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This is a continuation-in-part of |1 ME2000-007, Serial Nunber 09l 785, 588)
filing date 02116101 assigned to a common assignee. The invention relates
to the general field of MEMS with particular reference to thermal cycling
chanbers for use in) for exanple, polynerase chain reactions as well as
ot her reactions that involve thermal cycling. BACKGROUND OF THE | NVENTI ON
PCR (Pol ynerase Chain Reaction) is a nolecul ar biological nmethod for the
in-vitro anplification of nucleic acid nolecules. The PCR technique is
rapidly replacing many ot her tinme-consum ng and | ess sensitive techniques
for the identificatiMINIATURIZEDOTHERMALECYEBERN pat hogens | num
environnmental, clinical and industrial sanples. PCR using nmic MMWIW
structures promi ses inproved tenperature uniformty and cycling tJ,;;psg*
together with decreased sanpl e and reagent vol ume consunpti on.

efficient thermal cycl erFI@%ﬁO?“ﬁ-‘ﬁ;'INVéﬁW s on fast heatl m oI i ng
processes and high tenperature uniformty resently, mecr W lﬂm
is preferably carried out on a nunber of sanples during a si

protocol run. It is a great advantage if each reactl on chanber *¢482*be

controlled have a ende t c ossible to
Fun & nunbed N s%ﬁs”t&uqﬁpﬁﬂ L i e R S
(parallel 8roce55| ng). The first work on nulti-chanber thermal cyclers
fabri c&etai0%FIQ1ASIgNeIPiafPTBRARBESINES- si | i con et chi ng. Al though separate
heating el enments for every reaction chanber can be realized, it was

i npossible in these designs to elimnate thermal cross-tal k between

adj acent reaction chanbers during parallel processing because of limted

t hermal i solfiiel ipRehgdRsiatesadthe enelt fletd of MEMS wittspéarticular reference to

thermal cycling chambers for use in, for example, polymerase chain reactions as well as

other reactions that involve thermal cycling.

BACKGROUND OF THE INVENTION

PCR (Polymerase Chain Reaction) is a molecular biological method for the in-vitro
amplification of nucleic acid molecules. The PCR technique is rapidly replacing many other
time-consuming and less sensitive techniques for the identification of biological species
and pathogens in forensic, environmental, clinical and industrial samples. PCR using
microfabricated structures promises improved temperature uniformity and cycling time

together with decreased sample and reagent volume consumption.



nmul ti pl e chanbers havi ng i ndependent tenperature protocols could not be
used. Additionally, tenperature uniformty achieved inside the reaction
chanber was t5K in this thermal isolation and heating schene. Integration
of the reaction chanber with mcro capillary electrophoresis (CE) is also
an interesting subject, in which small volunes of sanpl es/reagents will be
required both for PCR and CE. Again, a high degree of thermal isolationis
very inportant particularly where various driving/detection nmechani sns
prefer a constant roomtenperature substrate. A nunmber of m crofabricated
PCR devi ces have been denonstrated in the literature. 2 Most of them were

made of i || AQMuMARRnpkAsal Uiile? ﬁaﬁl%ﬁ# WBnde T Kk %a?.hb'&%céembed to

silicon. On-chip I ntegrated aters erature sensors becone

i nporta ,tocﬁg %@ﬁgﬁﬁ@%’o{eﬁp S0 rr%?ﬂor @%s‘éﬁ%v @{)o"l’ét?rlda?e;d g§ @?

reactlo erma ISO tIOI’lS een fOI’

k th I t h t CE wa
ol de A e AT bt Rt as HhRo & Sngte e Fepbg iy Fld%iér%@w y
heated to 50 Cin 10-20 seconds and held for 17 minutes). Parall el
pr ocessPAYAMAEE Hfeash reacian ehambe cany kg epatr quqdﬁorﬁﬂve.arbwaﬁe@?demmermal

i ndependent thermal controls have not yet been reported. A routine search
of the pydlerThis makesit pessitie tewing numberef sampias with insiepeedrid shaymal ayalesst
bei ng found: Northrop et al. (US 5,589,136 Dec. 1996), Northrop et al. (US
5, 639, 42Multipcoubytpadie) peowdskifgh, Bl firdd 2york amdmBii-ehanvieritherned! gyclers n US
5,716,842 Feb. 1998), did early work on nulti-chanber thermal cyclers

fabri catgstidi¥ed indiGH8 r@b@tmrnahaﬁae@r b@tsilton étblfing, a&ao%rz giral® $Bhting

describe a mniaturized nulti-chanber thermal cycler atter ref erence

I ncl udegdntiéntd R QU 1Bttt HitbertanBd dealbéd, GRED RhsoRIRE ffthese designs
to eliminate thermal cross-talk between adjacent reaction chambers during parallel
processing because of limited thermal isolation between reaction chambers. As a resuit,
multiple chambers having independent temperature protocols could not be used.
Additionally, temperature uniformity achieved inside the reaction chamber was +5K in this

thermat isolation and heating scheme.

Integration of the reaction chamber with micro capillary electrophoresis (CE) is also
an interesting subject, in which small volumes of samples/reagents will be required both
for PCR and CE. Again, a high degree of thermal isolation is very important particularly
where various driving/detection mechanisms prefer a constant room temperature

substrate.

