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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 for thein situ characterization of growing films as
well as for novel gas sensing approaches. We have investigated the deposition of conducting oxides
such as SnO2 and ZnO on these microhotplate platforms for gas sensing applications. The
conductance of the deposited films has been measuredin situ 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 films. ©1998 American
Vacuum Society.@S0734-2101~98!03701-4#
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I. INTRODUCTION

Conductometric gas sensors using semiconducting ox
as the active material have been used to detect a varie
gaseous species.1 In particular, SnO2 and ZnO have been
extensively studied, and have been used as the base ma
in devices such as the Taguchi sensor2 and the ZnO varistor.3

Such discrete devices, however, can be application lim
by their lack of specificity, long term drift behavior, rela
tively high power consumption, and cost. To advance p
these difficulties, we have been developing arrays of t
film conductometric gas sensors using planar silicon mic
machining techniques. Currently, the arrays consist of f
microhotplate elements, each having a suspended polysil
resistive heater with a thermal rise time of;3 ms, and maxi-
mum operating temperature of 550 °C. Since the adsorpt
desorption phenomena critical to the sensing process
temperature dependent, these suspended structures con
thin film thermometer and heat distribution plate for im
proved thermal control. There are also four contact pads
the surface of the microhotplate for measuring the cond
tance of the active film.4

a!Present address: Advanced Technology Materials, Inc., Danbury,
06810; Electronic mail: fdimeo@atmi.com

b!Electronic mail: steves@nist.gov
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The contact pads serve a dual purpose. They are use
measure the change in conductance of the active layer w
it is exposed to various gases as a sensor, but they
present a unique opportunity for thein situ conductance mea
surements of growing thin films.5 This monitoring technique
is particularly useful when studying the metalorganic chem
cal vapor deposition~MOCVD! process for oxides, where
other in situ characterization techniques such as reflect
high-energy electron diffraction~RHEED!, or low-energy
electron diffraction~LEED! are unavailable because of th
high background pressures involved. We have chosen
MOCVD process for film fabrication because it provides
extremely efficient way to deposit varied types of active la
ers on arrays of microhotplate devices. The thermally a
vated nature of our MOCVD processing results in se
lithographic, selected area deposition that minimizes
number of processing steps required to fabricate mult
material layers within a given array.

In this article we will present recentin situ conductance
measurements of SnO2 and ZnO thin films as they were de
posited onto microhotplates, and explore the characteriza
capabilities possible with this real-time monitoring tec
nique.
T
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132 DiMeo, Jr. et al. : In situ conductivity characterization of oxide film growth 132
II. EXPERIMENT

In this work, SnO2 and ZnO thin films were deposited o
microhotplate arrays using MOCVD. There were two ba
designs of microhotplates, those fabricated through the M
Oxide Semiconductor Implementation Service~MOSIS!, and
those fabricated using a tungsten metallization process a
Microelectronics Research Laboratory~MRL!. The fabrica-
tion of the microhotplate arrays through MOSIS is describ
in detail elsewhere,4,6 and is briefly as follows. The chip
were designed using the software packageMAGIC, and sent
through the MOSIS foundry process. This process is ba
on a standard complementary metal–oxide–semicondu
~CMOS! fabrication line with a 2.0mm feature size and use
aluminum as the metallization material in two levels. D
vices fabricated at MRL were based on a design simila
that fabricated through MOSIS, with the exception that tun
sten, instead of aluminum, was used for both levels of m
allization. The chips from MOSIS were etched using XeF2 to
preferentially, but isotropically, remove the exposed sin
crystal silicon and form the suspended microbridge. Sp

FIG. 1. SEM image of a single microhotplate structure after exposure
EDP etchant solution. The image was taken at a tilt angle of 35°.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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tered Cr/Ir metal layers were used to coat the Al conta
Chips received from MRL were etched in ethylened
amninepyrocatechol~EDP! and water solution to preferen
tially and anisotropically remove the exposed silicon to p
duce the suspended microbridge structure. Figure 1 show
single MRL fabricated microhotplate device~at a viewing
angle of 35°! after etching in EDP. In contrast to the alum
num present in MOSIS devices, the tungsten was not
tacked by the EDP solution, which is a significant advanta
since no additional steps were needed to protect the con
areas. In both the MOSIS and MRL cases, the etched
were mounted in 40 pin dual-in-line chip packages, a
wirebonded with aluminum leads.

