Femtomolar isothermal desorption using microhotplate sensors

Amol G. Shirke

Department of Chemical and Biological Engineering, University of Maine, Orono, Maine 04469-5737

Richard E. Cavicchi and Steve Semancik

Chemical Science and Technology Laboratory, National Institute of Standards and Technology,

Gaithersburg, Maryland 20899-8362
Robert H. Jackson

Stillwater Scientific Instruments, 20 GodFrey Drive, Orono, Maine 04473

Brian G. Frederick

Department of Chemistry, University of Maine, Orono, Maine 04469
and Laboratory for Surface Science and Technology, University of Maine, Orono, Maine 04469

M. Clayton Wheeler®

Department of Chemical and Biological Engineering, University of Maine, Orono, Maine 04469-5737
(Received 10 August 2006; accepted 6 March 2007; published 5 April 2007)

The authors describe a technique that utilizes the fast heating rates (10° K/s) of a microhotplate
sensor along with a calibrated thermal desorption system to determine the initial coverage and
kinetic parameters using isothermal desorption on a millisecond time scale. Models for isothermal
desorption including both pumping and desorption rate effects are presented for zero, first, and
second order kinetics. Analysis of the first order model illustrates the domain of the desorption,
pumping speed, and heating rate time constants that permit the desorption parameters to be
estimated from the mass spectrometer signal. The technique is demonstrated using isothermal
temperature programed desorption of benzoic acid from a single SnO, covered microhotplate at
surface temperatures ranging from 296 to 347 K. The data indicate that desorption is best
represented by first order kinetics. The first order preexponential factor and the desorption energy in
the zero coverage limit are determined to be 1X10'7 s™' and 97 kJ/mol, respectively, from
desorption of 10® molecules which corresponds to an initial coverage of 10'> cm™ (<0.005 ML).
© 2007 American Vacuum Society. [DOL: 10.1116/1.2720850]

I. INTRODUCTION

Techniques for micromachining silicon have led to rapid
growth in the area of microelectromechanical systems, many
of which are designed to perform sensing and actuating
functions.' In the 1990s, researchers at the National Institute
of Standards and Technology used integrated circuit fabrica-
tion technology to fabricate complementary metal-oxide
semiconductor compatible microhotplates. A microhotplate
is a micromachined structure that can serve as both a gas
sensor as well as a surface science research tool.” It is a
suspended multilayered structure fabricated on a silicon wa-
fer and consists of an integrated heater, a thermal distribution
plate, and surface electrodes. Each of these features is sepa-
rated by an electrical insulating layer. A photomicrograph of
a microhotplate is shown in Fig. 1, and schematics of the
various fabrication layers and array configurations have been
presented elsewhere.”

When used as the platform for a gas microsensor, a metal-
oxide semiconducting film is typically deposited on top of
the surface electrodes of the microhotplate to serve as the
active gas-sensing component. The small thermal mass of the
hotplate allows heating and cooling rates as high as 10° K/s
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for repetitive temperature changes on the millisecond time
scale. This capability has been effectively applied in tem-
perature programed sensing (TPS), a technique in which
temperature modulation of the sensing film leads to charac-
teristic conductometric signatures for a particular gas
analyte.2 Meier et al.* and Boger et al.’ have employed this
technique using arrays of microhotplates for sensing warfare
agents such as tabun and sarin. The nature of specific TPS
signatures are determined by the surface coverage of indi-
vidual species which in turn are governed by adsorption,
desorption, and reaction rates. Therefore, a detailed knowl-
edge of the reaction mechanisms and their effect on sensor
electrical properties would aid in designing more selective
Sensors.

Microhotplates provide an excellent means for relating
fundamental surface phenomena to sensing performance.
The microhotplate has previously been demonstrated as a
platform to study surface reactions and desorption kinetics
with metallic thin films, and the millisecond heating times
are intermediate to those accessible by traditional tempera-
ture programed desorption and pulsed laser desorption
techniques.6 Cavicchi et al. developed a pulsed-desorption
technique to study desorption kinetics of CO on Pt, which
enabled the evaluation of the desorption activation energy
and the rate constant simultaneously without the interference
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FiG. 1. Photomicrograph of a microhotplate coated with a SnO, sensing
material.

of the system pumping effects in an ultrahigh vacuum
system.7 The approach required that a relatively large surface
area and coverage of the analyte be employed so the desorp-
tion could be measured over a series of isothermal pulses.
High surface area was accomplished by simultaneously con-
trolling the temperatures of hundreds of microhotplate ele-
ments in an array with a cumulative surface area of about
1072 cm?. The saturation coverage of CO on Pt is approxi-
mately 10" em28?

Measurement of the fundamental desorption kinetic pa-
rameters for adsorbates on well-defined single crystal sur-
faces have been made using thermal desorption, or tempera-
ture programed desorption (TPD), since the early work of
Redhead'’ (and others cited therein). Several reviews' ™12
discuss the basic formalism, as well as a number of experi-
mental techniques (including linear and nonlinear tempera-
ture ramps), and analysis methods (such as the simple lead-
ing edge analysis14 and “complete methods”'>'®) that extract
coverage dependent activation energies and preexponential
factors, which can arise due to factors such as lateral
interactions.'”  More recently, dynamic Monte Carlo
simulations'®* " are being used to gain greater insight into
the complexities of the desorption process, even for rela-
tively well-defined systems.

In 1992, DeAngelis and Anton developed an isothermal
TPD method and measured CO desorption on Ni(110).*' The
technique involved adsorbing gas on a clean surface at low
temperature, rapidly increasing and maintaining the surface
temperature at a higher value where desorption occurs while
monitoring the evolution of gas with a mass spectrometer.
This technique offered the benefit of mathematical ease for
analyzing the desorption curve, since, at constant adsorbent
temperature, the time dependent rate is a function of cover-
age only. In the isothermal TPD approach, ideally little or no
desorption should occur during the heating transient. There-
fore, the largest desorption rate that can be measured by this
“step-TPD” approach is limited by the speed at which the
desorption temperature is reached, and DeAngelis and Anton
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developed a feed-forward/feedback control system to heat
their nickel single crystal with a response on the order of a
few seconds.