A number of microfabricated PCR devices have been demonstrated in the literature.



together within a silicon block fromwhich they are thernmally isol ated.
Thi s approach wor ks agai nst fast cycling because of slow cooling by the
chanbers. 2. The chanbers are packed together very closely, with m ninal
thermal isolation fromone another, so all chanbers nust always to be
thermally cycled with the same thermal protocol. The individual chanbers
wer e. not subject to independent thermal control of nulti-chanbers. 3.
Baier's units have thin-filmheaters that cover the whole bottom of the
chanmber (as in 3 conventional heating designs). 4. Baier's apparatus is
limted to the chanbers, no mcro fluidic conponents (valves, fluidic
mani pul ation, flow control, etc. ) being included. Mcro-fabricated PCR

reacti C r t in.the te i cal
|t or acled B RsfdnpbeBr ool ey WA B G Bihe RBEE eing Qudgh ol <J)
et al, Ber kel ey), ."Functional Inteqration of PCR Anplification and
Capi || aoyPTiSoEG Lot s e e Rrs ) Gabicalie Stageranaryop anpatartan (e
Anal ytical Chem stry, Vol. 68 p. 4081-4086, (2), M Allen Northrup, et
al, (LaRWsrRle cpnlye) %tmqramg insige thege satalldpastionghambars, Geed termal
Systens), "DNA Anplification with a mcrofabricated reaction chanber”, 7th
I nt1. CsalRtiosohave-teeatpso\@shemising igr adick theonal repporse4Mgpsreactyn cisambier esh
N. Brahmasandra, et al, (U Mchigan), "On-Chip DNA Band Detection in

M cr of aintégratesidwite paicat Cénw8y singhdemosstrdieCovtiere Mac PORUtheirmaDeyadling svand
Systens, Santa Clara, California, Sep. 1998, SPIE Vol. 3515, pp. 242-251,

(4). S. p&ostiad @nlaklow!Eineatdd B80T fron 0E2Rs sectids Akl Béldnar .175wingsy)sor s
X, Leuven, Belgium Sep 96, pp. 11971199. The latter showed prom sing

result SPEF%ﬂIeFﬁScéﬁsﬂﬂiﬂalcn%fﬁSﬁé@éd kfhidl ble@Swith ﬁﬁﬁf—‘&%ﬁﬁer?’{lﬂﬂtiﬁé& dgHf ck

t hermal response. of Interest, we Tay nention: audhari ,

et al, LY. i i osystens), "Transient Liquid

Cryst al {%rg?[r%?{&o:@h%\fe W&%ﬁgéﬁﬁéﬁgﬁsP@ Vessel Arrays", J.

M croel ectronech. Systens, Vol. 7, No. 4, 1998, pp. 345-355, (6). Mark A
Burns, et al, (U Mchigan)) "An integrated Nanoliter DNA Anal ysis Device",

Sci ence 16, 4 . . . .
A routine search of the prior art was performed with the following references of

interest being found: Northrup et al. (US 5,589,136 Dec. 1996), Northrup et al. (US
5,639,423, US 5,646, 039, and US 5,674,742), and Baier Volker et al, in US 5,716,842 (
Feb. 1998), did early work on multi-chamber thermal cyclers fabricated by silicon etching.
Baier et al. (US 5,939,312 Aug.1999) describe a miniaturized multi-chamber thermal
cycler. This latter reference includes the following features — 1. multiple chambers placed
together within a silicon block from which they are thermally isolated. This approach
works against fast cycling because of slow cooling by the chambers. 2. The chambers are
packed together very closely, with minimal thermal isolation from one another, so all
chambers must always to be thermally cycled with the same thermal protocol. The
individual chambers were not subject to independent thermal control of muilti-chambers.

3. Baier's units have thin-film heaters that cover the whole bottom of the chamber (as In



Qct 1998, Vol . 282, pp. 484-486, and (7). P. F. Man, et al, (U M chigan),
"Mcrofabricated Capillary-Driven Stop Val ve and Sanple Injector"”, |EEE
MEMS' 98 (provisional), pp. 45-50. SUWARY OF THE I NVENTION It has been an
obj ect of the present invention to provide a mcrofabricated thermal cycler
whi ch permts sinmultaneous treatnment of nultiple individual sanples in

I ndependent thermal protocols, so as to inplenent |arge nunbers of DNA
experinments sinultaneously in a.short time. A further object of the

i nvention has been to provide a high degree of thermal isolation for the
reaction chanber, where there is no cross talk not only between reaction
chanbers, but al so between the reaction chanber and the substrate where

det ect | @mvehficndl tifectiRg/ @dsighs)! 04 f BBIer's adfrartani i imiitedEle fld @RAABEST houni t's
coul d be integrated. Another object has been to achieve tenperature

ul d be i nt eg _ bee e te L
Fast  naberElC AT e RENES 1 FUR TRaRp Bt Sl o1e LR ORed,

obj ects have been achi eved by use of a thermal isolation schene realized by
silicon etch-through slots in a supporting silicon substrate frame. Each

reaction 5 chapber |s rmally isolated fromthe silicon substrate
(which is ali§os 88@%@@? r ?ﬁ*'«s’ﬁg%aaweer% or {aeranal CyFIESA NFYS e grpried
fluid-bearing channels that connect the reaction chanber to both a sanple
r eser vonithe iRENRIGEh HeFRUrRBY R SIUMPeERE RXPEURINBTS. MEHANG: has a silicon
menbrane as its floor and a glass sheet as its roof. This reduces the
par asi t(1¢. Adamp faWeellsacet alndIC Beskalewt Funstionaldotegeationtof SICR dwindifieatiner
vol une. The advantage of using
and Capillary Electrophoresis in a Microfabricated DNA Analysis Device", Analytical
Chemistry, Vol. 68, pp. 40814086, (2). M. Allen Northrup, et al, (Lawrence Livermore
National Lab, UC Berkeley, Roche Molecular Systems), "DNA Amplification with a
microfabricated reaction chamber”, 7th Intl. Conf. Solid-State Sensors and Actuators, pp
924-926, (3). Sundaresh N. Brahmasandra, et al, (U. Michigan), "On-Chip DNA Band
Detection in Microfabricated Separation Systems", SPIE Conf. Microfuidic Devices and
Systems, Santa Clara, California, Sep. 1998, SPIE Vol. 3515, pp. 242-251, (4). S. Poser,
et al, "Chip Elements for Fast Thermocycling”, Eurosensors X, Leuven, Belgium, Sep 96,

pp. 11971199. The latter showed promising results for use of well thermal isolation as a

means for achieving quick thermal response.