The MOCVD system used for thin film deposition
schematically illustrated in Fig. 2. Tetramethyltin~TMT!
~99.999% pure from Morton Advanced Chemicals7! and di-
ethylzinc ~DEZ! ~99.999% pure from Akzo Nobel7! were
used as the metal sources. Ultrahigh purity arg
~99.9995%! was used as the carrier gas, and the reactant
was oxygen~99.995%!.

Packaged chips were placed in a socket inside the rea
and electrical connections to the socket were made throu
40 pin vacuum feedthrough. The microsubstrate tempe
tures were determined at each operating pressure from
calibrated change in resistance of the polysilicon heater
sistance. These agreed to within;5% of the temperatures
determined in a similar manner from the change in alumin
metal plate resistance values. Control of the microhotpla
was established in two different ways, a manual mode an
computer automated mode. In the manual mode, heating
rents to the microhotplates were supplied individually by
Keithley 220 current source.7 A separate current source wa
used in conjunction with a Keithley 2001 storag
multimeter7 to make resistance measurements on the fi
during and after deposition. Up to 6000 readings taken
intervals of 0.002–2 s could be logged during one run. T
acquisition capability allowed the observation of transie
phenomenon during growth, and provided increased th
ness resolution of the technique. Automated computer c

o

FIG. 2. Schematic diagram of the MOCVD deposition system.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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TABLE I. Typical growth conditions for films deposited on microhotplates.

Tetramethlytin~TMT! Diethylzinc ~DEZ!

Precursor temperature 240 to 250 °C 230 to 215 °C
Vapor pressure 203–414 Pa 53–171 Pa
Total pressure 0.130–101 kPa~1–760 Torr! 0.130–1.3 kPa~1–10 Torr!
Microhotplate deposition

temperature
350–550 °C 350–550 °C

Microhotplate heater
power

30–60 mW 30–60 mW

Total argon flow rate 200–500 sccm 200–500 sccm
Oxygen flow rate 200–600 sccm 100–300 sccm
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trol of the system was achieved by using a four-chan
digital/analog~D/A! card to supply current to the heater
and a switching box to measure the conductivity of the s
face films sequentially. Either the growth time or the res
tance of the growing thin film could be used as feedback
terminate the deposition by turning off the heater pow
Typical growth conditions are summarized in Table I.

III. RESULTS AND DISCUSSION

We have reported previously on thin film growth v
MOCVD of SnO2 and ZnO on microhotplates;4,5,8–11in this
work the usefulness ofin situ conductance measuremen
was explored. In Sec. III A,in situ conductance data take
over the course of the entire film deposition will be pr
sented, and four different growth regions~I–IV ! will be dis-
cussed. Section III B discusses the use of measuremen
the width of region I as a means of improving process c
trol. In Sec. III C, thickness measurements will be coup
with the in situ conductivity data from region III in order to
determine the effect of variations in the precursor compo
tion on the growth rate and to probe the ultimate thickn
sensitivity of these measurements. Finally, in Sec. III D
example will be given that demonstrates the usefulnes
these measurements as anin situ process diagnostic tool.