The current work develops and demonstrates a method to
estimate the rate constant for desorption from a microsensor
(a single microhotplate element) using isothermal TPD. The
fast heating rates of the microhotplates and high sensitivity
of the differentially pumped mass spectrometer™ were com-
bined to allow detection of the extremely low coverages ex-
pected for adsorption on semiconducting metal-oxide sur-
faces. Weisz” developed a model in 1953 using metal-
semiconductor junction analogs that is frequently accepted as
the reason that the coverage of certain types of chemisorbed
species can be limited on semiconductors. The Weisz model
predicts that chemisorption coverage accompanied by charge
transfer is limited to about 10'> cm™ on a semiconductor.
The surface area of a single microhotplate is only 10 cm?,
although we note that the actual surface area of the granular
sensor material on the microhotplate may be larger. Our
analysis shows that measurement of kinetic parameters from
the isothermal desorption of as little as 10® molecules is pos-
sible, which is orders of magnitude lower than would be
possible with a typical UHV thermal desorption system with
a typical metal single crystal of area 1 cm? and coverage of
10" cm™2, where a detection limit of 10~ MLs corresponds
to 10'? molecules. The effects of system pumping had to be
considered in the current work because for the highest de-
sorption rates, the pumping and desorption time constants are
on the same order of magnitude. In addition, a predictive
temperature control method was devised to reduce the heat-
ing time constant to 0.2 ms, which was negligible compared
to the desorption time constant over a sufficiently large range
of isothermal desorption temperatures for quantitative analy-
sis to be performed.

In the current study, isothermal TPD was used to measure
benzoic acid desorption rates from a single microhotplate
covered by a SnO, film as the sensing material. Benzoic acid
(C¢HsCOOH) is composed of a benzene ring with a single
carboxylic acid group. It was chosen because it is a solid
with a low vapor pressure at room temperature that one of us
has worked with extensively before®** and was expected to
yield a relatively high surface coverage even under ultrahigh
vacuum conditions. Indeed, Lee et al., observed multilayer
adsorption of benzoic acid on Cu(110) at a surface tempera-
ture of 270 K.* However, there is no evidence for multilayer
adsorption (zero order desorption) in the current study. The
isothermal TPD results, which take into consideration the
system pumping constraints under conditions in which the
heating rate constant can be neglected, show that desorption
was first order. The preexponential and activation energy de-
termined are 1 X 10'7 s~! and 97 kJ/mol, respectively.

The article is structured as follows. First, we present the
experimental setup for isothermal TPD from a microhotplate.
Then we develop a model that includes pumping, desorption,
and heating rate effects. For first order desorption, we ana-
lyze the range of parameter space that allows kinetic infor-
mation to be determined. Finally, we compare the data to first
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FI1G. 2. Schematic of apparatus and electronics for isothermal TPD on microhotplate sensors. The microhotplate sensor is mounted in a zero insertion force
(ZIF) socket on a liquid nitrogen cooled probe and positioned within 1 mm of the mass spectrometer cone. The sample is exposed to gases by a directed

dosing tube.

and second order desorption models to estimate the kinetic
constants for desorption of benzoic acid from a SnO,
MiCrosensor.

Il. EXPERIMENTAL TECHNIQUE
A. Vacuum system

The calibrated thermal desorption system (CTDS),22
shown in Fig. 2, was modified for the isothermal TPD ex-
periments. The ultrahigh vacuum system is equipped with a
differentially pumped, calibrated mass spectrometer, sputter-
ing gun, concentric hemispherical electron energy analyzer,
microchannel capillary array doser, dual-anode x-ray source,
and a differentially pumped ultraviolet lamp. The main
chamber is pumped with a turbomolecular pump and an ion
pump and has a base pressure of 2X 107® Pa. A modified
mass spectrometer (Balzers QMG 112) assembly resides in a
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cylindrical shroud, which is coaxial with the ionizer and the
quadrupole. The shroud inlet is an x-axis translatable cone
with a 3.63 mm diameter aperture to allow entry of the spe-
cies into the section that is differentially pumped by a second
turbomolecular pump. A schematic drawing of the dosing
and mass spectrometer arrangement is shown in the inset of
Fig. 2. The shroud was designed22 to meet the following
criteria: (a) achieve a linear relationship between the pressure
in the ionizer and the mass spectrometer over four orders
of magnitude, (b) possess sensitivity to a flux of
10'° molecules/cm? s, (c) provide a pumping time constant
of about 6 ms for inert gases, and (d) have a “pumping speed
immunity” or weak dependence of the ionizer region pres-
sure to changes in the pressure at the turbopump inlet.

The CTDS was modified with a directed dosing tube and
sample manipulator for measuring the desorption kinetics on
the microhotplate sensors. Liquid nitrogen cooling of the
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sensors is facilitated by a reservoir connected to the sample
manipulator. The x-y translatable manipulator consisted of a
hollow oxygen-free high conductivity copper tube (for liquid
nitrogen) extending into the chamber, onto which a zero in-
sertion force (ZIF) socket was mounted to hold the ceramic
sensor chip package. A K-type thermocouple was spot
welded to one of the legs of the sensor chip for measurement
of the package temperature. A cylindrical shroud around the
ZIF socket with an aperture for access to the sensors was
used to limit heating by radiation during adsorption and de-
sorption. The minimum temperature of the microhotplates
was approximately 215 K when the probe was liquid nitro-
gen cooled.

B. Data acquisition and control electronics

A schematic drawing of the data acquisition and control
arrangement is also shown in Fig. 2. The electrical connec-
tions to the individually addressable components of the mi-
crohotplate were made using a 20-pin electrical feedthrough
connected to the manipulator. The data acquisition system
was configured for pulse counting with an FT-100
preamplifier-discriminator (Advanced Research Instruments)
connected to a PCI-CTRO5 countertimer card (Computer-
Boards Inc.). A DAS 1002 analog-to-digital (A/D) card
(ComputerBoards Inc.) controlled the mass spectrometer and
triggered a function generator (Sony Tektronix AFG310) to
output a square voltage pulse for the microhotplate heater.
The A/D card was also configured to measure the film resis-
tance during the desorption experiment. The data acquisition
program was written in Soft WIRE™ and Visual Basic to
control the DAS 1002 and the PCI-CTROS boards.