Also of interest, we may mention: (5). Ajit M. Chaudhari, et al, (Stanford Univ. and
PE Applied Biosystems), "Transient Liquid Crystal Thermometry of Microfabricated PCR
Vessel Arrays", J. Microelectromech. Systems, Vol. 7, No. 4, 1998, pp. 345-355, (6). Mark

A Burns, et al, (U Michigan), "An Integrated Nanoliter DNA Analysis Device", Science 16,



glass.is that it is transparent so that sanple filling and flow ng can be
seen clearly. dass can also be replaced by any kind of rigid plastic which
is bio- and tenperature- conpatible. BRI EF DESCRI PTI ON OF THE DRAW NGS FI G
1 a shows a plan view of a first enbodi nent of the invention FIGs. 1 b and
1 c are orthogonal cross-sections taken through FIG 1 a. FIG 2 is a

cl oseup view of a portion of FIG 1 a. FIG 3 illustrates the air injector
and pressure valve part of the structure. FIG 4 shows a group of three
cycling chanbers integrated within a single unit. 6 FIG 5 shows a full
popul ation of cycling chanbers covering an entire wafer. FIG 6 illustrates
how the resistor strips nay be located inside slots in a conductive silicon
beam FI.G 7a shows a plan view of_a second enbodi nent of the invention.

FI Gs. 7PchheP8r¥ohr820m 5GPl aBd 64k Pdedvian il al e MichiganigiMicrafabricated) G 8
is a closeup view of a portion of FIG 7a. FIG 9 is the equivalent of FIG
1 for tkepdaydidvesniiop Viabietandriample dnjettonicdl EEREVIEMSIA8 (pepvisiomal), fopr 4549€.
process of the present invention. FIGs. 11 and 12 illustrate fornmation of
resistive heaters and tenperature sensors. FIGs. 13 and 14 illustrate the
formation of the silicon nmenbrane and etch-through slots that are needed to
achi eve a high level of tSEgMMARYQH IHEANVENTION: chanber. FIG 15 shows

how a sheet of dielectric material is bonded to the top surface to 7
It has been an object of the present invention to provide a microfabricated thermal
cycler which permits simultaneous treatment of multiple individual samples in independent
thermal protocols, so as to implement large numbers of DNA experiments simultaneously

in a short time.

A further object of the invention has been to provide a high degree of thermal
isolation for the reaction chamber, where there is no cross talk not only between reaction
chambers, but also between the reaction chamber and the substrate where detection

circuits and/or micro fabricated Capillary Electrophoresis units could be integrated.

Another object has been to achieve temperature uniformity inside each reaction
chamber of less than +0.5K together with fast heating and cooling rates in a range of 10

to 60 K/s range.

These objects have been achieved by use of a thermal isolation scheme realized

by silicon etch-through slots in a supporting silicon substrate frame. Each reaction



formthe chanber. FIG 16 illustrates how connection to the outside world
may be made to an array of recycling chanbers. FIG 17 shows anot her
approach to naking connection to the outside world for an array of
recycling chanbers. FIG 18 schematically shows the flow of information
into and out of the array. DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The
basi ¢ principle that governs the present invention is that the thermally
conductive cycler chanber is thermally isolated fromits surroundi ngs
except for one or nore heat transfer nmenbers through which all heat that
flows in and out of the chanber passes. Consequently, by placing at |east
one heating elenent in each transfer area, heat |ost fromthe chanber can
be cont | ' ; JBi.s 4 j

CRatAbisr 1% tlﬁﬁ@dg% mag@ #%@% 8ifissh substraRdAlh id Bis d ﬁeai‘%fgigf}fﬁg%@?’ g

pl aci ng, w , | east one tenperature sensor

| t ' . . i .
add t1 ofEE Py TR s T AGE ePRE o bR PEROnME S BB R Rn shewpst
th h Lgh th I duct th, .t nber. b
o ol e e e G B oo el Btk e o
the present invention is a fully integrated fl uid dispensing and retrieval

syst em MERRrage| ks HRAaNs 2 olasashersas Bs &pfr divtaduges Bimpriapiathaimak as

well as an inlet fluid source reservoir with both fluid fl ow and

t enper acapacitgecygng apatsdheroquramentds few gbamber vaumeol heBpvantage ef usral t
thermal cross tal k between chanbers can be kept to |less than about 0.5 C
at a tegmEssd thatit cftramisparendso Matisalrple &linpg vad diowingcdroberseésn vieatty.rGlass

i ndi vi dual chanber can be reliably maintained, both theoretically and
exper i meahaldoyhe replaged By ahy kihdloedgidtptestic ivhithd&bio- and temperature- compatible.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1a shows a plan view of a first embodiment of the invention
FiGs. 1b and 1c are orthogonal cross-sections taken through FIG. 1a.
FIG. 2 is a closeup view of a portion of FIG. 1a.
FIG. 3 illustrates the air injector and pressure valve part of the structure.

FIG. 4 shows a group of three cycling chambers integrated within a single unit.



W now di scl ose two enbodi nents of the present invention as well as a
process for manufacturing part of the structure. First enbodi nent Referring
nowto FIG 1 a, the top-left portion is a plan view of the structure. Seen
there is chanber 11 which is connected at both ends to silicon frane 1

t hr ough nonocrystalline silicon beans 10. Heaters 5 are at each end inside
the heat transfer areas. The latter are discussed above but are not
explicitly shown since they have been 9 i ntroduced into the description
primarily for pedagogical purposes. In addition to the heaters, each
chanmber contains at | east one tenperature sensor 4 for each heating el enent
5. They are located close to the heating elenents, as shown. Fluid bearing

el o P A I ks g 1 e

clearly seen in the closeup shown in FIG 2, unprocessed fluid is stored in
common reservoir 7 and is directed to chanber 11 through fl uid-bearing

channel 31. rol of fluid flow is achieyved b se.of conpressed gas
Ciouatty. e iftisuBles itk (g resiflos Srids May bedacated ik, a¥ B 4 wduefie wi t b
a gas-liquid interface at the valve, that connects gas source 25 to channel
31 t hr of§ePHPRAPNj ect or 19. Since the capillary force drives the fluid from
reservoir 7 to valve 8 (FIG 3), stopping there, an additional pressure
impulse will help the fluid to pass through valve 8 and, after that) no
nore external pressure is needed as the fluid will continue to flow, being
driven by caPIiG.|7ar shdwe & pkan view of evsecond emiodimokrd of the mventidd.ui d i nto t he
chanber, pressure valves 8, as seen in FIG 1c, are placed at both ends of

the chanber. A closeup of the area contained within circle 33 of FIG 2 is
shown in FIG 3 to illustrate how the val ves operate. A short length

FIGs. 7b and 7c are orthogonal cross-sections taken through FIG. 7a.