A. In situ conductance monitoring

Figure 3 shows linear and semilog plots of representa
electrical conductance data taken during the deposition
SnO2 @Fig. 3~A!# and ZnO@Fig. 3~B!# on a MOSIS chip. In
each case, the curves can be divided into four regions. T
is an initial plateau labeled region I, followed by an increa
ing but nonlinear behavior labeled region II. Then the film
exhibit a linear behavior labeled region III, and finally the
is a sharp drop in conductance, labeled region IV, wh
occurs when the power to the heater is turned off and gro
stops. In situ conductance measurements taken during
growth of thin films on MRL chips are qualitatively th
same, but exhibit time scales that are longer by as much
factor of 5 and larger grain sizes. This slower deposition r
is attributed to differences in the thin film nucleation rate th
result from variations in the top SiO2 layers due to the dif-
ferent silicon etching processes. Figure 4 shows a serie
three scanning electron microscopy~SEM! images to illus-
trate the morphology of different regions~I–III ! in the con-
Surfaces, and Films
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FIG. 3. In situ conductance vs time data for the growth of~A! a SnO2 film
and ~B! a ZnO film on MOSIS hotplate structures within the same arr
The SnO2 film was deposited under the following conditions: hotpla
temperature5475 °C, TMT temperature5245 °C with 8 sccm of carrier gas
flow, a total pressure of 0.77 kPa, and a partial pressure of oxygen of
kPa. The conditions for the ZnO film deposition were hotplate tempera
of 400 °C, a DEZ temperature5219 °C and no carrier gas flow, a tota
pressure of 0.60 kPa, and a partial pressure of oxygen of 0.21 kPa.
linear and semilog plots are shown. The four marked regions separate
ferent stages of growth. Region I is the early phase of the film growth wh
the material has not yet formed a continuous layer. Region II is the regio
loosely connected film, where there is an increasing number of conduc
paths and a measurable conductance. Region III is the linear growth re
where there is a uniformly covered substrate and a constant depositio
material. The solid lines are the linear fit to the data in region III. Region
is the room temperature conductance of the fully connected film, after
growth has been terminated.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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134 DiMeo, Jr. et al. : In situ conductivity characterization of oxide film growth 134
FIG. 4. SEM images of SnO2 thin films deposited on MRL hotplate struc
tures that are representative of regions I–III in Fig. 3. The growth conditi
for these films were a hotplate temperature of 475 °C, a TMT tempera
of 248 °C with 8 sccm of carrier gas flow, a total pressure of 0.76 kPa,
a partial pressure of oxygen of 0.35 kPa, and times of 310, 510, and 9
for ~A!, ~B!, and ~C!, respectively.~A! Grains are dispersed and most
unconnected.~B! The density of grains has increased, but the substrat
still discernible through gaps in the film.~C! The film is fully connected
across the microhotplate.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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ductance data. These images are of three SnO2 films grown
on MRL devices within the same array under identical co
ditions, but stopped at different times. The slower grow
rate of films deposited on MRL chips results in large face
grains, and is more easily interrupted in a particular reg
than films grown on MOSIS chips. In Fig. 4~A! we see gen-
erally unconnected grains, whereas in Fig. 4~B! the grains
are starting to join into a connected network, and finally
Fig. 4~C!, the film is dense and completely continuous. Al
visible in Fig. 4~A! is the morphology of the underlying SiO2

layer between grains, which gradually disappears as
SnO2 coverage increases. In combination with the electri
behavior seen on both MOSIS and MRL chips, the mic
graphs suggest that region I is the early phase of the
growth. In this phase, material is beginning to nucleate a
deposit on the substrate but has not formed a continu
layer, and so does not lead to a measurable conduct
increase. Region II is a region of loosely connected fil
where there is an increasing number of conduction paths
a measurable conductance. This exhibits nonlinear beha
because of the increasing number of conducting paths
form and increase in size as new connections between gr
are made. Region III is the linear growth region, where th
is a uniformly covered substrate and a constant depositio
material resulting in a steady increase of conductance w
time. The solid lines in Figs. 3~A! and 3~B! are the linear fits
to the data in region III. Finally, region IV is the room tem
perature conductance of the fully connected film, after
growth has been terminated by shutting off the power to
heater. The drop in conductance is due to the loss of th
mally activated carriers.

B. In situ measurements for improved process
control

Process reproducibility is an important concern if the
devices are to be used successfully as gas sensors. Fig
shows the behavior of onset time of film growth vers
growth temperature for two four-element arrays grown un
different ratios of oxygen/TMT. The open symbols show t

s
re
d
s

is

FIG. 5. SnO2 thin film growth onset time vs microhotplate temperature. T
determination of the onset time is described in the text.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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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 dura
of region I as in Fig. 3. The closed symbols are for the on
times that are taken as the zero thickness intercept of a li
fit to region III, i.e., t1 from Fig. 3, the equivalent startin
point if the film growth proceeded constantly and uniform
at all times. For both oxygen/TMT ratios, at low temper
tures, the onset time increases dramatically with decrea
temperature. This is due to the temperature activation of b
the nucleation rate and the conductivity at these low cov
ages. As the growth temperature increases, the sensitivi
the onset time to temperature decreases. Thus, from a
cessing point of view, depositing at a higher temperat
results in a process that is faster and less sensitive to v
tion in temperature, and thus represents a better regim
work in, if other film properties are not compromised. T
general decrease in onset time as a function of decrea
oxygen/TMT ratio is as expected because a higher tin c
tent results in more conductive material, which will be d
tectable at smaller thicknesses. The unique capability to
form in situ conductance measurements has been used
both as a technique to study the growth and deposition
thin films and also as a tool to design a more robust dep
tion process.

C. Film thickness and in situ conductance
measurements

To further analyze thein situ conductance data, it is in
structive to look at the relationship between the measu
conductance and the films’ materials properties. In the
lowing equation, the experimentally measured resistanceR,
is expressed as the sum of the film resistance,L/sWd and
the contact resistance,Rc , whereL andW are the length and
width of the film between the contacts,d is the film thick-
ness, ands is the conductivity of the film.

R5
L

sWd
1Rc . ~1!