It is possible to measure the electrical resistance of either
the polysilicon heater or the sensing film on the surface and
correlate the value to surface temperature. The microhot-
plates have a first order heating time constant, 7;,, of approxi-
mately 3 ms for a step change in voltage so the minimum
value of the first order desorption time constant that could be
measured was about 30 ms without accounting for the heat-
ing rate. This heating rate limitation is further discussed in
Sec. III B. To enable the measurement of higher desorption
rates, a predictive temperature control method was devised
as illustrated in Fig. 3. The function generator in the system
description was used to create a square voltage pulse of ap-
proximately 1 V, which was fed to a circuit designed to cre-
ate an initial spike in the voltage that decays exponentially to
the final voltage value. The signal was then amplified so that
the maximum in the initial spike was approximately 25 V, as
shown in Fig. 3.

This method of temperature control reduced 7, to approxi-
mately 0.2 ms. The temperature of the microhotplate was
determined by heating the package in a tube furnace and
correlating the resistance of the embedded heater to the fur-
nace temperature. Then, these temperatures were correlated
to the semiconducting SnO, film resistance in UHV (without
any gas present) because the resistance of the SnO, was
found to be more sensitive to temperature than the polysili-
con heater. It was assumed that the SnO, film on the surface
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FIG. 3. Tin oxide film conductance response (as a relative measure of sur-
face temperature) to heater voltage pulse without dosing. The ultimate tem-
perature during the applied voltage is 650 K. The initial spike in the applied
voltage (predictive temperature control) results in a first order heating time
constant of approximately 0.2 ms on the rising edge of the heater pulse. The
natural first order cooling (and heating) time constant of the microhotplate to
a step change in applied voltage is approximately 3 ms and is characterized
by the falling edge at around 50 ms. The rapid heating response to the
modified control voltage allows measurement of higher desorption rates.

was at the same temperature as the heater, which is reason-
able since there is no heat conduction to the atmosphere in
vacuum. The film resistance was measured applying a bias of
5 V across the film and a 10 k) reference resistor in series.
The electrical current through the film was calculated from
the reference voltage measured by the DAS 1002, and this
current was used along with the film voltage to calculate the
film resistance. This setup allows reliable measurement of
the resistance at a time resolution as small as 100 us. The
conductance of the film, G, is proportional to its temperature.
The voltage pulse applied to the heater and the film conduc-
tance response can be seen in Fig. 3.

The increase in the film conductance at the leading edge
of the heating pulse in Fig. 3 is much faster than the decrease
at the falling edge. With the predictive temperature control,
the temperature of the film reaches steady state in approxi-
mately 1 ms and fits 7,=0.2 ms. To compare the effective-
ness of the heating technique, note that the cooling rate when
the power is turned off corresponds to a time constant of
3 ms. The speed of the film’s electrical response discussed
here may be compared with the thermal response observed
by Afridi et al. with infrared imaging techniques, where the
microhotplate reached a steady state temperature within
2 ms.”

The desorption signal was measured with the mass spec-
trometer in pulse-counting mode to maximize the ratio of
signal to noise. The pulse-counting preamplifier converts the
signal from the multiplier for each detected ion into a 120 ns
wide voltage pulse that is detected by the countercard. The
countercard uses three AMD9513 counters, two of which
were used in cascaded mode to count the 120 ns pulses, and
the third for synchronization with the heating pulse. The
counters were programmed to integrate for 0.1 ms. The
graphing software IGOR PRO 5 (Wavemetrics) was used to fit
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the experimental data to the model derived in Sec. III by
optimizing the values for 74, and 7,,.

C. Dosing and desorption procedure

The SnO, film was cleaned by three oxidation and reduc-
tion cycles at 650 K prior to the dosing and desorption ex-
periments. The oxidation procedure consisted of heating the
surface in 266 Pa of O, for 30 min at 650 K, while the re-
duction procedure consisted of heating in vacuum at 650 K
for 30 min. A 650 K pulse was applied to the heater to des-
orb any surface impurities at the start of each experiment.
Spectroscopic verification of the surface oxidation state and
level of contamination was not possible, but was similar to
procedures used previously on macroscopic samples.18

The experiment consisted of adsorbing benzoic acid on
the microhotplate at 7=215 K, rapidly heating the micro-
hotplate to a high temperature and desorbing the benzoic
acid, and monitoring the desorption peak with a quadrupole
mass spectrometer. Precise alignment of the mass spectrom-
eter shroud cone was necessary to collect the maximum
number of molecules desorbing from the microhotplate dur-
ing the heating pulse. The cone was moved in to within
1 mm of the microhotplate prior to the application of the
heating pulse. The microhotplate chip had four sensors; two
with SnO, films, and two with TiO, films. However, all mea-
surements were conducted on one of the SnO, sensors. The
dosing apparatus consisted of a glass tube connected to the
main chamber by a 6.4 mm outer diameter stainless steel
tube via a leak valve. The stainless steel dosing tube ex-
tended into the chamber to within 2 cm of the sensor chip.
The benzoic acid (99.5%, Aldrich Chemical Co.) was puri-
fied by warming it with a hot air gun while pumping on the
glass tube with a turbomolecular pump. The crystals sub-
limed and then condensed on the cooler parts of the tube,
releasing trapped water and air in the process.24’25 The pro-
cedure for the benzoic acid desorption consisted of cooling
the sensor to about 215 K, applying a 650 K clearing pulse,
dosing the benzoic acid at 215 K for 120 min, and then ap-
plying a 500 ms long heating pulse to the microhotplate and
measuring the film resistance with the DAS 1002 A/D board
while collecting the mass spectrometer signal (m/z=105 for
the major fraction of benzoic acid) from the pulse-counting
discriminator. Dosing intervals of 15, 30, 60, 120, and
180 min were used to decide the optimum dosing time, and
the desorption signal was found to have reached its maxi-
mum within 120 min. Benzoic acid could be desorbed while
dosing, and the time required for saturation of the signal was
independent of the amount of time that the dosing valve had
been open, suggesting that dosing was not limited by the
time for the dosing system to reach steady state flux. The
base pressure in the system was 6 X 10~® Pa. The background
pressure of benzoic acid during dosing was about 4
X 1078 Pa, resulting in an estimated dose of greater than 2
X 10" cm~2 because of the directed dosing arrangement. We
expected benzoic acid to have a sticking probability of al-
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most unity.28 However, our estimate for the number of des-
orbed molecules is only 10%, suggesting a much lower stick-
ing probability.

