vacuum after sealing, and the
other side is at atmospheric pressure (Figure 3. tlerefore, the output voltage of the
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Wheatstone bridge monitors the pressure differaccess the membrane and, correcting for
atmospheric pressure variations, allows measureofehie inside pressure. As the resistors
lie on the outer surface and only the bare LTCEXxzosed to Rb, no significant degradation
of the membrane is expected. Additionally, the LTC&l frame is very stiff, effectively
insulating the membrane from parasitic stressesngrirom the soldering of the glass lid.

3.5.2 Fabrication of LTCC spacer

The process for fabricating the LTCC spacer isstamdard process described in paragraph
2.5. In particular, the following steps were catr@it to fabricate this device:

Laser cutting of the LTCC tape

Screen-printing of the metallization layers (formaaetails about the composition of
the metallization layer, see the following), of tlesistors for the membrane (for the
test modules) and the various connections;

Precise stacking and lamination of the LTCC module

Co-firing, with a standard LTCC cycle having a thpell of 20 min at 875°C
Screen-printing and reflow of the solder paste @m df the metallization layer (for
more details about the solder paste used, seeltbeihg)

Thorough cleaning of the solder flux in an ultrasdrath with ethanol

The substrate is then broken apart along the prelaiuline to separate each single
sample.

A photo of the resulting LTCC test module (with niwane for pressure monitoring) is
shown in Figure 3. 13:

Figure 3. 13: A photo of the LTCC test module prodaed: (a), top view, with the sealing ring. (b), badm

view, with the piezoresistive Wheatstone bridge.
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3.5.3 Fabrication of glass windows

The top and bottom windows of the cell consistsstdndard glass slides (dimension
75 x 25 mm, 0.5 mm thick) that are metalized and "pre-tinnedth solder in a similar
manner to the LTCC module: in particular, the pssceonsists of metallization, solder print
& reflow and cleaning steps. The main differences lin the metallization process (see
following section): different pastes were testetdj the metallization is post-fired onto glass.
The slides are then sawed to get different sangflé® x 10 mm. A photo of the fabricated
glass slides that acts as bottom and top windatveotell is shown in Figure 3. 14.

Figure 3. 14: The glass slide acting as bottom artdp window of the reference cell.

3.5.4 Rb dispensing and sealing

Once all elements (LTCC spacer, bottom and topsghdadows) have been fabricated, the
bottom glass window is bonded with the LTCC spagéerthis stage, since Rb has not yet
been dispensed into the reservoir, the bondingntgae may be also performed at high
temperature and at atmospheric pressure (for examaplodic bonding). Then, once the
bottom wall is bonded with the LTCC spacer, Rb igpdnsed into the dedicated reservoir
following the procedure described in paragraph After rapidly transferring the system into
the vacuum chamber, precise alignment of top walllar CC spacer is done, and finally, the
cell is gradually heated in vacuum to evaporatedttiecane without boiling, melt the solder
to realize the sealing.

3.6 Wetting Tests

Before starting the production of the various eletegLTCC spacer and glass windows),
different solder / metallization combinations wetadied. The objective of this preliminary
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study was to find out the combination that exhibitiee best wetting, i.e. the combination in
which the solder paste wets homogeneously the ilaet&n ring. A good and reliable
wetting of the metallization is the prerogativeget a stable and hermetic seal.

3.6.1 Procedure and melting profile

Three different solder pastes were tested on topiféérent metallization rings (see the
following for more details about the compositiontleé metallization ring). Table 3. 9 shows
the composition of the solder pastes used and rtineiing point.

Solder paste composition Common name of Melting point
the solder alloy [°C]
58Bi 42S1[156], [191 Sr-Bi 13¢
62.5Sn 36.5Pb 1/[192] Sr-Pk-Ag / Sné: 17¢
Sn96.5 Ag3.9157], [158], [160], [193]-[195] | Sn9¢ 221

Table 3. 9: Composition of the solder pastes testeohd their melting point. The compositions are give in
percentage of weight.

The solder paste was manually dispensed (in opeatrabsphere) using a syringe dispenser
on top of the metallization ring. Then, always pea air, the sample was heated up, first to a
temperature slightly lower than the melting poittiee solder, in order to evaporate the
solder flux and also to drive off the impurities ialh were deposited on the paste during our
manipulation. Finally, the sample was heatectaperatures higher than the melting point
of the solder paste, and this temperature was feepta. 30 seconds, in order to ensure the
total melting of the solder paste. After some apitsnthe best melting profiles, which
yielded to the best wetting, were established &mhesolder paste. The melting profiles used
are summarized in Table 3. 10.

Solder paste Drying Melting

Sn-Bi 120°C, 120 seconds 170°C, 10 seconds
Sn-Pb-Ag 160°C, 120 seconds 210°C, 10 seconds
Sn-Ag-Cu 200°C, 120 seconds 250°C, 10 seconds

Table 3. 10: Melting profiles adopted for the diffeent solder pastes.

The composition of the metallization ring of the QT spacer is not the same of that of the
glass, because with the LTCC it is possible tostaadard thick film pastes, which are fired

at temperatures around 850°C. On the other didgglass windows cannot be fired at 850°C
(the softening point of glass is ca. 720°C, [196¢),special pastes fired at low temperatures
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were tested for the metallization ring of the gladse wetting was visually judged using an
optical microscope. The wetting angle was not memkubecause the surface of the
metallization ring, where the solder was dispendsdnot flat due to screen-printing

limitations (the surface of screen-printed tracksnever flat, but always a bit wavy):

therefore the measurement of the wetting angleisarreliable way to judge the wetting in
this case. However, using an optical microscopecandfully observing the result, we were
able to judge and state the sample exhibiting gowbpoor wetting.

3.6.2 Wetting tests on LTCC substrate

In order to evaluate the wetting behavior of théedent metallization-solder combinations, a
first small production of the sensors was done; falricated a total of 72 samples,
corresponding to 7 substrates; each substrateinedtd2 samples. Two pastes were tested
for the metallization ring on LTCC:

» ESL 9562G, which consists of Ag mixed with ca. 42/#d and Pt;
» ESL 9635G, which is an Ag-Pd alloy, with Ag:Rd:1.

Moreover, one, two, and three layers of metallaativere tested, in order to see if the
thickness of the ring affects the wetting. Tablel®. summarizes the composition of the
metallization ring of the samples, and Table 3st&marizes the different combinations of
solder/metallization tested to find out the besttimg.

Substrate | Samples Composition of the Firing temperature
no. metallization ring (45 min total firing time,
10 min at peak)
1 la-1l 1 layer of Ag ESL 9562G 850°C
2 2a -2l 2 layers of Ag ESL 9562G 850°C
3 3a-3l 3 layers of Ag ESL 9562G 850°C
+
4 4a-al oy é;l/ae{egfsgg-ﬁLEgsSf égsse 850°C
5 5a — 5l 1 layer of Ag-Pd ESL 9635G 850°C
6 6a — 6l 2 layers of Ag-Pd ESL 9635G 850°C
7 Ta-17I 3 layers of Ag-Pd ESL 9635G 850°C

Table 3. 11: Summary of the metallization rings forthe wetting test.
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Samples Composition of metallization ring Solder pste tested
la—1d 1 layer of Ag ESL 9562G Sn-Bi
le-1h 1 layer of Ag ESL 9562G Sn-Pb-Ag
li— 1l 1 layer of Ag ESL 9562G Sn96
2a-2d 2 layers of Ag ESL 9562G Sn-Bi
2e — 2h 2 layers of Ag ESL 9562G Sn-Pb-Ag
2i -2l 2 layers of Ag ESL 9562G Sn96
3a—3d 3 layers of Ag ESL 9562G Sn-Bi
3e—-3h 3 layers of Ag ESL 9562G Sn-Pb-Ag
3i -3l 3 layers of Ag ESL 9562G Sn96
4a-4d 2 layers of Ag ESL 9562G + Sn-Bi

1 layer of Ag-Pd ESL 9635G
4e — 4h 2 layers of Ag ESL 9562G + Sn-Pb-Ag

1 layer of Ag-Pd ESL 9635G
4i — 4l 2 layers of Ag ESL 9562G + Sn96

1 layer of Ag-Pd ESL 9635G
5a - 5d 1 layer of Ag-Pd ESL 9635G Sn-Bi
5e — 5h 1 layer of Ag-Pd ESL 9635G Sn-Pb-Ag
5i — 5l 1 layer of Ag-Pd ESL 9635G Sn96
6a — 6d 2 layers of Ag-Pd ESL 9635G Sn-Bi
6e — 6h 2 layers of Ag-Pd ESL 9635G Sn-Pb-Ag
6i — 6l 2 layers of Ag-Pd ESL 9635G Sn96
7a-T7d 3 layers of Ag-Pd ESL 9635G Sn-Bi
7e —7h 3 layers of Ag-Pd ESL 9635G Sn-Pb-Ag
7i—T7I 3 layers of Ag-Pd ESL 9635G Sn96

Table 3. 12: A summary of the combinations solder/etallization ring tested to find out the best weing.

3.6.2.1 Sn-Bi wetting on LTCC substrate

In the metallurgy literature, the wetting of the-Binpaste is judged poor, because in most
cases it does not homogeneously wet the metatiizagurface [197]-[199]. In our case,

using the traditional technique (simply dispendimg solder paste on top of the metallization
ring), the wetting was poor and always left sigrdfit residues that were very hard to clean
off. In Figure 3. 15, there are photos of three gas showing the poor wetting obtained

using the standard procedure:
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Figure 3. 15: The wetting of Sn-Bi solder was badmothe three different metallization rings

In the three cases, the wetting was poor, and seavarge amount of impurities that proved
impossible to clean, even with the ultrasonic bdih.achieve better wetting, after having
dispensed the solder paste on top of the metadiizaing, we dispensed, on top of the solder
paste, a layer of RMA (Rosin Mildly Activated) flyj200], [201], and then we fired the
sample. RMA flux is a composition of rosin with aativating agent (typically an acid that
helps dissolving the oxides present on the surddtlee solder balls and of the metallization)
which increases the wettability of the solder. Tasidue (the activating agent) is relatively
corrosive and should be cleaned out, also to aaniydkind of reaction with the Rb and to
avoid pollution of the atmosphere inside the datjure 3. 16 shows this procedure.

Figure 3. 16: Procedure adopted to get better wettg of Sn-Bi solder: (a), the sample at the beginngnof
the test, with the metallization ring. (b), the samle with Sn-Bi solder on top of the metallization ing. (C),
the sample with RMA flux dispensed on top of the dder paste.

Dispensing this large amount of flux before firingreased the wettability of the Sn-Bi

solder paste, and finally good results were obthioe some substrates. The role of the flux,
crucial in this case to increase the wettability tbé solder, is described in various
publications. In particular, J.F. Shipley explairtbdt the principal advantage brought by the
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flux is that it chemically reduces surface metaides, preparing clean surface [202]. This

means that Sn-Bi solder better adheres on topntétal oxide, because the chemical reaction
that leads to a good wetting only happens in tlesgnce of a metal oxide. The best wetting
is observed for samples that came from substrateamd n.4. Substrates n.1 and n.2 gave
very bad wetting, even with RMA flux dispensediiie other substrates, there was wetting,
but not homogeneous and not perfect. Figure 3sh@ws photographs of a sample whose
wetting was poor (substrate n.2), and of the basipte obtained with Sn-Bi (substrate n.4).

Figure 3. 17: (a), The best wetting obtained with 1Bi; (b), an example of poor wetting obtained with
Sn-Bi plus RMA flux.

For the sample in Figure 3. 17a, the wetting igaadigood, but flux residue remains visible,
even after having carefully cleaned it with theradbnic bath. This is because of the large
amount of flux dispensed. This solder paste, evérhas the advantage of low-melting point
which is wished for many applications, does notehgood performance; it is very difficult to
handle, an extra-application of flux is necessatyich at the end leaves visible residues that
are very hard to remove. Moreover, the wettingasrgfor many samples, probably due to
the low reflowing temperature. Moreover, at highmperatures, there is a rapid dissolution of
the metallization into the solder which causeseatmbrittiement of the joint [203], [204].

3.6.2.2 Sn-Pb-Ag wetting on LTCC substrate

The wetting of Sn-Pb-Ag paste was really good, bmmetallization variants. Particularly
good wetting is registered on substrates n.3 afdMphoto of this result is shown in Figure
3.18:
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Figure 3. 18: An example of the wetting of Sn-Ph-Agolder paste.

As we can see, the wetting is perfect and thermisrace of the residues of the flux after
having cleaned the sample with the ultrasonic bElis solder paste adhered very well also
on the other metallization rings — there is no demyghose wetting was found to be poor.

The better wettability of Sn-Pb-Ag solder with respto the Sn-Bi solder has been found
also observed in other work [205], [206], and hasrbattributed to the absence of bismuth,
which causes wetting problems, and to a higheoweflg temperature, which promotes

better wetting and flux activity.

3.6.2.3 Sn-Ag wetting on LTCC substrate

Sn96 wetting on metallization was good on subdraiel,5,6,7 and poor on substrates
n.1,2,3. Apparently, this solder paste only wetsFRDESL 9635G paste well, because all the
samples whose last layer of metallization was Ad- B562G exhibited poor wetting.
Previous researchers proved that the wettabilitthisf solder paste is adequate on Ag and
Ag-Pd, but not good on Cu metallizations; the wettmay be improved by reflowing the
sample in nitrogen atmosphere [157], [194], [208yure 3. 19 shows photographs of poor
and good wetting obtained with Sn-Ag solder.

Figure 3. 19: (a), poor wetting obtained with Sn-AgCu solder. (b), good wetting obtained with Sn-Ag-G
solder.
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3.6.3 Summary of wetting tests on LTCC

Finally, we can affirm the following:

1) Sn-Bi solder is not reliable, its wettability isatly poor on all kind of metallization, and
therefore it is not advised. If it is really neededise this solder alloy because of its low
melting point, in order to get a good wetting,dtadvised to dispense a layer of RMA
flux on top of the solder paste. Using this techriga sufficient wetting is registered on
top of metallization composed by 2 layers of Ag EX5I62G and one layer of Ag-Pd ESL
9635G, or, in alternative, 3 layers of Ag-Pd ESI3®6. However, even if the wetting is
sufficient, a large amount of residues of the fisivisible, even after thorough cleaning
in the ultrasonic bath.

2) Sn-Pb-Ag solder clearly yields the best wettabildg all the metallization tested.
Particularly good wetting is observed on top of aliiation composed by three layers of
Ag ESL 9562G or, in alternative, 2 layers of Ag E®362G and one layer of Ag-Pd ESL
9635G

3) Sn-Ag solder only wets on top of the metallizationAg-Pd ESL 9635G. For these
substrates, the wetting was good.

4) Substrate n.4 (whose metallization consisted afy2rs of Ag ESL 9562G and one layer
of Ag-Pd ESL 9635G) seems the best choice, beausbits good wettability for all the
three solder pastes tested.

5) The best solder paste for this application is SFABbcombining excellent wetting on the
chosen metallization and lower melting point wiéspect to Sn-Ag.

3.6.4 Wetting tests on glass substrate

As already explained, the composition of the meztlon ring of the LTCC cannot be the
same as that of the glass, because the pastesoudeldCC are fired at 850°C, so above the
softening point of the glass. For the metallizatimgy of the glass we tested different pastes,
which are fired at low temperatures. In particulae pastes tested on the glass were:

1) ESL 590G, conductor paste from ESL, in which puilges is mixed with an
important quantity of glass frit in order to lowée firing temperature, [207];

2) ESL 9912A, mixed bonded silver conductor form ESAkith a wide firing
temperature range, [208].

Also in this case, a small production of glass wind was done in order to test the wetting
of the chosen solder paste, Sn-Pb-Ag, on top ofliffierent metallization rings. Again, from
one glass substrate we got 12 samples. Table Surhgarizes the metallization rings tested
for the glass substrates.
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Substrate | Samples Composition of the Firing temperature
no. metallization ring (45 min total time,
10 min at peak)
1 la— 1l 2 layers of ESL 590G 525°C
2 2a -2l 3 layers of ESL 590G 525°C
3 3a-3l 2 layers of ESL 9912A 625°C
4 4a — 4l 2 layers of ESL 9912A 625°C

Table 3. 13: A summary of the metallization rings ésted for the glass window.

3.6.4.1 Sn-Pb-Ag wetting on top of ESL 590G metallization

On top of the paste ESL 590G the wetting of SnABbsolder paste was poor, and
increasing the thickness of the metallization byeso-printing 2, 3 or more layers of paste
did not help getting a sufficient wetting. The baelting is probably due to the presence of a
significant quantity of glass frit into the metaéition: in fact, the solder pastes only adhere
on top of metals, and a significant presence o$gfat into the metallization prevents the
wetting. Figure 3. 2B8hows a photo of a glass window with the soldeiP§mg and ESL
590D as metallization, and whose wetting was poor.

Figure 3. 20: An example of bad wetting of the solt Sn-Pb-Ag on top of the ESL 5092D metallization
ring.

3.6.4.2 Sn-Pb-Ag wetting on top of ESL 9912A metallization

In this case, the wetting was good. Such metaiimgbaste, in fact, only contains a minimal
part of glass (ca.1%) and this increase the wdttabParticularly good wetting was
observed when three layers of metallization pasteescreen-printed, because the increased
thickness of the ring slows down the dissolutionchamism of the solder into the
metallization. Figure 3. 21 shows a sample with sb&ler Sn-Pb-Ag and the paste ESL
9912A as metallization, and whose wetting was good.
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Figure 3. 21: An example of good wetting of the siér Sn-Pb-Ag on top of the ESL 9912A metallization
ring.