This equation assumes a homogeneous film, and thus ca
applied only to region III, where the films are dense a
continuous. The conductivity,s, is a product of the numbe
of carriers and their mobility, both of which will, in genera
be dependent on temperature. The number of carriers
also be a function of the interactions of the solid with t
ambient. The iridium or tungsten contact materials prod
contact resistances that are small compared to the film re
tances, so that, neglectingRc , the conductance as a functio
of time, S(t), is proportional to the conductivity and th
thickness, as expressed by

S~ t !5s~ t !
Wd~ t !

L
. ~2!

Solution of Poisson’s equation for the voltage distribution
two dimensions using finite element modeling of our dev
geometry indicates that this expression is valid when
distance between the contacts is much greater than the
thickness, i.e., for our geometry and film thicknesses, effe
due to spreading resistance are negligible. The following
JVST A - Vacuum, Surfaces, and Films
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case where we have been able to use this simple descrip
of the conductivity to gain further insight into the film depo
sition process.

This example illustrates the deconvolution of growth ra
from the conductance data. Two films~A and B! of SnO2

were grown under identical conditions on MOSIS devic
with the exception that film B was grown with approximate
10% less TMT concentration than film A. This was achiev
by changing the setpoint temperature of the TMT bath fr
248 to249 °C. Figure 6~A! is a plot of thein situ conduc-
tance versus time for these two films, and it can be seen
even though the growth of both films was terminated at
same conductance value, the growth times were differen
nearly 40%. Figure 7 shows these films have a similar m
phology, with a grain size of;30 nm. The uniformity of the
morphology of these films suggests that they are more s
able candidates for the application of our simple model th
the rougher highly faceted films produced on MRL devic
seen in Fig. 4. The larger bubblelike features are due to
morphology of the underlying SiO2 layer.

The question remains whether the change in TMT c
centration changed the growth rate, the film conductivity,
some combination of the two. To answer this, independ
measurements of the SnO2 thickness on the microhotplat

FIG. 6. ~A! In situ conductance vs time data for the growth of two SnO2 thin
films. ~B! Thickness vs time data derived from~A!.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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136 DiMeo, Jr. et al. : In situ conductivity characterization of oxide film growth 136
substrates are needed. Thickness measurements of dep
layers are difficult to make because of the small size
geometry of the microhotplate substrates. To overcome th
challenges, we have used electron-probe x-ray microana
with wavelength dispersive spectrometry~WDS!, in conjunc-
tion with film thickness modeling based on the algorithms
Pouchou and Pichoir.12 For the purposes of this analysis,
stoichiometric composition of SnO2 was assumed, and thre
different incident beam acceleration voltages~25, 15, and 8
keV! were used. Thicknesses of 4866 and 10269 nm were
measured, respectively, for films A and B. Even though i
well known that oxygen vacancies are responsible for
conductivity in these materials, the assumption of stoich
metric composition is valid for this analysis because the
cancy concentrations, although electrically significant,
low enough so as not to alter the effective material dens
which is the parameter of interest.

If the deposition process is at steady state, i.e., the de
sition rate is constant; then a linear behavior in the cond
tance versus time data implies that the conductivity is c
stant in this region. In Fig. 6~A!, film A displays a linearly

FIG. 7. SEM images of the SnO2 films on MOSIS structures from Fig. 6
The morphologies of both~A! film A and ~B! film B consist of small, dense
grains ;30 nm in size. Larger, bubblelike features are due to confor
coating of the underlying substrate.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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increasing conductance with time at;300 s into the growth
and continues in this fashion until the growth is stopp
;260 s later. Film B also displays a linear behavior af
;300 s of growth, but begins to deviate slightly;260 s later
in the growth. This is most likely due to drift in either th
microhotplate substrate temperature and/or the TMT va
concentration due to variation in the bubbler bath tempe
ture (;0.1 °C), which can cause slight changes ins. For the
purposes of this simple analysis however, both films will
treated in the constant conductivity limit. In this limit, wit
the fixed contact pad geometry and the final thickness m
surements by WDS, values ofs ~at the growth temperature!
can be derived for each film and are listed in Table II.~The
geometry in this case is based on connecting two adja
pads together. The width to length ratio then becom
75/10mm or 7.5.! The conductance data can then be divid
by this value ofsW/L to yield thickness as a function o
time, which is shown in Fig. 6~B!. In Fig. 6, the growth rates
for the two films are very similar, which indicates that th
change in TMT concentration primarily affects the condu
tivity, and not the material deposition rate.

