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Through the use of silicon micromachining, we have developed a microhotplate structure capable of
reaching temperatures in excess of 500 °C, onto which thin films have been selectively grown via
metalorganic chemical vapor deposition. The microhotplate structure contains surface electrical
contacts which permit conductance measurements to be made on films during and after deposition,
and therefore presents some unique opportunities fanthitu characterization of growing films as

well as for novel gas sensing approaches. We have investigated the deposition of conducting oxides
such as Sn@®and ZnO on these microhotplate platforms for gas sensing applications. The
conductance of the deposited films has been measaorsiiu as a function of time, and used in
combination with postdeposition thickness measurements to provide insights into the growth rate of
the oxide films. Results indicate that our conductance measurements are sensitive, in certain cases,
to changes in the film thickness on the order of an angstrom. Conductance oscillations observed
during the growth of ZnO thin films have been attributed to variations in the precursor
concentration, and were detected as a gas sensor response by the growing filb@98 @merican
Vacuum Society.S0734-210(98)03701-4

[. INTRODUCTION The contact pads serve a dual purpose. They are used to

. . . . . measure the change in conductance of the active layer when
Conductometric gas sensors using semiconducting OX|de§ ; .
is exposed to various gases as a sensor, but they also

as the active material have been used to detect a variety of ) ; .

gaseous speciésin particular, Sn@ and ZnO have been present a unique opportgmty for thpsﬂu cgnd.uctance mea-
extensively studied, and have been used as the base mateffdf€ments of growing thin filmSThis monitoring technique

in devices such as the Taguchi seAsord the ZnO varistot. is particularly useful when studying the metalorganic chemi-
Such discrete devices, however, can be application limite§al vapor depositiofMOCVD) process for oxides, where
by their lack of specificity, long term drift behavior, rela- otherin situ characterization techniques such as reflection
tively high power consumption, and cost. To advance pashigh-energy electron diffractiofRHEED), or low-energy
these difficulties, we have been developing arrays of thirelectron diffraction(LEED) are unavailable because of the
film conductometric gas sensors using planar silicon miCFOhigh background pressures involved. We have chosen the
machining techniques. Currently, the arrays consist of foulyoCvD process for film fabrication because it provides an
microhotplate elements, each having a suspended polysilicfy remely efficient way to deposit varied types of active lay-

resistive he"’?ter with a thermal rise “L’”e”ef? ms, and maxi ._ers on arrays of microhotplate devices. The thermally acti-
mum operating temperature of 550 °C. Since the adsorption . .

X g . vated nature of our MOCVD processing results in self-
desorption phenomena critical to the sensing process are

temperature dependent, these suspended structures contaiwréograph'c’ selectgd area depo§|t|on that mlnlmlzes .the

thin film thermometer and heat distribution plate for im- numbgr of proce.ss.mg st'eps required to fabricate multiple

proved thermal control. There are also four contact pads offaterial layers within a given array.

the surface of the microhotplate for measuring the conduc- In this article we will present recemt situ conductance

tance of the active fil. measurements of Sp@nd ZnO thin films as they were de-
posited onto microhotplates, and explore the characterization

dPresent address: Advanced Technology Materials, Inc., Danbury, CTapabilities possible with this real-time monitoring tech-

06810; Electronic mail: fdimeo@atmi.com nique
YElectronic mail: steves@nist.gov )
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132 DiMeo, Jr. et al.: In situ conductivity characterization of oxide film growth 132

tered Cr/Ir metal layers were used to coat the Al contacts.
Chips received from MRL were etched in ethylenedi-
amninepyrocatechdlEDP) and water solution to preferen-
tially and anisotropically remove the exposed silicon to pro-
duce the suspended microbridge structure. Figure 1 shows a
single MRL fabricated microhotplate devicat a viewing
angle of 35} after etching in EDP. In contrast to the alumi-
num present in MOSIS devices, the tungsten was not at-
tacked by the EDP solution, which is a significant advantage,
since no additional steps were needed to protect the contact
areas. In both the MOSIS and MRL cases, the etched die
were mounted in 40 pin dual-in-line chip packages, and
wirebonded with aluminum leads.
The MOCVD system used for thin film deposition is
schematically illustrated in Fig. 2. TetramethyltiTMT)
Fic. 1. SEM image of a single microhotplate structure after exposure to(gg'gg_g% pure from Morton Advanced Chemlgailand di-
EDP etchant solution. The image was taken at a tilt angle of 35°. ethylzinc (DEZ) (99.999% pure from Akzo NObé' were
used as the metal sources. Ultrahigh purity argon
(99.9995% was used as the carrier gas, and the reactant gas
II. EXPERIMENT was oxygen99.995%.

