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Abstract
A major goal of materials research over the past two decades has been the development
of high throughput methods for rapid discovery and optimization of processing routes. These
methods rely on highly parallel materials synthesis to efficiently create libraries wherein at least
one processing parameter has been systematically varied. Here, we demonstrate a method of
using an array of MEMS-based microhotplates in the high throughput optimization of a chemical
vapor deposition process. Electrical and thermal processing variables are independently
controlled at each element of the array, both during and after deposition. In the experiment
described, SnO; films were deposited on the microhotplates at 375 °C or 500 °C, with pulsed or
continuous heating, and with voltage applied or not applied to the films. A 16-element
microhotplate array was used, thus allowing a repeated, 2-level, full factorial exploration of the
experimental space. After deposition, sputter depth profile via x-ray photoelectron spectroscopy
was used to determine the deposition rate of the films. Statistical modeling then determined the
main effects and interaction effects of the growth conditions. Though applied here to the growth
rate during chemical vapor deposition, the technology described is generally applicable for high-
throughput study of the effects of thermal and electrical processing steps in thin film

manufacture.



1. Introduction

Microelectromechanical systems (MEMS) are well-suited for combinatorial and high-
throughput materials investigations, since large arrays of individually addressable devices can be
produced [1]. This allows material libraries to be rapidly created and characterized across the
array. Typically, libraries of thin film materials are created using shadow masking or other
techniques to create spatial compositional gradients. This technique was used, for example by
Takeuchi, et al., who monitored the temperature-induced curvature of an array of micromachined
cantilevers onto which a compositional spread of shape memory alloy films were sputtered [2].
Another possibility, using MEMS-based microhotplates to create a materials library based upon

varying thermal processing of thin films, was noted recently [3-57]. icrohotplates

simultaneous processing across a large variety

of thermal conditions. A convenience of this approach is that discrete samples are produced,
allowing tests of actual device functionality

Though chemical vapor deposition (CVD) is a mature and industrially important technology
for the production of a wide range of thin film materials, optimization of process conditions can
be expensive and time consuming [612]. As with other deposition methods, CVD chambers
have been built that allow compositional spread along one or more spatial axes of a substrate
[713-915]. Though these are successful, they may also be limited in applicability since the
deposition chambers are uniquely designed for this ability. Thus, combinatorial methods to
rapidly determine the effects of various growth conditions are desirable, especially if they can be

used in unmodified growth chambers.



The use of the thermal self-lithographic method has been developed
to allow localized chemical vapor deposition of films onto
microhotplates [ ]. In this technique, film growth occurs by thermal decomposition of a
metal-organic precursor on the surface of a heated microhotplate. The technique was largely
developed as a means to produce oxide films for temperature-controlled chemical microsensors.

In this work, we have explored the use of microhotplate arrays to understand the effects of
various processing variables on the deposition rate of SnO; films grown using the thermal self-
lithographic technique. No intentional compositional spread was formed; rather, the individually
addressable microhotplates were used to vary the thermal and electrical processing conditions. A
key benefit of the approach is that, other than the possible addition of electrical feedthroughs to
contact the microhotplates, no change in design of a deposition system is required for use. Thus,
the use of microhotplate arrays has high potential utility for combinatorial study of thin film
growth in general, including other deposition methods.

The work described is a feasibility demonstration of this technique using a 16 element
microhotplate array; the approach can be easily extended to arrays with larger numbers of
elements. Employing a 16-element array allowed the use of a repeated, full factorial
exploration of three variables: growth temperature, pulsed vs. continuous heating, and
application of voltage during growth . With this experiment
design, the effects of each variable, each of the 3 two-variable interaction terms, and the 1 three-
variable interaction term can all be determined. Other experiment designs, such as fractional
factorial designs, would allow greater numbers of variables to be studied with the 16-element
array [ ]. Potentially, the effects of 5 variables and all 10 their two-variable interaction terms

can be studied with a 16-element array or even up to 15 variables can be studied if none of the



interaction terms are considered important. As will be shown, the wide variable space that can
be explored using a large array can both determine the effects of many process variables with

high reliability and uncover process conditions that should be avoided.