3.6.5 Conclusions of the wetting tests

At the end of the wetting tests, we were able toppse a good metallization/solder
combination which ensures a homogeneous wettingefolder, for the LTCC spacer and
for the glass windows. The combinations retainedresumed in Table 3. 14.

Component Metallization ring composition Solder rirg
LTCC space 2 layers of ESL 9562G Sr-Pk-Ag
1 layer of Ag-Pd ESL 9635G
Glass windov 3 layers of ESL 9912 Sr-Pk-Ag
Table 3. 14: The composition of the metallizationrad solder rings for the LTCC spacer and for the glas
window.

3.7 Test Bench for Testing the Hermeticity of the Sealing

The test modules equipped with the Wheatstone éridg pressure monitoring shown in

Figure 3. 13, were used to test the hermeticityhefsealing. The test cells were collocated
inside a box, and a cycle of controlled pressures wdroduced into the box using the

instrument DPI1 520 ATE Pressure Controller (5 kadrs), connected through GPIB to a PC.
The box was also controlled in temperature. A Latwprogram was written to acquire the
data, provide the temperature control and the pressontrol for the box, and to register the
outputs of the Wheatstone bridges into a text filee output of the sensors was amplified
used an analogue amplifier card with gain 100, nexion a motherboard used in our lab for
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the acquisition and the conditioning of variousnsig. A LabJack U6 PRO was used to
interface the motherboard and the electronics iéhPC and the LabView. A photo of the
test bench is shown in Figure 3. 22.

Pressurized box containing Motherboard LabJack U6
the pressure sensors

Figure 3. 22: The test bench used to test the se®]i The test cells with pressure sensors are introded
into a box, and the pressure inside the box is retated using a Labview program. The Labjack U6-PRO
is used to interface the external hardware (motherbard with amplification cards) with a PC.

3.8 Results of the Hermeticity Test

Different bonding techniques were tested: firsphdiag using ESL 590G paste (silver with a
significant presence of glass frit) was tested. paste was dispensed by screen-printing on
top of the LTCC test module and on top of the glasslow; the substrates were manually
aligned and fired at the nominal firing temperatofethe paste (450°C peak, 45 minutes
profile). This paste was chosen because it contagsod amount of glass frit, so it perfectly
adheres on top of the glass cap. Moreover, itreslfat a temperature still below the glass
transition temperature, so it is compatible witasgl Finally, this technique is a reference of
high-temperature (450°C is already high temperaforeour application), but hermetic
sealing technique. The hermeticity of some celldesd with solder paste was also evaluated.
Two different types of solder pastes were testedPB-Ag and Sn-Bi (Sn-Ag melting point
is judged too high for this application in whichwldemperature is desired). The solder paste
was manually dispensed on top of a metallizatigrelawhose composition is detailed in
Table 3. 14. Moreover, we also tested some substlainded using two organic adhesives: a
silicone (Dow Corning Q5-8401, [209]) and an epoasin (EPOTEK 354 [210]). Both were
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tested in order to have references of air-tight, ton-hermetic seals with different gas
permeabilities (silicone > epoxy). Finally, in orde have a reference of an “open” sample
we also monitored the output of a non-sealed pressnsor.

3.8.1 Reaction to pressure changes

After bonding, the sensors were introduced into liox. As a first test, the box was

temperature-stabilized at 35°C, in order to elirtéenghe problems related with TCR

(Temperature Coefficient of Resistance) of thestess by keeping a constant temperature
during the measurements. Inside the box, a 20-msnytotal) pressure profile was

programmed, starting from 100 kPa and increasinokPa each minute, up to 200 kPa,
and then going back to 110 kPa (Figure 3. 23).

Afterwards, another pressure profile was also tgsteth more important pressure changes,

to see how the reactivity of the sensor when subthitit a sudden and abrupt pressure
change, and also the reliability of the hermeticRysudden increase/decrease of pressure of
50 kPa was then introduced into the box (Figur243.

Each sensor was supplied with 5 V and their outpaotplified with a gain of 100 by a
differential Input Amplifier Card (IAC), was monited. For each value of pressure, after
having waited enough time (a few seconds) to letpiressure controller stabilize at the new
pressure, 1000 samples were collected with a freguef one sample every 500 ms. Then,
the average value of the 1000 measurements waslatald and plotted; the standard
deviation of the 1000 measurementswas also calculated, using the following formula:

Eq. 3.7

,whereN is the number of the samples measurgd.. () are the observed values ands
the total range of the values (the difference betw#he value at 200 kPa and the value at
100 kPa).

If this output signal reacts at the pressure chaviiea consequent linear variation, it means
that the pressure difference is detected by thebreme, therefore the sealing is hermetic. If
the output signal does not follow the pressure gbaffior example, it is a constant value
during all the pressure profile), it means that thembrane does not detect the pressure
difference because both sides of the membranet #ine aame pressure, therefore the sealing
is not hermetic.
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Figure 3. 23: Pressure profile number 1 - gradual ad multiple pressure changes.
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Figure 3. 24: Pressure profile number 2: sudden andignificant pressure change.

From the graphics shown in Figure 3. 25, we cantkatthe output of the all the sealed

samples has a linear relationship with the presshamge, therefore the sealing ring is able
to keep the hermeticity for a small pressure chargkfor a short time. On the other hand,
the output of the open sample remains essentiatthanged with pressure, as expected from
the fact that the membrane is submitted on both teidhe same pressure.

For the second test, the samples were submittpeessure profile nb.2, in which there is a
sudden and sharp pressure change, instead of maahyadjchanges. The output of the
Wheatstone bridge was again monitored using the gaoctedure of above, as well as the
standard deviation of the measurements. Also sidase, the response of the samples sealed
follows linearly the pressure change, while theropample shows no apparent relationship
with the external pressure change.
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Figure 3. 25: Output voltage of the sensors sealedth different sealing techniques. Pressure profilel..
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Figure 3. 26: Output voltage of the sensors sealedth different sealing techniques. Pressure profile.
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3.8.2 Reaction to temperature changes

A temperature drift affects the output of the Wikeate bridge, because the resistance of the
piezoresistive resistors changes with changing &satpres. In order to evaluate how the
response is affected by the temperature, and iinareasing and decreasing temperature
cycle causes a mismatch of the TCR (Temperaturdfi€eat of Resistance), the output of
the Wheatstone bridge of a hermetic sensor seatbédSn-Pb-Ag was measured keeping the
pressure constant to 1100 mbar, at well definegésatures following an increasing curve
(27°C, 35°C, 40°C and 45°C), and then at the sangeératures following a decreasing
curve (45°C, 40°C, 35°C, 30°C, 27°C). Before takihg measurement, enough amount of
time was waited in order to make the system siabtlb the new temperature (the amount of
time waited was variable, depending on the time sy&em took to achieve the desired
temperature). Once the system stabilized, 1000 lesmpere collected with a frequency of
one sample every 500 ms. Then, the average valtleeagamples at different temperatures
was plotted, and the standard deviation of the nreasents was also calculated in order to
evaluate if the temperature introduces noise iloneasurement. Figure 3. 27 is the plot of
the average values. As we can see, the outpuedMieatstone bridge is directly correlated,
following an approximately linear relationship, withe temperature. Table 3. 1 shows the
standard deviations of the measurements for tlierdift temperatures.

Sn-Pb-Ag
0,45 Output [V] x 100 == heating curve cooling curve s0°C bond | n g
oY 1 p=1100 mbar
0,44 L

45°C
0,430V
0,43
40°C
0,420V
0,42
35°C
0,409V
0,41
27°C 30°C
! 0,399V
0.40 0,398V
A r___/'

0,39 : : :
25 30 35 40 45 50

Temperature [°C]

Figure 3. 27: Going from 27 to 50°C (red curve) theutput of the sensor follows an almost linear
ascendant trend. Going from 50 to 27°C (blue curvethe output follows the same trend.

75



Chapter Ill: Reference Cell of Atomic Clock: Design Fabrication and Test

T [°C] Standard deviation of the T [°C] Standard deviation of the
measured values measured values

27 0.002¥% 45 0.005%

30 0.0(3% 40 0.005%

35 0.004% 35 0.004%

40 0.002% 30 0.003%

45 0.005% 27 0.002%

50 0.005%

Table 3. 15: Standard deviation measured on the optit of the sensor at different temperatures.

The standard deviation seems to increase withasang temperatures. This is due to the fact
that the high temperature introduces an additieffatt on the resistors, and this effect is not
perfectly repeatable. In any case, the standarchi@v is always less than 0.006 %, which
means that the repeatability of the sensor in tietderm (ca. 10 minutes) is very good.
Another test performed in order to evaluate howrtgponse changes in consequence of a
temperature drift was to submit the sensor at thmes pressure profile, at different
temperatures: one time at 27°C and another tirb@&. Figure 3. 28 shows this result.
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Figure 3. 28 : Same pressure profile at differenteémperatures.
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The plot shows that the measurement at high teryera slightly noisier (higher value of
standard deviation), but the sealing stays hernatic at 50°C, because the output signal
seems to precisely follow the pressure profile.

3.8.3 Long-term measurements

The final step was to make a long-term measurenterigst whether the sealing is able to
stay hermetic for long time, in condition of higintperature and high pressure. The sensors
were kept at 50°C and at 1500 mbar of pressure23arontinuative days. The output of the
Wheatstone bridges was registered: one samplespend was taken, so 86.400 samples per
day per sensor, and a total of 2.160.000 samplesquesor over the 25 days. Again, silver,
Sn-Bi and Sn-Pb-Ag bonding were tested. Every dhg, average value of the 86.400
samples per sensor was registered. Also, the sthogaiation of all the measurements was
registered and the range (max value — min valukLaf the 2.160.000 samples), in order to
estimate the dispersion of the measurement. Figur29 shows the trend of the average
values of the measurements over the 25 days of urezaents, for the three sensors
fabricated with the three different sealing techieisjunder examination.

As we can see, even in this case the best perfaeniangiven by the sensor sealed with
silver, because the graphic of the average vakiesally flat, the standard deviation and the
range of variation is the lowest. After 25-day esyi@ to somewhat elevated temperature and
high pressure, the output of the three sensorsidicsignificantly change and the standard
deviation was max. 0.061% (for the sample sealeld &n-Bi), indicating that all the three
sensors remained hermetic after 25 days. The sraalition observed in the output of the
sensors sealed with the two solder pastes is plpbak to the creep and stress relaxation of
the solder joint[211], [212]. On the other hand, @@ observe that the samples sealed with
epoxy and silicone are expectedly not hermetic.iéasured the output of the sensor before
sealing, and then monitored the output during sedegys after sealing; during the
observation period the samples were kept at 1506 iad 50°C. The output voltage of the
sample sealed with silicone went back to its oabinalue after the second day of
observation; the output voltage of the sample seaith Epoxy EPOTEK 354 went back to
its original value after four days of observatidhis means that the sealing are not hermetic,
but only air-tight. Figure 3. 30 shows this result.
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3.8.4 Discussion of the results of the hermeticity tests

Looking at the graphics of the response of theoumrisensors at different pressure profiles, it
is evident that the best and most stable sealiclgntgue is when silver paste is used. The
output of the sensors produced with this technigueery clean and perfectly follows the
pressure profile. However, this technique is slawd & performed at high temperatures,
which is not desirable when we are sealing Rb,oalgh it can be used when sealing the
spacer with the bottom window, when Rb is not yepensed into the cell. Also the outputs
of the sensors sealed with the two solder pastaénesl follows the pressure profile. In
particular, looking at the graphic, both Sn-Pb-Agl &n-Bi solder pastes followed pressure
profiles nb.1 and nb.2, even if the standard denameasured was slightly higher for the
sample sealed with Sn-Bi. For these short testsafidm 20 minutes), also the output of the
samples sealed with silicone DOW CORNING 4851 apdxy EPOTEK 354 is stable,
because the air ingress into the cell is too slovwstiow a pressure relaxation inside the
chamber over 20 minutes only. The studies on thgéeature show that measurements at
room temperatures are less noisy than measurertad@s at high temperatures, therefore
high temperature introduces further instability the sensor response. Even if noisier, the
response of the sensor at high temperatures foltberpressure profile; this means that the
sensor stays hermetic even at high temperatureloRgeterm measurements confirmed that
the most stable seal is the silver, but also Sraugl Sn-Pb-Ag seals were able to stay
hermetic, because during the whole duration ofstiiey (25 days at 50°C and 1500 mbar)
they show a minimal change of the output due tosthess relaxation phenomena typical of
solder joints. The same test was repeated on thplea sealed with silicone and epoxy, and
the result confirmed that these two adhesives ar¢ruly hermetic, as expected. Finally, this
study confirms that a system composed by an LTC@umeosealed with a glass window
using solder paste dispensed on top of a metadiizatng composed of two layers of Ag
ESL 9562G and one layer of Ag-Pd ESL 9635G is #éblstay hermetic for long time and
may be used as a base for fabricating referentefoelatomic clocks.

3.9 Test Performed on Cells with Rb

Some cells, with the chosen metallization / soldEmbination resumed in Table 3. 14 were
produced following the procedure described in paply 3.5 and tested. In this case, as
already explained in paragraph 3.3, the presenctheofdodecane in the Rb reservoir is
necessary for transferring the cell in the vacuumantber preventing the oxidation of
Rubidium. However, the dodecane stored in the ghmseshowed violent boiling in vacuum,
due to the outgassing of the nitrogen gas dissoindtie solvent (as discussed in section
3.3), causing undesired movements of the glassawdpghus preventing its reliable hermetic
bonding to the spacer. However, if the solventubnsitted to a pre-boiling treatment in
vacuum, essentially all the nitrogen is driven affpwing the thus pre-treated dodecane to
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be then used safely, without the previously-obsgrvimlent boiling and resulting in its
desired gentle evaporation. In this way, using tpie-boiled”, stable dodecane, we were
able to fabricate and test cells with Rb. The fipgalitative test was visual observation; after
sealing, the Rb inside the cell remained in itgiodl position inside the reservoir, and in its
original state, silver in color for ca. 20 daysdiiie 3. 31a), suggesting that the cell stays
hermetic for this time scale. The 20 days elap#ieel,Rb transformation to white powder,
probably RbQ and/or RbOH is very fast and clearly visible(Fig®. 31b), suggesting that
after this time, the cell is not hermetic anymdherefore ingress of oxygen and water vapor
inside the packaging oxidizes the alkali metal.

Figure 3. 31: (a), right after sealing, the Rb remias in its original position and its original statefor about
20 days. After, (b), it converts into a white powde probably Rubidium superoxide, due to ingress of
oxygen inside the packaging.

The cell shown in Figure 3. 31 was submitted, by mject partners of LTF (Laboratoire
Temps—Fréquence) of University of Neuchatel, atspscopic measurements to confirm the
presence of Rb. The absorption plot of the hea@®dd cell (Figure 3. 32, red curve) shows
the characteristic Rb absorption lines at the wength of the Rb D2 line, so the test
confirmed the presence of Rb in the cell. When camegh with the reference cell spectrum
(blue line in Figure 3. 32), the absorption lineocoir cell is broadened and is slightly shifted
towards the right (i.e. towards longer wavelengi¥)ich can be attributed to the presence of
a buffer gas (nitrogen) [213].
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Figure 3. 32: Laser absorption spectra from our micofabricated cell, showing characteristic Rb
absorption lines. Arrows indicate the correspondingaxis for each trace. The spectroscopic measurement
were realized by Dr. Affolderbach at LTF (Laboratoire Temps-Fréquence) — Université de Neuchatel.

After this first successful test proving the preseof Rb, the cell was submitted at the same
test one hour later, but it did not show any absonp most probably, the high temperature
(ca. 100°C) at which the cell was submitted durithg spectroscopic measurement
accelerated the attack of the sealing ring by th®dium, causing the degradation of the
sealing and therefore the rapid oxidation of thkalaimetal. This suggests that further studies
regarding the interactions between rubidium andesodnd metallization metals should be
carried out in order to fully characterize the syst Other cells, in which the LTCC spacer
was the test variant equipped with the pressureosewere also sealed with Rb. In this case,
the output voltage of Wheatstone bridge was medstefore sealing and monitored
periodically after sealing (with a constant, noniin®.0 V, excitation voltage), in order to
monitor the cell inside pressure. The output chdngensiderably right after the sealing
operation, reflecting transition from a zero diffietial pressure (both membrane sides at
atmospheric pressure) to ca. 1 bar immediatelyr aféaling, indicating that the sealing
operation was initially successful and the hernigtimside the cell was achieved. The
output voltage of the Wheatstone bridge remainablstfor ca. 20 days. When the
transformation of Rubidium in white powder highligtl in Figure 3. 31b starts, a relaxation
of the differential pressure is observed. Therefanest probably, at room temperature the
hermeticity of the sealing is kept for ca. of 20yslaafter this time, air ingress inside is
observed and it causes the transformation of Ruimdinto RbOH the white powder
observed in Figure 3. 31b. The measured outpuagelof the pressure sensor, sealed with
Rb dispensed into the reservoir, is showed in E@uI33
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Figure 3. 33: Voltage output of the pressure senspwhen Rb is dispensed into the reservoir. We cars
that the hermeticity is maintained for ca. 20 days.

