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Rapid and reliable assessment of volatile and semivolatile organic compounds in the environment
using gas chromatograph¥sC) is often limited by cost of analysis, and time delays between
sampling and analysis. Many environmental monitors incorporating GC systems are too large for
portability, and lack sufficient sensitivity and/or selectivity to serve as practical environmental
monitors. Frequently, a complete system redesign, due to nonlinear power scaling relative to
component size, is required to reduce the mass and volume of power supplies, especially for the
micro-systems of present interest. Here, we examined four strategies in reducing power demand by
the largest consumer of power in a model micro GC, the preconcentrator. Our simulations included
alterations in heater pad placement/size, reduction of thermal mass in the device, vacuum sealing,
and incorporation of a gas dwell time during preconcentrator heating. Our numerical results were in
general agreement with experimental findings in simpler systems, in terms of the benefits of vacuum
sealing. The greatest reductions in power demand were achieved with vacuum g&Biggnd
reductions in thermal ma$&5%). Future work will address structural and materials issues involved

in reduction of thermal mass, and also optimization of power supplies required to meet the
multilevel power demands of these complex microelectromechanical sys&m@805 American
Vacuum Society.DOI: 10.1116/1.1886821

[. INTRODUCTION sors typically consist of Au-thiolate monolayers encapsulated
by metal nanoclusters, with different thin film resistances
Rapid and reliable assessment of volatile and semivolatilgnd sensitivities to reversibly adsorb organic vapors. Thus,
organic compounds in the environment using gas chromatoghe signal from the column is measured as a voltage differ-
raphy (GC) is often limited by cost of analysis, and time ence, due to change in resistance of the microsensor upon
delays between sampling and analysis. Many environmentaxposure to the analyte. Signals or peaks correspond to re-
monitors incorporating GC systems are too large for portabiltention time or fractional volume of a component of the
ity, and lack sufficient sensitivity and/or selectivity to serve sample, and are Gaussian in shape. Excessively high band-
as practical environmental monitor§.Onboard power sup- widths prevent accurate analysis of species, and reduction in
plies in these systems, whose volume and mass often limifolume of analyte usually requires that gases be preconcen-
the ultimate device sizéare an important target for reduc- trated.
tion. Frequently, a complete system redesign, due to nonlin- Wise, Angell, and Terry, and Jerman were the first group
ear power scaling relative to component size, is required teo demonstrate that key GC components, including the col-
reduce the mass and volume of power supplies. umn and detector, could be fabricated on silicon, paving the
Most GC systems are comprised of seven componentsyay for development of microgas chromatogragihGC)
carrier gas, flow controller, sample inlet/preconcentrator, ongystems>** Since then, other workers have similarly con-
or more columns, controlled temperature zof@eens, de-  structed uGC columns:®***® heaters:*® sensord/*® and
tectors, and data acquisition system. Field-portable desigrniermal conductivity detectarson silicon wafers. Design of
have been proposed that exploit reductions in volumes of GG near-real time, fully integratedGC remains a challenge,
systems by replacement of carrier gageg., helium or hy-  however; elimination of memory effects, shortening of time
drogen with environmental aif,” other designs have incor- response, and achievement of high sensitivity, selectivity, re-
porated miniaturized components to improve portab{fﬁﬁ?. producibility, and system stability over time are all important
GC sensing is based on differential migration of bands ofdesign goals in such a device. But perhaps the most impor-
molecules injected into the high pressure end of a column, agint barriers to realization of AGC are reduction of power
a concentrated volumglug) of sample. A table of typical demand by individual components, and implementation of an
sample volumes for columns is given in TabE Microsen- onboard, low volume and low mass power supply system.
Here, we used simulations to identify likely means of

dauthor to whom correspondence should be addressed; electronic maiPOWer reduction, ina SpeCifi@GC. system, Whiqh uses air as
amsastry@umich.edu both carrier and analyte gas using data provided by Lu and
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TasLE |. Typical sample volumes for various types of GC columns. Preconcentrators are generally heated via direct resis-
tance, because of the near-perfect efficiency attainable in

Column type Sample siziquid) electrical-thermal conversioti. Typically, alternating cur-
Regular analytical packed: 0.2-20.0ul rents of~5-10 A at relatively high voltages 0f20-50 V
0.25in. outer diameter, are required to heat a preconcentrator. The heating rate, op-
10% liquid eration time, and maximum temperatures achieved depend
High efficiency packed: 0.01-2.0pl . .
0.225 in. outer diameter, on the size, shape, and material used for the preconcentrator,
3% liquid mobile gas, type of adsorbent, and type of analysis as illus-
Capillary (open tubular 0.01-3.04l trated in Table 142 For a sufficiently narrow band injec-
250 mm inner diameter, 0.2 tion, the temperature distribution throughout the bed must be
wm film consistent.

Given the very short heating times and rapid changes in
temperature required of the device, determination of the tem-

Zellers and Wise, Najafi, and Asla??\.Though previous Perature profile within a preconcentrator is a nontrivial ex-
workers have noted that power consumption may be reduceeerimental exercise. Conventional thermocouples provide
via minimization of the mass of adsorbent, pressure droggXcellent accuracy, having capability to determine tempera-
across the adsorbent bed, flow rate, and desorptioftres within~0.2 °C and reliable resolution in detection of
temperaturé,none to our knowledge have performed a the-0.01 °C%? They lack, however, the subsecond response
oretical analysis of the factors influencing the power contimes needed to allow tracking of the effects of the high-
sumption of these microdevices. Many silicon-based microspeed heating and cooling cycles within these devices. High-
electromechanical system&VEMS) besides the device speed infrared cameras are also commonly used to determine
studied here, incorporate heater@.g., microsensing temperature distribution, but they offer only surface
devices’: thermomechanical writing and reading processmeasurement§. Thus, in this study, we perform 3D finite
devices?? microfluidic devices for DNA detectidiiand mi-  element simulations of heat transfer, given the difficulty in
crogas separation colunihis Some reduction in thermal determining temperature distributions experimentally.