FIG. 8 is a closeup view of a portion of FIG. 7a.

FIG. 9 is the equivalent of FIG. 1 for the second embodiment.

FIG. 10 shows the starting point for the process of the present invention.

FIGs. 11 and 12 illustrate formation of resistive heaters and temperature sensors.

FlIGs. 13 and 14 illustrate the formation of the silicon membrane and etch-through

slots that are needed to achieve a high level of thermal isolation for the chamber.

FIG. 15 shows how a sheet of dielectric material is bonded to the top surface to



16 of the fluid-bearing channel is nade narrower than the rest of the
channel . When fluid comng fromthe right side reaches point 15 it wll be
drawn into 16 through surface tension 10 (capillary action) if it wets
the inside of the channel (i.e. channel walls are hydrophilic). Then) when
the fluid reaches point 17, the same surtace tension forces that drew the
fluid into 16 will act to hold it inside 16 and prevent it from proceedi ng
down channel 13. If the fluid finds the channel walls to be hydrophobic,
then surface tension will act to keep it fromentering 16. Either way,

addi tional pressure is needed to nmake the fluid pass through valve 8. The
recorded pressure barriers for water (about 6kPa for valves) > | CkPa for
the air injector) are enough to allow on-chip automatic control of fluid
fl ow. Hetrathe ekgmbev.to FIG 1 a, the fluid-bearing channel on the far side
of chanber 11 is seen to termnate at |ocal reservoir 9. Wien fluid is
forced into chanber 11, the air that is already in the chanber is forced
out and passes into |ocal (sanple) reservoir 9 where it is allowed to
escape but WIiGhoatlluslrhteshog canedtionud thet sutside @Forid may\be madeedradridd of
cycling has been conpleted, pressure for the air injector is used to

t r ansf efecydigseHapiteré.r om t he chanber into reservoir 9 where it can be
collected into a pipetteltube or other collector.. Referring nowto F1G 4,
shown there is an exanpl e of several chanbers integrated to forma single
mul ti-sanple recycling unit. As can be seen, the individual chanbers 11 are

posi tioned iAs I j . of Sil] f 1.an Le
Connect ed t d 1 ¢ ratsaner Pt BereBEErERng et iRl bR HEuE i
except for taese beans, .the chanber is always thermally isolated fromthe
frame bYTRHENESHENY DFWFHn as a thin slot in FIG 11" 2). Fig. 5 shows
how t he sub-structure seen in FIG 4 appears when full wafer 66 of silicon
has been used to formnultiple chanbers.

FIG. 18 schematically shows the flow of information into and out of the array.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The basic principle that governs the present invention is that the thermally
conductive cycler chamber is thermally isolated from its surroundings except for one or
more heat transfer members through which all heat that flows in and out of the chamber
passes. Consequently, by placing at least one heating element in each transfer area, heat
lost from the chamber can be continuously and precisely replaced, as needed. This is
achieved by placing, within the chamber, at least one temperature sensor per heating

element and locating this sensor close to the heating elements. Additionally, by



Retur.ning once nore to FIG 1 c, as can be'seen, the part of the chanber
bet ween val ves 8 (where the actual tenperature cycling occurs) is
effectively a sandwi ch between gl ass plate 2 and silicon nmenbrane 12 which
is only between about 30 and 100 microns thick. This arrangenent enables

t he physical volune (less than about 100 micro-liters) and thernal

capaci tance of the chanber to be kept to a mninmum Also seen in FIG 1 b
are bondi ng pads 6. These facilitate the bonding of glass sheet 2 to the
silicon As a feature of the present invention these pads are placed inside
trench 18 as illustrated in FIG 6. These facilitate the application of
anodi ¢ bonding to our structure. Anodic bonding is an excell ent bondi ng
technique that allows high stability at high tenperature in various

chem cakommecting thegeas tragsfananpes e heatssinkstachughitachigh thecual comductaass pathf er s
are heated to a tenperature (typically in the range 300-500C dependi ng on
t he gl agise thgmderatandiss betves) @ipidly cooetialvhe®Bs dedirédie gl ass becone nobi | e.
The conponents are brought into contact and a high voltage applied across
them This causes the alkali cations to mgrate fromthe interface
resulting in a depletion layer with high electric field strength. The

resul ting el aeyiAgiuabl Gs@art éf%é%ﬂu@tru%é‘gﬁthtb*lﬁeé;édt'uﬁfé’?lt;@ﬁﬁ’s Qlﬂ?s{g epf]é?ed | ass

intimte contact. Further current flow o~ oxygen ani ons
to the C
resul't i FiRBebRRY i iehida 30860 TREZIGS QlbREchthBisIRBR pbtca
permanent chem cal te that th h we ex ; t S being
ade. of COMEST Moah stk 4alars a8 blet Jt ?évr&edﬁa@wgﬁgmﬁ’aeﬁuﬁweil%ang
silicon, el astorrers or ceram cs could al so have been used. In such cases,
appr opr iteheensiiie bﬁ@gtS@eﬂrmejn@@d indenendenyly ronypllabjex Psaigsyitiheimal €ross-pl ace
of anodic bonding. Finally, in FIGs. 1 b and 1 ¢ we note the presence of
heat si n&lkbétweembhamhbedsecasiba eept to less than about 0.5 °C at a temperature of about

95 °C while temperature uniformity within an individual chamber can be reliably

maintained, both theoretically and experimentally, to a level of less than £ 0.3K.

We now disclose two embodiments of the present invention as well as a process

for manufacturing part of the structure.