3.10Conclusions

In this work, a simple low-temperature processt@ fabrication of hermetic Rb vapor cells
for miniature atomic clocks has been presenteaylvuivg handling of the alkali metals under
a protective solvent pool, and rapid low-tempematsgaling by soldering. The introduction
of an LTCC spacer provides an elegant manner teeeela large cell volume, i.e. increased
depth, while also allowing the sealing of the bwitawindow to be carried out before filling
by a stable high-temperature process such as abhodding. The LTCC spacer also provides
a convenient test platform, as it allows easy irgggn of a pressure sensor to monitor the
cell after sealing. When producing the test mosluleith integrated pressure sensors, an
important deformation of the membrane was obserpeahably due to the high pressure
applied during lamination of LTCC, and this brougid to study more in details the
lamination and to propose an alternative technigee chapter 4 for details).Regarding the
cell fabrication, the literature and the prelimyé&ests performed suggested that the bonding
should last long time; cells sealed without Rb wsubmitted to accelerating aging tests
(high temperatures and high pressure), and theibgstayed hermetic. Cells produced with
metallic, not oxidized Rb were also successfullyduced. However, such cells, when kept at
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room temperature, showed lack of hermeticity et@days, probably because of diffusion of
Rb into the solder or into the metallization metals

3.11Possible Improvements to this Technique

The work presented here still suffers from somadss especially related to the lifetime of
the cell. In particular, the microfabricated Rblgeatayed hermetic for ca.20 days when kept
at room temperature, while the cell submitted ab°@0for spectroscopic measurement
showed Rb absorption lines at the first test, lttat the second test, performed only one
hour later. so probably the cell does not toletiagchigh temperature. However, cells sealed
without Rubidium showed very good stability, so thmited lifetime of the produced Rb
cells may be due to interactions between Rb andsthiider or metallization metals,
suggesting that further studies in this sense shibelcarried out. Another possibility is that
the lack of stability of the sealing is relatediwihe use of dodecane to protect the Rubidium
from oxidation during the operation of transferrithg cell in vacuum. The dodecane, also
after the purification treatment, often causes gitdd small movements of the lids, which
may compromise the success of the sealing prodésefore, another solvent may be
considered, or, in alternative, a complete puriiazaof dodecane from all impurities should
be done before using it for the fabrication. Fipalhe design of the cell may also be
improved by replacing the Pyrex glass, sensitivihéoaggressive presence of Rb vapor, with
another glass, for example Schott 8346 [214] , tvimas been developed to be particularly
resistant to alkali vapors.
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4 New lamination technique for LTCC

This chapter introduces the current state of thé¢ a@fr low-pressure LTCC lamination
techniques, and then will illustrate an innovatared practical technique that we introduced.
The proposed technique allows easy fabrication DEC pressure sensors with reduced
membrane deformation, thanks to the reduced presspplied during lamination.

4.1 Introduction

When producing the test modules with LTCC pressamsor showed in Figure 3. 9, we
faced an important fabrication issue: the membn@e pressure sensor was deformed by
the high pressure applied during lamination. Thesequence was that the produced pressure
sensor did not detect any pressure change (notingosiample). During the production stage,
the LTCC green tape, which eventually forms thessegris punched, laser cut, and metalized
using screen printing. Then, the tapes are staakeldlaminated. After binder burnout and
cofiring, the final LTCC pressure sensor showniguFe 3. 9 is obtained, which must result
in a monolithic ceramic block, i.e. the junctionstween green tapes must not be visible
anymore. For this reason, as already explained|atimnation stage is a crucial aspect to
optimize. In chapter 2, we introduced the commonoked lamination technique, the
thermocompression: the tapes are joined togethdight pressure (usually, 20 MPa) and
temperature (usually 70 — 80°C), for ca. 10 minjisl]. These parameters usually allow
good encapsulation, yielding to the production omanolithic LTCC block after the
sintering process. However, sometimes the userdf liaders, the low porosity of the tapes
or not optimized lamination conditions can causealkntavities at the interface
tape/metallization or tape/tape. These defectsbeathe origin of delamination and cracks
during binder burnout and sintering (see for exapL5], [216]. Thermocompression is an
efficient process for a traditional circuit, such electrodes, electronics signal conditioning
platform, or heating plate. Such circuits are ugualithout cavities, holes, or thin
membranes. However, as explained, LTCC technolagybleen widely investigated since ca.
20 years now also to manufacture membrane presensors and microfluidic devices
[107]-[109]. These kinds of structures are very delicate tmirlate, because the thin
membrane of a pressure sensor or the channels/ensumtesent in a microfluidic circuit can
be strongly deformed by high pressure or tempegafline deformation of the membrane is
illustrated, step by step, in Figure 4. 1.
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Figure 4. 1: Schematic diagram of deflection: (a)pefore lamination. (b), during lamination, (c), afer
lamination, (d), during firing, (e), after firing. Image taken from [125].

The deformation that happens during the lamingbi@tess is visible ifrig. Figure 4. 1b. In
this case,hl is the change in dimension between the bottomhef gtructure and the
membrane upon lamination, x1 is the change in clkeandimensions in the x and y
directions, ang is the lamination pressure) is mainly caused byathyaied pressure in the
membrane surface area. This deformation due tonktion may be probably reduced by
applying lower pressure, even if the densificatbdrihe layers after firing must be ensured.
The next distortion of the membrane is visible igufe 4. 1d and it occurs during firing. In
this case, the direction and type of the membrafierohation are not so easy to predict as in
lamination, because the membrane can bend or besameafter firing. The case shown in
Figure 4. 1d is only one possibility, wher2 is the dimensional change between the bottom
of the structure and the membrane that occurrethgluiring, x2 is the change in the
chamber dimension in threandy directions during firing. This deformation due tarfg
may be probably reduced by using a slower heatutg, gradually heating the membrane.
Using the standard lamination technique, thermocesgioon, and the standard firing profile
advised by the manufacturer for producing LTCC guwes sensors, the membrane may often
suffer an important deflection, as highlighted bry Bournier in his thesis [33, pp. 57-59] . A
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non-flat membrane loses much of its sensitivitye do the stiffening effect resulting from
deformation, resulting in low and inconsistent @se of such an LTCC pressure sensor.
Therefore, we had to find out a new lamination radthand a better firing profile, which
would lead to the production of a monolithic cerarblock after sintering, but that would
also assure the flatness of the membrane. The logisal method to avoid deformation of
the membrane is to apply less pressure duringatménhbtion process, so the objective was to
find a low-pressure lamination technique which vdoallow the efficient fabrication of
LTCC 3D circuits. Previous attempts of various Ipmessure lamination techniques are
reported in the literature and have been invesdjat order to analyze whether one of these
techniqgues might be used for the production of tR€C test module with membrane
pressure sensor.

4.2 State of the Art of Lamination Techniques for LTCC

In the scientific literature, methods for laminatiof LTCC tapes while preserving structures
are based on three main principles:

1) Application of an adhesive tape;
2) Application of solvents or glues;
3) Application of a sacrificial layer or insert matari

4.2.1 Application of adhesive tape

A potentially interesting method was proposed bwdpiski and Roosen [216], [217]. It
consists of applying a double-sided adhesive t&ege(sdorf AG, Hamburg, Germany) on
top of the LTCC green tapes. The adhesive layer based on polyacrylate, with an
intermediate carrier layer that was a polyesten fdf 25 pum thickness. This double-sided
adhesive tape was applied on the green tapes, ttlempieces were stacked at room
temperature and pressed at 5 MPa, and finally éinevas fired at 870°C with a low heating
rate (max 10 K/min) in order to avoid any damagethe LTCC structure due to excessive
gas development. The joining mechanism is due ¢ofdhmation of a viscous liquid phase
from the melting of the polyester carrier film oftladhesive tape. The formation of this
liquid phase happens at temperatures around 330Qfig the binder burnout process. The
viscous liquid, at interface of the porous microsture of the green tapes causes capillary
forces, which result in an approach of the cerdayers towards each other, and finally in a
re-arrangement of the particles in the interfacahef tapes. Samples fabricated with this
method showed, after sintering at 870°C, no visipiat. The shape and geometry of
channels and chambers were not affected by thesymespplied during lamination. This
means that they were able to get a monolithic siracapplying a lamination pressure of
only 5 MPa at room temperature, and the moderasspre did not deform the 3D intricate
structure of the LTCC. The drawback of this metl®dhat a metallization layer was not
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applied on the LTCC tapes, so the interactions eetwthick film pastes and the tape were
not investigated; the tape may alter the propeai¢he metallization layer.

4.2.2 Application of solvents or glues

This technique was firstly illustrated by Supparkat al. in 1998 [218]. They deposited a
thin film of a solvent, mixture of ethanol, tolueard propylene glycol (PPG) on top of the
LTCC green tapes, and then laminated at low preq€ub kPa) for 5 minutes. The function
of the ethanol and of the toluene, volatile solserg to soften the tape interface, promoting
the joining of the tapes; they evaporate during fiheg process. The non-volatile PPG
penetrates into the porosity of green tape by leapilaction, diffuses into the polymeric
binder and causes the bonding of the tapes. Angibssible solution was presented by
Rocha et al. in 2004 [219]. They covered the LTQ@eg tapes with an organic liquid
(natural honey), using either a paint brush or byean-printing. They stacked the tapes
together, and the liquid glues the layers. A fieshporary gluing process between the tapes
is realized at room temperature at very low pressimanks to the organic agent. Finally, the
tapes are permanently joined during the cofiringirilar method was presented by Jurkéw
and Golonka [220], [221]. In this method, calledlcCChemical Lamination (CCL), a film
of the solvent DuPont thinner 4533 [222]is appleedthe green tapes surfaces using a paint
brush just before lamination, so after screen-prgnof the passives. The solvent softens the
surface and the next tapes are added on the tahebgame method. Then, the tapes are
compressed by pressures below 100 kPa and at mopetature. The lamination is based on
the diffusion process. In their research, Jurkd@ @olonka developed a simple LTCC flow
sensor equipped with a thermistor. The layout priesetwo channels and one thin LTCC
bridge. They used DuPont LTCC green tape 951ATcKtiess 114 um); the thermistor is
used as a heater and temperature sensor at thetissgnend it consisted of DuPont NTC
thermistor paste NT40. They laminated the sampleer®d with the solvent, with a pressure
of 100 kPa at room temperature. They also prodwsmuie samples using traditional
thermocompression lamination (150 MPa, 70°C). Tévamarison between the two samples
showed a similar lamination quality, because bbthgamples were monolithic. On the other
side, the samples produced with thermocompressimmhtion exhibited deformed channel
walls and a high degree of sagging of the bridges tb the high applied pressure and
temperature. This problem was not present in tihepkss fabricated with CCL lamination.
They also analyzed the thermistor properties déibrication and compared both samples
(fabricated with CCL lamination and thermocompresyito see whether the chemical
lamination affects the thermistor properties. Thegorted that the sheet resistance is about
30% and constant B is about 4% higher for thermsstabricated with CCL lamination. The
variability coefficients of sheet resistance andhstant B are 14% and 11% lower,
respectively, for the CCL method. This means thiwvest causes a change of the basic
parameters of the thermistor, but this change mstamt, and the values of sheet resistance
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and constant B of the thermistor have good repééyald herefore the CCL method may be
successfully applied in the fabrication procesthefLTCC modules.

4.2.3 Application of a sacrificial layer or of an insertmaterial

This method was well described, among others, lblgédu and Golonka in 2011 [125]. In
this procedure, the tapes are bonded using thendoermpression lamination, so they are
submitted at high pressure and high temperatungisthe chambers and channels, whose
geometry may be deformed by the application of tpgssure, are filled with a sacrificial
material which protects the 3D structures from dgend he sacrificial material consists of a
rubber-like die and it is intended to disappeatirduthe sintering process. However, in this
technique the firing process must be extended sarenproper burning out of the sacrificial
material. The alternative, also proposed by Jurltvd Golonka in the same research, is to
replace the sacrificial material by an insert matemn case the LTCC 3D structure is open.
During the lamination process, performed againigl Ipressure and high temperature, the
insert material protects the structure from defdioma After the lamination, before the
firing, the insert material may be removed, anddfge a standard firing profile can be
adopted. The lamination with an insert materialllisstrated in Figure 4. 2. The LTCC
structure is covered by a PCB FR-4 (Young's mod@issPa, Poisson’s ration of 0.3 and
density of 1850 Kg/ff) from the top and the bottom. The cavity is filladth the insert
material PDMS [223] (Young modulus 360-870 kPa,sBon’s ratio of 0.5 and density of
0.97 Kg/n?), which is removed before firing the sample wittandard firing profile. In this
case, the insert material protects the 3D structdrem deformation during
thermocompression lamination. The lamination wasfopmed applying the minimum
pressure which allows getting a good bonding betvibe tapes: 0.5 MPa, 70°C, 10 minutes.

L 7z /)';\Top cover
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~_ Insert
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Figure 4. 2: Schematic of the lamination with an isert material. Image taken from [125].

Using this method, they were able to get a gooddimgnof the tapes after sintering.
However, even if an important reduction of the meamk deflection was observed for the
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tapes Heralock HL2000 and Ceram Tape @€, deflection of the DuPont (DP) 951-based
membranes was approximately the same for structammated with and without rubber-
like inserts; therefore this technique is not addifor this kind of green tape.

4.2.4 Conclusion: need to introduce a new technique

After a detailed analysis of the different techmgueported in the literature, we decided to
introduce a new technique: the first two describexthods, based respectively on adhesive
tape and solvent print gave good performance, butobir applications they also present
some drawbacks: the techniques involving the agptio of a glue material require an extra
operation in the processing chain (the gluing ni@tés applied after the tape processing
steps), which is not very practical. Moreover, @se the glue layer is applied using a paint
brush, the amount of material dispensed is not ealkrolled; on the other side, if the glue
layer is applied by screen-printing, it is requirg@dspecific mask for each layer, which is
really time-consuming. The advantage of the teamiqvolving the application of the
adhesive tapes is that they are widely availabté\aany reproducible, but the tape must be
carefully applied on top of the green tapes, egjligaf they are very thin; if the structure to
be laminated is complex, the tape application bessoavery delicate and difficult operation.
Moreover, the LTCC tape must be carefully handled stacking and lamination, and
positioning corrections after stacking may be ingine. The third described method, based
on insert of a protection material, looks very piced, but apparently it does not offer
particular advantages for DP 951 tape, which is thpge that we were planning to use.
Therefore, we decided to develop our own technithet, we wished to be practical, easy to
apply and efficient, leading to the fabricationLdfCC modules with complex 3D structures
without affecting the shape of channels, chambersembranes, without effort.

4.3 Basic Idea of the Developed Technique

The technique was developed in close collaboratith Mr. Jiang, from LPM-EPFL. The
basic idea of the low-pressure lamination technideeeloped in this research is to create a
kind of LTCC glue, a low-melting “hot melt” adhesiVayer, which can be applied by screen
printing on each LTCC tape before starting theitaition steps [224]. The consistence of the
glue should ideally be viscous, but also liquid @gioto allow deposition by screen-printing.
The adhesive layer, once dried, must have a lowegegf tack at room temperature in order
to avoid collecting dust (especially from lasertitigf) and allow easy handling. On the other
hand, it should melt or soften at moderate tempegat(40-60°C), allowing easy lamination
at low pressures. The adhesive layer is dispensdteoentire surface of the green tape, so
there is no need to create a separate mask forlageh— the mask can be generic for all
designs and layers to be bonded in this manner.
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<€— Hot Melt Adhesive
Layer

<€—— LTCC Tape

Figure 4. 3: The adhesive layer is dispensed by san-printing on the entire surface of the LTCC gren
tape. Image taken from [107].

After applying this special “glue” onto the substs the production procedure follows the
traditional steps, i.e. laser-cut, screen-printilagpination, and firing. The lamination may
be performed at moderate pressure (less than 5 MRd) at 60°C, because at this
temperature, the adhesive layer deposited ontgrinen tapes will ideally melt causing the
bonding of the tapes. The moderate pressure slavoid or at least significantly reduce the
deformation due to lamination pressure, illustrated=igure 4. 1b. Moreover, the firing
profile adopted in this technique is much slowethwespect to the standard one, advised by
the manufacturer. The slow heating rate will prdpadvoid the rapid softening of the
membrane layer, therefore diminishing the risk efodmation due to firing (illustrated in
Figure 4. 1d). Figure 4. 4 shows the procedureoliow for fabrication of LTCC with this
method.

1) Screen printing of LTCC compatible « glue »

LTCC green tape 1 LTCC green tape 2 LTCC green tape 3

2) Laser cut

3) Screen-printing of metallization, via fill and other

4) Stacking and Lamination
S

Lamination parameters:

— T=25C
I I P=5MPa

5) Firing — glue burnout and LTCC sintering
S

Figure 4. 4: The adhesive layer is dispensed on tayf the LTCC tape and then the standard fabrication
process can start.
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4.4 Composition of the Adhesive Layer

In order to find out the ideal composition for thgecial glue, different hot-melt adhesives
were formulated by mixing at a temperature of 6Gi@ stirring the ingredients. Many
attempts were done to find out a suitable compwsitas explained, the “glue” at room
temperature must not be sticking and have a lowede@f tack, while at moderate
temperature (60°C), it must melt to allow the bowgdof the various tapes. In addition, the
adhesive layer must be easy to screen-print, ahdtrangly dissolve the LTCC binder. The
systems tested were based on a main solvent, washchosen to be cyclohexanol (CAS
number 108-93-0), for the following reasons:

» It has rather high viscosity;

» It does not attack the LTCC green tape too severely

* It does not pass through the LTCC tape, or at ldadbes not pass completely
through;

* It evaporates at low temperatures (boiling poirit64°C);

» At room temperature, moderate evaporation is oleserv

» It dissolves the binders used in the adhesive fatians.