mass, vacuum sealing, and some latitude in selection of lo- To design for low power, and rapid, consistent heating of
cations of heaters can generally be made in these systems. ¢ preconcentrator, several factors were examined: the heat
the present work, we examine, via three-dimensidBal) transfer mechanisms—conduction, convection, or radiation;
finite element modeling, power reductions possible usingffects of contact pad placement, size and location; thermal
various strategies in housing and cycling one of the largesmass reduction of preconcentrator housing; packaging, and a

power consumers in aGC device: the preconcentrator. stop-flom?‘33technique that allows for the heating of the pre-
concentrator device before power losses due to convection
II. PRECONCENTRATOR can be accumulated. For specificity in our 3D finite element

- Y . models, we analyzed a preconcentrator microtrap device,
Preconcentrators, or “microtraps,” commonly used in GC .~ " )

. . . J which is the successor to the single stage preconcentrator
systems typically consist of stainless steel cylindrical tubes

lined with silica5'24th0ugh some have been constructed Offabricated by Tiaret al:** Our device, top and side views
ioconel 600> and glas$® Typical inner diameters are depicted in Figs. @& and 1b), are larger than the previous-
—0.53—1 OO’mm and typ.)ical lengths are100—150 mm generation versiofwith a total volume of~11.7 ul as op-

and thus typical volumes are approximately 0.012—1.38 cmPosed to a volume 39?5'6“') in the single-stage version
as described in Table ?I14'24‘3°Capillary tubes described in studied by Tiaret al.™ Our device consists of a silicon mi-

Table 11, also have disadvantages of large “dead” volume, th roheater packed with granular adsorbent used for the cap-

interstitial or interparticle volume of the column, and limited ure and concentration of vapors f“’”.‘ the environment for
subsequent focused thermal desorption and transport to a

heating efficiency, due to their larger thermal mass. In on- GC svstem. The larger size of this preconcentrator allows
line gas chromatography, preconcentrators are used to cofl- y ' 9 P

centrate analytes and then are heated to desorb the analy 8% thtr_ei t)épest o:hadrs]prrt]) ent mfstead of oge, havmg lhlghter
into a narrow plug that is injected into the GC. A microtrap selectivity due to the higher surface area. L.ommercial mate-

must contain sufficient adsorbent masarface areato en- rials, including(in order of increasing surface aje@arbo-
sure quantitative trapping of vapors from the sample strearrP,aCk B, Carbopack X, and Carboxen .1000’ have peen pro-
but small enough to be rapidly heated to ensure c:ompletBOsed as the sort_)ents, where a ste_lglng_strategy Is used to
desorption and minimize desorbed vapor bandwidth. Hencee,mrap, more \{olatlle cpmpqunds using higher surface area
fast heating and equally distributed temperature throughodpate”f"‘ls’ during the |njept|0n phase. The preconcentrator
the device are vital for preconcentrator desorption efficienc;?per""t'on can be summarized as follows:

and bandwidth because rapid desorption is crucial to gene(1) Sample collection stage. Air—the carrier gas and sample
ate narrow bands for injection into the GC. The rate of de-  flows through the preconcentrator at a rate of
sorption is dependent upon both the heating rate of the con- 25 cn?/min, is adsorbed, i.e., accumulated on the sur-
stituents in the preconcentrator, and the maximum face of the adsorbent beads over a 10 min duration of
temperature reached in the device. time.
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TasLE Il. Preconcentrator/microtraps used from 1993 to 2003.