First embodiment

Referring now to FIG. 1a, the top-left portion is a plan view of the structure. Seen
there is chamber 11 which is connected at both ends to silicon frame 1 through
monocrystalline silicon beams 10. Heaters 5 are at each end inside the heat transfer

areas. The latter are discussed above but are not explicitly shown since they have been



frame.1l is thermally connected. An inportant advantage of this arrangenent
is that silicon substrate 1 can be kept close to roomtenperature rather
than near the tenperature of the reaction chanber during heating. This
facilitates integration of the PCR thernocycler with other parts of mcro
tot al - anal ysi s-system (NTAS) on a single chip, as well as for nulti-chanber
reaction with i ndependent thermal control, as discussed earlier.
econd~nbodi nent The second embodi ment of the invention is generally simlar
to the first enbodi nent except that) instead of being connected to the
silicon frame through two si I i con beans) 13 only a single cantil ever beam
is used. This has t dva e over he rst. epbodi nent, th ..eI' ination
of asyr‘r‘l%rtog C%éntpotﬂﬁa‘ﬁerﬁc ? le'B%'kyatﬁFgoeg’?@Oﬂ@QPb Hr(‘s)olsg algh"f’@) l'ting
easier control and uniformity of tenperature, is ill ustrated m FI Gs.
7a c anbeatgss,j @R elaneker M@'”ﬁaﬁttlga% E?WW%?E"%I%”F%%@%@%“@%&
shown in FIG 1 a-c. Since there is only one silicon beam avail able, it has
to be uslemendp. Joel arelacstriteiage tsthadigating slementsnas shewin.d to and fromthe
chanber. This has been achieved by the introduction of baffle 76 that is
parallel to the surface of the chanber (at the transfer area) and that is
orthogonal |y connected to the transfer area by a sheet of nmaterial 84 that
serves to sepmicbearingahannglsfdispersetfyid imto bhd werdovd flsiddein e crambae 1het t er
seen in the closeup provided by FIG 8. As in the first enbodinent) liquid

from conpppareasBuyttiitto thd Snamitr tRbAGItHeMHBAIbedins 18,0 AshAnaRAMBRY cledrly ai

injector i's also used to acconplish this although it is not shown in this

bar'1 o 350t ) PP EIGREB3NBEnh 3 2 Uhftcpetotd fﬁP@ﬁ&Bf#%%r%éf?%%%@eﬁﬁsh d
sarpl o ABUdr ATERISY tp SParmbEhd E@b@‘égfﬂa@é%aer%’c et 3F oEERbal oYHuia AT s
achieved by use of compressed gas (usually, but not necessarily, air), or hydrau-
lic/pneumatic pressure with a gas-liquid interface at the valve, that connects gas source
25 to channel 31 through air injector 19. Since the capillary force drives the fluid from
reservoir 7 to valve 8 (FIG. 3), stopping there, an additional pressure impulse will help the

fluid to pass through valve 8 and, after that, no more external pressure is needed as the

fluid will continue to flow, being driven by capillary forces.

To prevent unintended entry of fluid into the chamber, pressure valves 8, as seen
in FIG. 1c, are placed at both ends of the chamber. A closeup of the area contained within
circle 33 of FIG. 2 is shown in FIG. 3 to illustrate how the valves operate. A short length
16 of the fluid-bearing channel is made narrower than the rest of the channel. When fluid

coming from the right side reaches point 15 it will be drawn into 16 through surface tension

10



7. Wen the chanber is to be enptied, baffle 76 again directs the flow of
liquid, this tine in direction 82. Seen in FIG 7c, but not shown in FIG

8) is valve 8. There are, of course, two such valves, as in the first

enbodi nent, but the one that can be seen is blocking a view of the other
one. 14 FIG 9 is analogous to FIG 4 and illustrates a group of three
cycling chanbers 11 suspended within the interior open area of silicon
frame 1 which is itself part of a full silicon wafer. Process for

manuf acturi ng the 6nventi on W now descri be a process for manufacturing the
frame portion of the structure of the invention. Before proceeding we note
that all figures that follow (FI Gs. 10-15) show only the right hand side of

t he chaehpillabubction)ntie wekethedhsideioféhe shannul (ired charhdiagdliscarediydidphilich.ght
side, the process for manufacturing the entire chanber is readily

envi sagpgbn R‘hfeﬁrtﬁé Gl REW¥heS pbint1 7, ]tﬂe s&h@%@ﬁﬁc@%fb’ﬁ fokded thixegrewans il of
silicon wafer 101, between about and 700 m crons thick, in whose upper

sur f acenid mmwfo ﬁ&@ﬂgﬁ& i févrewp.t %E@m&éﬁﬂﬁ&a?wﬁ%aﬁﬁ@l & ggfﬁ% to a

:jg Lgt"‘ﬁﬁbet vk ZSOUt A98 Héﬁ &B Cro&nfﬁ forR tne\K/I tn;er Lée“ Rgs -
(t;ste\r/vefﬂeae:‘ft?s?géc ?Z%g@ m%ronlg kﬁ%‘fg |t %{%ftac%r?nc ay 'él(r%c B@ e} %orrr?ed
gnxfagnfsortgﬂepgaﬁe?%gffteé&%fgilt'graf%fﬁsawsgaa d“ﬁ‘?%q@;?e“b? wé@ﬁp%sle ?a"%:fqn con
ot hor A Bt be ErRISPRSS RBGIEFS fostatel (bauy e or Kaleth GFia Bate

polyners and plastics could 15
air lnjector) are enough to allow on-chip automatic control of fluid flow.

Returning now to FIG. 13, the fluid-bearing channel on the far side of chamber 11
is seen to terminate at local reservoir 9. When fluid 1s forced into chamber 11, the air that
is already in the chamber is forced out and passes into local (sample) reservoir 9 where
it is allowed to escape but without allowing any liquid to enter it. When temperature
cycling has been completed, pressure for the air injector is used to transfer the sample
from the chamber into reservoir 8 where it can be collected into a pipette/tube or other

collector..