The main solvent was mixed with a soft polymer keind he tested binders were:

» Ethylcellulose (EC), CAS number 9004-57-3;
* Polyvinylbutyral (PVB), CAS number 63148-65-2;

Then, a plasticizer was also introduced into threntdation of the paste. The function of the
plasticizer is to decrease the transition tempegaflg), which is the temperature at which
the glass transition happens (the reversible tiansiof a hard and relatively brittle

amorphous material into a molten, gluing rubbee-likaterial). The plasticizers tested were:

» Polyethylene glycol (PEG-400), CAS number 25322368-
» Triethylene glycol bis (2-ethylhexanoate, TEG-EHAEnumber 94-28-0;
» Acetyl tributyl citrate (ATBC), CAS number 77-90-7.

In some formulations, a wax (cetanol, i.e. hexadeGaCAS number 8032-89-1) was also
introduced. The purpose of the wax is to lower ttseosity of the hot-melt adhesive and
thus promoting flow in the molten state (same balraas the plasticizers), yet crystallize out
of the binder at room temperature and thereby medack in this state. In contrast to the
molten state, the low-temperature behavior of the 8 different form that of the plasticizer,
due to crystal-melt transition of the wax being Imsbarper than the rather progressive glass
transition seen in mixes of amorphous binder aradtizer. By adjusting the respective
levels of wax and plasticizer, one can indepengeasthtrol both high-temperature flow and
low-temperature tack characteristics. This creatdmal formulation that can be readily
applied and fully wet the LTCC surface. The chatéhe binder, the plasticizer and the wax
was done based on the Hansen parameters[225]asivailues of such parameters indicate
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that the components are compatible with each athdrthat they will be correctly dissolved
into the main solvent. Table 4. 1 summarizes teteteformulations, with a short note on the
result obtained for each attempt.

Paste | Main solvent | Binder Plasticizer Wax Note
No. (weight %) (weight %) (weight %) (weight %)
1 Cyclohexanol | PVB PEG-400 Cetanol Hard to print
(55%) (9%) (9%) (27%) — too viscous
— sticks on
LTCC
2 Cyclohexanol | EC TEG-EH Cetanol Difficult to
(70%) (5.6%) (5.6%) (18.8%) print
3 Cyclohexanol | EC ATBC - Print OK,
(50%) (30%) (20%) slight tack
4 Cyclohexanol | EC ATBC Cetanol Print OK, no
(45.3%) (27.2%) (13.6%) (13.9%) tack

Table 4. 1: Bonding material tested: PVB = Polyviniputyral; EC = ethylcellulose; PEG-400 =
Polyethylene glycol; TEG-EH = Triethylene glycol bé (2-ethylhexanoate); TBAC = Trybutyl
acetylcitrate.

From the table above it is evident that the paste Nwas the best, combining a good
printability with no visible tack. This paste wased to produce samples of our LTCC
pressure sensor, in order to find out the best npaters (lamination pressure and
temperature, firing profile), which allow to gettbest result. The factors to evaluate in order
to determine the quality of the sample were thmélss of the membrane and the satisfactory
bonding of the tapes.

4.5 Fabrication Parameters

The resulting paste nb.4 was tested onto DP 951aj3®% Heraeus Heralock (HL) 2000 [131]
green tapes. Different values of moderate pregswere tried for lamination (1.94, 3.88 and
7.75 MPa). The lamination was performed at 60°Qraer to make the adhesive layer melt
and realize the bonding. Table 4. 2 summarizesiémsification of the samples after firing,
at different moderate values of lamination pressure

The pressure of 3.88 MPa seems good for both DPHanthpes, so this was the value of
pressure applied for production. The test samplee Vinally fired with a low rate firing
profile in order to slowly burnout the binder aetbeginning, and then the firing profile
culminated at ca. 875°C. The firing profile adopiedhowed in Figure 4. 5.
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Green Tape |p=1.94 MPa p =3.88 MPa p=7.75 MPa
DP 951 Good densification | Good densification Little crack
HL 2000 Little crack Good densification Good densification

Table 4. 2: Results showing that the best is to afypa pressure of 3.88 MPa, as no tack and good
densification were observed.

Tlaoo ~|

750
00
450
300

150

Figure 4. 5: Firing profile used for the tests: thebinding burnout was slow (increasing of 1 to 2°C @r
minute until 430°C) to decrease the deformation ahe membrane during firing.
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The firing profile adopted is ca. 30% longer thdre tstandard one, advised by the
manufacturer (an example of a standard firing pgaf illustrated in Figure 2. 16). The
principal reason for this is that we need to evee@xtra organic material; moreover, the
gradual heating is less traumatic for the membrand, may therefore decrease the risk of
deformation due to firing temperatures, illustraitedrigure 4. 1d.

4.6 Results

The LTCC pressure sensors illustrated in Figurd Bwere produced using the standard
technique with thermocompression lamination andpitegosed lamination technique. The
DP 951 and HL 2000 LTCC tapes were used to prothesamples. The produced samples
were submitted to the following tests:

* Some samples were broken to examine bonding quality
» The deflection of the membrane was evaluated bfflpneetry, to examine the effect
of the process on membrane flatness.

* The effects of the adhesive layer on the printedqresistive paste were evaluated, in
order to determine whether the glue affects th@gmees of the thick film paste.

4.6.1 Densification

Samples fabricated using paste No.4 showed goodifibation, with both green tapes.
Figure 4.6 shows photos of the samples, with gaatsification, and the comparison with a
sample whose densification was poor.

Figure 4. 6: (a), fracture surface of DP951 membram structure showing good bonding. (b), fracture
surface of HL2000 membrane structure, showing goodonding. (c), fracture surface of HL2000
membrane structure, showing poor bonding.

The Figure 4. 6a and the Figure 4. 6b show phofothe samples fabricated with this

method, using both green tapes. As it is possibleee, the densification is very good, the
bonding of the various layers is excellent and mhedule is a monolithic structure. In

comparison, we can observe the Figure 4. 6¢, whiah a sample fabricated with a non
successful composition, showing a bad densificaticthe membrane.
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4.6.2 Membrane flatness

The other important factor to evaluate the methad the flatness of the membrane. The
membrane layer had a thickness before firing of M. The membrane of samples
fabricated with standard technique was analyzed, @mpared with the membrane of
samples fabricated with our low-pressure laminatechnique. We used the non-contact
laser profilometer UBM [226] tanalyze the flatness of the membranes. A photbetised
profilometer is shown in Figure 4.7, and its praveeeps the surface of the membranes as
illustrated in Figure 4.8, yielding analyses sushre one shown in Figure 4. 9, for a sample
fabricated with the standard technique.

Figure 4. 7: A photo of the non-contact laser Figure 4. 8: Measurement of the flatness of the
profilometer used to analyze the flatness of the membrane. The red dot is the point where the
membrane of the pressure sensors probe is focused. Once the profilometer is focused,

the table moves like shown by the green arrow, so
that the probe can sweep the entire surface of the
membrane
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Figure 4. 9: Profile of the membrane fabricated wih standard fabrication. The green tape used was
DP951: the thickness of the membrane was 114 um beé firing, 97 um after firing (nominal shrinkage is
15%)

Two factors need to be evaluated: the gap betwben‘ion membrane zone” and the
“membrane zone”, and also the flatness of the man#rzone. Both the factors in this
sample are not satisfactory: as we can see in &u®, the gap between the “non membrane
zone” and the membrane zone (the membrane zong ata= 2 mm) is ca. 40 um (ca. 40%
of the total thickness of the membrane layer). Mueg, the membrane zone is not flat. Not
considering the two little “mountains” that areilils, that are the resistors of the membrane,
the profile is neither regular nor flat. We can qare this result with a membrane fabricated
using our lamination technique (Figure 4. 10). Theposition of the layer, of course, is the
same for both the samples: we used DP951 green dagdethe thickness of the membrane
layer was 1141mbefore firing (97 pum after firing). The improvemeate to this technique

is evident: There is not a visible gap between“tttmn membrane zone” and the membrane
zone (again, the membrane startx at2 mm), and also, the membrane zone results &lmos
completely flat; this means that also the sloweindi profile efficiently reduced the
deformation due to the firing.
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Figure 4. 10: Profile of the membrane fabricated wth low-pressure lamination technique
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4.6.3 Effect of the adhesive layer on the piezoresistiygaste

The piezoresistive resistor paste used to fabrited TCC pressure sensor was DP 2041.
The nominal HTCR (Hot Temperature Coefficient ofsR&ance, 25-125°C) of the paste is

<50 ppm/K, and nominal sheet resistivity is 1Q/s¢quare [227]. The HTCR was measured
by measuring the resistance, with a 4-points measent, at 25, 50, 75, 100, 125 and 150°C
of 8 different samples fabricated with thermocomspien lamination and 8 samples

fabricated with low-pressure lamination, and thesmvalue retained was the average value of
the 8 measurements. We also calculated the stamtdsidtion of the samples, using the

formula of Eq. 3. 7. The formula used to calcutaeeHTCR is:

1 AR Eq. 4.1
HTCR = =-—

R AT
On the same 16 samples (8 samples fabricated withamination technique and 8 samples
with the standard thermocompression lamination),alge measured the sheet resistivity of

the piezoresistive paste, and again we calculdtechverage value of the 8 measurements,
shown together with the standard deviation in Tdbl.
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HTCR Sheet resistivity

(ppm/K) (kQ/square)
Thermocompression lamination 30.1+0.8 98+19
Low-pressure lamination 34.3+0.8 10.2+1.6

Table 4. 3: Properties of the DP 2041 resistive p@s(average value + standard deviation) after firigy, for
both standard thermocompression and the new adhesvassisted low-pressure lamination methods.

Given the usual lot-to-lot sheet resistance and Wamations, the observed differences are
negligible. Moreover, one should note that the shesistivity is affected by screen-printing
effects, such as thickness increase near the tatimmor ink spreading, and this effect is
expected to influence TCR as well, due to significeeactivity of resistors with LTCC.
Regarding the standard deviation, we can see lteameasurements of the TCR show good
reproducibility, with low standard deviation for thotypes of samples. The higher standard
deviation of the measurements of the sheet reysiiv due to the abovementioned and
unavoidable screen printing effects.

4.7 Conclusions and outlook

A new, innovative technique is proposed for theitation of LTCC microfluidic circuits or
membrane pressure sensors. These kinds of systemeqaipped with long channels,
chambers, or a thin membrane; the geometry of thesetures is usually affected by the
application of high pressure or high temperaturenguthe standard thermocompression
lamination technique, or the high temperature duthre firing. For this reason, we decided
to develop a new lamination technique which alldkes application of a moderate pressure,
lower than the one applied in the standard teclmigut at the end leading to an excellent
bonding of the various tapes. The various methadsemted in the literature are either not
practical, or do not guarantee the performance etkethe basic idea of this technique is to
screen-print, on top on any green tape, a kindTa€C glue, which is not sticking at room
temperature, and that melts at ca. 60°C, becontiok &d fluid, and therefore allowing the
bonding of the tapes at moderate pressure. Thecétion steps after the application of the
adhesive layer follows the standard procedure destrin paragraph 2.5, i.e. laser cut,
screen-print, stacking, lamination, firing. The adive must be compatible with standard
thick film pastes, without affecting their physiqadoperties, and must be viscous, but also
enough liquid to be printable. Various formulatiomere tested, containing a main solvent
mixed with a soft polymer as binder, a plasticiaed/or a wax. Finally, a good composition
was found: we got an excellent bonding of the LTi@@es (both HL 2000 and DP 951 green
tapes tested), using a moderate lamination pre¢8u88 MPa). A slow firing profile was
adopted, in order to gradually reach the peak, gvg the membrane from deforming
because of a sudden temperature change and sgftehitne layer. The membrane of a
pressure sensor developed with this technique wadyzed using a profilometer, and
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resulted much more flat with respect to the samenlbmane, fabricated with the standard
thermocompression lamination. The physical propertf the resistor screen-printed on the
membrane stayed the same, or slightly changed, afi@ication of our “glue”. Therefore,
this technique can be successfully used in faboigadf LTCC microfluidic circuits, as it
does not affect the shapes of channels, cavitiehamber, and it is also very attractive for
the fabrication of LTCC membrane pressure sensgrg,reduces the membrane deformation
and also does not affect the physical propertiethefpiezoresistive paste. The proposed
technique is very promising, but further work shliblde performed in order to fully
characterize the adhesive. In particular, an aggkth has not been investigated is whether
the connection tracks remain correctly embeddedt wie LTCC module after firing it in
presence of our hot-melt adhesive. An elegant isolwvhich would avoid any problem with
the printed elements and that would also furtheedpup the production chain would be to
add the hot-melt adhesive directly into the comjpmsiof the LTCC green-tape surface,
which would finally consist of ceramic powder pltise soft binder, promoting efficient
interlayer bonding, yet avoiding strong deformatdhre to stabilization by the harder core.
Also, this would make the process compatible whth presence of conducting tracks, which
would embed easily in the soft surface layer.
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5 Thermal studies on LTCC

In this chapter, an LTCC multifunctional moduleimgroduced. The designed module is
flexible enough to be used in any microsystem &t had temperature control any small
device in the mm scale. A detailed thermal analygs performed, together with finite-
element simulations, to estimate the amount ofifg@bwer consumed by this heating plate,
and the loss introduced by convection and condacfibie analysis and the simulations were
validated by comparing the data with experimengduits. In free air, losses by convection

are dominant, and thermal insulation is therefoeded to achieve low-power operation.

5.1 Introduction

One of the objectives of this research was to U@ technology to package, interconnect
and control the temperature of the components efatiomic clock. Moreover, during our
research, we faced many times the issue to prgasetrol the temperature of various small
devices, which were active part of larger microsyst. For this reason, we developed a
standard LTCC heating platform, equipped with aitp@stemperature-coefficient (PTC)
thermistor to measure the temperature, and an Ageating meander. The designed device
is flexible enough to be used to control the terapge of any small device in the mm scale,
as it is equipped with a simple plug & play standBual-In-Line (DIL) connector, allowing

it to be plugged easily in any PCB and used. Ongomant feature of the LTCC heating
plate is its power consumption, which is requiredhé low, as in most cases, it has to be used
in portable low-power microsystems. Therefore, befine final fabrication of the device, a
detailed thermal analysis and then finite-elememukations were performed, in order to
estimate the power consumption of this device|dsses introduced by free convection and
conduction. This analysis aimed to determine wirettie LTCC heating plate has sufficient
thermal efficiency to be used in portable microsyst. Finally, after the fabrication of the
device, we reproduce the experiments in the laborab validate the simulations. Various
materials were tested in order to efficiently thalijninsulate the heating plate, leading to
improvements of the heating performance. Finahg best experimental configuration was
established, and in this case, when the modul#iceatly thermally insulated, the heating
power required is enough low to be used in portable-power microsystems in the mm
scale.
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5.2 Design and Fabrication of the LTCC Heater

5.2.1 Concept and design of the device

Ideally, the heating plate that we aimed to desi@s supposed to have the following
features:
a) It should be equipped with a heating resistor anseparate temperature-sensing
resistor so that it is able to heat and at the dameemeasure the temperature;
b) It should be flexible, so that it can easily usedifferent microsystems;
c) It should be small enough and feature low thernuasisés to minimize power
consumption and thus allow its application to palgamicrosystems
d) Noise and instabilities on the temperature measemérsignal should be avoided or
shielded in order to get a precise control (son@iegtions need a stability better
than 0.01 K);
e) lIdeally, it should be robust and able to work atstvarsh environments, even if this
feature is not necessary for our application (atoctock packaging), but we aimed to
develop a flexible and ideally universal heatingtel

For its excellent thermal and chemical stabilitye fpossibility to integrate passive heaters
and PTC resistors in one module and also to adgrbgly soldering, standard connectors to
interface the module with the external world, LT@Chnology was chosen to produce the
device.