Workers Year Description of Concentrator Temperature, Current and Power Requi Comp Analyzed
- 2eminl CuNi sleeve fashioned to ate the tw of
engh e encap o types - Heatedto 200-205 C less than or equal to2's, and
E. T.Zellers, M. trap for rapid thermal desorption cooled to about 70C within a few seconds of
Morishita, QY. 2000 | - two types porous layer open tubuar (PLOT) traps: PLOT-Q o.d= e 2-butanone, trichloroethylens,
Cai 0.635 mm, i.d.= 0432 mm and 1 cm long switching off the heater power toluene, and m-xylene
- PLOT-So.d. = 0935 mm, i.d = 0.67 and 1 cm long * Gvdis isedtoresistively heat yap
S. Mitra, C. Feng, . Glieali . . . heated to between 250 -
L Zhang, W. Ho, 1909 Silica lined stainless steel t_lbewﬂh Carbotrap C used for t 4(!) C by a short pulse 0. 8 125 zﬁm'z'?;h'h’,‘""'g:"“""
and G. McAllister 0d. = 053 mm andlength = 15cm - 7- 10 Acurent provided uene, and frichloroethane
- two silica lined stairless steel fube microtraps used: 0 53mm =i.d
W. Chen, Y.H. and 9 cm in length and second was 1.5 mm = i.d. with fength of 5 cm . " . benzens, toluene, TCE, and
. 1998 . g g 4
Xu, and S. Mitra - smaller microlrap used 60 mesh Carbotrap C as the adsorbent and the | | 250" Was not provided ethylbenzens
larger used 20-40 mesh Carbotrap C for the adsorbent
- Used two traps of different size in series and operating sequentially
+ Were made in two i.ds = 1.1 and 1.3 mm packed with 0.4 and 0.8 g of
adsorbent - 10 cm long
C.FengandS. - Smaller diameter trap - retention trap where anak desorbed between methanol, acetone, 1-propanol
. 1998 ap - I ion trap where analytes are desor| . 400C . , 1-propanol,
Mitra and focused were made with i.d. = 0.53 mm i.d. packed with 0.02 g of femperairerange 350and and 2-butanone
sorbert - 10 cm in length
- Carbotrap C was used as adsorbent and 6.0 mL/min was fiow rate of
sample
- stainless steel tube or glass tube used for the microkrap, i.d. = 45mm, h;ns;;:-dichloroeﬁ\em,
R. A Ketola, C. 0.d. = 6.1 mm, and iength = 85 mm - 3 chioroform, carbon tetrachioride,
d 4 - resistively heated at arate of 10- 100 C/min, 30- | richlorcethens, toluene,
LG:::B::F R. 1988 | . 2-120 mgdaxtor'_l:emwas used, ‘::emx TASEI&Omsh, Tenax GR | 459 max. temperature tetrachior osthene, xylenes,
g?lmgaed?a'm imwmsh 105 6080 mesh or stryene, and 1, 2-dibromo-1, 2-
ica mesl dichloroethene .
N.Zhu, Z. i, and - 053 mmi.d, length 15 cm i ilica lined stainless stele
S‘MW’: T 1997 | tubingwith commercial adsorbent, Carbotrap C - temperature and power not mentioned benzene, acetone, toluane
i « carrier gas = nitrogen
S. Mitra, N. Zhu, . 053 mm i.d. deact fused-silicalined stain teel tube. | - resistively heated so 300C could be reached penzene, trichioroethylens
X Zhong andB. | 1996 | o147 i with Garboap G useed o adscrbort e f‘":"’;;':;"m between 7. 10A toluene, and ethylbenzens
N ailieall . i id = . 1 each of benzene, tolusne,
SVN(I_;:;Y’:‘)\‘M 1996 Wis'l‘hac: lined mri:%s;x::ng, i.d.= 0.53 mm and 10-14 cm long - resistively heated with 20-50 voit AC “:F;“m e, and bichioroothans,
N ’ i . - l ith combusiton products
Lai - carrier gas = nitrogen with flow rate from 4.76 miimin to 1034 mimin |~ 1TPerairerange between 344.8 - 416.67K S0 802 and 02
- resistively heated by 5-10 A current for a duration
Y.H. XuandS 1og4 | - Silicalined stainiess steel e length of 14 om andi.d. = 0.52mm with of500to 1500 ms. tolusne, ethylbenzens, benzene,
. B ) ) - microtrap resistance = 0.1W/em dicl thane, tichlorosthane,
Mitra 60 mesh (0.:25 mm) carbotrap C as adsorbent . miqu’ © X Ic‘:;'::‘:m";l chloroetnane
ap connected to a variable power supply
20-50 volt AC
S.MivaandC. - stainless-steel tubing, i.d. =0.33 mm and adsorbent = Carbotrap . esistively heatedwith current between 5 - 10A
1993 N for 100 - 1000 ms benzene, toluene, xylene, p-Xylene,
Yon - flow rates in microtrap were between 4.7 and 8.1 mL/min ' » xylene, P2y
) : - temperatures as high as 300C reached
Workers Yexr Description of Concentrator ' P Rq’ulmmmts Components Analyzed
- Silicosteel capillary tube with helical sorbent fxed inside of tube
lC'ul(anu,A + sorbent - helical stucture mads by wrapping with a constant pich a 0.07 mm diameter - 60C @17 Vior t-2ms 3
Capria, A. D@ | chromium-aluminum aloy wre, co ated with 0.05 of PDMS - 200 Cat 10 Vfor 10ms benzere, trichlaroethylene,
Chiriac, and R. . - - " toluene, tetrachloroehylene
Barma +i.d =0.75 mm,6.d.= 0.95mm, and lengh = 80 mm - resistive ly heated
oeamrier gas = hydrogen at 5 mL/min
o nca mcroconcent " e on alioon waer using ndard
photolihogrephic techniques
« 20-50 can be placed on a single wafer . .
M. Kim and S. 2oz | - Several channsl co rigurations fabricated with widths between 50.and 456 am with depths Mt dckiiabianhitih el IR arel ylene
Mitra between 35and 350 «m, and lengths between 6and 19cm istive ly heated N .
- OVA7 (50% polymethyk S0% phenyl phase) were dsposited an the migroco byspin | oosOelhea
coating br formatian of an adsorbent layer
- camer gas = nitrogen
* Inconet 600 (Ni-Co allay) tube with 4 dferent carbon based adsorption materials (2.2 mg of L
each materid used) - ¥ap resistively heated t0 300C | Vapor concentrators of 8- 35
J. MSanchez g = . - resistance of thetrap = Q48 2 | ppm (Wv) wereused 42 wlatie
and R. Sacks e .,;d' fimm"d?mﬁ?m:‘?ﬁ‘~w1m Sfmin . adjustable AC power provided | compounds spanning a volafly
;’”m: ®s i:;:‘e gastraugh v emimi with use ofauto ransforrrers range fromn-C, ton-C,,
- Three pieces of mach ineable ce ramic (AX20X6 mm? each) bdd bgether, where top and
. botom pieces supportstanless strew fitings © attach tube trap _
L. Mortis, D. J . ce rter piece machined to holda sorbent bed 6 mmin diameter and 6mm thick surrounded by a || | BMPeraiure range oftrap = heptane, tduene, octane, Xyl ene,
CauanaandD. oe heafing col wouldwith TA wire 200220C nonane, propyberaene,
E Wikams - Tenax TA 60-80 mesh was used as adsorbert - resisthe iy heated methylstyrene, phend, and cresol
- camer gas = dry air and total flow rate = 100 em¥min
D.Kou, A 5an TSTa ined meBl tubs packe Gwih U.0Z gof Carbopack C Treasve ly heated
Juan, ard S, 201 | - 0.d.= 0.53 mmand15 em bng . 7-10 A curert suppled m’z:}:“' and
Mitra - camier gas = nitrogen at a fow rate of 1 mLimin - 30 volt AC power source
T used: hinwalledglass capiaries (1.15mm id, 1.70 mmo.d.) and 20VOCs from seven different
lengthof 7.5 cm, mass of adsorbent packed into tube ranged from 1 1o 10 mg, larger - mperaure rarge =180 - chemica | dasses thatspan a
C-dluand £ 200 preconcentrators used = 1.80mm i.d. and 0051 mm wall same length, but larger mass of 400C vapor P"ss‘"""!?""’" 8o
T. Zellers adsor bent used . resistive ly heated 231 Tarr, examples: acstone, 2-
|, berzene, toluene,
. adsorbents examined Carbaxen 1000, Carbopack X, Carbapack B, Terax TA and Tenax GR x:::,oand pxlene, de m
- Stainless steel tubing with sorbent T -TA .
b l_ 55 steel '=B 0l was Jenax: - Entire system power by 12 volt | bergene, tduene, ehylbenzene,
| Ciucana and J id. =05mm,o0.d. =0.65 mm, and 60 mm long be trichloroethylene
Pawl - camier gas = hydrogen of the metal tubing for so me miliseconds by discharging a 17 mF . tetrachioroehylene, a-pinene,
b capacitor. Trapping time is 40 seconds ard entire systern powered by a 12 Volt DC car batiery. m:;m:‘:\fly heated with 17 andl'mcneney'
The trap from Supeko (Mssissauga, ON, Canda). L
- Twotraps used 0. 53mmn d, 078 mmo.d, and 10am lorg: and 14 mmid, 15 mmo.d, arg |~ STPOraLI® = 440F
C.Fengand . 20 | 10cm ;g - resistively heated where296C & . i re methanol, and beresne
L d be reached either usi : '
Mira I»ala;?ovr:i;n made by smaller trap by short electrical pulse s 1-5 seconds and 3-5 seconds for :;;ISOVDK'::Q oreﬁﬂ; ‘::gpulse
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Fic. 1. (a) Top view and(b) side view of preconcentrator desigunits in mmj.