Referring now to FIG. 4, shown there is an example of several chambers integrated
to form a single multi-sample recycling unit. As can be seen, the individual chambers 11
are positioned inside the interior open area of silicon frame 1 and are connected to it
through silicon beams 10. It is important to note that, except for these beams, the chamber

is always thermally isolated from the frame by open space 3 (shown as a thin slot in FIG.
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al so .have been used. Next, as seen in FIG 11, a layer of a material that
is suitable for use as a tenperature sensor (therm stor) 105 and also as a
resistive heater is deposited to a thickness between about 1,000 and 10, 000
Angstrons. Qur preferred material for this has been al um num but ot her
materials such as gold, chromum titanium or polysilicon could also have
been selected. This layer is then patterned and etched to formtenperature
sensors and the heater elenent. Bonding strips 106 are al so shown. Moving
on to FIG 12, two top prelimnary trenches 112 are then etched into the
tap surface to a depth of between about 30 and 100 microns and a wi dth of
bet ween about 20 and 100 m crons. The trenches 112 are | ocated between

i nner trenches 103 and outer trenches 104, each about 100 microns fromthe
i nner t2epn€iy. S\ehdws hewshesubsstidctare kdentih @& 1Gpyp appearsh wiaen ol twafened ef 1 S
patterned and etched to form chanber trench 113. This is centrally |ocated
bet weensilibén has Beeh LESE keforihGRulape drantberen a depth between about 30 and
500 microns and a width between about 100 and 10,000 microns. Trench 112 is
not protected while trench 113 is being formed so that at the end of this
step in the process, its depth will have increased. Also at this stage,

second di el eRGknfind BAES mbRAo! FG! PLIRACAN Bo bdn SHE bAASE tid Aol Hergbdady

have a dielectric Tayer o hem ness 1S between abou and

5,000 Angstr I I h 6. ..new tended and |ined, trench 112
s now Ja5pS R TPneredd A smebiitud oS Bt 8 EREENER sopduBn et
mcrons. Referring nowto FIG 14 tPl.e | ower surface, of the wafer is
pat t er nGESER t%?@%@c?"ﬂ@”f'ﬁ?'ﬁpfﬁ‘f@e@w Ichd onlybetwrer abaut FQana KR, gricreas
slightly overlap the top prelimnary _

thick. This arrangement enables the physical volume (less than about 100 micro-liters) and

thermal capacitance of the chamber to be kept to a minimum.

Also seen in FIG. 1b are bonding pads 6. These facilitate the bonding of glass
sheet 2 to the silicon As a feature of the present invention these pads are placed inside
trench 18 as illustrated in FIG. 6. These facilitate the application of anodic bonding to our
structure. Anodic bonding I1s an excellent bonding technique that allows high stability at
high temperature in various chemical environments as no polymer (s used. The silicon
and glass wafers are heated to a temperature (typically in the range 300-500°C depending
on the glass type) at which the alkali metal ions in the glass become mobile. The
components are brought into contact and a high voltage applied across them. This causes
the alkali cations to migrate from the interface resulting in a depletion layer with high
electric field strength. The resulting electrostatic attraction brings the silicon and glass into
intimate contact. Further current flow of the oxygen anions from the glass to the silicon

results in an anodic reaction at the interface and the result is that the glass becomes
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trenches 131 and it is deep enough so that, at the conpletion of this step,
trench 131 will be penetrating all the way through to the wafer's

under -si de and the wafer thickness (under trench 113) will have been -
reduced to between about 30 and 100 microns. In this way, silicon nenbrane
12 and franme 1, as shown in earlier figures, will have been fornmed The
final step in the process is illustrated mFI G 15 Sheet of dielectric
material 152 is mcro-nmachined to formholes in selected | ocations (as an
exanple, see 9 in FIG 1 ) and then bonded to the wafer to forma
hernetically seal ed chanber that is thermally isolated fromthe wafer by
slot 3. For sheet 152, our preferred material has been gl ass which we then
bonded to the wafer by nmeans of anodi c bondi ng. However, as noted earlier,
ot her i i, CH quartz, silicon, elastoners,
or cer g‘?ﬁ}@éagé) esém#bﬁhﬁ agiegrggh@ﬁttsée%ﬁm Fén%?ﬁgh cases, appropriate bonding

t echni ques such as gl ue or epoxy would be used in place of anodi ¢ bondi ng.
Finally, an etching step is used to renpve the second dielectric |ayer 132
in the open areas that contain bond-pads for electrical connections. 17
Connect i ng tNfde hataithpuoh we W“{%S'UﬁﬁtlzdaW%ng Tepdsheh@assh Otheraategalst wo
possi bl e ways to arrange the nmulti-chanber thermal cycler relative to the
heat siswkhas rigistplasticsdlueed auarts, siticorn @lastomershor eeraayes couid alsedravalbeenc| er
array is nounted onto heat sink 14 with a thin layer of thermally
conductusedl. slof suamatases aaparopridterbdraingtechmighesisuch asigibe beepady veauid det .
This is to ensure that the local substrate 1 has very small thernal

resi st amee ih plddecoffeg@dichoridirigl ever ywhere. Suitable materials for |ayer 101
i nclude thermal conductive tapes) greases, glues, polyners, elastoners,
rubber, and plastics. The thickness of layer 101 is typically between about
1 and 100 mcrons and its thernmal conductwity is between about 0.2 and 20

WmK Finally, in FIGs. 1b and 1¢c we note the presence of heat sink 14 to which the silicon
frame 1 is thermally connected. An important advantage of this arrangement is that silicon
substrate 1 can be kept close to room temperature rather than near the temperature of the
reaction chamber during heating. This facilitates integration of the PCR thermocycler with
other parts of micro total-analysis-system (UTAS) on a single chip, as well as for

multi-chamber reaction with independent thermal control, as discussed earlier.

econd embodiment

The second embodiment of the invention is generally similar to the first embodiment

except that, instead of being connected to the silicon frame through two silicon beams,
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It has a softness val ue between about 1 and 100 units on a Shore D
Duronmeter. Electric bond-pads 6 can be connected to the connectors 105
(metal padsltracks) on the controller board 103 (e.g. a printed circuit
board or PCB) through w re-bonding to probing-card 102. Metal |ead-outs can
be on top or on bottomside of the controller board 103, or on both sides,
connected through via 104. O the bond-pads 6 can be conducted out to the
controller board 103 through a fixture of the type shown in FIG 17), where
flexural electric connector 106 (e.g., probeltiplbunmp) fromthe board 103
can be pressed directly on top of the correspondi ng bond-pads 6 on the
thermal cycler chip. Additionally, the spacer 107 18 can be nade flexible
inthe t |ckne di.rect Lan f.or ani,cal,_cont ac et ween the
connect U8 £ PO RELETmIS bred: TS 1830 iue0R 8 Cha TR oA RER, « ne
t her mal cler chip. FIG 18 illustrates the conflguratlon of the control
system tl“@il el‘fm”iqt'o@h‘éfnﬁ%)fmmﬁ%%@n fabrigatior{pasraging: and hesting|'s achieyee: or s
105 on the controller board 103 for all the sensors of the N chanber