In this work, SnQ and ZnO thin films were deposited on Packag.ed chips were placed in a socket inside the reactor
microhotplate arrays using MOCVD. There were two basic2d electrical connections to the socket were made through a
designs of microhotplates, those fabricated through the Metl0 Pin vacuum feedthrough. The microsubstrate tempera-
Oxide Semiconductor Implementation Servis#0SIS), and ~ tures were determined at each operating pressure from the
those fabricated using a tungsten metallization process at tf@librated change in resistance of the polysilicon heater re-
Microelectronics Research LaboratofyIRL). The fabrica-  Sistance. These agreed to within5% of the temperatures
tion of the microhotplate arrays through MOSIS is describecfetermined in a similar manner from the change in aluminum
in detail elsewheré?® and is briefly as follows. The chips metal plate resistance values. Control of the microhotplates
were designed using the software packageic, and sent Was established in two different ways, a manual mode and a
through the MOSIS foundry process. This process is basegomputer automated mode. In the manual mode, heating cur-
on a standard complementary metal—oxide—semiconductdgnts to the microhotplates were supplied individually by a
(CMOS) fabrication line with a 2.Q:m feature size and uses Keithley 220 current sourceA separate current source was
aluminum as the metallization material in two levels. De-used in conjunction with a Keithley 2001 storage
vices fabricated at MRL were based on a design similar tanultimetef to make resistance measurements on the films
that fabricated through MOSIS, with the exception that tung-during and after deposition. Up to 6000 readings taken at
sten, instead of aluminum, was used for both levels of metintervals of 0.002—-2 s could be logged during one run. This
allization. The chips from MOSIS were etched using X&= acquisition capability allowed the observation of transient
preferentially, but isotropically, remove the exposed singlephenomenon during growth, and provided increased thick-
crystal silicon and form the suspended microbridge. Sputness resolution of the technique. Automated computer con-

Pressure
Gauge

Oxygen

Quartz Tube )

Argon
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Vacuum Vacuum

(TMT, DEZ)

Fic. 2. Schematic diagram of the MOCVD deposition system.
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133 DiMeo, Jr. et al.: In situ conductivity characterization of oxide film growth 133

TasLE |. Typical growth conditions for films deposited on microhotplates.

Tetramethlytin(TMT) Diethylzinc (DEZ)
Precursor temperature —40to—50°C —30to—15°C
Vapor pressure 203-414 Pa 53-171 Pa
Total pressure 0.130-101 kPB-760 Torjy 0.130-1.3 kP41-10 Tory
Microhotplate deposition 350-550 °C 350-550 °C
temperature
Microhotplate heater 30-60 mW 30-60 mW
power
Total argon flow rate 200-500 sccm 200-500 sccm
Oxygen flow rate 200-600 sccm 100-300 sccm

trol of the system was achieved by using a four-channel
digital/analog(D/A) card to supply current to the heaters, 1 l ! ! ! ! |

and a switching box to measure the conductivity of the sur- :c MOGVD of SnO
face films sequentially. Either the growth time or the resis- ¢ 7] 2
tance of the growing thin film could be used as feedback to g 200
terminate the deposition by turning off the heater power. *§ 100
Typical growth conditions are summarized in Table I. 2
6] (0]

Ill. RESULTS AND DISCUSSION T ]

We have reported previously on thin film growth via g 10° 4
MOCVD of SnQ, and ZnO on microhotplatés®-11in this R
work the usefulness oin situ conductance measurements § ' 7

was explored. In Sec. Il Ain situ conductance data taken T T | T T T T
over the course of the entire film deposition will be pre- o T A e o % e
sented, and four different growth regiofis-IV) will be dis-
cussed. Section Il B discusses the use of measurements ¢
the width of region | as a means of improving process con- <
trol. In Sec. Ill C, thickness measurements will be coupled * ] MOCVD of ZnO
with the in situ conductivity data from region Il in order to 1 1 t
determine the effect of variations in the precursor composi-
tion on the growth rate and to probe the ultimate thickness
sensitivity of these measurements. Finally, in Sec. Il D an
example will be given that demonstrates the usefulness o -~ 107 fﬁf
these measurements asiarsitu process diagnostic tool. )