(2) Injection stage. Preconcentrator is resistively heated viaolatile organic compounds. For example, Tietnal 3 sug-

application of direct current from a wire and organic gested optimization of stop-flow time and resulting precon-
compounds are desorbed as a concentrated plug due ¢entration factor, for minimization of total power consump-
the sharp increase of temperature to 275 °C, within 12 stion, constrained by a minimum injection volume required.
(3) Desorption stage. Analyte is expelled from the preconHowever, as we will show here, consideration of power den-
centrator into the columns, at a flow rate of sjtyisan additional important factor, since rapid temperature
~1.5 cn?/min. ramp times necessitate correspondingly higher power density

Tian et al, through experiments on a single stage pre_supphes, which limit the choice of possible power supplies.

concentrator containing only one type of adsorbent bead,
with a smaller sample volume demonstrated that the powelll. METHODS
consumption of a single stage 520n-thick Si microheater A Numerical methods and heat transfer model
could be reduced from 1.05 W at 250 °C, atmospheric pres-
sure, to 0.675 W at 1.2 Torr, representing a reduction of Simulation conditions were matched to the design goals
~35% in total heating power. They also illustrated that theof the environmental monitor of the University of Michigan
size of air gaps around the microheatéermal isolation ~ Center for Wireless Integrated MicrosystefW¥IMS) (Fig.
affected experimental heating rates achievable in the devic®- Specifically, gases within the preconcentrator were
for their device an increase in air gap from 100 to 200
increased the heating rate by 50%.

Here, we examine the specific relation of these, and sev-
eral additional design parameters, including use of the stop- preconcentrator ______,,

cover
flow technlques, to reduce power demand. The scale-
dependent and relative influences of contact pad location and contact
l é
qd
v

MODEL 1

size, device external surface area, volumetric air flow rate,
and system thermal mass were specifically examined. We
also examine how the preconcentrator power profile, power

consumption versus time, relates to _the Selec_tion qf POWEE s 2. schematic of preconcentrator reference geometry and contact pad
supply for uGCs used for the analysis of semivolatile andlocation—Model 1.

A A-A
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TaBLE Ill. Preconcentrator geometries used in finite element analysets in mm).

Geometry Description of lllustration
Preconcentrator
Geometry
‘..M,..,._“ i ———— 3 ) 3 O ...................... _,’,
A Control (reference) - 11.36 X
3.9 X..7 mm? volume
«—— 220 »
A [ e X A

Reduction of control volume by
17.47% by elimination of silicon
B material along outer ring of

device (material outside of red 1
dotted line removed)e e @ ® @

G R MR R

11.36

Reduction of control volume by
23.98% by elimination of silicon
material along outer ring of

device (materal outside of red 1
dotted line removed) m = & w &

i
i
i
i
L 10.19
E

B B A

ol ofdonsso s

heated to an average temperature of 275 °C within 3 s, andeat flux was equally distributed over the surface area of the
held at this temperature for 10—12 s. The maximum andontact pad regiorte.g., 0.61 mra for Model 1). The pre-

minimum allowable temperatures in the preconcentratoconcentrator is heated by joule heating: a current-carrying
were specified as 300 and 235 °C, respectively. Detailed dewire is attached directly to contact pads on the device. Here
scriptions of preconcentrator geometries and models are preve modeled the contact pad with a layer of elements having

vided in Tables IlI-V respectively. identical areal footprint to the actual contact pads, 0.61°’mm
Finite element simulations of transient heat transfer We did not mesh the current-carrying wires, since wires
within the preconcentrator were run usimg;AQus.35 Al- are required for any preconcentrator design where Joule heat-

though a heat transfer analysis was performed, heat transferg is used. Though all connects play a role in heat transfer,
governing equations are obtained using those analogous tee limited consideration of design variables to those which
those employed in stress analysis, i.e., those used to detewould not be obvious targets for reduction; simply, we as-
mine continuum displacemetftAll analyses were transient, sumed that in any design considered, the number of connects
so heat capacity effects could be included in analyses of th&ould already be minimized.

rate of heat generation. Because of the small areal footprint Radiative heat loss was not modeled in any of the precon-
of the contact pad relative to the size of the device, instaneentrator simulations; instead, estimates were obtained via
taneous equilibration in the contact pad was assumed during

heating. The direct resistance heating of the preconcentrator RadiatiofW/m?] = ea(Té - Te,) . &7 1

was thus modeled by applying a known heat flux per unit

area to a defined number of elements comprising the are&pecifically, the computed heat loss per second from the sur-
footprint of the contact pads, delivered by current-carryingface of the preconcentrator’s outer housing due to radiation
wires. The initial temperature for all nodes was set to 25 °Cwas approximately~0.20 W, whereTg and T, are device

JVST B - Microelectronics and  Nanometer Structures
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TaBLE IV. Case studies examined for analysis of WIMS-ERC preconcentrator design models 1 through 6.