t her mal resyiiing in easéergioptelang uniformity efiteroperetvire. &g diyistratedrintFéGpefart and,
sensing. Typically, at |east one sensor and one heater are needed for each
chanber as jlistnotedemantaparts watkedt thersf arelibe same@assthpse sheasin Nl@Hennel s) are
translated into digital data through anal ogue-to-digital (Al D) converter
and sent to the processor (or conputer). A LabView programed nul ti-channel
parallel PID (proportional-integral derivative) controller, for exanple

wi Il manage gipcd Hdr@W drifcotx Sitcdrasednh avaiblepit 8h& b uded fof Bethhhe

through the real -tine updatedl refreshed output signals for the (at Ieast)

N- Channﬁ f@ﬁéﬁrrémomg%ua g aha fiohP e Endhiberc! &5 rﬁya' et 5&“?%& By the
updat ed r eshed heating, after conversion to anal ogue signals the D A
convert (rahtrogin& nrbq bgﬁlelﬁqﬁét is parallel to the surface of the chamber (at the transfer area)
and that is orthogonally connected to the transfer area by a sheet of material 84 that
serves to separate incoming from outgoing liquid. its action can be better seen in the
closeup provided by FIG. 8. As in the first embodiment, liquid from common reservoir 7
is sent along channel 31 into the chamber. An air injector is also used to accomplish this

although it is not shown in this figure. When the incoming liquid enters the chamber 1t is

directed by baffle 76 to flow in direction 81.

Emptying of the chamber is accomplished in a similar manner to that of the first
embodiment except that local sample reservoir 9 is on the same side as the inlet reservorr
7. When the chamber is to be emptied, baffle 76 again directs the flow of liquid, this time
in direction 82. Seen in FIG. 7¢, but not shown in FIG. 8, is valve 8. There are, of course,
two such valves, as in the first embodiment, but the one that can be seen is blocking a

view of the other one.
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N~hannel s). Consequently this is a close-loop nmulti-channel parallel
processi ng control system particularly for multi-chanber thermal cyclers
havi ng i ndependent multiplexing or parallel processing. The nunber of
channels, N, will generally be from2 to 96 or 2 to 384, when used in
current macro thermal cycler machines. 19 Results By using the above
descri bed structures and manufacturing process, we have been able to both
build and sinmulate units that nmeet the follow ng specifications: Heating
power: < 1.7 Watt ; Ranp rate: 15-100 Cs ; Heating voltage: 8 volts
Cooling rate: 10-70 C's Tenperature uniformty: <t 0.3 C (accuracy t 0.2
C) Cross-talk: < 0.4 Cat 95 C The effectiveness of the units for Mcro PCR
use reaction was verified with the Plasm dl Genomi ¢ DNA reacti on and agarose

gel el ectropher @& shaldypus &6 FlG. 1asd AleeaRise gtinbidfitirabicpslingcranikayqed
reaction time relative to existing commercial PCR nmachines. It was al so

confi r iedpbRakd Withidihd tdok B Beasst sifdoprrarth&anivARh YWishie phReriant i on
has been particularly shown and described with reference to the preferred
enbodiqﬁﬂﬁﬁnkggFeof, it will be understood by those skilled in the art that
various changes in formand details may be nade w thout departing fromthe
spirit and scope of the invention. The mniaturized thermal cycler of the
present invention nmay, for exanple, be used as a thernmal cycling chanber

for various types of bi olpogi cal_andl oy chemi cal reactions.
rocess for manutacturing the invention

We now describe a process for manufacturing the frame portion of the structure of
the invention. Before proceeding we note that all figures that follow (FIGs. 10-15) show
only the right hand side of the chamber but, since the left side is a mirror reflection of the

right side, the process for manufacturing the entire chamber is readily envisaged.

Referring now to FIG. 10, process begins with the provision of silicon wafer 101,
between about 350 and 700 microns thick, in whose upper surface, two inner trenches
103 and two outer trenches 104 are etched to a depth of between about 0.1 and 1
microns. The width of inner trenches 103 is between about 20 and 500 microns while that

of outer trenches 104 is between about 50 and 500 microns.

Next , dielectric layer 102 is formed over the entire surface. Its thickness is between
about 0.02 and 0.5 microns. Our preferred material for dielectric layer 102 has been
silicon oxide formed by thermal oxidation or CVD (chemical vapor deposition) but other

materials such as phosphosilicate glass (PSG), silicon nitride, polymers, and plastics could
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20 CLAIM5 1. A multi-chanber thermal cycles system conposing: a

mul ti-chanber thernmal cycles chip; a |layer of a material having high
thermal conductivity as welt/ as a high |level of softness, said |ayer being
uni quel y | ocated between the thermal cycles chip and a heat 5 sink) whereby
good thermal contact and conductance between the chip and the heat sink are
provi ded; a controller board, having opposing sides) that includes highly
el ectrically conductive lines and tracks and el ectric connectors; neans for
connecting and di sconnecti ng bond-pads on the chip to the controller 10
board; and a control systemfor nulti-channel independent parallel protocol
control, including: electronic circuits for nulti-channel anal ogue and
digital signals comuni cation between the controller board and a processor

havi ng gRQeHRBEH (18edt | pl e channel paral | el

proportional -integral -derivative control. 15 2. The nulti-chanber thernal
cycles systemdescribed in claim1l wherein said |layer is selected fromthe
group consisting of thermal conductive tapes) greases, glues, polyners,

el astoners, .rubber, and stii.cs., 3. The nulti-chapber | rnmal cycl es
Syt o deas NaBba el dn h16° HE Llaver & & Miyeal el B il dok uS daedn
about 1 and 100 microns. 21 )
temperature sensor (thermistor) 105 and also as a resistive heater is deposited to a
thickness between about 1,000 and 10,000 Angstroms. Our preferred material for this has
been aluminum but other materials such as gold, chromium, titanium, or polysilicon could

also have been selected. This layer is then patterned and etched to form temperature

sensors and the heater element. Bonding strips 106 are also shown.