I | { 1

)
>
I

Q

) Conductance/(10

A. In situ conductance monitoring

Conductance/(Q
=y
|
T

. . . . 1

Figure 3 shows linear and semilog plots of representative . ®
electrical conductance data taken during the deposition o : : : :
SnG, [Fig. 3(A)] and ZnO[Fig. 3(B)] on a MOSIS chip. In ) 100 200 300
each case, the curves can be divided into four regions. Therc Timer(s)
!S an initial plateau Iabel_ed region |, fOI_Iowed by an 'ncr_eaS'Fle. 3. In situ conductance vs time data for the growth(éf) a SnQ film
ing but nonlinear behavior labeled region Il. Then the filmsand (B) a zZnO film on MOSIS hotplate structures within the same array.
exhibit a linear behavior labeled region lll, and finally there The SnQ film was deposited under the following conditions: hotplate

is a sharp drop in conductance. labeled region v WhicdemperatureMS °C, TMT temperature —45 °C with 8 sccm of carrier gas
' : low, a total pressure of 0.77 kPa, and a partial pressure of oxygen of 0.37

occurs Wh(.:,'n the power to the heater is turned off and.grOWtQPa. The conditions for the ZnO film deposition were hotplate temperature
stops. In situ conductance measurements taken during thef 400 °C, a DEZ temperature-19 °C and no carrier gas flow, a total
growth of thin films on MRL chips are qualitatively the pressure of 0.60 kPa, and a partial pressure of oxygen of 0.21 kPa. Both

same. but exhibit time scales that are Ionger by as much asliaear and semilog plots are shown. The four marked regions separate dif-
' ferent stages of growth. Region | is the early phase of the film growth where

TaCtor_ of 5 and Iz_;\rger gram_ SIZes. Th's_ slower de_p05|t|0n rat%ﬂe material has not yet formed a continuous layer. Region Il is the region of
is attributed to differences in the thin film nucleation rate thatioosely connected film, where there is an increasing number of conduction

result from variations in the top Sjpayers due to the dif- paths and a measurable conductance. Region Ill is the linear growth region,
iH ; ; ; ere there is a uniformly covered substrate and a constant deposition of
ferent silicon etching processes. Figure 4 shows a series ersl\ﬂlterial. The solid lines are the linear fit to the data in region Ill. Region IV

three scanning electron microsco@l_EM) images t0 illuS-  is the room temperature conductance of the fully connected film, after the
trate the morphology of different regioris-IIl) in the con-  growth has been terminated.

JVST A - Vacuum, Surfaces, and Films
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134 DiMeo, Jr. et al.: In situ conductivity characterization of oxide film growth 134

{ { | | | | 1

—l— Onset Time for Measurement
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-
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Fic. 5. SnQ thin film growth onset time vs microhotplate temperature. The
determination of the onset time is described in the text.

ductance data. These images are of three,Sids grown

on MRL devices within the same array under identical con-
ditions, but stopped at different times. The slower growth
rate of films deposited on MRL chips results in large faceted
grains, and is more easily interrupted in a particular region
than films grown on MOSIS chips. In Fig(4) we see gen-
erally unconnected grains, whereas in FigB}the grains

are starting to join into a connected network, and finally in
Fig. 4C), the film is dense and completely continuous. Also
visible in Fig. 4A) is the morphology of the underlying S;O
layer between grains, which gradually disappears as the
SnO, coverage increases. In combination with the electrical
behavior seen on both MOSIS and MRL chips, the micro-
graphs suggest that region | is the early phase of the film
growth. In this phase, material is beginning to nucleate and
deposit on the substrate but has not formed a continuous
layer, and so does not lead to a measurable conductance
increase. Region Il is a region of loosely connected film,
where there is an increasing number of conduction paths and
a measurable conductance. This exhibits nonlinear behavior
because of the increasing number of conducting paths that
form and increase in size as new connections between grains
are made. Region Il is the linear growth region, where there
is a uniformly covered substrate and a constant deposition of
material resulting in a steady increase of conductance with
time. The solid lines in Figs.(®) and 3B) are the linear fits

to the data in region Ill. Finally, region IV is the room tem-
perature conductance of the fully connected film, after the
growth has been terminated by shutting off the power to the
heater. The drop in conductance is due to the loss of ther-
mally activated carriers.