lll. THEORETICAL FRAMEWORK
A. Desorption model

The desorption kinetics can be measured without the in-
fluence of system pumping effects only when the desorption
time constant is much larger than the pumping speed and
heating rate time constants. A first order process model is
developed in the following discussion to account for the de-
sorption rate, the pumping speed, and the heating rate of the
microhotplate. Although the concepts of thermal desorption
have been well known for years, particularly in temperature
ramp experiments,10_12’14_20 the current model is unique
since it develops a closed-form solution for the general, iso-
thermal desorption case when the pumping time constant and
the desorption time constant may be of comparable magni-
tude and neither can be neglected.

Consider the volume of the mass spectrometer shroud,
which the desorbing molecules enter through the conical
opening. A molecule balance on the shroud volume gives the
following relationship:

dN N

— =g - S=, 1
dt Tdes % ()

where dN/dt is the rate that molecules accumulate in the
shroud (molecules/s), rq is the rate that desorbing molecules
enter the shroud (molecules/s), S is the pumping speed of the
shroud (m3/s) and N/V represents the molecular concentra-
tion in the shroud volume (molecules/m?). To write Eq. (1)
in terms of the pressure in the shroud, we use the ideal gas
law as follows:

N: P = P -, (2)
ksTs A

where kg is Boltzmann’s constant, 7|, is the gas temperature
in the shroud, and A is a convenient grouping of constants:
kgT,/V. Then Eq. (1) becomes

d(PIA) SP

=Fges— T 3
dt Tdes VA ( )
and defining a characteristic pumping time constant, 7, as
Vv
= 4
P S ( )

then the first order differential equation relating the shroud
pressure to the desorption rate is
dP P
— 4+ — = Arge. (5)
dt T,
The desorption rate is a function of surface coverage and,
therefore, varies during the isothermal TPD experiment. The
model at this point is completely general.
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The intensity of the mass spectrometer signal (counts/s)
was calibrated by calculating the flow of benzoic acid into
the shroud based on the background pressure of benzoic acid
in the chamber during dosing. The flow of molecules into the
shroud was used to determine a proportionality constant re-
lating the shroud pressure to signal intensity. The flux

of  molecules impinging the  shroud  aperture
I'[molecules/cm? s] is
__Pcrps ©)

- \f’2wkaTg ’

where Pcrpg is the partial pressure of benzoic acid in the
chamber, m is the molecular mass, and &z is the Boltzmann
constant. The flow of molecules into the shroud is the prod-
uct of I" and the aperture area, Aperures S0 from Eq. (5) with
Tqes Teplaced with the flow, the steady state pressure in the
shroud is then

P =ATprAaperture’ (7)
and the signal intensity is
I= anFAaperlure’ (8)

where « is the product of A and a proportionality constant
relating pressure to signal intensity. Therefore all equations
in terms of pressure can easily be transformed to terms of
intensity by replacing P with / and replacing A with «. The
partial pressure of benzoic acid in the chamber, Pcrrpg, Was
approximately 4 X 107® Pa during dosing, so the flux of ben-
zoic acid was 5 X 10' molecules/cm? s. The intensity of the
peak for m/z=105 was 6.5X 103 counts/s, the circular aper-
ture diameter is 3.6 mm, and we will show later that 7,
~6 ms. Therefore the value of @« was estimated to be
0.02 counts/s per benzoic acid molecule.

Next, we adapt Eq. (5) for zero, first, and second order
desorption kinetics. The rate of desorption from a surface
with Ng molecules is

dN ’
oo ==~ =V, ©)

where n is the desorption order and k, is a temperature-
dependent rate constant that we will assume follows the
Arrhenius form

k,, = ve FaedRT (10)

in which v is the prefactor, E,. is the activation energy for
desorption, R is the ideal gas constant, and T is the surface
temperature. We consider the cases of zero, first, and second
order desorptions, and show that their functional forms offer
the possibility of determining the order of simple processes
from the data. This is in contrast to temperature ramp TPD,
in which the order is assumed prior to data analysis.

Zero order desorption (multilayer). For the case of zero
order kinetics (n=0), the rate of desorption is
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where ty represents the time at which the last molecule
desorbs.

The differential equation for zero order kinetics relating
pressure to desorption rate is then

— + — = Ak, 12
dt T, 0 (12)

which yields
P(1) =Akor,(1—e™"%)  (t<ty). (13)

After all molecules have desorbed, the right side of Eq. (12)
is zero and

P(1) = Akor,(e'N 7 = D)™ (t > ty). (14)

The time ¢y may be derived by integrating Eq. (11) to obtain
tN =—". (] 5)

Figure 4 shows the calculated pressure signal for zero
order desorption for a range of surface coverage. Both the
rising and falling time constants are determined by 7,, and
during a steady state condition, the pressure is independent
of coverage.

First order desorption. Integrating Eq. (9) for first order
desorption (n=1) from a surface with initially Ny, molecules
yields

Ns(t) =NS,0€_klt. (16)

The number of molecules that have desorbed at time 7 is then
given by Ny.(?),

Nyes(t) = Ng g = Ns(t) (17)

and substituting Eq. (16) into Eq. (17) and differentiating
yield the time dependent desorption rate
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FIG. 5. Modeled signal response for first order isothermal desorption. The
curves are modeled using a 7, of 5 ms, and a 7, of 20 ms for coverages (6)
ranging from 0.05 to 1.0 ML. The time of the peak maximum is independent
of coverage.