I1. Experimental Procedure

Microhotplates were fabricated in a silicon foundry using standard CMOS-compatible
processing routes, as described in Ref. . The designs employed in this study used a 16
element microhotplate array, each 100 um x 100 um, with interdigitated Pt electrodes on the
surface. The
extremely low thermal mass of the microhotplates enables the devices to achieve temperatures
up to = 500 °C with a thermal time constant of = 1 ms
Temperature is controlled using an embedded polysilicon line as both electrical heater and
resistive thermometer. An image of the microhotplates is given in Figure 1. Prior to deposition,

the voltage vs. temperature relation of each microhotplate heater was individually calibrated

Three factors believed to affect growth rate were examined: temperature, pulsed vs.
continuous heating and the presence or absence of an electrical potential applied to the growing
film (via the top electrodes). Applying a voltage to the top electrodes is of interest as a means
for allowing in-situ, conductometric characterization of the film during growth. The effect of

this voltage on the film growth was unknown. For each variable, two levels were used thus



yielding eight total combinations. A 16-element microhotplate array was used, and thus each
combination was tested twice. As shown in Figure Ic, the physical locations of the films within
the 4x4 array were blocked to give even distributions of the growth variables across all rows and
columns and among the internal, outside edge, and outside corner positions. The order in which
the films were deposited was randomized, with all depositions occurring in the same processing

cycle (i.e., a single vacuum pump-down).

Pulsed growth took advantage of the fast heating characteristics of the microhotplates by
applying the heating voltage for 50 ms with a 200 ms gap before the following pulse.
the growth time the

total time that voltage was applied to the heater

, this likely underestimates the total time the microhotplate was at

elevated temperature.

The growth times for each microhotplate were adjusted with a goal of creating films of
approximately uniform thickness across all microhotplates

these adjustments were
based upon limited prior experience with similar growth conditions). The

purpose of trying to approximate equal thickness was to reduce the experimental time required to
determine the thickness using the procedure described below. Prior experience gave strong
indication that—for all growth conditions explored—film thickness increased linearly with
growth time (i.e., growth rates are constant over experimental time scales), and thus the growth

time is not considered to be a significant experimental factor.



All of the depositions were performed in a stainless steel reaction chamber evacuated to
below 2.7x107 Pa (2.0x10™ Torr) prior to deposition. During deposition, 14 sccm of Ar was
allowed to enter the chamber, creating a working pressure of 4.7 Pa (3.5 x10 Torr). Half of the
argon flow was diverted as a carrier gas through a bulb containing powder Sn(NO3)4 precursor
material held at 30 °C.

After deposition, thickness measurements were performed using an x-ray photoelectron

spectroscopy (XPS) technique. This technique was chosen as an automated way to

simultaneously determine the relative thickness of all 16 microhotplates. Relative thickness. and

not absolute thickness, was sufficient for our purposes, which was to correct for different

deposition rates so that the chemiresistive properties of films with the same thickness yet

deposited under different growth conditions could be compared. Note that focused ion beam

(FIB) or transmission electron microscopy (TEM) could have been used to determine absolute

thicknesses, but since this was not needed, the much less labor-intensive automated XPS method

described below was used. These XPS measurements were carried out in a Kratos Axis Ultra

DLD system', using monochromatic Al-Ka X-Rays (1486.7 ¢V) with a pass energy of 160 eV.
Since the majority of the surface area of a microhotplate is insulating Si0,, the use of a charge-
neutralization flood gun during acquisition of spectra was necessary.

The amount of SnO, present on a microhotplate was measured by monitoring the relative
intensities of the Sn 3d 5/2 and Pt 4f transitions. The Pt signal comes from the electrodes present
underneath the SnO; film; its presence indicates the film is very thin and/or has pinholes.
Consistency of film stoichiometry was checked by monitoring the O 1s transition. Spectra of
these transitions were collected using image-spectroscopy, which allowed higher spatial

resolution than small-spot spectroscopy and allowed acquisition of data from four microhotplates



simultaneously. In this method, low-resolution images of the photoelectrons at each of the
binding energies corresponding to the Sn 3d 5/2 (493 — 478 eV) and Pt 4f 7/2 and 5/2 (80 — 68
eV) transitions are collected, at 1 eV increments. Examples of these images (for energies of 80,
76, 72 and 68 eV) are presented in Figure 2. Low-resolution images were used because they
provide higher pixel intensity, resulting in better signal to noise for spectra created from the
images. Within each image, there are four microhotplates whose positions were confirmed by
high-resolution images of the O 1s transition (530 eV). The position of microhotplate #3 in the
images of Figure 2 is indicated by the box. Integration of the intensity of the pixels within the
box yields the spectral intensity at the energy of the image for the microhotplate of interest. For
example, in Figure 2a, integration of the pixel intensity within the indicated box yields the
spectral intensity at 80 eV for microhotplate #3. The Sn 3d 5/2 and Pt 4f spectra of
microhotplate #3 resulting from this procedure are shown in Figure 3a and b, respectively.
Sputter removal of the SnO, films was done using a Nova Mini-Beam IV' ion sputter system
attached to the Kratos Axis Ultra DLD'. 4 kV Ar' ions were used to systematically remove the
deposited SnO; films. The beam intensity is proportional to the measured extractor current,
controlled by a feedback loop to maintain a value of 50 wA. Each sputter cycle consisted of a 30
s sputter treatment, followed by a 5 min wait with the flood gun applied to the sample to achieve

charge neutralization at the surface, followed by acquisition of image-spectra.