Fic. 4. SEM images of Snothin films deposited on MRL hotplate struc- B. In situ measurements for improved process

tures that are representative of regions I-lll in Fig. 3. The growth conditionscontrol

for these films were a hotplate temperature of 475 °C, a TMT temperature

of —48 °C with 8 sccm of carrier gas flow, a total pressure of 0.76 kPa, and Process reproducibility is an important concern if these

a partial pressure of oxygen of 0.35 kPa, and times of 310, 510, and 950 devices are to be used successfully as gas sensors. Figure 5

for (A), (B), and (C), respectively.(A) Grains are dispersed and mostly shows the behavior of onset time of film growth versus
unconnected(B) The density of grains has increased, but the substrate is

still discernible through gaps in the filnfC) The film is fully connected QFOWth temperature for two four-element arrays grown under
across the microhotplate. different ratios of oxygen/TMT. The open symbols show the

J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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135 DiMeo, Jr. et al.: In situ conductivity characterization of oxide film growth 135

onset time of measurable conductance, which is the duratior L 1

400 - 0 -
of region | as in Fig. 3. The closed symbols are for the onset 0. MOGVD 5

times that are taken as the zero thickness intercept of a linea O Film A
O FimB

fit to region 1ll, i.e.,t; from Fig. 3, the equivalent starting -~ 500
point if the film growth proceeded constantly and uniformly
at all times. For both oxygen/TMT ratios, at low tempera-
tures, the onset time increases dramatically with decreasing
temperature. This is due to the temperature activation of bott
the nucleation rate and the conductivity at these low cover-
ages. As the growth temperature increases, the sensitivity o
the onset time to temperature decreases. Thus, from a prc
cessing point of view, depositing at a higher temperature
results in a process that is faster and less sensitive to varia

tion in temperature, and thus represents a better regime tc ° 200 Y0 merte) 800 000
work in, if other film properties are not compromised. The

general decrease in onset time as a function of decreasin ! ! | | ! !
oxygen/TMT ratio is as expected because a higher tin con- 100 S

. g ; . ; Sno, MOCVD ;
tent results in more conductive material, which will be de- 90 - o

tectable at smaller thicknesses. The unique capability to per-  eo 5 Fims =
form in situ conductance measurements has been used her 7 3
both as a technique to study the growth and deposition of § &
thin films and also as a tool to design a more robust deposi-

tion process.

Q

200 —

Conductance/(10

100 —

50 —

40

Thickness/(n

30 —

C. Film thickness and in situ conductance 20 L
measurements 10 |
. . . . i — (B) B
To_further analyze thén eru coqductance data, it is in 0 I
structive to look at the relationship between the measured 0 200 400 600 800 1000

conductance and the films’ materials properties. In the fol- Timefts)

!meg equation, the experlmental_ly mea_surEd resistaRce, Fic. 6. (A) In situ conductance vs time data for the growth of two Sii@n
is expressed as the sum of the film resistahd&sWd and  fims. (B) Thickness vs time data derived frof).

the contact resistancB,, whereL andW are the length and

width of the film between the contactd,is the film thick-

ness, andr is the conductivity of the film. case where we have been able to use this simple description
of the conductivity to gain further insight into the film depo-
R=—g+Re. (1)  sition process.

This example illustrates the deconvolution of growth rate
This equation assumes a homogeneous film, and thus can f®m the conductance data. Two filntd and B) of SnQ,
applied only to region Ill, where the films are dense andwere grown under identical conditions on MOSIS devices,
continuous. The conductivityr, is a product of the number  with the exception that film B was grown with approximately
of carriers and their mobility, both of which will, in general, 10% less TMT concentration than film A. This was achieved
be dependent on temperature. The number of carriers wilhy changing the setpoint temperature of the TMT bath from
also be a function of the interactions of the solid with the —48 to —49 °C. Figure 6A) is a plot of thein situ conduc-
ambient. The iridium or tungsten contact materials produceance versus time for these two films, and it can be seen that,
contact resistances that are small compared to the film resigven though the growth of both films was terminated at the
tances, so that, neglectifi, the conductance as a function same conductance value, the growth times were different by
of time, $(t), is proportional to the conductivity and the nearly 40%. Figure 7 shows these films have a similar mor-