Case studies

Design Model Description of model Geometry Mechanisnts) of heat transfer
change number (detailed in examined
considered Table Il
Reference 1 Control simulation, contact pad surface A « Conduction of air inside of
simulation area=0.61 preconcentrator
mn? seen « Adsorbent excluded
in Fig. 2. * No conduction, radiation,
Variation of 2(a)—(c) Increase of contact pad surface area by a factor A or convection external to
contact pad of (a) 1.17,(b) the preconcentrator, i.e.,
parameters 1.42 and(c) 1.93. Detailed in Table V. preconcentrator within a

2(d) and(e) Two contact pads are used with equal surface A vacuum
area=0.305 mi
Both are located diagonally located wherein,
(d) both are on the
bottom of the device an¢k) one is on the top
cover and the
other is on the bottom of device. Detailed
in Table V.
2(f) and(g) Contact pad with surface area=0.61 fim A
is located(f) at the
bottom of the device at the center afgl
on a bridge between
slat and outer ring of device. Detailed in
Table V.
Thermal mass of preconcentrator reduced B
by eliminating silicon
from outer ring of the device by 17.5%
of volume. Location of
contact pad depicted in Fig. 2.
4 Thermal mass of preconcentrator reduced C
by eliminating silicon
from outer ring of device by 24.0% by
volume. Location of
contact pad depicted in Fig. 2.

Elimination of 3
silicon from outer

ring of device

(reduction in

thermal mass

Elimination of 5 Convection external to the device added « Conduction and natural convection of
vacuum sealing to examine additional air inside of
of losses when no packaging is present. preconcentrator
preconcentrator Location of contact pad « Adsorbent included
depicted in Fig. 2. « Convection external to the
preconcentrator included
Introduction of 6 Convection inside of the preconcentrator « Conduction air inside of
gas dwell in eliminated while preconcentrator
preconcentrator preconcentrator heated during the « Adsorbent included
(stop flow first 3 s temperature * No conduction, radiation, or

ramp up. Location of contact pad
depicted in Fig. 2.

convection external to

the preconcentrator, i.e., preconcentrator
within a

vacuum

surface and ambient temperatures of the device, of 275 aridsue, though we do report estimates of radiative losses in all

25 °C, respectively,o is the Stefan—Boltzmann constant, scenarios considered.
equal to 5.670e-8 W/AK,* and 0.68 is the emissivity,
concentration=2.9410" cm3;

of n-silicon

(doping

The partial differential equation governing transient heat
transfer for the three-dimensional regidd, and boundary’

thickness=177Qum). We assumed a wavelength range be-separated into two portions}; andI’,
tween 0.4 and 1.em, wherein the emissivity of silicon is

nearly independent of temperature and increases from 0.45 gﬂ _9
0.68°% We did not perform a detailed study in the present dt
work on radiative losses, since they pose a difficult problem

in design, i.e., other variables are more easily changed to
reduce power. Later, we comment on future work on thiswas solved numerically, with boundary conditions

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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TaBLE V. Description of contact pad variability in size and location and simulation results for models (@ra(@).

Power
Saving or Bead Bed
Simulation description [Loss] AT Location of Contact Pad
Comparedto | (T . -T . %
Model 1 (a) mex
Model 1 — Reference simulation (contact pad NA 5.1

area=0.61 mm2, heat flux = 2.459 W/mm?)

Model 2 (a) Contact pad surface area

increased by 1.17 (contact pad area=0.715 0% 5.1 preconcentrator —> B
mm2, heat flux = 2.098 W/mm2) Cﬂg‘ .
Model 2 (b) Contact pad surface area B /—m_é B cgntact

"y

increased by 1.42 (contact pad area=0.869 0% 4.9 A-A
mm2, heat flux = 1.726 W/mm?2) v L 4’
A A

Model 2 (c) Contact pad surface area
increased by (contact pad area=1.177 mm2, 0% 47
heat flux = 1.274 W/mm?)

Model 2 (d) Two contact pads — both pads 77777777777/
located at the bottom (each contact pad area= 0% 4.8 | . A-A ’/

0.305 mm?, heat flux per pad = 4.918 W/mm?) \A Vy |
A A
preconcenfrator > B-B
Model 2 (e) Two contact pads -one on the cover 2
top cover and otheron the bottom, offsetata " £
- " fa 0% 2.9 B amrmmrrrrrmrrmmy 7 | B
diagonal (each contact pad area=0.305 mm?, | A-A
heat flux pe.rpad=4.918W/mm2) v 5 g =
A A

Model 2 (f) One contact pad located at the 77777777777/ A-A
centerof the preconcentrator (contact pad 0% 2.9 g /

il
area=0.61 mm?, heat flux = 2.459 W/mm?). *A' = A
# contact
Model 2 (g) One contact pad located on the area
bridge between the outerring and slat 0.13% 5.0
(contact pad area=0.61 mm?, heat flux = Lo ’ .
2.459 W/mm?). h
heater
ring
u=GonTl;andq,=§, onTl, where vector pertaining to generation of heat per unit volu@gis

a vector corresponding to the heat flow into and/or out of the
au au au ~ element, andi® represents the temperature vector, where
kx_nx + I(y_ﬂy + kz_nz =0, (3
X ay Jz

. . . M3 :J Chii;
c is the heat capacit,, ky, k, are the thermal conductivity Qe
of the material in directiong, y, andz respectivelyu defines

. X
the known surface temperature, aqd is the rate of heat dxdydz ©
generated per unit volume, amdienotes time. Initial condi- o o o
tions (t=0) are given byu(x,y,z,0)=uy(X,y,2) in Q. The KE :f (kxa—lﬂ'a—wl+kya—¢'&—¢l+kza—w'a—¢l+q”’¢i¢/j)
weak form of the governing equation and the boundary con- ge\ X X ay gz Jz
Qition equations over an eIemgﬁF is obtained by muItipIy- x dxdydz )
ing Eq. (2) by a weight functionv(x,y,z) and integrating _ _
over the element using the divergence theorem, per We assume the heat generation teffhis zero.
A sample mesh, used for nearly all simulations, is shown
0 =J [U<C@ +q" - f> ¥ kXM +k Joou in Fig. 3; the absence of any system symmetries necessitated
Q ot axax Y ayay full, 3D simulation. Meshes were comprised of eight-noded
oau continuum displacement, three-dimensionfBIC3D8) ele-
(%
+k dxdyd ds. 4 ments.
Zm} xdy rjgreqnv s (4

The resulting semidiscrete finite element model in matrixB' Material properties

form The adsorbent, spherical carbon beads within the precon-
. centrator were modeled as a lumped mass. Effective thermal
Me € + Ke €1 — fe + € 5 o ’ . )
[MRU + KR =% +4Q%, ®) conductivity,K,, was determined following Rayleigh’s clas-
whereMe is the mass matrixK® is a matrix containing con-  sical expressiof! for the effective conductivity of a cubical
stants pertaining to conductance and convecti6nis the lattice of spheres in air, per
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Fic. 3. Top view of the finite element mesh, specifically of the outer ring and slats of the preconcentrator.