5.2.2 Fabrication and description of the device

The designed device (Figure 5. 1 and Figure 5a8)dn adjustable thickness of 500 um and
it is composed by four different layers (intermeeidayers can be added depending on
thickness requirements). The fabrication proceskisfmulti-functional module involves the
traditional steps of LTCC technology: laser cuttofggreen tapes, screen-printing, stacking
and lamination, and firing. The final device is ggped at the centre with an aperture; this
aperture is useful in case of miniature atomic lclpackaging, for letting the light coming
from the light source passing through. It presentseating conductive serpentine for local
temperature control and a PTC (Positive Temperdoedficient) thermistor for temperature
measurement.
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Top view Bottom view
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Figure 5. 1: 3D views of the different layers thatonstitute the LTCC heater and drive circuit platform

Two different types of LTCC green tapes are usethbwicate the device: the top and the
bottom layers consist of the zero XY shrinkage ldasaHL2000 green tape (thickness of ca.
132 um before firing, and ca. 92 um after firinghe two intermediate layers, added for
increasing the thickness and hence the robustrfetbe glatform, consist of DP951 green
tape of thickness (before firing) of 254 um (nonhiX¥ shrinkage of the tape is 12.7%,
while nominal z-shrinkage is 15%, [36] ). Usingstifsandwich” of HL2000 and DP951
green tapes, the total x shrinkage was 1.08% aadl ycshrinkage was 0.84%, because the
HL tape constrains the shrinkage of DP tape. Sngstl zero shrinkage was obtained without
having to stack many thin HL layers to get the ekithickness, making the fabrication
process easy and low-cost. Conductive paste AgP®&DI6 [228] was used to pattern and
screen-print a serpentine heater on the bottonr.le8@lder pads are present on top and
bottom layer and they are electrically connectedibg, filled with conductive Ag-Pd paste.
The solder pads will be used to place a connectochwwill be plugged in into the PCB
support. For the PTC temperature sensor, DP 50@2ipasition (sheet resistivity 1@sq,
HTCR 3000 ppm/K), [229] paste was patterned anéescprinted on the top layer. The
heated area of the module (where the heating stmpels present) is insulated from the
external “cold” area, where the electrical conrmwi are placed: both zones only
communicate through two small bridges (Figure 5, y&low arrows), in the low-loss
configuration (Figure 5. 2 a). Initially, the moduhlso has 4 additional small bridges (Figure
5. 2b, purple arrows), which reinforce the moduleing production and are then cut away
(as seen in Figure 5. 2a), and another centrabogitbridge (Figure 5. 2b, red arrow), which
is shorter and wider than the outer ones. The @eiridge, if not cut away, induces
important conduction loss but has the advantagaakKing the module less fragile. In case
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the LTCC hotplate will carry a cumbersome and he@dwy heavy we intend ca. 10 grams)
device, it is advisable not to cut off the centratige: more conduction loss is introduced in
this case, but the hotplate will be more robuste €Thntral bridge also carries an electrical
track which allows introduction of a controlled teemature gradient. This gradient is
regulated by soldering an SMD resistor on the dedtt pads (Figure 5. 2a, red rectangle),
which shunts some of the current flow and therelsthér reduces heating in the bottom part
of the heated area (this can be maximized by stprihe SMD pads altogether). The
resulting colder zone is useful when the modulased to temperature-stabilize the alkali-
metal reference cell of an atomic clock, as itvafiaeliably keeping the alkali metal away
from the window. On the bottom layer there are alge-bonding pads (Figure 5. 2b, yellow
rectangle), in case additional devices (e.g. eatesensors) must be added and connected.
Photos of the designed device are shown in FiguPe &nd the overall dimensions, and some
other important dimensions of the device, are sunz@a in Table 5. 1.

r—
- errrre
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Figure 5. 2: A photo of the fabricated LTCC module;(a) bottom view, module in the low-loss

configuration, without central bridge. The heatingsilver serpentine covers the entire hot zone on thep.
The yellow arrows highlight the two small bridges hat connect the cold zone (bottom) and the hot zone
(top). In the red rectangle there are SMD pads whex it is possible to solder a resistor that will a#r the
current flow through the bottom part of the heatedarea (if the intermediate bridge is not cut away).(b),

top view of the module, with optional central bridge (red arrow) and intermediate fabrication bridges
(purple arrows). The PTC resistor consists of thedur black lines on the top part. In the yellow recangle

there are the wire-bonding pads.
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Width [mm] Height [mm]
Overall dimensions 15 22
Heated area 15 12
Aperture for the light 5 5
Dimension of the external bridges 0.6 5
Optional centre bridge 1 3.2

Table 5. 1: Detailed dimensions of the LTCC moduldesigned for atomic clock packaging

5.3 Thermal Analysis of the Designed Device

Since we aimed to reduce the power consumptiohefevice, before the final fabrication
of the module, we performed a physical and theanalysis to estimate the minimum power
required to achieve the desired temperature, invir®us possible configurations of the
module; we also investigated the possibility tolaep the Ag-Pd heating serpentine with
simple Ag, which is cheaper, but has a higher tlaérgonductivity and therefore introduces
further loss. This analysis was then validatedhgyrnal simulations.

5.3.1 Physical and thermal analysis

In the ideal situation, depicted in Figure 5.3, tiidy loss present in the system is the one by
conduction from the central hot zone (hypothesiaed¢onstant temperature) and the cold
zone (where the solder pads are), through the ésidgonnection between the two zones).
The cold zone is hypothesized to be at 25°C. Foh ¢aermal bridge (connection between

the hot zone and the cold zone) we can apply Fositav:

n
k;S;
= L Eq.5.1

. Where:

* Q= Power given to heater

* n= Number of bridges

* ki = thermal conductivity of the material of the ly&d
* § =cross section area of the bridge

* L; = length of the bridge

105



Chapter V: Thermal Studies on LTCC

./ Hot zone

|

[ ]
S—— Cold zone (25°C)

[T

Figure 5. 3: The thermal flux by conduction is theone highlighted by the red arrow and it is the only
thermal flux present in the ideal situation.

We can now introduce the thermal coeffici@introduced by the bridge which is a value
that only depends on the material and on the gegroéthe bridge considered. So:

_ S Eq. 5. 2

Ci
i Li

Finally, we can re-write Eq. 5. 2highlighting theetmal coefficients:

n
Q=ZCi*AT Eq. 5.3
i=1

Knowing the thermal conductivity of the material iath constitutes the bridge and its
geometry, it is possible to calculate the thernwéfficient introduced by the bridge. The
following are the bridges (i.e. the connectionswaein the hot zone and the cold zone to
consider) that introduce conduction loss:

« External outer LTCC bridges

e Optional central LTCC bridge

» Ag-Pd (or Ag) connections (screen-printed on toghefLTCC bridges)
During this analysis, different hypothesis and agpnation were done. In the different
configurations of the LTCC module, we estimated pgwver that we needed to get a
temperature of 70 °C (typical working temperatufettee reference cell) in the hot zone.
Therefore the value &T is always the same in all the calculations perfatme

AT = 70- 25 = 45 [K] Eq.5.4

Case 1. Thermal dissipation by conduction loss through the LTCC bridges only

In this first approximation, the contribution of A connection bridge is considered
negligible. Table 5. 2 summarizes the thermal ¢oiefit introduced by the LTCC bridges,

106



Chapter V: Thermal Studies on LTCC

calculated using Eq. 5. 2, assuming tkaif LTCC is 3 W- m™- K™ [36] and with the
dimensions summarized in Table 5. 1.

Bridge ki S L; G
[W-m? K7 [mm?] [mm] [MWIK]

LTCC outer 3 0.30 5.0 0.174

bridges

LTCC central 3 0.55 3.2 0.49¢

optional bridge

Table 5. 2: Calculation of the thermal coefficientsntroduced by the LTCC bridges.

LTCC in the low-loss configuration

This is exactly the case summarized in in Figuré85The only thermal flux present is
through the two outer bridges.

P = 2% Crrecout * AT

P=2x(174%10"%) = 45 =15.6 mW EQ.5.5

This means that, in the low-loss configurationjrigkinto account only conduction in LTCC,
ca. 16 mW are needed to get a temperature of #0fiizihot zone.

LTCC equipped with intermediate bridge
In this case we have an additional coefficienti®dum, i.e. that of the central bridge.

P=2x CLTCC,out + CLTCC,central * AT

P= 2%[(174107%) + (4.98  107%)] x 45 = 38.1 mW Eq. 5.6

Comparing the result in equation 5.5 with this lgswe note that the introduction of the
intermediate shorter and wider bridge consideratiyeases the loss by conduction

Case 2. Study of contribution of the Ag-Pd connections

Let's now consider the Ag-Pd connection on the de&l they may be considered as
additional bridges whose contribution should beeadth the sum in order to precisely
estimate the losses they introduce. Before appliAmgrier's law, though, it is necessary to
estimate the thermal conductivityof the Ag-Pd. The paste used for the heating séirpgeis
DP 6146 [228]. The nominal sheet resistariRg i < 60 nf2/sq. We measured the sheet
resistance and it was ca.2%8q. The estimated resistivity)of the Ag-Pd is then:
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p=Rgxt= 025%10"°0"m Eq.5.7

, Wheret is the thickness of the Ag-Pd connection, which c@@ assume being equal to
10 um. The obtained value for the electrical tastg of the Ag-Pd alloy is in line with the
value calculated by Butler and Stocks in 1984 [28@] an alloy of similar composition of
Ag-Pd, they estimated a value of electrical redistiof p ~ 0.2-107%2 - m. Now we can
calculate the electrical conductivity of the Ag-Rdhich is equal to:

o= 1 4 x 106£

p m Eq. 5.8

Now, knowing the electrical conductivity of Ag-Pday, calculated in Eq. 5. 8, we can
simply apply the Wiedemann-Franz law [231], [238]calculate the thermal conductivity of
the paste:

k_ .1 EQ.5.9
o
, Where:
» kis the thermal conductivity of the material
» o is the electrical conductivity of the material
« L is the Lorenz number, equal to 2@ -W-Q-K 2
* Tis the temperature in K
Applying this law, in the hypothesis of room tenmgtere (T= 300 K), we obtain:
k =0LT = (4+10°) * (244 *107%) * 300 =29 W-m~1-K™! Eq. 5. 10

The value of thermal conductivity of the Ag-Pd slicalculated respectively in Eq. 5. 10 is
similar to that obtained by Yarbrough et al. [288Jo estimated, for an alloy of similar

composition of Ag-Pd, a thermal conductivity bf~ 22 W-m~!-K~1. We can now use
this value of thermal conductivity in our calcutatiof the ideal power and see if the amount
of conduction losses introduced by the Ag-Pd idigdde with respect to the loss introduced
by the LTCC bridge. The first thing to do is toadhte the thermal coefficie@ introduced

by the Ag-Pd bridge, assuming a width of the tratk0.2 mm, while the thickness, as
previously assumed, is 10 um. The length of thePAlgzonnection is the same of the LTCC
bridge crossed.
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Bridge k S L G
[W-m™* K [mm?] [mm] [MW/K]

Ag-Pd outel 29 0.0C2 5.0 0.C12

connection

Ag-Pd centra 29 0.0C2 3.2 0.C18

optional connection

Table 5. 3: Calculation of the thermal coefficientsntroduced by the Ag-Pd bridges

LTCC in the low-loss configuration

In this case we have the two outer LTCC bridgesctvimtroduce a conductive loss, plus the
two Ag-Pd bridges screen-printed on top of the LT@ich also introduce conductive loss.

P =[2* Cirecour + 2 * Cagpa) * AT

P=[2+x174%10"*+2%1.17 x 107°] x 45 = 16.7 mW Eg.5.11

Compared the result obtained in Eq. 5. 11 with didEq. 5. 5, calculated considering only
the contribution of the two LTCC bridges, the diffiece is almost negligible.

LTCC with intermediate bridge

In this case we can apply again Fourier’'s Law,udilg the thermal coefficients introduced
by the two LTCC outer bridges, the LTCC centrablgd, the two Ag-Pd outer bridges and
the Ag-Pd central bridge, in order to calculatepbever required to get 70°C at the hot zone:

— *
P = (2 * CLTCC,out + CLTCC,central + 2% CAgPd,out + CAgPd,central) AT

P=(2%1.74%107*+ 498 10™* + 2% 1.17 107> + 1.83 * 107°) % 45 = 39.9 mW Eg. 5. 12

Again, the value calculated in Eq. 5. 12 is vergikr to that calculated in Eq. 5. 6, in which
the contribution of the Ag-Pd bridges was not tak#o account. We have therefore proved
that the contribution of the Ag-Pd to the conduttiosses is actually negligible, because the
most important contribution to the conduction lssmtroduced by the LTCC bridges.

Case 3. Possihility to replace Ag-Pd with Ag

In case the connections are made of Ag insteadgelPd, the contribution changes, because
the thermal conduction of Ag is much larger thanAdalloy. Typically, the sheet resistance
of silver conductor pastes is between 4 and(Bsg [234], [235]. If we assume a value of
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5 mQ)/sq, it means that the sheet resistance of Ag pasbeactly 5 times less than that of its
alloy Ag-Pd. Therefore, repeating the steps sunmedrin paragraph 3.2, we get a thermal
conductivity of the Ag paste equal to 145-Wi™- K™ (five times more than its alloy Ag-
Pd). This is a very generous estimation, becausahttrmal conductivity of bulk silver is
406 W- m™*- K [236], and knowing that thick film pastes usualgve lower thermal
conductivity with respect to their bulk materialeWan calculate the thermal coefficient that
would introduce the Ag connection on the outer dei&l knowing that its thermal
conductivity is 145 W m™- K™, its cross section and its length are the samettieAg-Pd
connection.

Bridge ki S L; G
[W-m™ K [mm?] [mm] [MW/K]
Ag outer connectio 145 0.0C2 5.0 0.092

Table 5. 4: Calculation of the thermal coefficieneventually introduced by an Ag bridge.

We can now apply Fourier's law, in the hypothedisnodule in its low-loss configuration,
without central bridge, and with Ag connections:

P = (2 * CLTCC,O'U.I’ + 2 * CAg) * AT

P=(2x174%10"*+2%9.15% 107°) x 45 = 23.9 mW Eq.5.13

So, the replacement of the Ag-Pd with Ag would éase the dissipated power of about 50 %
in the analog configuration (23.9 mW instead of91&W with Ag-Pd). Therefore, the
contribution of the Ag-Pd connection to the therhosks is almost negligible, but this is not
the case of a pure Ag connection. Due to this hags, the use of Ag for the heating
serpentine is not advised, in addition to the tasise being too low to be practical.

5.4 Thermal Simulations Performed

In order to validate the thermal analysis and fahracterize the thermal performance of the
designed device, we performed finite-element sitiwia, using the software ANSYS [237].
The value of heating power required for achievifd(Z was calculated by the simulations,
hypothesizing different configurations of the LT@®dule:

1) The module equipped with all the bridges (as-predic
2) The configuration with both the central bridge &mel outer bridges (“high-loss”);
3) The configuration with only the outer bridges (“ld@ss”).
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The temperature distribution along the heated a@s observed in the different cases and
then compared with the configuration in which tlatbm part of the heating serpentine is
short-circuited (mounting a @ SMD resistor on the dedicated pads of Fig.1a).tAdlse
simulations were performed hypothesizing no lossi®r than conduction in the LTCC
bridges (complete vacuum, no radiation). Finalhg effect of convection on the heating and
the additional losses that it introduces was alstimated, simulated and experimentally
validated. A fine mesh was used for all the simaiet, in order to carefully observe what
happens at the bridge edge. Figure 5. 4 showsearsinot of the meshed device during the
simulation: it is possible to clearly see that bnielges are finely meshed in order to estimate
in the most accurate way the temperature distobugiong these areas:

Figure 5. 4: Results of the smart meshing of the LEC device in its original configuration.

Thermal conductivity of LTC! 3wW-m™t-K*

Electrical resistivity of A-Pd serpentir 0.5 uQ'm

Hypothesi In vacuum (no convection), no radiat
Boundary conditio Cold zone (external) at 25

Table 5. 5: Data, hypothesis and boundary conditioadopted for the thermal simulations performed

Table 5. 5 summarizes the parameters and the boumdaditions adopted for all the
thermal simulations. Using this data the finitenedat simulations estimated the heating
power required to achieve a temperature in thezboe (where the heating serpentine is
placed) of 70°C (typical working temperature of thai-cell, here maximal temperature in
the module). The first simulated case was thaheflilTCC module is in its original layout,
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with all the 7 bridges intact, which induced a adasble conductivity loss. The finite-
element simulation of the first configuration show$ion-homogeneous distribution of the
temperature, as expected. In this case, almosihalbottom part of the heated area is 10 to
15°C colder than the top part, due to the considereonduction loss between both zones
brought about especially by the short bridges.his tase, for achieving a temperature of
70°C, 5 V and 13.6 mA of current were necessarnyjichivborresponds to a total power of
69 mW. The results of this simulation are showfigure 5. 5:

Figure 5. 5: Results of the finite-element simulatin of the LTCC module in its original configuration.

The next step was to simulate the LTCC module waitltloe 4 intermediate small bridges, i.e.
with the two outer bridges and the central onés ftossible to see in this case (Figure 5. 6)
that the temperature distribution is more homogaseespect to the first case, and only the
zones close to the bridges are significantly cottlan the top part of the heated area, the
temperature of the hot zone otherwise being withif°C range. In this case, 3.2 V and
10.9 mA of current, corresponding to a power ofn3®, were necessary to achieve a
maximal temperature of 70°C, i.e. a decrease 03%% with respect to the first case. This is
expected from the decreased conduction loss du¢heo elimination of the 4 short
intermediate bridges that created a thermal shartit between the heated area and the cold
zone. If we do not consider the hottest point, thet average hot zone temperature, the
decrease in required power is even larger than 35%.
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Figure 5. 6: Results of the thermal simulation offie LTCC device equipped with the external and the
outer bridges.

Finally, we simulated the LTCC device in its lowstoconfiguration: the central bridge is cut
away as well, leaving the module with the two ouigdges only (which carry the heating
and temperature-measurement conductor tracks).mddle in this configuration is more
fragile, but still it can carry without any problemost of the small devices that it is going to
temperature-stabilize. On the other hand, it oftexder performance in terms of conduction
loss, resulting in an even more homogeneous teryerdistribution within the hot area:
colder zones are observed only in the bottom cernas. close to the outer bridges. In this
configuration, 2.5 V and 7.5 mA, a heating powerl®mW, was necessary to achieve a
maximal temperature of 70°C, an almost further 58%rovement over the configuration
with the central bridge. The result of this simigatis shown in Figure 5. 7. This result is
consistent with that obtained with the physical Igsia: in this case, making many
approximations, we got, for the low-loss configioat that 70°C were achieved using a
heating power of 16 mW (equation 3.15), while tireté-element simulations show that
19 mW were necessary. The two values are fairlyseclto each other; therefore the
simulations performed validated the physical analys
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Figure 5. 7: Result of the thermal simulation of tle LTCC module in its low-loss configuration.