II1. Results

Analysis after deposition indicated drastic effects on the films as well as the microhotplates

themselves due to the application of voltage during growth. All of the microhotplates subject to



this condition were found to have visible structural damage. Thus, it is believed that
some critical thickness, the Joule heating from the current flowing

through the deposited film was sufficient to destroy the microhotplate

As will be shown later, the results of a full factorial experiment are highly
reliable: the relative importance of each of the growth parameters in this study is still well
estimated, even if the suspect data from the damaged microhotplates is included.

A series of Sn 3d 5/2 and Pt 4f spectra are shown in Figure 3a and b, respectively,
corresponding to the sputter-depth profile of microhotplate #3. The O 1s spectra (not shown) are
unchanged after an initial change due to the removal of adventitious oxygen, indicating uniform
film stoichiometry. Initially, the Sn 3d 5/2 intensity is high and there is no observed Pt 4f
intensity from the buried Pt electrodes, indicating the presence of a fully attenuating thickness
for the SnO, layer on the microhotplate device. As the number of sputter cycles increases, and
the SnO; layer is incrementally removed, the intensity of the Sn 3d 5/2 decreases, while that of
the Pt 4f increases. Eventually, there is no Sn 3d intensity, and the intensity of the Pt 4f
transition has reached its maximum value, indicating complete removal of the SnO,.

In order to quantify the thickness of the films, a Shirley background was applied to each
of the Sn 3d 5/2 and Pt 4f spectra . The relative amount of Sn or Pt is proportional to the

integrated area of the corresponding background-subtracted spectra. These integrated areas (and



hence the relative amounts of Sn and Pt) are plotted as a function of the number of sputter cycles
in Figure 3c. The relative thickness of the film is then calculated from the intersection of the
curves, as indicated by the vertical line in Figure 3c, and corresponding to a value of 5.1 sputter
cycles.
thickness of the SnO; film on each of the microhotplates, as determined
by this method in units of “sputter cycles,” is reported in Figure 4a. Dividing these thickness
by the growth time in Table I) gives the growth rate

(Figure 4b)

IV. Discussion

One metric of the effect of any of the process variables can be obtained by comparing the
average growth rate of the films that used one value of the process variable vs. the growth rate
for the films that used the other value (e.g., the average growth rate of all films grown at 375 °C
vs. 500 °C). The orthogonality of the full factorial experiment design ensures that all of the other
process variables—including the two- and three-variable interaction terms—balance out in this
calculation. Figure 5a shows the average growth rate of SnO, films deposited using each value
of the process variables. The slopes of the lines in these graphs illustrate the magnitude of the
“effect” of each process variable; a large slope indicates an important variable. The variables are
plotted, from left to right, in descending order of the magnitude of the effect on growth rate.

The dominant effect is seen to come from the growth temperature. The other variables, in
order of relative size of their effect are the heating mode, the interaction term of temperature and

heating mode, the application of voltage, the voltage-temperature interaction term, the voltage-



heating mode interaction term, and the three-variable interaction term. The three-variable
interaction term has very little effect, as might be expected of such a high-order term.

The positive value of the temperature effect is expected, since the decomposition reaction
required for oxide film growth is thermally activated. The positive value of the effect of pulsed
growth may be due to the use of the time in which voltage was applied to the heater in
determining the growth rate. The finite heating and cooling rates mean that the microhotplates
were at elevated temperature for longer than the “intended” time. The positive value of the two-
term interaction means that the films grown by pulsing at 500 °C were even thicker than
expected when accounting for the temperature and pulsing alone. This effect may be due to the
even longer than expected time at high temperature when pulsed to 500 °C.

The negative value for the voltage effect likely arises from the structural damage noted
before when films were grown with an applied voltage. Thus, while the determined effects are
indicative of how voltage affected the growth rates under the experimental conditions, it is
probably more informative to examine how the temperature and heating mode affect the growth
rate without voltage applied. The full factorial experiment allows the determination of these
effects using the half of the data where voltage was not applied. These effects are shown in
Figure 5b.