_ dees(t)

_ —kyt
Faes= " = Ng ke

(18)

As with the pumping time constant, a characteristic time
constant for desorption can be defined as

1
Tdes:k_' (19)
1

Now Eq. (5) can be written as

dP P N
—+— =AM (n=1),

20
dt Ties (20)

which may be solved analytically using Laplace transforms
or an integrating factor, and the solution is given by

P =ANS,O<—TP—> (e —e sy 1+ Py (n=1). (21)
Tp ~ Tdes

To compare the modeled pressure with the signal intensity
from the experimental data, using Egs. (7) and (8), Eq. (21)
may be written as

I= aNS,O(—p—T )(e_’/TP —e sy 11, (n=1), (22)
Tp ~ Tdes

where [, is the background signal intensity.

For the special case of 7,=7y,,=7, the solution to Eq. (20)
is given by

=—¢

T

P T+ Py (n=1). (23)

Figure 5 shows the calculated pressure signal for first or-
der desorption for various coverages. Notice that the peak
time is independent of coverage.

The predicted effects of the desorption and pumping time
constants on the pressure response are shown in Figs. 6 and
7 for the first order desorption case using parameters typical
of our experimental system. For the case of benzoic acid on
a SnO, microhotplate, no desorption signal could be detected
for desorption temperatures below approximately 300 K. At
this temperature, desorption occurs over a time on the order
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FiG. 6. Modeled signal response to varying 7, for constant 74, For large
7,/ Tqes the signal decay is controlled by the pumping speed. The molecules
reside in the chamber longer and the signal saturates. As 7, approaches 7y,
the signal is influenced by both the desorption and pumping rate constants.

of 1000 ms, and it is desirable to measure desorption rates
spanning a few orders of magnitude so that kinetic param-
eters can be determined. Therefore, the maximum desorption
rates would occur on a 1 ms time scale which is comparable
to the 6 ms pumping time constant measured for the CTDS
system. We show the simulated mass spectrometer signal as
a function of these parameters for first order desorption as-
suming an instantaneous temperature step. For 74,=1 ms,
Fig. 6 illustrates how the signal intensity initially increases
with increasing 7, because the molecules reside in the ionizer
longer. However, as 7, increases further (7,>107,), the
signal saturates and the decay of the signal is controlled by
the pumping speed. Decreasing 74 for 7,=10 ms also in-
creases the signal response, as shown in Fig. 7, where 7,
=10 ms was chosen since the characteristic pumping time
constant of the CTDS system for noble gases is of the same
order of magnitude. The effects of extremely slow pumping

can be seen in Fig. 6, while Fig. 7 shows how the time
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FiG. 7. Modeled signal response to varying 74, for constant 7,. When 74,
<7,, the decay of the signal is represented by 7,. As 7y, approaches 7, the
rise and decay are influenced by both 74 and 7, and neither can be deter-

mined independently.
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FiG. 8. Modeled pressure signal for the pumping controlled regime. For 7,
> 74 as described by Eq. (26) in the text. The asymptotic increase of the
signal is independent of 7, and only depends on 7y in this extreme.

dependent signal will evolve as the isothermal desorption
temperature increases (i.e., 74, decreases) for a fixed pump-
ing time constant.

The desorption time constant can be determined directly
from the system response in the extremes of both relatively
fast and relatively slow pumping. For the case of relatively
fast pumping (7, < 74), Eq. (21) is simplified to

r
P= ANSD(—L)g_t/Tdes +Py (n=1,7, < 74). (24)

Tdes

By substituting Egs. (18) and (19) into Eq. (24), the model
predicts the pressure to be proportional to the rate of desorp-
tion as was the case in the work of DeAngelis and Anton,

P = ATprdeS + P() (n =1, 7, < Tdes)~ (25)
For the case of relatively slow pumping (Tp> Taes)» EQ. (21)
simplifies to

P=ANgo(1-e ")+ Py (n=1,7,> 74). (26)

Performing a desorption experiment without pumping the
mass spectrometer (in our case, by closing the gate valve to
isolate the mass spectrometer from the turbomolecular
pump) may thus provide the desorption time constant even
for a pumping limited situation. The dependence of the mod-
eled asymptotic pumping signal on the desorption time con-
stant is evident in the rise time of the curves in Fig. 8.

Second order desorption. For the case of second order
desorption, the rate equation may be written as

N

Fdes = — dt =k2N§ (n=2) (27)

On integrating Eq. (27) with the initial condition of N
=Nj at t=0, we obtain
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FiG. 9. Modeled signal response for second order isothermal desorption. The
curves are modeled using a 7, of 5 ms, a surface temperature of 330 K, an
activation energy of 97 kJ/mol, and a prefactor of 0.001 cm?s~!, for cover-
ages () ranging from 0.05 to 1.0 ML. The peak maximum shifts to earlier
times as coverage increases.

Nso
Ns(t)= ——— =2). 28
0=y =2 (28)
Equation (5) for the second order case then yields
dP P AkNj
LAV (), (29)
dl ’Tp (kZNS,Ot + 1)

The analytical solution obtained by using an integrating fac-
tor is given by

P(1)=e™"(f(1) - f(0)) (n=2), (30)
where
/T,
@) = i{_ TpkaNsoe"
Tpk2 (kZNS,Ot + 1)
kyNgot + 1
+ e VkaNso El(w)] (n=2). (31)
T]JkZNS,()
The exponential integral Ei(x) is
Ei(x) = f Cdu (x>0). (32)
o U

Figure 9 shows the effect of coverage on the desorption
signal for second order desorption. Notice that the peak time
decreases as the coverage increases.