As previously explained, this module, when the k@nbridge is active, allows further
alteration of the temperature distribution along tieated area by an SMD resistor that
regulates the current flow on the bottom of thetégarea. It is desirable to have a colder
zone in case the LTCC acts as carrier/temperaturgatler for the reference mini-cell of an
atomic clock, for keeping the alkali metal whiclcdantains away from the window. Another
finite element simulation was performed hypothegjzihat the value of the SMD resistor
that regulate the flow of current into the bottoartpof the serpentine is equal t€0 this
means that there is no current flowing on the Ilmottpart of the serpentine, so the
temperature gradient along the heated area isefuimicreased, beyond that due by the losses
stemming from the bridges. The result of this satioh is shown in Figure 5. 8. As it may
be seen, the temperature difference achieved betieebottom and the top of the heated
area is ca. 10°C, i.e. more or less doubled comdpsoethe same configuration without
shorting the resistor and thereby disabling thednotpart of the heater. Expectedly, the
power required for achieving a maximal temperatfr§0°C is essentially unchanged: 43
mW (3.7 'V, 11.7 mA). This configuration of the heattherefore, allows fine-tuning the
temperature distribution without introducing largéditional losses. Conversely, achieving
an even more homogeneous distribution than thddes-configuration would be possible by
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applying a higher heating density near the bridgegompensate the additional current
losses, or even by using an independent “guardiehéa cancel out the temperature gradient
along the bridges. Table 5. 6 summarizes the esilthe simulations of the LTCC in its
various configurations.

Figure 5. 8: Result of the thermal simulation of tle LTCC module with the bottom part of the heating
serpentine shorted out.

Configuration of the Heating power required | Temperature gradient in the
LTCC to achieve 70°C in the hot| hot zone

zone[mW]
Original layout 7 bridges 69 Not homogeneous, due the

presence of the small bridges

Outer Bridges - 35 Within a 5°C rang
Intermediate bridge
Low-loss configuratiol 18 Homogeneou
(outer bridges only)
With intermediate LTC( 43 Bottom part is ca.10°C cold
bridge; bottom part of the than top part, as wished
heating shorted

Table 5. 6: Summary of the results of the thermalisulations performed
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5.4.1 Simulation of the effects of free convection

All the simulations presented until now were dogpdthesizing that the module was placed
in a perfect vacuum (no convection and conductiloough the ambient atmosphere) and
without any radiative losses. It is interestingstmulate also the effect of convection, and
estimate the losses that it introduces into theéesysin order to simulate this effect, the
convection film coefficienh must be calculated, i.e. the proportionality fadtetween the
heat loss flux and the temperature difference betwbe hot surface and the ambient fluid.
The first required step is to calculate the Raylaigmber, which, in case of free convection
near a vertical wall is equal to [238]:

_ gpATX? Eq. 5. 14
va

Ra,

In Eq. 5. 14R4;is the Rayleigh number at the positixrg is the acceleration due to gravity,
f is the thermal expansion coefficied(T is the temperature difference between the air and
the wall (LTCC),x is the characteristic length (in case of free emtion near a vertical wall,

it may assumed as the distance from the leading)eddgs the kinematic viscosity andis

the thermal diffusivity of the fluid. The calculat of the Rayleigh number gives
Ra = 2'006'311. Since Ra< 10 , we may assume the case of laminar flow. Knowtirag

the Prandtl Pr) number of the fluid (the air) is fixed becauseoitly depends on the
properties of the fluid and is equal to ca. 0.% tiext step is to calculate the NussBlti)(
number, that in case of laminar flow, free conwatton a vertical wall can be calculated
using the empirical correlations of Churchill anlr@ [239]:

0.67Ra /4 Eq. 5. 15

1+ (05) e

The calculation of the Nusselt number giwis= 20. Finally, we are now able to calculate
theh coefficient, using the same Churchill and Chru erogl correlations:

Nu = 0.68 +

h=%Ny Eq. 5. 16
L

The calculation of thé coefficient givesh = 22.7 W/(n%-K), which is a value in line with

that calculated by other researchers in a simikgec(free convection with air) [240].

Knowing this coefficient and hypothesizing the binlk temperature to be 22°C, it was
possible to make another finite-element simulation estimating the loss introduced by
convection into the system. The result of this $atian is shown in Figure 5. 9. The external
“cold” part in this case is at homogeneous tempeeatprecisely the temperature of the
outside air, since the convection effect is domirtarthe conduction with the hot zone. For
achieving the temperature of 70°C, in this cageta power of 850 mW was necessary (16
V, 49 mA), so an increase of the power dissipatedbmut 2000% with respect to the
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corresponding case in vacuum. From this importastilt is evident that, in order to reduce
the required heating power, an efficient thermaulation of the package is required.

Figure 5. 9: Result of the thermal simulation wherthe module is in contact with air (convection loss)

5.5 Experimental Results

Finally, after the mathematical analysis and thetdtelement simulations, we tested the
module in the laboratory, to compare the experialeahd the analytical results [241].
Different heating configurations were tested. Finstorder to evaluate the importance of an
efficient thermal insulation, conduction and/or ¢ection loss were maximized:
1. The LTCC heating plate was held vertically and éeah open still air — CONF. A -
free convection is maximized;
2. The LTCC module was heated when in contact witibhblock (thickness 20 mm)

on the bottom layer and the top is in contact vagien still air— CONF B, both
conduction and convection loss are present;
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3. The LTCC module was heated when in contact witibblock (thickness 20 mm)
on the top and the bottom layer — CONF C - conduadiss is maximized .

Figure 5. 10 illustrates the configurations tested

Air

\ l / 20mm| Al

|/ e
IZO mm 20 mmI Al

—> L <—

CONF. A CONF.B CONF.C

Figure 5. 10: CONF A: the convection loss is maximméd. CONF. B: both convection and conduction
losses are present. CONF. C, conduction loss is niazed.

The power required achieve 70°C at the hot zone am®xpected, very high in the three
configurations. In particular, if we consider tlesult of the heating experiment of CONF. A,
we can affirm that it is consistent with the sintida performed, because the required power
to achieve 70°C at the hot zone was ca. 900 mVé|wewery close to what we got through
analytical calculations (850 mW). When the conductis maximized, the losses are still
higher, ca.20% more than the case of convectionNEQA vs. CONF. C). Figure 5. 11
shows the results of the heating experiment:

CONF.A em==(ConfB e====CONF.C
so Y I°Cl
40
20
0 T T T T P [W]
0 0.2 0.4 0.6 0.8 1

Figure 5. 11: The thermal performance of the LTCC nedule when it is not insulated and convection and /
or convection loss are present.
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From this result it is again evident that the medulust be efficiently thermally insulated, in
order to reduce or eliminate the thermal lossesgetda heating performance satisfactory.
The idea to reduce the losses is to surround th@d_Todule of an insulating material,
which would reduce the effects of convection beeaaisits low thermal conductivity, and
eliminate or significantly reduce the convectiorgdnding on the porosity of the insulation).
Figure 5. 12 shows the heating configuration tried.

Air

bl

Insulation

LTCC

Insulation

Figure 5. 12: The heating configuration tested to mimize the losses and to get a good heating
performance.

5.5.1 Thermal conductivity measurement system

In order to find out the best insulating material use, we developed a system able to
measure the thermal conductivity of samples cangisif large-cell foam.

The platform developed for thermal conductivity s@@ment is depicted Figure 5. 13
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Figure 5. 13: Platform for measuring the thermal caductivity of materials.

The developed platform consists of two heated alumi blocks (Al and Ab), with the
sample placed in between. Both aluminum blockstlaeemally regulated to a well-defined
temperatureT; andT,). The system is designed so that the only thefiumalQ (Figure 5. 13,
red arrows) possible is the one going from therifoheck to the top block. For this purpose,
there is a "guard envelope” (Alall around Al, kept at the same temperatiieas Ak, yet
physically separated from it by insulating foamnc® Al and Al are kept at the same
temperature and thermally insulated from each othermarasitic heat flow occurs between
them, ensuring the heating power on &lly corresponds to the thermal fl@x Therefore,
knowing Q and temperaturek, andT,, the thermal conductivitly of the sample is calculated
using Fourier’s law:

_ k-(i-Ty)-S Eq. 5. 17

h

In equation (1)Q is the heating power given to Ak the thermal conductivity of the sample,
Sthe cross sectional area of the samplehating thickness of the sample.

With respect to other methods for measuring thedgotivity [242], [243] this system offers
the following advantages:

1) It allows the use of insulating material basicalg is”, with no need to adjust size.
2) Itis not sensitive to coarse-structure materiathsas large-cell foams.

5.5.2 Best heating performance — experimental configuratin

The experimental configuration that gave the besatihg performance was the one
illustrated in Figure 5. 12. The LTCC is surroundsda 20 mm layer of low-density, rigid,
insulating foam, the Rohacell 51HF [244]. We meeduthe thermal conductivity of the
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foam using the system illustrated in Figure 5. 48¢ we gotk= 0.038 W- m™- K™, An
alternative solution is to use plywood instead @h&cell. Plywood is easier to find with
respect to Rohacell, but its thermal conductivstyigher: we measured it using the platform
illustrated inFigure 5. 13, and we dot 0.14 W- m™- K™. This higher thermal conductivity
will introduce additional conductive loss (condoctiwith of the LTCC heating plate with
the plywood insulation is higher). We compared k@ating performance of the module,
when surrounded by 20 mm of Rohacell 51HF and whemounded by plywood. The
comparison is showed in Figure 5. 14

90 === Rohacell insulation plywood insulation

T [°C]

80

. s
60

. s

. g

N e

20 | | T | T T P[IW]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure 5. 14: The thermal performance of the LTCC nodule when it is efficiently insulated with Rohacel
foam (red curve) or with plywood (green curve).

As expected, the Rohacell insulation allows obtajna better result: 70°C were achieved
with a power of ca. 80 mW, while the same moduisplated with plywood, achieved the
70°C using a heating power of 100 mW, yielding meréase of heating power of 20%. The
heating performance obtained is acceptable, becduse low enough to be used in
microsystems with total power consumption of caO 58W. Moreover, if a further
improvement of the performance is needed, it isiptes to put the sample, surrounded by
the Rohacell foam, in low-pressure atmospheregausiof open still air. In this case, the
conduction loss is further minimized; the lowethe pressure inside the chamber, the longer
will be the mean free path of air molecules. Sorégucing the pressure it is possible to
reduce the conduction loss, provided the meangdetle exceeds the foam pore size. In the
laboratory, with our instrumentation, we were atdereduce the pressure down to 16 Pa
(mean free patk 0.4 mm), and repeating the experience in thispogssure atmosphere, we
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got an improvement of the performance at high teatpees of ca. 15% (Fig. 5.15). In low-
pressure atmosphere, with the module surroundé&Dbym of Rohacell foam, we were able
to get 70°C using ca. 70 mW of heating power. Téosresponded to the best heating
performance we were able to achieve in the lab.

in low pressure atmosphere
80 p p

T[°C]
, _—
50 //

in open air

40

30
/

20 | | | | P[w]
0 0.02 0.04 0.06 0.08 0.1

Figure 5. 15: Comparison of the heating performancethe same experimental configuration, repeated in
low-pressure atmosphere, shows an increasing of tiperformance due to a decrease of the convection
loss.

5.5.3 Comparison between the best heating performance arttle ideal one

Finally, it is interesting to compare the best perfance obtained in the laboratory (module
surrounded by Rohacell foam, in low-pressure atimesg), with the ideal one, obtained
using the finite-element simulations. The idealecsswhen the module is in perfect vacuum
and there are no losses other than the condudtiondgh the small external bridges. Figure
5. 16 shows this comparison.
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== |deal performance

Best performance obtained in the lab
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Figure 5. 16: Comparison between the ideal performace calculated using finite-element simulations
and the best performance obtained in the lab.

The difference of the performance obtained in the With the ideal one is evident, as
highlighted in Figure 5. 16. The losses preseitnlaboratory configurations are:

e Conduction loss from the LTCC through the foam makeThe conduction of the
foam structure, even if low, exists.

* Conduction loss by gas: the residual gas molecstds causes an additional
conduction loss, which may be further reduced hyh&r decreasing the pressure
inside the chamber.

» Radiation loss: we did not consider the radiatmss] which is of course present and
plays a role in the heat transfer

5.6 Discussion of the Results

The last comparison in Figure 5. 16 shows thatriteally there is still room for further

improvement of the heating performance, by furttestucing the pressure. However, this
experimental configuration is associated with exti@nufacturing difficulties and costs, due
to the necessary hermetic packaging. The bestigrhbeating configuration tested that can
be used without resorting to this technique isdhe in Figure 5. 12, when the module is
surrounded by a 20 mm layer of Rohacell foam. Téosfiguration offers a heating

performance which is good enough (70°C were aclievith 80 mW of power) for most

applications included in the present work. FinalhlfCC technology is a very elegant
solution for the packaging of microsystems, asffiérs the possibility to integrate various
functions in one unique module; LTCC is also a lovgt solution, because cost production

123



Chapter V: Thermal Studies on LTCC

of LTCC is moderate, and it is possible to makeatclp series production, drastically
decreasing the manufacturing cost. Finally, LTC@lg an acceptable platform in terms of
power required for the heating, if the packagingffeiently insulated.

5.7 Conclusions

In this chapter, an LTCC heating platform is présdnThis heating platform will be used to
temperature stabilize and interconnect the key comapts of the atomic clock and may be
eventually integrated in any other microsystem tovjgle local temperature control. The
module was designed to be flexible enough to be uselifferent applications, as it can be
easily plugged into a PCB support, simply usingamdard DIL connector. Since one of the
key parameters of microfabricated systems and Iplertalevices is that their power
consumption must be kept at the minimum, we ingastd the heating power required to
achieve a temperature of 70°C in various configonat of the module and estimated the
impact of the convection and conduction losses e power consumption. First, a
physical/mathematical analysis was performed, depto estimate the minimum amount of
power required in the ideal situation, when alldaction, convection and radiation loss from
LTCC to the external world are zero. Then, in ortevalidate our analysis, finite-elements
simulations were performed hypothesizing the saimatgn, and the results were consistent
with the analysis. The thermal simulations highleghthe importance of thermally insulate
the LTCC module to get a satisfactory heating perémce, because when free convection
was introduced into the model, the increase of gbeer was drastic. Finally, we made
experiments in the laboratory, which proved aghat tf convection and conduction are not
reduced, the power required for heating is veryhhigve found a good experimental
configuration, by efficiently thermally insulatinthe module, yielding to a satisfactory
heating performance. The best heating performanaewe got is still far from the ideal
performance calculated by the finite-element sitmhe; this means that there is still room
for further improvement. This difference is maimye to the fact that in the finite-element
simulations we hypothesized the ideal case, i.eomplete vacuum, so no convection loss.
In the experience made in the lab, convection wasent, even if it was limited by the
insulating foam which surrounded the module. As sam see from the last experience
(Figure 5. 16), we got a significant improvementtloé performance by repeating the same
experience in low-pressure atmosphere. By furtbducing the pressure, it is possible to
further approach the curve of the obtained perfoeawith that of the ideal one; the two
curves will overlap in case we are able to repgeaeixperience in complete vacuum.
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6 Packaging Solutions Provided for Microsystems

This chapter illustrates the different microsystethat we contributed to improve by
providing new packaging solutions. We contributedréduce the size and/or the power
consumption of the microsystems, or, in alternatwe contributed to make the microsystem
working properly ensuring proper interconnectiord grecise temperature control of the
different components.

6.1 Introduction

During this thesis, we faced many challenges relatgh the development of specific

microsystem packaging solutions. We designed abdckted different modules for the

packaging of the miniature atomic clock and foreothide products (see the following for
more details about the side products). For each, @asording to the particular needs of the
user, we used LTCC, thick-film or PCB as the base,sometimes, a combination of the
various technologies. In particular, we providedeligent packaging solutions for the

following microsystems:

» A frequency-stabilized laser source/module (whiah be used as light source for the
miniature atomic clock);

* A Rb mini-lamp system integrating the lamp andabeditioning LC circuit (that can
also be used as light source for the miniature mtciock);

* A Rb miniature atomic clock DR reference cell /astor cavity module.