3f L V2
Kn=1- , 8 h =f——, 13
m 2+Kq 0.521- Kq)f103 ® - Dy 29, (13
1-Ky (g . Kd) where
f= o4 (14
whereKy andK,,, are normalized graphite and effective con- " Re
ductivities, respectively, relative to medium conductiugy, nd
ie.,
4A
D,=— 15
o= © D= (15)
q andA is the cross sectional area of the duetis the perim-
an eter of the ducty is the average velocity of the fluid within
K the duct, and Re is Reynold’s number. The proportionality
Km= K (100 constanty, is 1 kg m/N$, in SI units.

For Model 5, natural convection of air along the surfaces
ValuesKy and K., the particle and medium conductivities, of the outside walls of the preconcentrator was assumed. The
were estimated to be 1.67e-1 and 2.51e-5 W/mmK, anheat transfer coefficienh, for free flow over a flat plate can
were used to solve fd,. The specific heat of the adsorbent pe derived using the Nusselt number. For any flat plate with

bed mass was calculated via a characteristic length,, Ny, is
Comi hL
C. . = _m, 11 -
p-mix MW, (11) Nu K’ (16)
where MW, is the molecular weight of the mixture where
_ 1 — 387Rg"°
Cpmix = —— 2 (NiCyi + NC) (12 Nu_=].825 "'{ 292\ 9/16]8727 )
total i 1 <_) J
Pr

and n, is the total number of moles is the number of

moles of solid,n; is the number of moles of gas, is the ~ for a vertical plate, and
specific heat of solid, and,; is the specific heat of air. Ma-

terial properties used in the analyses are summarized in Table

VI TaBLE VI. Material property values used in finite element analyses.
Convective losses among particle beads were not com- Thermal
puted; the bead bed was modeled as a composite material of Density conductivity Specific heat
graphitic particles in air. Laminar flow within the packed Material (kg/mn¥) (W/mm K) (Jlkg K)
column was assumed. The coefficient of heat transfer was Silicon 5 336-06 1 26001 7 03602
calculated for channels in the device exposed to air. The heat, .~ .. 2 206—06 1.380-03 2 A5602
trfan.sfer coefficient for laminar tubular flpw m a channel_ with Graphite 2 256-06 167e—01 707602
friction factor f, length L, and hydraulic diameteDy, is Air 1.29e-09 251e-05 1.00e03

given by
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Ny = .54qu’4 (18) aging study was conducted to examine power savings by
addition of top and bottom-mounted device covers to allow
vacuum sealing, which would reduce heat losSeble V).
Fourth, a stop-flow techniqtr]’é3 for heating the preconcen-
trator conductively was performed, to study whether reduc-

for a horizontal platé.7
In Egs. (17)—(19), Rgq and Pr are the Randel numbers,
respectively, for air at a given stateg is determined from

9B(Ts—- T LS tion in convective losses in the preconcentrator would reduce
Rg = T oa (19 power demand, via elimination of convective losg&able
V).

whereg is 9.81 m/$, g is the volumetric thermal expansion A total of five models were used to examine the heat
coefficient, T is the surface temperature of the air, of transfer in the device; Model 1 was used as the reference
275 °C, T.. is the ambient temperature of 25 °C,is the  configuration. Table Ill shows the geometries of all models
characteristic lengthy is the kinematic viscosity of air, and for analysis of the WIMS ERC three-stage preconcentrator;
« is thermal diffusivity. All of the properties used were taken Tables IV and V include listings of the individual case stud-

at the film temperaturefys, of ies performed. Models 1 and@—(g) were used to examine
T.-T the effects of variation of contact pad size and location.
Ti=—— (200  Models 3 and 4 were used to examine the effects of reduc-

2 tion of thermal mass on the power consumption of the pre-

The characteristic length,, is equal to the length of the plate concentrator. Model 5 was used to examine the power sav-
for vertical plate calculations, and/P, for a horizontal ings resulting from vacuum packaging of the
plate, whereA, is the surface area of the plate aRds the  preconcentrator, and Model 6 was used to examine the power
perimeter of the plate, as explained in the following sectionsconsumption benefits resulting from use of gtep-flow*

The preconcentrator was fabricated fr¢hd0 p-type sili-  technique. The volumetric air flow rate through the precon-
con and contact areas were constructed as thin oxide/nitridéentrator was chosen to be 1.5 fimin. All simulations
oxide layers. All properties selected for silicon were taken(Models 1 and & except for the packaging studilodel 5
for pure silicon at a reference temperature of 25 °C, sinc&ssumed the system to be vacuum sealed, hence neither con-
the other species were of low overall contedigss than duction nor convection external to the device was considered
10 atoms/crd,*®*! and low contact resistance was in these simulations. Simulation times reflected the 12 s op-
assumed? Conductivity (1.26e-1 W/mm K and specific ~eration time of the real device. No external components to
heat(7.03e2 J/kg K were used, since thermal conductivity the preconcentrator were modeled. For all models wherein
is nearly independent of dopant concentration for temperaforced flow was applied, the mobile gas flow was assumed to
ture above 100 K Constant thermal conductivity and spe- be laminar, given the low Reynold’s numbers typically asso-
cific heat were assumed in all simulations. ciated with such flows?