B. Effect of system constraints on desorption
kinetics measurements

1. Comparison of zero, first, and second order
kinetics

There are several ways to distinguish the order of desorp-
tion from isothermal desorption data. A comparison of the
theoretical zero, first, and second order desorption spectra
shows that zero order kinetics predicts distinctly different
desorption characteristics when compared to first and second
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fast desorption
regime (Eq. 26)
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FiG. 10. Dependence of the peak desorption pressure (i.e., desorption rate in
the fast heating limit) on the desorption and pumping time constants for the
indicated number of molecules, as simulated using Eq. (21) in the text. The
time constants must be chosen such that the desorption signal is above the
detection limit of the mass spectrometer (chosen to be P=10"'" Pa for our
instrument) but below the point at which the signal saturates in the slow
pumping limit. With our system, which was designed for a pumping time
constant of 6 ms, the isothermal desorption temperature can be varied over
a sufficiently large range to quantify the desorption parameters (desorption
energy and preexponential factor) for 10% molecules.

order desorption spectra which are more similar to each
other. For zero order desorption, the exponential rise and fall
time constants are equal to 7, and so the dynamics contain no
information regarding k(. This information is only contained
in the magnitude of the plateau at high coverages. First and
second order desorption spectra can be distinguished if ex-
periments can be conducted with varying surface coverage,
since the peak time shifts for second order but not first. Al-
ternatively, with sufficient signal-to-noise ratio, the time de-
pendent signals can be distinguished because the tail of the
desorption spectrum persists longer for second order. By fit-
ting a desorption spectrum to first and second order models,
the quality of the fits can be evaluated by comparing chi-
squared values for each model. Arrhenius analysis can be
done for a set of desorption spectra at different temperatures
using fits to both first and second order models. The relative
linearity of the two plots may indicate that one model is
preferred over the other. Also, with a calibrated system, the
initial coverage can be determined from the area under the
desorption curve, which allows us to calculate the second
order prefactor. The reasonableness of the prefactors that are
obtained through the Arrhenius analyses can then be com-
pared with transition state theory and literature values.

2. Sensitivity and detection limits

Measuring a desorption signal from a single microhot-
plate requires high instrument sensitivity, and high desorp-
tion rates because of the low total molecular surface cover-
age on a 10™* cm? device. To predict the regime in which a
desorption signal can be measured, we constructed the three-
dimensional plot in Fig. 10 which quantifies how the peak
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desorption pressure for a first order desorption pulse (like
those in Fig. 6) vary with the desorption and pumping time
constants for different initial coverages. Equation (21) was
used to predict the maximum desorption pressure for a range
of 74 and 7, in the limit of 7,=0. The value of Ngj,
=10® molecules represents 0.1% of a monolayer on the sens-
ing film as predicted by the Weisz model, which is a conser-
vative estimate. The instrument sensitivity and signal-to-
noise ratio determine the limit of detection. The lowest
measurable pressure for our mass spectrometer is 1
% 10710 Pa, and that imposes a limit in the form of the bot-
tom plane of the plot in Fig. 10. The lower limit of 7y
=1 ms was chosen because of heating rate limitations which
will be discussed in the next section. Increasing the desorp-
tion rate (i.e., increasing the isothermal desorption tempera-
ture, which decreases 7,.,) improves the sensitivity. How-
ever, when 74 is much smaller than 7, the initial height of
the peak is proportional to the number of molecules that
“instantaneously” desorbed, and the shape of the curve is
independent of 74, The surfaces for lower values of Ny,
down to 107 molecules, liec above the 107'° Pa detection
limit, but they are in the relatively fast desorption regime and
offer no estimate for the desorption time constant. So, Ty
and 7, must be chosen such that the peak desorption signal is
greater than the detection limit (i.e., Ppay > Pge), but still in
the fast desorption regime (7,< 7). In principle, if 7, could
be varied along with the desorption temperature, optimal
conditions (with the signal near the top of the steep surface)
could be maintained to give the best signal-to-noise ratio at
all temperatures. In our system the pumping time constant
was not variable. Nevertheless, it is remarkable to be able, as
we will show, to detect and quantify the desorption param-
eters from such a low quantity of adsorbates (10® molecules
or 1 fmol).

The model can be used to estimate the bounds of the
operating space in which desorption kinetics can be studied
for a particular mass spectrometer detection limit. The calcu-
lated maximum in the desorption signal is shown in Fig. 10
for three initial coverages assuming all desorbing molecules
enter the mass spectrometer shroud. The lowest pressure in
Fig. 10 represents our estimated lower detection limit, and
ideally, a pumping time constant less than one-tenth of the
desorption time constant is desired and that defines a narrow
region in the time constant x-y plane.

3. Heating rate limitations

The pressure response model developed in Eq. (21) as-
sumes the heating rate is much greater than the desorption
rate. The limits of heating rate can be explored by approxi-
mating the microhotplate’s response, 7(7), to a step change in
heater voltage as a first order process

T(t)=T;— (Ty—T))e "™, (33)
where T, and T; are the final and initial temperatures of the

sensor, and 7, is a characteristic heating rate constant. The
time-varying desorption rate constant is then
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FiG. 11. Effect of 7, on the desorption kinetics as it approaches 74 for a
range of heating rates and for 7,=10 ms and 74.,=1 ms. When 7, is less than
10% of 74 the signal is almost identical to that for the ideal case where 7,
is zero. As 7, approaches 7, the shape of the desorption curve changes and
is accompanied by an initial temporal offset.

—t/ )

k(1) = ve Eaed RTT=T)e 0, (34)

which was used along with Egs. (19) and (20) to predict a
pressure response for a first order process. The equations
were solved numerically for Ez=122 kJ/mol, »=10"% s7!,
and a range of 7, Eg., was chosen so that 74,,=1 ms at 7}
=650 K and 7;=210 K. The results are presented in Fig. 11.
The case for no heating rate limitation is represented by the
curve for a 7,=0 ms. As shown in Fig. 11, a small temporal
offset (=37,) is observed when 7, is within an order of mag-
nitude of the desorption rate constant, and 7, does not affect

the shape and height of the desorption curve when it is ten
times smaller than 74, We have used these criteria in re-
stricting the range of desorption temperature for analysis of
the data, so that we could use analytical expressions in the
curve fitting process and obtain estimates of the uncertainties
in the parameters. It would be possible to solve the full, three
parameter (74, 7, and 7,) differential equations numeri-
cally, which would extend the range but increase the com-
plexity of error analysis.