thickness, as expressed by phology, with a grain size of-30 nm. The uniformity of the
Wd(t) morphology of these films suggests that they are more suit-
S(t)=o(t) - (2 able candidates for the application of our simple model than

the rougher highly faceted films produced on MRL devices
Solution of Poisson’s equation for the voltage distribution inseen in Fig. 4. The larger bubblelike features are due to the
two dimensions using finite element modeling of our devicemorphology of the underlying SiQayer.
geometry indicates that this expression is valid when the The question remains whether the change in TMT con-
distance between the contacts is much greater than the fileentration changed the growth rate, the film conductivity, or
thickness, i.e., for our geometry and film thicknesses, effectsome combination of the two. To answer this, independent
due to spreading resistance are negligible. The following is aneasurements of the Sp@hickness on the microhotplate

JVST A - Vacuum, Surfaces, and Films
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136 DiMeo, Jr. et al.: In situ conductivity characterization of oxide film growth 136

TaBLE Il. Values used to derive the thickness vs time behavior.

Measured Final Final
thickness conductance Width conductivity o
(nm) (X104 Q™Y length Qtmh
Film A 48+6 4.009+0.001 7.5 110&140
Film B 102+9 4.002:0.001 7.5 526 40

increasing conductance with time &300 s into the growth
and continues in this fashion until the growth is stopped
~260 s later. Film B also displays a linear behavior after
~ 300 s of growth, but begins to deviate slighth260 s later
in the growth. This is most likely due to drift in either the
microhotplate substrate temperature and/or the TMT vapor
concentration due to variation in the bubbler bath tempera-
ture (~0.1 °C), which can cause slight changesrirFor the
purposes of this simple analysis however, both films will be
treated in the constant conductivity limit. In this limit, with
the fixed contact pad geometry and the final thickness mea-
surements by WDS, values of (at the growth temperature
can be derived for each film and are listed in TablgThe
geometry in this case is based on connecting two adjacent
pads together. The width to length ratio then becomes
75/10um or 7.5) The conductance data can then be divided
by this value ofeWI/L to yield thickness as a function of
time, which is shown in Fig. @). In Fig. 6, the growth rates
for the two films are very similar, which indicates that the
change in TMT concentration primarily affects the conduc-
tivity, and not the material deposition rate.
Fic. 7. SEM images of the Sndfilms on MOSIS structures from Fig. 6. Further analysis of the growth rates of these films pro-
The_ morphologiias qf bottA) film A and (I_3) film B consist of small, dense  yjides a measure of the thickness Sensitivity of thesitu
2223§g~;%::"u'r?d:;izﬁiigf'[igif;{r;fbld'ke features are due to Conformalre§istance technique. Figur¢Ag is a semilog plot of the
thickness data, and shows that the linear behavior starts at an
equivalent film thickness of-8 nm. Figure 8) is an en-
largement of the linear growth region, and shows that the

. change in equivalent thickness between measured points is
substrates are needed. Thickness measurements of deposig than 0.1 nm

layers are difficult to make because of the small size and
geometry of the microhotplate substrates. To overcome the
challenges, we have used electron-probe x-ray microanalysis
with wavelength dispersive spectrometWy/DS), in conjunc- This final example shows how the sensitivity of the con-
tion with film thickness modeling based on the algorithms ofductance of ZnO films to their ambient growth conditions
Pouchou and Pichoi? For the purposes of this analysis, a was used to detect variations in the precursor concentration
stoichiometric composition of Snvas assumed, and three during growth. Figure @) shows the conductance versus
different incident beam acceleration voltag@s, 15, and 8 time data for a growing ZnO film. These data were taken
keV) were used. Thicknesses of #8 and 1029 nm were using a digital oscilloscope, and the breaks in the data oc-
measured, respectively, for films A and B. Even though it iscurred when the data were being downloaded to the com-
well known that oxygen vacancies are responsible for theuter. Overall, the expected increasing conductance with
conductivity in these materials, the assumption of stoichiotime behavior is observed, but the lower panel of Fidp) %
metric composition is valid for this analysis because the vaan enlargement of one segment of the growth data, and re-
cancy concentrations, although electrically significant, areseals an oscillatory behavior. It is tempting to interpret this
low enough so as not to alter the effective material densitypbservation as a type of layer-by-layer growth phenomenon.
which is the parameter of interest. This is unlikely for several reasons however. First, SEM
If the deposition process is at steady state, i.e., the dep@nalysis indicates that the films are polycrystalline and such
sition rate is constant; then a linear behavior in the conduca macroscale behavior would be unexpected from such a
tance versus time data implies that the conductivity is conhonuniform surface. Second, a layer-by-layer process would
stant in this region. In Fig. @), film A displays a linearly = be expected to result in a staircase conductivity behavior that