C. Case studies 1. Alterations in contact pad geometry/location

The purpose in modeling the preconcentrator was to de- The actual preconcentrator has two contact pads; current
termine the power versus time profile required to heat thés supplied to one contact pad via a wire, while the other
preconcentrator to 275 °C within 3 s, and maintain this tem-contact pad is used to ground the device. The reference con-
perature for 9 s. The input power required to achieve thidiguration, Model 1(Fig. 2), had only a single contact pad of
temperature was trial and error: increasing heat flux ratearea 0.61 mrf) located on the lower left-hand side of the
were specified until 275 °C was achieved. The requirebottom of the preconcentrator, since direct resistive heating
power input was the variable under investigation, henceis assumed. Heat was delivered to the preconcentrator
each point in power versus time profiles represents one dhrough the contact pad surface, and ti@fsin Eq. (5) is
more simulations. nonzero only for elements within the surface area of the con-

Our studies were performed using a design that is theact pad region. No beads were included in this case study.
successor to an earlier version studied by Baal!®3*This  Also, heating was assumed to be conductive, and therefore in
larger device has a total volume ofL1.7 ul, increased from Eq. (7), all k, terms for convection external to the precon-
the volume of~5.6 ul in the single-stage version studied by centrator are set to zero to reflect zero convective heat trans-
Tian et al!*** Tubular preconcentrators are typically heatedfer.

to hundreds of degrees within a fraction of a secoramd Geometry A, shown in Table Ill, and contact pad varia-
thus both short heating times and uniformity of temperaturdions in location and size were modeled as indicated in Table
are important, and were studied here. V. In all of the casegTable V) the peak power was 3.70 W

We examined four different strategies for power reductionand the sustained power was 0.65 W. Alterations in the lo-
in the preconcentrator. First, variations in contact pad sizeations and/or sizes of contact pads appeared to have no
and configuration were consider€bable V), to quantify the  significant effect on required heat flux, though they did pro-
amount of time and power required to heat the device. Seauce changes in initial temperature distributiovithin 1 s),
ond, the effects of thermal mass reduction of the silicon prewhich may be important for the chemical sensing function-
concentrator housing were studi€rhble Il). Third, a pack- ality. Specifically, average bead bed temperatures for simu-

JVST B - Microelectronics and  Nanometer Structures



608 K. A. Cook and A. M. Sastry: Influence of scaling effects on designing for power 608

TasLE VII. Summary of simulation results for models 1, 3, 4 and 5.

Peak Power saving or
power Sustained [Loss] compared to
Simulation description J/s power (J/9 model 1(a)
Model 1—Reference simulation 3.70 0.65 NA
Model 3—Elimination of silicon from outer ring of device 3.01 0.62 8.12%
(reduction in thermal mags
Model 4—Elimination of silicon from outer ring of device 2.63 0.58 15.31%
(reduction in thermal mags
Model 5—Elimination of vacuum sealing of preconcentrator 4.38 1.76 [51.18%
Model 6—Introduction of gas dwell in preconcentratstop 3.40 0.65 2.03%
flow)

lations where contact pad surface area was systematicaltymetry C(Table Ill) were constructed, having reductions in
increased by factors of 1.17, 1.42 and 1.93, respectivelgilicon volume of 17.5% and 24.0%, respectively, in Models
(0.715, 0.869, and 1.177 nfrand input heat fluxes of 2.459, 3 and 4. Areas outside of the dashed lines are eliminated
2.098, 1.726, and 1.274 W/nfnrespectively were within  silicon volume. Each contained a single contact pad, of iden-
0.1% of those of the reference configuration, so we omitjcal location and size to that in Model (Fig. 2).

plots of temperature distribution in these cases. Likewise, The components of the preconcentrator modeled in these
average bead bed temperature values for simulations wheg@se studies included the microheater, adsorbent beads, and
the contact pads were located in different areas on the SUEir; Egs. (8)—(12) were used to compute effective lumped
face of the device or in multiple placésvo places instead of - mass values for specific heat and thermal conductivity for the
one on the device were also nearly identical to Model 1. Thegjr and adsorbent beads within the preconcentrator using val-

maximum difference in average temperatuBygmodelt  yes shown in Table VI. Both convective and conductive heat
~ Tavg Moder2) between Model 1 and Models@—(g) was 1ess  yansfer were considered, and thus in &g, k, (wherex

than 1%. Temperature variability within bead b€®,y =1,2,3 andq,, respectively, were nonzero, to account for
~Tmin) for Models 1 and @&)—(g) was less than 5.5%Table conduction among silicon, air and beads, in addition to con-

V). vection from surfaces of beads, silicon walls and slats.
Reduction in thermal mass resulted in modest power sav-
2. Elimination of silicon from outer ring of device ings. Specifically, the configurations of Models 3 and 4 re-
(reduction in thermal mass ) sulted in a total power reduction of 8.12% and 15.31%, re-
To quantify the effect of thermal mass reduction on powerspectively, over a 12 s time interval, as compared to Model 1
demand, two separate configurations, Geometry B and GéTable VII). Excessive removal of silicon could create struc-
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tural problems with the device; thus examination of replace{V. RESULTS AND DISCUSSION
ment of graphite beads with materials of lighter weighg.,

higher porosity, may be merited. As the largest consumer of power in the WIMS ERC

uGC, design of the preconcentrator is critical. Our goal in
simulations was to achieve an internal preconcentrator tem-
3. Packaging study (elimination of vacuum sealing of perature of 275 °C within 3 s, with nearly uniform tempera-
preconcentrator ) ture distribution within the bead bed, while identifying de-

A single model was constructed to examine heat losse$igNS that minimized power requirements.

and attendant increase in power requirements with elimina- OVerall, our simulation results were in general agreement
tion of vacuum sealing. This configuration, Model 5, againWith published experimental values. Model 1, for example,

followed Geometry A for contact pad size and location, Predicts a peak and sustained power demands of 3.70 and