IV. RESULTS AND DISCUSSION

Isothermal desorption measurements were made for tem-
peratures ranging from 296 to 347 K, and the results are
shown in Fig. 12. Comparison of the shapes of the curves for
the zero, first, and second order desorption models in Figs. 4,
5,7, and 9 to the data indicate that desorption might be either
first or second order. We believe the desorption data are best
represented by first order kinetics based on a number of cri-
teria. These include goodness of fit, as well as the reason-
ableness of the calculated kinetic parameters. Therefore, we
will first discuss how the data were analyzed using our first
order model, present the results from a similar analysis using
the second order model, and then compare the important
facts which rule out second order kinetics.

The first order time constants were determined at each
temperature by fitting the desorption curve with the modeled
curve. The fitted curves are presented along with the experi-
mental data in Fig. 12. The value of 7, ranged from
4 to 7 ms. The confidence intervals for the 7, values ranged
from 1 to 6 ms, with the larger relative uncertainties for
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FI1G. 12. Comparison of model and experiment desorption curves for different surface temperatures for desorption of benzoic acid on a SnO, microsensor with
nominal surface area of 10™* cm?. Surface temperatures range from 296 to 347 K from top left to bottom right. Equation (21) was used to predict the best
values of 7y, and 7, for the data and the shapes of the desorption curves are similar to those simulated in Figs. 6 and 7. The data fit 7, values in the range
of 4—7 ms. The higher relative uncertainties in 7., near the lowest surface temperature were due to the low signal-to-noise ratio, while those near the highest

temperature were due to the limit of the sampling resolution.
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curves near 300 K. To obtain an independent estimate of the
pumping time constant, desorption at 650 K was also mea-
sured, since the desorption time constant at this temperature
was much smaller than the pumping time constant, and as a
result, the curvature of the desorption signal was dominated
by 7,. The value of 7, determined from the 650 K desorption
was 5 ms. The observed variation in fitted 7, may have re-
sulted from changes in shroud temperature, which could af-
fect the sticking of benzoic acid on surfaces in the mass
spectrometer. Indeed, the pumping time constant has been
observed to increase after long periods of operating the mass
spectrometer ionizer. Therefore, the ionizer was only oper-
ated for 5 min periods prior to conducting desorption experi-
ments. The data were integrated for 1 ms intervals to reduce
computation since the heating time constant limited our mea-
surements to Ty >2 ms.

The desorption curves obtained from the experiment
qualitatively resemble those predicted by the first order
model for the various regimes of 74, shown in Fig. 7 as the
surface temperature was increased. The desorption curve for
296 K fits 74,,=730+390 ms, the curve for 306 K fits 7
=200+80 ms, and desorption for 316 K fits 74,,=57+3 ms.
The 324 K desorption has a 74,,=24+2 ms, the 333 K data
have a 74,,=7+4 ms, and the 347 K data fit 74,,=2+1 ms.
At the lower surface temperatures, the lower signal-to-
background ratio contributes to the larger uncertainties in
T4es- The smallest uncertainties are observed for the mid-
range temperature values between 306 and 325 K. The
higher-temperature desorption curves have shorter tails with
higher peaks, consistent with the rapid desorption of the ad-
sorbed molecules. The relative uncertainties increase again at
the higher temperatures, where 74, is comparable to 7,.
Since the desorption time constant is smaller than the pump-
ing time constant, the information related to 7. is primarily
contained in the first few milliseconds at the higher tempera-
tures and is limited by the temporal resolution and signal-to-
noise ratio. Also, the finite heating rate becomes more impor-
tant at the higher temperatures which, on the basis of the
criteria discussed in the previous section, limits the measure-
ment to temperatures below which 7y is greater than about
2 ms. Therefore, the highest surface temperature used for the
kinetic analysis was 347 K, which corresponded to 7y
~2 ms. The analysis of the experimental data using the
model also provided an estimate of the number of molecules
adsorbed on the surface. The calibration of the signal inten-
sity with pressure in the mass spectrometer shroud enabled
the determination of the coverage on the microhotplate sur-
face. The values of Ng estimated from the first order fits to
the data using the calibration factor «, as well as independent
estimates of the values obtained by integrating the areas
under the desorption curves, ranged from 3 X 107 to 8 X 10%
molecules with an average value of 3 X 10% molecules.

An Arrhenius plot of the first order desorption time con-
stants is presented in Fig. 13. The error bars associated with
each data point represent the 95% confidence interval for the
Tqes Values. The values of the desorption activation energy
and the rate constant prefactor were determined from a
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FiG. 13. Arrhenius plot of 7, as a function of 1/T for the data in Fig. 12 to
determine the prefactor and desorption energy of benzoic acid on the SnO,
microsensor. At the highest temperature (=350 K), 7, is ten times 7;, which
is the model’s lower limit predicted by the results in Fig. 11.

confidence-weighted linear fit to In(7y.) vs 1/7. The slope
and intercept from this analysis are 97+10 kJ/mol and 1
% 10'7 57!, respectively. The 95% confidence interval for the
prefactor was estimated to range from 4X10' to 6
X 10" 571, The prefactor differs from the commonly as-
sumed value of 10" s~! but a review of preexponential val-
ues observed in desorption from metals”  and
semiconductors™ shows that the distribution of prefactors
can vary four orders of magnitude above and below 10" 5!
for first order desorption. Thus our results are well within
this range for first order desorption. For higher fractional
coverage, simple analysis methods can lead to “false” com-
pensation effects, resulting in errors in E; of 10 kJ/mol and
v; by several orders of magnitude. However, Nieskens et al.
showed that the simple methods work correctly in the limit
of zero coverage.20 Based on our estimate of 10% molecules
desorbed and a minimum surface area of 10%cm?, the frac-
tional coverage is less than 0.005 ML.