. In situ CVD process gas sensor
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Fic. 8. (A) Semilog plot of the thickness vs time data in Fi¢AB The solid Fic. 9. (A) In situ conductance vs time data for the growth of a ZnO thin

line is the extrapolation of the linear growth regi@B) Expanded scale plot  film collected using an oscilloscope. Gaps are due to the periodic transfer of

of the thickness vs time data in Fig(& indicating an equivalent thickness data from the oscilloscope to the comput@) The lower panel is an ex-

sensitivity on the order of an angstrom. panded region of ZnO conductance, and the upper panel is the simulta-
neously acquired error signal taken from the mass flow controller that regu-
lates the flow over the DEZ.

would not have a negative slope at any point. A physical
interpretation that is more likely is that the variations in the
conductivity are the result of surface interactions that are . . ;
) y . o . comprised of two parts. The first part is the basel{ne
function of the DEZ concentration, e.g., variations in the . o S _
. X . .~ average monotonic increase with increasing film thickness,
zinc-precursor/oxygen ratio that is absorbed on the entire

. 72 : . on top of which is superimposed an oscillation in the film
film surface. Variations in the DEZ concentration were de- . ! .

. o . . conductance due to surface reactions with the changing DEZ
termined to be due to oscillations in the Ar carrier gas flow

. ._concentration. The film was “gas sensing” the atmosphere
due to faulty mass flow controller performance. This IS¢ om which it was arowing. and this was subseauently used
shown by the data in the top panel of FigB9, which is the 9 9. q y

output flow of the mass flow controliéas measured by the to identify and correct an otherwise undetectable process

0-5V flow signa) and was measured simultaneously on thevananon. Altho_ugh It appears frpm F!g(;@) tha.t the aT“P"
: e ; tude of the oscillation is increasing with time, in fact it is the
same oscilloscope. The variations in the conductance of the . . :
. ; : noise level in the measurement, most likely due to a poor
ZnO film lag behind the ebb and flow of the carrier gas . ) . )
. o ; ©contact, that is increasing and not the oscillation amplitude.
passing over the precursor by2 ms. This is the time it

takes the variation in the flow to reach the microhotplate, and

is in rough agreement with an estimated transit time of 5 mg'V- CONCLUSIONS
[This velocity estimation was based on the mass flow rate of Using silicon-based micromachining techniques, we have
the carrier gag80 sccm at a working pressure of 0.665 Pa, developed ain situ conductance measurement technique for
and an approximate straight path length Io m through the study of semiconducting oxide thin films deposited by
0.47-cm diameter tubingWhen the oscillations in the pre- MOCVD. The competing effects of variations in conductiv-
cursor gas were removed by stabilizing the mass flow conity and thickness can be deconvoluted from each other

troller, the oscillations in the film conductance also disap-through the use of additional characterization techniques.

eared. The conductance of the growing ZnO film is then
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P " ; i~le. Williams (Hilger, Bristol, 1993, Chap. 4, pp. 108.

results in |mpr.oved depps@on control. Analys,ls Qf the thick 2N, Taguchi, UK Patent No. 1,.280,809970

ness versus time data indicates that this technique has ang ¢ [in, v. Takao, Y. Shimizu, and M. Egashira, Sens. ActuatogsiB

strom sensitivity. Finallyjn situ conductance measurements 843 (1995.

provide a unique window into the MOCVD process, indicat- 4). S. Suehle, R. E. ((Zavic;hi, M. Gaitan, and S. Semancik, IEEE Electron

PR ; Device Lett.14, 118(1993.

INg In One case the .malfunctlon ofa mass_flow controller that 5R. E. Cavicchi, J. S. Suehle, K. G. Kreider, B. L. Shomaker, J. A. Small,

would have otherwise gone undetegtbﬁsnu conductgnce and M. Gaitan, Appl. Phys. Let66, 812 (1995.
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