Further analysis of the growth rates of these films p
vides a measure of the thickness sensitivity of thein situ
resistance technique. Figure 8~A! is a semilog plot of the
thickness data, and shows that the linear behavior starts a
equivalent film thickness of;8 nm. Figure 8~B! is an en-
largement of the linear growth region, and shows that
change in equivalent thickness between measured poin
less than 0.1 nm.

D. In situ CVD process gas sensor

This final example shows how the sensitivity of the co
ductance of ZnO films to their ambient growth conditio
was used to detect variations in the precursor concentra
during growth. Figure 9~A! shows the conductance versu
time data for a growing ZnO film. These data were tak
using a digital oscilloscope, and the breaks in the data
curred when the data were being downloaded to the c
puter. Overall, the expected increasing conductance w
time behavior is observed, but the lower panel of Fig. 9~b! is
an enlargement of one segment of the growth data, and
veals an oscillatory behavior. It is tempting to interpret th
observation as a type of layer-by-layer growth phenomen
This is unlikely for several reasons however. First, SE
analysis indicates that the films are polycrystalline and s
a macroscale behavior would be unexpected from suc
nonuniform surface. Second, a layer-by-layer process wo
be expected to result in a staircase conductivity behavior

l

TABLE II. Values used to derive the thickness vs time behavior.

Measured
thickness

~nm!

Final
conductance

(31024 V21)
Width
length

Final
conductivitys

(V21 m21)

Film A 4866 4.00960.001 7.5 11006140
Film B 10269 4.00260.001 7.5 5206 40
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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would not have a negative slope at any point. A physi
interpretation that is more likely is that the variations in t
conductivity are the result of surface interactions that ar
function of the DEZ concentration, e.g., variations in t
zinc-precursor/oxygen ratio that is absorbed on the en
film surface. Variations in the DEZ concentration were d
termined to be due to oscillations in the Ar carrier gas fl
due to faulty mass flow controller performance. This
shown by the data in the top panel of Fig. 9~B!, which is the
output flow of the mass flow controller~as measured by th
0–5 V flow signal! and was measured simultaneously on
same oscilloscope. The variations in the conductance of
ZnO film lag behind the ebb and flow of the carrier g
passing over the precursor by;2 ms. This is the time it
takes the variation in the flow to reach the microhotplate, a
is in rough agreement with an estimated transit time of 5
@This velocity estimation was based on the mass flow rat
the carrier gas~80 sccm! at a working pressure of 0.665 P
and an approximate straight path length of 1 m through
0.47-cm diameter tubing.# When the oscillations in the pre
cursor gas were removed by stabilizing the mass flow c
troller, the oscillations in the film conductance also disa

FIG. 8. ~A! Semilog plot of the thickness vs time data in Fig. 6~A!. The solid
line is the extrapolation of the linear growth region.~B! Expanded scale plot
of the thickness vs time data in Fig. 6~A! indicating an equivalent thicknes
sensitivity on the order of an angstrom.
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peared. The conductance of the growing ZnO film is th
comprised of two parts. The first part is the baseline~or
average! monotonic increase with increasing film thicknes
on top of which is superimposed an oscillation in the fi
conductance due to surface reactions with the changing D
concentration. The film was ‘‘gas sensing’’ the atmosph
from which it was growing, and this was subsequently us
to identify and correct an otherwise undetectable proc
variation. Although it appears from Fig. 9~A! that the ampli-
tude of the oscillation is increasing with time, in fact it is th
noise level in the measurement, most likely due to a p
contact, that is increasing and not the oscillation amplitu

IV. CONCLUSIONS

Using silicon-based micromachining techniques, we ha
developed anin situ conductance measurement technique
the study of semiconducting oxide thin films deposited
MOCVD. The competing effects of variations in conducti
ity and thickness can be deconvoluted from each ot
through the use of additional characterization techniqu

FIG. 9. ~A! In situ conductance vs time data for the growth of a ZnO th
film collected using an oscilloscope. Gaps are due to the periodic transf
data from the oscilloscope to the computer.~B! The lower panel is an ex-
panded region of ZnO conductance, and the upper panel is the sim
neously acquired error signal taken from the mass flow controller that re
lates the flow over the DEZ.
r copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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138 DiMeo, Jr. et al. : In situ conductivity characterization of oxide film growth 138
This provides useful insight into the deposition process,
results in improved deposition control. Analysis of the thic
ness versus time data indicates that this technique has
strom sensitivity. Finally,in situ conductance measuremen
provide a unique window into the MOCVD process, indica
ing in one case the malfunction of a mass flow controller t
would have otherwise gone undetected.In situ conductance
measurements are expected to continue to play an impo
role in our microsensor research.
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