The calculated effects in Figure 5 can be used to create a model for prediction of growth rate.
Each of the calculated effects could be included in the model; however, some of the relatively
small effects are probably insignificant relative to

. To test this, models were created using cumulatively more factors,
starting with those that had the largest effect. Figure 6 shows the residual standard deviation in

the models (both including and not including the data with voltage applied) as more factors are

10



included. In both plots, as factors with less effect are added to the model, the residual standard
deviation is affected less. Figure 6a shows that, when considering the entire dataset, all terms
other than the 3-way interaction term have a substantial effect on the growth rate. Considering
the subset without a voltage applied, Figure 6b shows that the three factors have relatively
similar and sizable effects on the standard deviation. Thus all are included ultimately in the
model proposed:

Growth Rate=1.6 +0.84 * T+ 037 * T * P+ 0.33 * P + 0.243 (1)
where T refers to the encoded temperature (375 °C = -1, 500 °C = +1), and P refers to the

encoded heating mode (continuous = -1, pulsed = +1). The first term of equation (1) is the

overall average growth rate. The coefficients of the next three terms in the equation are the

slopes of the lines in Figure 5. The final term in the equation is three times the residual standard

deviation.

IV. Conclusions

In this paper, we have illustrated the utility of using microhotplate arrays as a tool for high-
throughput examination of thin film growth. Though we focused here on the effects of various
thermal and electrical process variables upon the growth rate of chemical vapor deposited films,
we believe this tool can be more broadly applied to a wide variety of other measurable film

quantities as well as other deposition methods. [ndeed, further experimentation by the authors

has expanded the approach through the use fractional factorial experiment designs and by

examination of film chemiresistance. In addition, variables such as the wafer position during

device manufacture have been tested.
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A key benefit of using large arrays of addressable elements, as shown in this study, is that
highly robust results can be determined. The demonstration array used in this study had 16
elements, but the same techniques could be used with arrays of an arbitrarily large size to
increase the data reliability (by repetition), the number of variables examined, and/or the number

of value levels used per variable.
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Table I. Growth conditions for the 16 microhotplates in the array.

. Temperature Heatin Voltage Deposition | Growth
Microhotplate o) Mode | Applied (V) |  Order | Time (s
1 375 Continuous 0 2 28
2 500 Continuous 0 6 10
3 375 Continuous +5 5 28
4 500 Continuous +5 4 10
5 500 Pulsed +5 8 2.5
6 375 Pulsed +5 12 7
7 500 Pulsed 0 10 2.5
8 375 Pulsed 0 9 7
9 375 Continuous +5 14 28
10 500 Continuous +5 11 10
11 375 Continuous 0 3 28
12 500 Continuous 0 7 10
13 500 Pulsed 0 16 2.5
14 375 Pulsed 0 1 7
15 500 Pulsed +5 15 2.5
16 375 Pulsed +5 13 7

16




Figure Captions
1. (a) An exploded schematic view of a MEMS microhotplate . (b) A scanning
electron micrograph of a microhotplate, showing the structure suspended over a micromachined
pit for thermal isolation.

(c) The numbering scheme for the microhotplates, indicating the

physical location within the 4x4 grid on the device.

2. Low-resolution photoelectron images at energies of (a) 80, (b) 76, (c) 72 and (d) 68 eV.
Within each image, four microhotplates are shown, clockwise from upper left: #3, #4, #8 and #7.
The position of microhotplate #3 is indicated by the box in (a). The dark squares indicate the
position of the interdigitated Pt electrodes on the microhotplates while the diagonal regions
extending from the upper right and lower left corners of these squares show where the platinum

leads extend across two of the microhotplate legs to vias located on the bulk of the substrate.

3. The (a) Sn 3d 5/2 and (b) Pt 4f spectra of microhotplate #3 resulting from integration of the

intensity of the pixels within the box. (c) The total intensity after Shirley background subtraction

of these spectra; the vertical line indicates the film thickness through correlation with number of

sputtering cycles.

4. The relative (a) thicknesses and (b) growth rates of the SnO, films deposited on the

microhotplates.

5. Average growth rate of SnO; films deposited with the specified values for each process

17



variable, (a) considering all 16 microhotplates and (b) considering only the 8 microhotplates
without voltage applied during growth. The process variables are listed left to right, in order
from largest effect upon thickness to smallest: T=temperature (- = 375 °C, + = 500 °C), P=pulsed
growth (- = continuous, + = pulsed), V=voltage (- =0V, +=+5V) and more than one letter
indicates a higher-order interaction term (- and + refer to the product of the values for each term).

The horizontal line represents the average growth rate of all microhotplates.

6. Residual standard deviation in modeled thickness after taking into account, cumulatively, the

process variable indicated, (a) considering all 16 microhotplates and (b) considering only the 8

microhotplates without voltage applied during growth.
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