Moving on to FIG. 12, two top preliminary trenches 112 are then etched into the top
surface to a depth of between about 30 and 100 microns and a width of between about 20
and 100 microns. The trenches 112 are located between inner trenches 103 and outer

trenches 104, each about 100 microns from the inner trench.

Next, as seen in FIG. 13, the upper surface of the wafer is patterned and etched to
form chamber trench 113. This is centrally located between the inner trenches 103 and
is given a depth between about 30 and 500 microns and a width between about 100 and
10,000 microns. Trench 112 is not protected while trench 113 is being formed so that at
the end of this step in the process, its depth will have increased. Also at this stage,
second dielectric layer 132 is formed on all surfaces that don't already have a dielectric

layer on them. lts thickness is between about 1,000 and 5,000 Angstroms. In FIG. 13, the
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4. The multi-chanber thermal cycler systemdescribed in claim1l wherein
said |l ayer has a thermal conductivity between about 0.2 and 20 WmK 5. The
mul ti-chanber thermal cycler systemdescribed in claiml wherein said | ayer
has a softness val ue between about 1 and 100 shore D Duroneter units. 5 6.
The nul ti-chanber thermal cycler systemdescribed in claim1l wherein said
el ectric connectors are on both sides of the board or on either side of the
board. 7. The nulti-chanber thermal cycler systemdescribed in claiml
wherein said nmeans for connecting and di sconnecting bond-pads on the chip
to the controller board is selected fromthe group consisting of

W r e-bondi ng, probing-cards and flextural electric connectors 10 8. The

mul ti-chanber thermal cycler systemdescribed in claim1l wherein said
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10%& () whickO¥& then &8ndfd&s the &afet@Bmbans of anodic bonding. However, as noted
earlier, other materials such as rigid plastics, fused quartz, silicon, elastomers, or ceramics
could also have been used. In such cases, appropriate bonding techniques such as glue
or epoxy would be used in place of anodic bonding. Finally, an etching step is used to

remove the second dielectric layer 132 in the open areas that contain bond-pads for

electrical connections.
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material 101 for better mechanical and thermal contact. This is to ensure that the local

substrate 1 has very small thermal resistance to the heat sink 14 everywhere. Suitable
matenals for layer 101 include thermal conductive tapes, greases, glues, polymers,
elastomers, rubber, and plastics. The thickness of layer 101 is typically between about 1
and 100 microns and its thermal conductivity is between about 0.2 and 20 W/m.K.

It has a softness value between about 1 and 100 units on a Shore D Durometer.

Electric bond-pads 6 can be connected to the connectors 105 (metal pads/tracks) on the
controller board 103 (e.g. a printed circuit board or PCB) through wire-bonding to

probing-card 102.

Metal lead-outs can be on top or on bottom side of the controller board 103, or on
both sides, connected through via 104. Or the bond-pads 6 can be conducted out to the
controlier board 103 through a fixture of the type shown in FIG. 17), where flexural electric
connector 106 (e.g., probe/tip/bump) from the board 103 can be pressed directly on top

of the corresponding bond-pads 6 on the thermal cycler chip. Additionally, the spacer 107
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© FIG. 18 illustrates the configuration of the control system for multi-chamber
independent thermal protocol control. Connectors 105 on the controller board 103 for all
the sensors of the N-chamber thermal cycler are directed to the electronic circuit for
temperature sensing. Typically, at least one sensor and one heater are needed for each
chamber. Then the analog outputs of the sensors (at least N channels) are translated into
digital data through analogue-to-digital (A/D) converter and sent to the processor (or
computer). A LabView programmed multi-channel parallel PID (proportional-integral-
derivative) controller, for example, will manage to foliow the expected thermal protocols
for the N chambers through the real-time updated/refreshed output signals for the (at least)
N-channel heaters. These signals flow to the electronic circuit for updated/refreshed
heating, after conversion to analogue signals in the D/A converter (having at least
N-channels). Consequently this ts a close-loop multi-channel parallel processing control
system, particularly for multi-chamber thermal cyclers having independent multiplexing or
parallel processing. The number of channels, N, will generally be from 2 to 96 or 2 to 384,

when used in current macro thermal cycler machines.
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By using the above described structures and manufacturing process, we have been

able to both build and simulate units that meet the following specifications:

Heating power: < 1.7 Watt ; Heating voltage: 8 volts

Ramp rate: 15-100 °C/s Cooling rate: 10-70 °C/s

Temperature uniformity: < + 0.3 °C (accuracy £ 0.2 °C)

Cross-talk: <0.4°C at95 °C

The effectiveness of the units for Micro PCR use reaction was verified with the
Plasmid/Genomic DNA reaction and agarose gel electrophoresis The result was
adequate amplification in a reduced reaction time relative to existing commercial PCR

machines. It was also confirmed that the units may be reused after cleaning.

While the invention has been particularly shown and described with reference to
the preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the spirit and
scope of the invention. The miniaturized thermal cycler of the present invention may, for
example, be used as a thermal cycling chamber for various types of biological and/or

chemical reactions.
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a caontrol system for multi-channel independent parallel protocol control, including:
electronic circuits for multi-channel analogue and digital signals communication between
the controller board and a processor having programmed multiple channel parallel

proportional-integral-derivative control.

16 2. The multi-chamber thermal cycler system described in claim 1 wherein said layer
is selected from the group consisting of thermal conductive tapes, greases, glues,

polymers, elastomers, rubber, and plastics.

3. The multi-chamber thermal cycler system described in claim 1 wherein said layer

has a thickness between about 1 and 100 microns.
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5 6. The multi-chamber thermal cycler system described in claim 1 wherein said electric

connectors are on both sides of the board or on either side of the board.

7. The multi-chamber thermal cycler system described in claim 1 wherein said means
for connecting and disconnecting bond-pads on the chip to the controller board is selected

from the group consisting of wire-bonding, probing-cards and flextural electric connectors

10 8. The multi-chamber thermal cycler system described in claim 1 wherein said multiple
channel parallel proportional-integral-derivative control contains between 2 and 384

channels.
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