The desorption spectra were also fitted to the second order
model using techniques similar to those for the first order
analysis. An Arrhenius plot of In(k,) vs 1/T was nonlinear
and gave a desorption energy of 121+65 kJ/mol with a pref-
actor of 8 X 10® cm?/s. The 95% confidence interval for the
prefactor was estimated to be from 1X1072to 4
% 10" cm?/s. The unreasonably high prefactor from the sec-
ond order analysis and the nonlinearity of the Arrhenius plots
shows that second order desorption kinetics does not fit our
experimental data very well. The second order fits for the
two surface temperatures which had the lowest uncertainty
(324 and 316 K) showed higher chi-squared values than the
first order fits, with lower values indicating better quality of
fit. In 2001, Lilach ef al.’' studied isothermal desorption of
N, on Ru(001) and demonstrated that a plot of the reciprocal
of the square root of the pressure signal (1/\/%) versus
time should be linear for second order desorption with rela-
tively fast pumping speed. Because the method is very sen-
sistive to the choice of base line and our data contain signifi-
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cant contributions from the pumping time, this analysis did
not clearly distinguish between first and second orders.

The chemistry of benzoic acid was previously studied on
other oxides, viz, on TiO,(110) by Guo ef al. in 1997,% and
on powdered ZnO and ZrO, by de Lange et al. in 2001.%2
Benzoic acid was found to dissociate on reduced TiO,(110)
(1 X1) at room temperature to form a bidentate benzoate
p(2X 1) and a surface hydroxyl. The adsorbed benzoate was
observed to be bound to two Ti** cations by the oxygens in
the benzoate and have an upright surface configuration with
the molecular axis perpendicular to the surface. Guo et al.
noted that annealing the surface to temperatures above
450 K led to the loss of surface hydroxyl and benzoate spe-
cies most probably by recombinative desorption. de Lange et
al. observed that benzoic acid was deoxygenated to benzal-
dehyde at oxygen vacancies on powdered ZnO and ZrO, at
temperatures ranging from 600 to 700 K. They observed the
further slow decomposition of strongly bound benzoates to
yield benzene and benzophenone beyond 620 K.

We find no evidence for dissociative chemisorption on
SnO, in the current study. Instead, we believe we have ob-
served molecular desorption of weakly bound benzoic acid
from the SnO, film in the 296—347 K range. The calculated
desorption energy, within experimental uncertainty, is not
significantly larger than the multilayer desorption energy of
91.5 kJ/mol measured for benzoic acid on Cu(llO),26 or the
heat of sublimation of benzoic acid, which is 91.2 kJ/ mol.*
If the strength of the molecule-surface interaction is compa-
rable to that of molecule-molecule interactions, then at low
coverage (#<0.005 ML), we expect the benzoic acid to be
adsorbed essentially in the first layer. The observed time de-
pendent curves are consistent with first order desorption with
coverage limited to less than a monolayer. If the molecule-
surface interaction were weaker than the molecule-molecule
interaction and diffusion during adsorption was rapid then
multilayer formation would be possible essentially forming
three-dimensional islands, even though the total fractional
coverage is less than 0.005 ML. Comparing the results in
Fig. 12 with the low coverage curves of Fig. 4 our desorption
spectra are inconsistent with zero order kinetics. The curves
should all have an exponential rise and fall, with the same
time constant, 7,~6 ms. At higher temperature [Eq. (13)],
the amplitude would be larger, but for the same initial cov-
erage, the time to deplete the surface ¢y, would be smaller.
The results in Fig. 12 are not consistent with this. Although
our calibration gave a fractional coverage much less than
one, we know that for coverages larger than one, the isother-
mal desorption spectrum for zero order kinetics would have a
plateau where the constant desorption rate would be equal to
the pumping rate. Under no conditions do we observe such a
plateau in our data.

Our results do not preclude deprotonation to benzoate on
the surface as observed by Guo et al. on TiO,(110), but
benzoate would have either further decomposed and des-
orbed as benzaldehyde or other decomposition products or it
would have recombined with surface hydroxyls to desorb as
benzoic acid. To determine whether there was significant de-
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composition of benzoic acid on the surface, we compared
desorption spectra for m/z=44 (CO,), m/z=18 (H,0), m/z
=122 (benzoic acid parent molecule), and m/z=105 (benzoic
acid major fragment and benzaldehyde parent molecule). The
relative areas for the m/z=105 and m/z=122 are consistent
with benzoic acid, not benzaldehyde, and there is no evi-
dence for CO, or H,O desorption in this study.

In the study by Ma et al. '8 of methanol on WO3, methanol
was observed using ultraviolet photoemission spectroscopy
to adsorb molecularly on the oxidized surface, but to disso-
ciate into methoxy and hydroxyls on the reduced surface.
However, the desorption kinetics could be modeled using
first order kinetics in both cases. They ascribed this to the
possibility that the hydroxyl and methoxy groups were not
very mobile, and therefore did not have to diffuse around the
surface before reacting with each other. Such a process
would be consistent with first order desorption, but we have
no spectroscopic evidence in support of it.

V. CONCLUSIONS

The technique presented in this work shows how the de-
sorption energy and the preexponential factor can be deter-
mined for a model system in ultrahigh vacuum, under con-
ditions where the pumping speed plays an influential role in
the observed desorption spectra. The technique makes it pos-
sible to characterize the adsorption energy for an analyte on
an actual microhotplate gas sensor which has an extremely
small surface area and a number of adsorbates (as small as
10® molecules) by taking advantage of the extremely large
heating rates (up to 10® K/s) of microhotplate sensors. Mod-
eling the desorption kinetics in this fashion, while accounting
for the pumping and heating rates, can lead to the extraction
of the desorption parameters in a straightforward manner,
establish the regimes in which a measurable desorption sig-
nal may be observed, and provide an estimate of the cover-
age. Using adsorption of benzoic acid on a SnO, sensor, we
have demonstrated from the results in Figs. 12 and 13 that it
is possible to measure the desorption time constant indepen-
dently of the pumping time constant in regimes where the
two are comparable.
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