Beads and air were included in the analysis, and both corf2-65 W, respectively, to achieve a preconcentrator tempera-

ductive and natural free convective losses from the externdHre S,I 275 °C within 3's, at a flow rate of 1.5 cc/min. Tian
faces of the preconcentrator were examined; in (&).non- et al”™" found experimentally that their smaller preconcentra-

zero terms thus includekl, (wherex=1,2,3 andq, to ac-  (OF (lateral dimensions of Zm by 3 um, and bed depth of
count for conduction between silicon, air and beads, and cor= 220 #m), fabricated using similar techniques as the ones

vection from the surfaces of beads and silicon walls an(gescoribed, Eroduged a target desorption temperature of
slats, respectively. As before, effective lumped mass valued’> °C at 5 °C/svith an input power of 1.33 W within 42 s

of specific heat and thermal conductivity for the air and ad-2nd 15 °C/swith an input power of 2.25 W within 15 s.
sorbent beads were used. Our computational models were designed to be conserva-

Simulation results predict a 51% increase in power conliVe in predicting power demand. We modeled the housing of
sumption(Table VII) over a 12 s interval for the preconcen- the preconcentrator as silicon, i.e., 0.50 mm of silicon with-
trator when the vacuum seal is removed, which is compaQut the~2.3 um film layer. The structure was actually con-
rable to the 35% reduction reported by Tianal® for the ~ Structed from ap-Si wafer, coated with several layers: 0.5
operation of their smaller microheatevhich did not include ~ -#M-thick thermal oxide layer, followed by am oxide/nitride/
adsorbent beads and a preconcentratoy. éypower versus 0Xide film (0.1/0.1/0.6um thick), 0.5um-thick poly-Si

time profile for the nonpackaged simulation and the packlayer. and a1.qum layer of poly-Si for an adhesion layer for
aged simulation are shown in Fig. 4. the glass/metal/Si bonding for contact p&t©oped poly-

Since air must be allowed to flow through the preconcen-Si"CO” has lower thermal conductivity values than single

trator during operation, a complete vacuum seal of the entir&’YSta! dopgld with comparable concentrations at all
device is not a practical option. Two separate seals, howevdfMmperatures. The concentration of dopant, hpw%/er, was
(top/bottom), could be designed. A disadvantage of including!® in the actual system, and data of Asheghial,™ and

a vacuum seal on the top and bottom covers of the precodndicate that for temperatures greater than 173.15 °C thermal

centrator is cost, as packaging is one of the most costly parf@nductivity is practically independent of the doping level,
of microsystem manufacturing, and it is also often the first td-€ at room temperature, thermal conductivity approaches
fail or negatively influence the system respoffselowever, ~the same value for doped silicon layer, undoped single crys-

uses of other vacuum seals have generally proven effectiié! layer, and undoped single crystal bﬁ’rk\{\/e did not ac-
in other MEMS device&®47 count for variation of the thermal conductivity of single crys-

tal silicon with temperature, however; for high purity Si,

thermal conductivity should decrease somewhat as tempera-
4. Introduction of gas dwell in preconcentrator (stop ture increases. Also, thermal contact resistance at the metal/
flow ) electrical insulator interfaces increases the total resistance at

Introduction of a gas dwell in the preconcentrator, or stopin€ location of the contact pad, and hence generate Joule
flow>* involves heating the preconcentrator device toheating.
275 °C within 3 s before pumping air into the preconcentra- All simulation results are summarized in Tables V and
tor. The convective losses are thus eliminated during preconV!l; in the following sections, we detail model results for
centrator heating, resulting in power savings. A single cas€ach case study. For comparison, we used the following ex-
study, Model 5, was used to quantify power reduction, using’ression for weighted Power savings/loss, S,

Geometry A, with contact pad size and location again fol- _
lowing Model 1. S={ Pe(Model) - Py(ModelA ]E
Thus, during the 3 s preconcentrator heating time, the MAXPp(Modell;ModelA] J12 s
portion of the termg, relating to convection in Eq7) was P{(Modell) - P(ModelA) |9 s
set to zero, while the conduction terregx=1,2,3 were MAX P{(ModelL;ModelA | 12 ¢ (21)

nonzero. Convective heat transfer was assumed, once gas

was pumped into the preconcentrator. where P, is peak power,P; is the sustained power, and
Use of the stop-flow™ technique resulted in a 2.03% Model A encompasses Models 1, 2, 5, and 6. The calculated

reduction in power consumption, as illustrated in the powerresults for power savings or l0sS, are listed in Table V and

versus time profile of Fig. 4. Table VII. The time ratio is equal to the peak 048 9
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divided by the total time of operatiofil2 9 and the duration when subjected to high heat flux&sHowever, radiation is
of time for the sustained loa@® s divided by the total time more efficient in a vacuur¥, so use of a vacuum seal would
of operation. In the denominator of this equation, the maxi-unfortunately slightly increase radiative power losses.
mum power between Model 1 and Model A is used. We have demonstrated that scaling down the size of the
Reduction of thermal mass by 17.5%odel 3 results in  preconcentrator device can lead to reduction in the overall
power consumption decrease of 8.12%, reduction of thermanergy[Wh] required for operation, but the number of elec-
mass by 24%(Model 4 results in a power consumption trochemistries required to satisfy large fluctuations in the
decrease of 15.31%, removal of vacuum seal assumptiopower versus time curve can present more of a challenge in
(Model 5 results in a power consumption increase ofpower selection than expected. We found several ongoing
51.18% and use of stop-flow technique results in a poweprojects in the literaturde.g., biomaterial processing and
consumption decrease of 2.03%. detection’? microgas separation colunthand low-power
Obviously, power consumption due to radiation cannot beconsumption microheatér$ which might benefit from this
overlooked. However, radiation varies little with the designunderstanding.
parameters studied here, namely, contact pad location and Our concurrent effor8 have been in selecting hybrid
size, stop-flow technique and volume reduction. In fact, thepower supplies, given the present limitations in reducing
only parameters that influence power loss due to radiatiopower spikes in this device. This work comprises selection of
are vacuum sealing, which enhances radiation; and volumisybrid power supply strategy that accounts for both a high
reduction, wherein external surface areas of the device angower densityfW/L] power source for peaks/spikes in the
reduced, which result in reduced power consumption due tpower profile, and a high specific ener§wh/kg] power
radiation. Specifically, radiation is invariant for Model 6 source for long service.
(0.20 W), since the dimensions of the preconcentrator device
do not_ change for these models. On the other hand,_ S_maACKNOWLEDGMENTS
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