6.2 The Frequency-stabilized Laser

Laser sources with accurate frequency stability wigely used and necessary in many
applications, such as interferometric detectiomcspscopy [245], optical communications,
atomic magnetometers [246] and atomic clocks [pQ)]. Moreover, they are also used in
commercial applications, such as precision macyiriools, laser vibrometers [247] and
gravimeters [248]. In such applications, on onedhdnere is the need of reducing the power
consumption and the dimensions of the laser sounce;der to facilitate the fabrication of
portable devices; on the other hand, the demandifyrly-stable laser sources is rapidly
increasing, with the ever more widespread diffusadrapplications based on, e. g. high-
resolution spectroscopy or precise navigation systasing atomic clocks [249]. The main
components of this system are a Vertical-Cavityf&&Emitting Laser (VCSEL) [250],
[251], a reference cell which contains metallic & Cs vapor, and a photodetector. The
beam is directed towards the reference cell byambsplitter, and precisely locked at the
frequency of absorption line of the atooighe alkali metal; the output of the system is th
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beam with a fixed frequency. An existing systent, with a different layout and packaging
solution, was already developed by our project neast of LTF [aboratoire Temps-
Fréquencg— University of Neuchatel, and was also preseff2é@]: the total volume of the
existing system was ca. 1.5 §jmand its frequency stability in terms of Allan dsion was
5x10'% for an observation period of 1 s; our goal wasntooiduce new packaging ideas to
improve the original design in terms of dimensigumyer consumption and/or performance.
In order to accomplish this objective, we decideddntrol the temperature of the VCSEL
laser diode and of the reference cell using our CTaultifunctional heater device described
in Chapter 5. The LTCC heating module designedmedented in Chapter 4 perfectly fits
for this application, as, how explained, it hasrbdesigned to control the temperature of any
device in the cm scale; the dimensions of the VC&EdL. of the reference cell are within this
range. The total weight of the two elements (VC3ad reference cell) is less than 10 g, so
the LTCC heating plate is able to withstand withaupture risk due to the weight. Both
elements can be glued using a thin layer of sikcadhesive (Dow Corning Q5-8401) onto
one LTCC heating module. The photo-detector, whildes not need any temperature
regulation or interconnection, can be attachedfgdgon a simple PCB support using
standard connectors. The three modules are mowmssdatally, together with the beam
splitter, on a horizontal support PCB, which acgsaecarrier for the whole system and also
carries the required electronics for temperaturasuneement (Wheatstone bridge using the
PTC on the LTCC module as sensitive element coupldda first pre-amplification of the
temperature signal) and transimpedance amplifiertifi@ photo-detector. Standard DIN
connectors are used to vertically connect the uarimodules to the main PCB. Figure 6. 1
shows a 3D block diagram of the original packagidga of this system. The total
dimensions of the designed PCB are 70 x 4G e total volume of the assembled device
is ca. 0.14 L [253], a photo of which is shown igufe 6. 2 and can be compared with the
block diagram in Figure 6. 1.

126



Chapter VI: Packaging Solutions Provided for Microg/stems

Photodetector LTCC module 2 Laser LTCC module 1

beam

T

Rb reference Beam splitter VCSEL Connector
cell

Figure 6. 1: 3D block diagram of the stabilized laesr.

Figure 6. 2: Picture of the assembled stabilized $&r with: (1) laser, (2), beam splitter, (3), Rb dk (4),
photodetector.

After manufacturing and assembly of the modulesthednain circuit, the device was tested
at theLaboratoire Temps-FréquendeTF) of the University of Neuchatel. The tests wer
performed by Mr. Gruet and Dr. Affolderbach, ourjpct partners. Using the LTCC
modules to heat the VCSEL and the reference cellliférent temperatures, and also
changing the optical light power emitted by the \ELSwe were able to find out the best
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experimental configuration which allowed gettingthistability of the output signal, i.e.
allowed minimizing the sensitivity of the stabil&zéaser frequency to external variations. A
VCSEL temperature of 48°C, a cell temperature ef°@0and a light power through the cell
of 40 uW are identified as best operation pararadt@roptimized frequency stability. With
this configuration, a stability of 1.3x1Bat 1 second and 8x10™° up to one day fot'Rb is
obtained by our stabilized laser [253]. This ressiltip to a factor of four better, depending
on the timescale, than previously reported resalitsined with a significantly larger setup
[252]. The dissipated power for the heating of lde®r at the optimum temperature of 48°C
and the cell to its optimum temperature of 104°G baen measured to be 75 mW and
920 mW, respectively. Thus, the assembled lasetemsysshows low heating power
consumption with less than 1 W for the laser arel déll. This dissipation, which can be
further reduced by improving on the system’s thérmsulation, is anyway heavily reduced
with respect to the layout previously presentedictviihad a power consumption of several
watts. Therefore, thanks to the introduction of EF&CC modules to precisely control the
VCSEL and the reference cell temperatures, a ceraddte improvement of the performance
of the system is observed with respect to the pteviayout: in fact, the stability of the
output signal is improved of a factor of four, ahé dimensions and the power consumption
of the device have been considerably reduced. diedrature variation of the reference cell
has been estimated to be ca. 0.05 K over one Heyyalue still remains quite high for our
requirements. This might be possible considerirgféict that the cell in this layout is heated
on one side only (see Figure 6. 2, photo of therabted system), and it is not perfectly
thermally insulated, so temperature gradients acttos cell may be present. Future work in
this sense can be improving the precision of theperature control of the cell, achieving a
maximum drift of 0.01 K. This is possible by addiag efficient thermal insulation around
the cell. With such a precise temperature conthad,long-term stability limit for the laser
frequency may be reduced to around 5%10

6.3 Integrated Mini-lamp Module

Rb vapor discharge lamps (typically spherical, otokely-coupled and glass-blown) are
widely used in compact (100-1000 Ymdouble-resonance atomic clocks and atomic
magnetometers for their intrinsically stable andghkterm reliable optical pumping for high
precision time-keeping and measurement accuracy].[2&ith the increasing interest in
chip-scale (<few cri) DR clocks [255], that would significantly improwie performance of
various portable device applications including GfeBeivers, there is an active effort in
developing a compact, low power, easily integrabiel long-term stably emitting Rb
discharge lamp and use it as light source for ylstesn. The use of Rb mini-lamp as light
source for atomic clocks would bring the followiagvantages with respect to VCSELs or
inductively-coupled glass blown discharge lamp$]25
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» VCSELs systems are extremely sensitive to temperaiond ageing effects [257].

* Rb mini-lamp needs a simpler drive circuitry thédmatt of the inductively-coupled
lamps and make way for a highly space and powai&ft module.

* The Rb mini-lamp needs an LC circuit for impedantaching; moreover, both the
Rb cavity and the LC circuit must be temperatuedbiized. Table 6. 1 shows the
components of this microsystem, their rough dimamsi and the working

temperature.
Component Dimensions Working temperature
Rb Dielectric Barrier 10 x 10 mm 110°C
Discharge lamp (DBD lamp)
LC electronics circuitry 6 x 5 mm ~ room temperature
Table 6. 1: The components of the microsystem undamnvestigation, their dimensions and working

temperatures.

This work was carried out in strict collaborationtiwour project partners of LMTS
(Laboratory of Microsystems for Space Technolog¥)PFL. Before our intervention, they
already developed, tested and optimized a Rb DBBt kource, to produce power-efficient
and short-term stable Rb D line power [258]. Howetleeir layout had a volume of several
dm®: our principal objective in this project was tovekop an efficient and integrated solution
to control the temperature of the DBD light souatea high enough temperature (typically
100-130 degree Celsius; Rb vapor density increastfsincrease in temperature) to emit
long-term (several years) stable and high intendditRb D lines and reduce drifts in optical
power. In order to integrate the mini-lamp and L€ drive circuit, which, as explained,
must be kept at room temperature, we developedthegwith V. Venkatraman and H. Shea
of LMTS, a new version of our LTCC module [259], slighti§ferent from the first version,
including the SMD solder pads for the LC circuitpAoto of the developed LTCC module is
shown in Figure 6. 3.
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Figure 6. 3: The version of our LTCC module develogd for the Rb mini-lamp packaging is equipped
with solder SMD pads for the LC circuit (red rectangle).

As we can see in Figure 6. 3, the zone for the Ir€uitry (red rectangle in Figure 6. 3) is
thermally insulated from the hot zone, as theransair gap of ca. 2 mm between the two
zones. In this way, the bottom zone is kept cootl msulated from the hot zone on the top
(where the black resistors are placed). The madweerated through two connectors:

* SMA for the rf input power
* D-pin connector for heating and temperature sen@tigyire 6. 4).
The light source is powered at 11.5 MHz (hence iregqu a high-frequency connector),

which was found to be optimal for the test celldisethis system (Rb and 15 mbar Ar). The
designed system, together with the control andstipply, is illustrated in Figure 6. 4.

Photodetector

Series LC resonant
drive components

11.5 MHz RF amplfier  _ *A

[® Z,=500Q

Temperature
Controller —
Impedance matched LC load
PID feedback || DC or AC P Zias = 50 Q (at f,)
L—— Power oa '

Thermal foam

Figure 6. 4: Schematic of the module operation angkst measurement setup, image taken from [258].
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The system, as illustrated in Figure 6. 4, emiddD2 (780 nm) lines and the temperature
stability of the Rb lamp-cell recorded over timsuks constant and stable. The LTCC heater
was powered by a DC source (total dissipated paovesr 1.42 W, 7.1V, 0.2 A for 110°C);
the temperature of the lamp was set and contralisthg a PID feedback loop and
fluctuations of less than 0.1°C were observed iithe. The optical power was detected
using a standard broadband silicon photodiode goitbtodiode amplifier. The results show
the capacity of the LTCC module to enable highlgbt# and long-term reliable optical
pumping in miniature atomic clocks and other amtlans. The Rb DBD light source has
also been observed to be very robust being ignitedsands of times and run continuously
for several months without showing any degradaitiaime output power level. Moreover, the
components of this system can be batch fabricatddree module can be independently used
for optical pumping in other applications includingagnetometers and gyroscopes. Finally,
for this system, we significantly reduced the disiens, integrating everything in a
packaging of dimensions 15 x 26 x 4 faproviding an elegant and efficient solution to
integrate the RBD lamp, the temperature controltaed_C drive circuit. The system is very
stable and efficient.

6.3.1 Alternative Solution for the Packaging of the Rb mmi-lamp

An alternative and more accurate packaging soluiorthis system was also provided. In
this new configuration proposed, it is possiblentividually temperature control the L and
C components, because we integrated dedicatedrbeate temperature controllers for each
passive, in addition to the one for the lamp. lis thay, it is possible to achieve a high LC
series resonant quality factor and minimize theefiected power. The system is based on a
PCB, which carries generic ceramic (thick-film dmraina) mini-heaters of dimension of
7 x4 mmi. The mini-heaters, equipped also with a PTC thetoni for temperature
measurement, are used as dedicated heaters foratiee C components; they are soldered by
flip-chip on the carrier PCB. Photos of the systa® shown ifigure 6. 5.
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=

Adddddnd

Figure 6. 5: (a), The PCB and the hybrid mini-heates. (b), the mini-heater is soldered by flip-chip a the
PCB, finally leading to the creation of three thernal zones (T1 for the inductor, T2 for the capacitoy T3
for the mini-lamp).

The PCB, because of its low thermal conductivity: 0.25 W- m™- K™, [48]) is not only a
support for the system, but it also has the fumctithermally insulate the components from
each other, by creating three different and welingel temperature zones (one for the
inductor, one for the capacitor, one for the mamp). The creation of the three different
zones is further promoted by the geometry of th&:R@e created holes to further improve
the thermal insulation and therefore creating tired different thermal zones. The inductors
which are visible at the bottom of the PCB shownigare 6. 5 have the function to decouple
the high-frequency noise from the DC patrt.

In order to test the system, we powered the fiesitér (T1, on the left hand side of the PCB)
and monitored the temperatures of the three diftateermal zones. The module was placed,
horizontally and surrounded by a 20 mm layer of &l foam, similarly to the heating
configuration used for the LTCC module and showFigure 5. 12. The results are shown in
Figure 6. 6.
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Figure 6. 6: Temperature of the three thermal zonedor different values of heating power (only T1 is
supplied). The heating module is surrounded by a 2tm layer of insulating foam to minimize the losses

As we can see in the graph above, zone T1 achievethperature of 120°C, with a total
heating power of 0.63 W, which means that we okthica. 50% reduction of the dissipated
power with respect to the previous packaging caméigon for this system (in which 110°C
were achieved with a dissipated heating power 42 1V). Moreover, when the temperature
of T1 was 120°C, T2 was at 46°C and T3 at 35°G; tieans that the three thermal zones are
efficiently thermally insulated from each other.

The second test was to power the central heateraf@to monitor the temperatures of the
three thermal zonesigure 6. 7 illustrates this result.
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Figure 6. 7: Temperatures of the three thermal zorgefor different values of heating power (only T2 is
supplied). The heating module is surrounded by a 2tm layer of insulating foam to minimize the losses
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In this case, the power required to achieve a teatype= at T2 of 120°C was again around
0.62 W, while T1 and T3 remained at a temperatdraround 50°C; this means that the
thermal insulation provided between the thermalesois efficient. Finally, we powered T3,

and monitored the temperatures of the three zawadifferent values of power.
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Figure 6. 8: Temperature of the three thermal zonedor different values of heating power (only T3 is
supplied). The heating module is surrounded by a 2hm layer of insulating foam to minimize the losses

Also in this case we again note an efficient thérmaulation provided by the air gaps
between the three thermal zones, because when Réated up at 130°C (1.25 W), T2 is at
60°C and T1 at 50°C.

This new solution gives the possibility to conttbtee temperatures separately, to find out
the best temperature of the LC circuit yieldingathigh quality factor. Moreover, because of
the presence of mini-heaters that locally heat eachponent, the heating power is sensibly
reduced (ca. 50% with respect to the first solytion

For zone T3 (lamp), two small heaters are usetkaalsof a larger one, a solution which was
selected for two reasons:

1) The heaters remain generic; local hotplates may bleucreated with a wide degree of
freedom, without having to resort to many differdasign-specific components.

2) Due to the large thermal mismatch between PCB &ndisa (CTE of FR-4 PCB
material is ca. 15 ppm/K, while that of A3 is 6 ppm/K), soldering large alumina
heaters on PCBs is not advisable, especially rihthaécycling is to be expected. Note
that solutions for better CTE matching exist, dg.using insulated steel substrates
instead of alumina, but are somewhat more costly.
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6.4 Miniature Double-Resonance Atomic Clock

The DR atomic clock, its principle of operation amsl principal components, is already

described in chapter 2. We developed a full worldegionstrator of DR atomic clock. This

work was performed in strict collaboration with qamoject partners; each laboratory had its
own role and objective in the project, and in atr:

 LTF (Laboratoire Temps-Fréquence), from UniversifyNeuchéatel, was the group
that coordinate the project, providing their exiseron all aspects of the atomic clock
microfabrication;

 LMTS (Laboratory of Mircosystems for Space Teclogy), from EPFL, had the
objective of developing a microfabricated Rb disgedight source (Rb mini-lamp);

* SAMLAB (Sensors, Actuators and Microsystems Lalbmngt from EPFL, worked
on the development of Rb reference cells, both i@atig bonded (high-temperature)
and Indium bonded (low-temperature)

* LEMA (Laboratory of Electromagnetic and Acousticélom EPFL, focused on
designing and developing an innovative microwawstga

» LPM (Laboratoire de Production Microtechnique), nfiroEPFL, which is our
laboratory, worked on the fabrication of Rb cdkslder technique, described in
chapter 3), and on the packaging of the overalicgev

The atomic clock is a complex system, and providingefficient packaging solution for it is
really challenging, because many are the requirsnenmeet: its key components (light
source, Loop-Gap Resonator cavity with referenck ioside, photodetector) must be
stacked and precisely aligned on top of a supportie of the components (in particular the
light source and the reference cell) need a preaeisperature regulation (with a stability of
0.01 K). Moreover, the size and the power consumnptif the final device should be kept at
the minimum, to allow its portability: the maximumower consumption allowed to
temperature-stabilize a component of the atomickclwas 100 mW. The original idea for
the packaging of this complex system was to corttiel temperature of each component
separately, by using, for each of them, one of siandard LTCC heating platforms. The
components to be stabilized can be easily attadnetbp of the developed LTCC using a
thin layer of silicon glue. The final system is mhbuilt up by simply plug all the LTCC
modules on a PCB support, which would provide tleeteonics for the temperature control.
A schematic drawing of the original packaging igeahown in Figure 6. 9.
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Microwav

eference
ce

avity

Figure 6. 9: The original concept idea for the packging of the miniature atomic clock. The components
are attached on a standard LTCC platform and then ertically stacked on a PCB support.

6.4.1 Refined packaging system for microwave cavity

The shield around the LGR cavity (which was desgilgard fabricated by LEMA, [260]) in
Figure 6. 9 is needed to magnetically insulatecthaty from the rest of the system. In order
to sustain the microwave field to be applied to Rie atoms, in fact, the cavity has to be
resonant with the,= 6.835 GHz frequency of tHéRb hyperfine transition used as atomic
reference in the DR Rb atomic clock (see Figurd)2so it needs to be shielded from any
static or low-frequency magnetic field. The magnshield consists of a cylinder of high-
magnetic permeability metal (mumetal), which caméaand surrounds the microwave cavity,
as shown in Figure 6. 10. The mumetal used wasllag eomposed (in weight %) of
80% Ni, 10% Fe, 6% Mo, 3% Cu and 1% other mate(f@isMn); the relative permeability
of the mumetal used was 200'000.
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Figure 6. 10: The LGR cavity (the brass cylinder)s inserted into a magnetic shield, a cylinder madef
mumetal.

Since the mumetal has a relatively low thermal cofigity (k=19 W- m™: K™), the
system, as designed, does not allow a precise tatope control, as it would be impossible
to keep the temperature constant on the entiraciihf the mumetal cylinder. Therefore it
was decided to add another 2 mm thick external iaum (k=205 W- m™*- K* [236])
cylinder, which acts as a “thermal shield”: in faloecause of its high thermal conductivity
and thickness, this cylinder essentially ensureorastant temperature in the whole LGR
cavity, protecting it from possible external tenmadare influences.

Figure 6. 11: The magnetic shield is inserted intanother aluminum cylinder, which acts as thermal
shield for the system.

With the additional magnetic shield, and the exdeatluminum cylinder, the system became
relatively large in volume (ca. 15 émtherefore it was decided to heat the cylindenfithe

top and bottom side, using two separate heaterthisnway, the temperature gradient was
reduced, allowing a more homogeneous distributibrthe temperature along the cavity.
Another issue was the weight of system to mechlyiadach and temperature-stabilize: the
external aluminum cylinder, with the mumetal and tavity inside, weigh 90 g altogether.
This weight is too much for our standard LTCC heatplatform, because, as already
explained in paragraph 1.2, LTCC is limited bylaw flexural strengthd, =~ 300 MPa) and
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brittleness (rendering the device too sensitiventechanical shock). To overcome this
problem it was decided to use another module istdukion of our standard LTCC to carry
this bulky reference cell / LGR cavity / shield esdbly. The heating system, in analogy with
the second solution provided for the packaginghef Rb DBD lamp, is based on a PCB of
thickness of 1.6 mm, with the heating and tempeeatteasurement functions performed by
5 ceramic mini-heaters of the same type than theed for the heating of the Rb DBD lamp.
The heaters are assembled by flip-chip solderinghencarrier PCB. On top of the heaters,
the aluminum cylindrical "thermal shield", contaigi the mumetal cylinder and the
microwave cavity, can be adhesively bonded. Théifggeaas already explained, is performed
at both ends of the cylinder, in order to minimiae temperature gradient along the system.
Figure 6. 12 shows a schematic drawing of the pgingaconcept of the microwave cavity,
and of the developed PCB and mini-heaters.

LGR cavity

Figure 6. 12: (a), The refined packaging/temperatug control concept of the Loop Gap Resonator (LGR)
cavity; (b), The PCB and the hybrid mini-heater deeloped to control the temperature of the Loop Gap
Resonator (LGR) cavity.; (c), A photo of the assentbd system; the aluminum cylinder contains the
electromagnetic shield and the LGR cavity. In thicase, several Pt1000 thermistor elements glued dmet
surface of the aluminum cylinder were used to mondr the temperature and testing the performance of
the system.

Again the PCB, with its low thermal conductivity & 0.25 W- m™- K™), has not only the
function to carry the system, but also to thermaisulate the heated zone, where the mini-
heaters are soldered, from the cold zone, whilairérg electrical interconnection to the
main PCB of the atomic clock. In line with the cmesations in section 1.2, the use of
several small heaters is also recommended in daodémit the stress due to the thermal
mismatch between FR4 and @k. In this case the use of several heaters maydnte®
additional mismatch between the ceramic modulestb@dil shield, but this can be easily
taken up by using thermally conductive, but flegjbéilicone adhesive. Finally, the system
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was tested, hypothesizing a typical configuratisaduin atomic clocks: the system, plugged

to the principal PCB, is covered with a cap of iaing material. The used cap was simply

cardboardK = 0.18 W- m™: K™), placed on top of the assembled system as shoWwigire

6. 12c in order to limit free convection of air amal the device. Then, we powered the heater
and the temperature was monitored using sever@DBtthermistors glued at different zones

of the cylinder, in order to make sure that the gerature was homogeneous along the
surface of the thermal shield.

Figure 6. 13: For testing the LGR cavity heating sstem, we covered it with a cap of insulating cartom
order to limit the convection with air. Then, we pavered the heater and monitored the temperature at
different zone of the cylinder using some Pt1000 séstors.

After having waited enough time to let the systaabiize (ca. 30 minutes), the values of
resistance of the Pt1000 was the same, or in s@asesdhere was just a difference of 2 or
maximum 3Q (corresponding to a change of 0.8°C); this medas the thermal shield
essentially allowed a homogeneous distributiorheftemperature along its surface. Figure 6.
14 shows the temperatures achieved on the surfatdeeccylinder for different values of
heating power.
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Figure 6. 14: The graphic temperature — heating poer for the LGR cavity heating system.

We can see from the above graph that this heatisigi® achieved a 70°C typical working
temperature of the LGR cavity using ca. 1.6 W ddthng) power, when insulated as shown in
Figure 6. 13. This is a satisfactory performancesatering that the cavity is quite a bulky
device. The equivalent thermal conducta@gg of the complete reference cell / LGR cavity
assembly module, which is the slope of the curveigidire 6. 14, is given by:

dP
Crep = = = 40.2 mW/K Eq. 6. 1

6.4.2 The assembled miniature atomic clock demonstrator

In analogy with the frequency-stabilized laser, decided to assemble the elements
vertically (edge-wise), on top of a horizontal pipal PCB, which carries all the necessary
electronics. Also, as previously done for the fremaey-stabilized laser, the photodetector can
be simply attached on a PCB support, since it deesl temperature regulation. The refined
3D schematic concept of the system is illustratedrigure 6. 15. Finally, the system, as
designed and illustrated in Figure 6. 15, was abssintogether with all the project partners.
A photo of the atomic clock demonstrator is showigure 6.16.
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Figure 6. 15: 3D schematic view of the refined paelging concept of the atomic clock.

i <

Figure 6. 16: (a), The atomic clock demonstrator &embled; (b), the system is covered by a thermally
insulating black foam to limit convection in air.

6.4.3 Performance and comparison with the device currenyl on the market

As for the frequency-stabilized laser (section 6tR¢ device was characterized at the LTF,
Université de Neuchatel. Even if further charaetion needs to be done, a DR

spectroscopy signal was obtained from the systemshawn in Figure 6. 17. The short-term

stability in terms of Allan deviation of this deeievas very good, as shown in Figure 6. 18.
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Figure 6. 17: DR signal obtained using our demonsator. Measurements performed by M.Pellaton of
LTF — Université de Neuchatel.
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Figure 6. 18: Short term stability of the clock demonstrator. Measurements performed by M. Pellaton of
LTF — Université de Neuchatel.

As we can see from the above graph, the short-wahility of this device is below
7 x 10™?t Y2 at 1000 s, which is a very good value, better cagtbo all other devices in
the market. If we compare this device with the Sp¢icme StarLPRO [261], which is the
Spectratime low-cost Rubidium oscillator currently the market, we see that the device
fabricated by our consortium is more compact arsl bedter short term stability. For a fair
comparison, it is important to specify that in th&rLPRO all the electronics is included,
while in our demonstrator the step of integrating &lectronics is only partially undertaken.
Therefore, the final volume of our demonstrator slightly increase once all the electronics

will be included. Figure 6. 19 compares our dewidth the Spectratime StarLPRO.
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Spectratime StarLPRO ,[261] Our atomic clock demonstrator
«  Short-term stability: 2 x I @ 1 s «  Short-term stability : 7 x IF @ 1 s
+ Dimensions : 128 x 95 x 38.1 mm » Dimensions : 102 x 43 x 55 mm
*  Volume : 460 crh e Volume : 220 cr

Figure 6. 19: Comparison between Spectatime StarLR®, miniature atomic clock currently in the
market, and our demonstrator.

From Figure 6.19, we can affirm that our demonstré the state-of-the-art for short term
stability for rubidium oscillators. Regarding th&es the total volume of our system is
significantly less than the volume of the produatrently in the market, but this comparison
is not exhaustive, because the electronics is palially integrated in our system, while the

Spectratime StarLPRO clock integrates all the sd@ats in the system.
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7 Conclusions

This chapter summarizes the different results aglideand the novelties introduced by this
thesis, with an outlook on the possible future oepments of the techniques and devices

described.

7.1 Summary

The work presented in this thesis was performednipan the frame of the Miniature
Atomic Clock and Quantum Sensors (MACQS) projeandied by the Swiss National
Science Fundation (SNSF, grant #CRSI20-122693),clhwhnvolved laboratories with
different scientific backgrounds that extensivedylaborated to achieve a common ambitious
objective: to realize and study a demonstrator ohi@-scale Double Resonance Rubidium
Atomic Clock, and optionally other Quantum Sensand side products. In this context, our
laboratory, with a vast expertise in design andrafiabrication of microsystems using thick
film technology, had the objective of proposingamative solutions for the packaging and
interconnection of the various components of theckel LTCC was chosen as the main
packaging platform for the atomic clock modulese doi its many advantages: excellent 3D
structurability and high integration capabilitigm(ticularly attractive is the possibility to add
suspended heaters for local temperature contrefy good hermeticity and resistance to
harsh environments, together with moderate prodnatosts.

However, some limitations and unknowns were idesttif First, LTCC has rather low
mechanical strength and is brittle. Also, previaask in fabricating intricate structures often
resulted in deformed devices. Finally and not diyerelated to LTCC we sought a low-
temperature soldering technique for hermetic clsiirRb vapor cells, that does not require
the high process temperatures and long times adedavith anodic bonding.

This work was therefore essentially divided aldmg following lines:

» Fabrication of a hermetic Rb vapor cell based o BGC body, glass windows and
solder bonding (chapter III)

* Improvement in 3D structuration of LTCC, by devetmnt of a lamination technique
able to achieve bonding at modest temperaturespagsbures, avoiding excessive
deformation (chapter V)

» Development, analysis and characterization of &gen.TCC carrier / hotplate for
atomic clock modules (chapter V)

» Applications of the packaging solutions to the imsilon of several integrated
microsystems, in close collaboration with the pcoartners (chapter VI)
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7.2 Hermetic package for Rb vapor cell

An innovative design based on an LTCC body / spacet Pyrex glass windows was
developed for the reference cell or the Rb lamghef atomic clock. The function of the
spacer is to increase the volume of the cell ireotd achieve efficient interaction with Rb
vapor, and integrated special functions: a sep&hteeservoir for better confining the alkali
metal, and a pressure sensor for monitoring thé geality after bonding, for testing
purposes. The Pyrex and the LTCC spacer are bamied solder paste, which is dispensed
on top of a metallization ring. This technique altorealizing the sealing in some minutes, at
relatively low temperatures (200°C max), therefpreventing the evaporation of significant
amounts of Rb during the sealing process associatttd traditional bonding techniques
(anodic bonding). A review of the metallurgicaldrdactions between Rb (and alkali metals in
general) and the commonly used metals for the salde metallization ring was carried out,
with encouraging results: Rb has low solubilitylwAg and especially Ag-Pd (unlike Au,
which must be avoided). Moreover, despite the logitimg point of both Rb and traditional
solder metals (Sn, Bi, Pb), these systems formrrmgdiate essentially stoichiometric
compounds with very high melting points, due to sti®ng difference in electronegativity,
with very limited solubility of the solder metals Rb or Cs, which led us to expect a stable
system due to formation of passive intermetallimpounds on the solder surface.

The tests performed proved the hermeticity of #edisg, and its stability during at least 25
days. For fabrication of Rb cells, a convenienttidling technique under an inert solvent
(dodecane) was developed and applied, allowingpttkages to be handled for a limited
time in ambient air. Dodecane shows significantilsitity for gases, which raises two issues:
1) boiling out of the gases in vacuum, causing gindd movements of the assemblies and
potentially partial loss of alignment of the soldergs during the sealing operation, a serious
process reliability concern, and 2) oxidation of BRbdissolved @and HO from air. These
issues are addressed by thoroughly degassing tlexaoe prior to assembly or storage, and
by long-storage in an inerted glove box.

In spite of these accomplishments, final procestdyof Rb cells was very poor, with only
one cell exhibiting significant Rb signal, and &limited time only. As degradation was also
observed in similar work parallel to ours involviirgthermocompression, we suppose that
significant interactions between materials stillatzur; more work is therefore necessary to
identify their nature and extent, and develop &ffit countermeasures allowing reliable,
extended operation of alkali vapor cells bondedgighese techniques.

7.3 Low-pressure, low-temperature lamination of LTCC

In the production of the LTCC test modules withiategrated pressure sensor, we faced a
new challenge: the membrane of the sensor was,0st nases, too deformed by the high
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pressure applied during lamination; this deflectigelded a lowered and inconsistent
sensitivity. Therefore, we developed a new innaeatechnique for LTCC lamination, which

involves the application of a special low-meltingot melt” adhesive layer on top of the
LTCC green tape, allowing lamination at low press@r4 MPa) and moderate temperature
(50-60°C) and thereby resulting in much flatter rbeames with respect to samples
fabricated using standard thermocompression lammafhis method allowed producing

working LTCC pressure sensors that were used tditediermeticity of the sealing.

Compared with similar previous developments on sigleetape or solvent-assisted bonding
of LTCC, the developed adhesive layer is compatl standard thick film pastes, so,
after having deposited the “glue” on top of thertstg green tapes by screen-printing, the
fabrication process can follow the standard prooedUhis requires the adhesive to have low
or no tack at room temperature, yet melt relialblpnaderate ones. To achieve this objective,
we introduced crystalline waxes such as cetantienadhesive formulation, which result in
compositions having good flow properties at modetatmperature 50-60°C, yet practically
no tack after cooling. This approach is clearlymiging, and needs to be expanded in the
future by better studying the interactions betw#enadhesive formulations and the LTCC
binder.

7.4 LTCC hotplate

For the second part of this work, in order to pdevintelligent packaging solutions for
interconnection and low-power temperature regutatay the atomic clock components, we
designed and fabricated a standard LTCC multifoneti module. This module, equipped
with a heating serpentine for local temperaturetrobrand a PTC resistor for temperature
measurement, was designed to be a “plug & playioge(using a standard DIL connector),
and to be flexible enough to temperature-stabiéime interconnect between them all the
component of the atomic clock and any other deirickhe mm range. Since in this project
we aimed to develop a portable, low power consumptievice, before fabrication, a
detailed thermal analysis and then finite-eleméwetrrhal simulations were performed in
order to estimate the power consumption of thegthesi LTCC multifunctional module. The
thermal investigations, both by FEM and experimientaghlighted the importance of
thermally insulating the LTCC module to get a datitory heating performance, as losses
were dominated by convection, requiring thermallason (foam or even vacuum for the
most demanding applications) in order to achievepower operation.

Nevertheless, we proved that LTCC is not only agaht solution for generic packaging, but
it is also attractive in terms of power consumptias the intrinsic conduction losses are very
low: it is not a utopia to use this technology whkEw-power consumption is required.
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7.5 Applications and PCB-ceramic hybrid hotplate for large
payloads

Turning to applications, to illustrate the variodsveloped packaging solutions, we were
confronted with the mechanical limitations of LT@& carrying large payloads, specifically

the DR atomic clock reference cell — LGR cavity herimal/magnetic shield assembly.
Therefore, we developed an alternative to LTCCsiziimg of a carrier PCB, with miniature

thick-film ceramic heaters. The PCB is mechanicatigre robust than LTCC, and the
ceramic heaters are easier to produce with respadiCC; the drawback is that this system
cannot withstand temperatures higher than 200°@b{pms with thermal expansion

mismatch and limited thermal stability of PCB matks). Nevertheless, this low-cost, simple
kind of hotplate proved an attractive alternatieel lTCC for our application, given the

modest (<100°C) and constant (no thermal cycliqgrating temperature.

On the other hand, the developed LTCC hotplate faiasd to be an excellent match for the
other, lighter microsystems, of which several dhestrated. First, a frequency-stabilized
laser, in which the frequency of a VCSEL laser béatocked at the frequency of absorption
line of the atom®f Rb, was developed. The principal componentshi system are the
VCSEL laser and a reference Rb cell. To ensurahlel interconnection between the parts
and a precise temperature control for this micresys an LTCC heater module was used to
control the temperature of the VCSEL and anothecdotrol the temperature of the Rb
reference cell. The system, which is mounted onaoa horizontal PCB also carrying the
electronics, exhibited a significant size reductwath respect to the previous version of the
laser, together with an improvement in terms abiitg.

Another microsystem that focused our attention &b mini-lamp system integrating the
lamp and the conditioning LC circuit. The mini-larogn be used as optical source for a Rb
atomic clock, and needs an LC circuit, which mustkept ideally at constant, moderate
temperature, while the lamp should be temperatiaigitzed at temperatures around 100°C.
Here also, an LTCC module was used to carry theit€liit and to locally heat the Rb mini-
lamp, the Rb mini-lamp and its LC circuits being émough from each other to ensure good
thermal decoupling. This elegant solution alloweduction of the size, providing proper
interconnection and temperature control in a vemglspackage.

For the Rb lamp application, the developed PCBfquiat was also envisioned, as it allowed
easy creation of three different thermal zones fonéhe inductor L, one for the capacitor C,
one for the mini-lamp); in this way the three com@ots may be controlled independently
using hybrid mini-heaters, allowing the additiohatction of dynamic rf power matching by

exploiting the temperature dependence of the L @muhssive components. Moreover, this
solution, by using the ceramic mini-heaters to llgcheat the components, is less power-
consuming with respect to the first solution.
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Given the potential of this relatively simple, lamest hybrid PCB / thick-film technology,
further studies should aim at developing and charaing the process towards achieving
precise temperature control and optimizing the rabbg Also, the long-term reliability
limitations under severe operation (high tempeestuand thermal cycling) should be
examined in more detail.

Finally, the Rb Double Resonance Atomic Clock desti@tor is presented. Achieving this
demonstrator together with the project partners thasambitious objective of the whole
research project. We combined thick film, PCB aridCC technology to ensure the most
reliable interconnection and packaging systemHta system. The fabricated device, in this
case, showed very good short-term stability andigumential for size reduction with respect
to the currently product present in the market.
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